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Abstract 
Seismic Response of a Soft, High Plasticity, Diatomaceous Naturally Cemented Clay 

Deposit 

  

By 

Xavier Vera-Grunauer 

Doctor of Philosophy in Civil and Environmental Engineering 

University of California, Berkeley 

Professor Jonathan D. Bray, co-Chair 

Professor Juan M. Pestana-Nascimento, co-Chair 

 
The influence of diatoms on clayey soils behavior has been shown to be important through studies 
of these soil deposits in Japan, Mexico, Thailand, among others. In Guayaquil city, the presence 
of diatom assemblages in soil samples was identified in the deltaic estuarine deposition found 
throughout the urban area.  

A new geotechnical characterization scheme for the Guayaquil soils was proposed based on 
geological studies, historical data of geotechnical explorations, in situ microtemor measurements, 
and Spectral Analysis of Surface Waves (SASW) tests performed at representative sites. 
Geotechnical parameters, such as plasticity, sensitivity, and void ratio, depend on the amount of 
cementation in the soils. This influences the static behavior of Guayaquil soils by producing an 
apparent overconsolidation ratio and high anisotropy ratio in some areas, which in turns, affect the 
seismic response of these deposits. Accordingly, some correlations were developed between 
geotechnical parameters and seismic response properties such as shear wave velocity for each 
geotechnical zone to characterize the Guayaquil soil deposits for dynamic analyses. The 
Construction Ecuadorian Norm requires that site-specific geotechnical investigations and seismic 
response analyses be performed for the high plasticity deltaic estuarine clays, which are the 
predominant soils in Guayaquil. 

Select soil constitutive models can capture the Guayaquil clay behavior as reflected in the results 
of advanced monotonic and cyclic test performed as part of this study. The analysis of these results 
provides a framework for understanding the mechanical behavior of the estuarine-deltaic, high 
plasticity, diatomaceous, naturally cemented clay in Guayaquil. Seismic response analyses using 
non-linear and linear equivalent models were also performed that provided useful insights.  

The geotechnical characterization of two deep geotechnical boreholes strategically located to 
evaluate the dynamic properties of the Guayaquil soft clays and used to calibrate the proposed 
seismic site response analytical procedures through comparisons with three surface recorded low-
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intensity ground motions provided valuable understandings. The comparison validates the 
methodology presented in this research for the dynamic characterization of Guayaquil soft soil 
deposits.  
 

Based on the calculated elastic and inelastic responses of the Guayaquil soils, a seismic zonation 
for the city was proposed where the appropriate seismic demand for a structure can be developed. 
In addition, a detailed procedure for estimating a design site response spectrum for Guayaquil 
City’s prevalent soil conditions was developed. The experimental results and numerical procedures 
presented in this research provide key information for the design of engineered systems in 
Guayaquil and provide insights for cities worldwide, with similar geomorphological, seismic, and 
geotechnical characteristics. 
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1. INTRODUCTION 
 

1.1 Background 
 

Guayaquil is one of the most important cities of Ecuador and it is the country’s main seaport with 
productive activities representing over twenty percent of the country’s global economic output. 
Figure 1.1 shows the relative location of Guayaquil and Ecuador within South America.  Guayaquil 
is also Ecuador’s largest urban area with a population exceeding 2.3 million inhabitants and it is 
also heavily industrialized. The city is located in the estuarine zone of the lower Guayas River and 
the soil stratigraphy consists of deep soft sediments over hard rocks from the Cretaceous period. 
These Holocene sediments are very soft, weak and highly compressible. Moreover, the thickness 
of these soil deposits varies significantly with values between 15 and 60m (e.g., Vera-Grunauer et 
al., 2006). 

Over the last few decades, large areas of the city have been developed by placing fill over these 
estuarine deposits and new buildings have been constructed. The first settlements back in the 1600s 
were established in the hills, while the lowlands were mostly mangroves and wetlands. As the city 
grew, new portions of lowlands were gradually dredged. Up to the last century, some small estuary 
branches existed in what are now constructed/urbanized parts of the city.  Figure 1.2 shows the 
changes in the city of Guayaquil from 1946 to 2011 as evidenced by aerial photographs and 
satellite images. The city has grown extensively and much of the city is now constructed over 
former lowlands with underlying soft deposits. Difficulties in building on soft soil deposits are 
common in many parts of the world, as many congested cities expand near waterfronts. In the city 
of Guayaquil, these deposits have challenged urban development engineers with significant 
construction problems, including large settlements, low bearing capacity and potential large 
dynamic site amplification and ground deformation during seismic events. 

The city is in a highly seismic region and has experienced several large earthquakes in the last 
century. The most important earthquake affecting Guayaquil occurred near the subducting 
Carnegie Ridge off the coast of Ecuador on May 14, 1942 with a magnitude of 7.8 and a epicentral 
distance of approximately 240 Km NW from the city and caused significant damage in the central 
area of Guayaquil. Figure 1.3 shows a summary of seismic activity from 1900 to 2012. Guayaquil 
is affected by three principal tectonic domains as shown in Figure 1.4 (Alvarez, 2003):  

1. Seismogenic interplate contact: It belongs to the subduction zone associated to the active 
Ecuadorian margin.  In Northern Ecuador, a very strong earthquake with a rupture length of 
500 km occurred in 1906.  

2. Guayaquil-Babahoyo strike-slip fault system: This system is part of the Dolores-Megashear 
Zone. This complex fault system, which is mostly dextral near the city of Guayaquil, is actually 
recognized as a plate boundary, as along it, the North Andes Block moves towards the North-
Northeast relative to the South American Plate (Pennington, 1981).  
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3. Intraplate region: Surrounding the city, numerous active faults located inside the plates are 
known to exist, such as the faults of the Chongón-Colonche Ridge to the west (e.g. Alvarez, 
2003) and the Jubones, Portovelo, and Túmbez faults to the south (e.g. Benítez, 1987). This 
last group of faults could produce major earthquakes (Mw > 6.5), which could in turn generate 
significant ground motions in Guayaquil City. 

The greater ellipse in Figure 1.4 encircles the rupture areas of the 1942, 1958, and 1979 
earthquakes –represented by the minor ellipses- corresponds to the rupture area of the 1906 
earthquake (PDE-USGS) Epicenters are represented by the stars. 

 

1.2 Research motivation 
 

The United Nations General Assembly designated the 1990s as the "International Decade for 
Natural Disaster Reduction (IDNDR)" with the aim of reducing the loss of life, property damage 
and socioeconomic disruption caused by natural hazards. In 1996, the United Nations Secretariat 
of the IDNDR launched the RADIUS (Risk Assessment Tools for Diagnosis of Urban Areas 
against Seismic Disasters) initiative to assist in reducing the effects of seismic disasters in urban 
areas, particularly in developing countries. The RADIUS initiative had two primary objectives 
(Okazaki, 2000): 

• Development of seismic damage scenarios and earthquake risk management plans for nine 
cities selected worldwide (Guayaquil was selected as one of them) and, 

• Development of practical tools for seismic damage assessment in urban areas using the results 
of these nine case studies. 

Working in close collaboration with the local people in nine cities around the world, the RADIUS 
initiative evaluated their seismic risk, prepared risk management plans based on those evaluations 
and, most importantly, raised awareness of the community on seismic risk. Significant progress 
was made towards including the entire community in risk management activities. Members and 
institutions of the society actively participated throughout the project and committed efforts were 
made to set up the conditions that will allow the establishment of long-term initiatives to reduce 
seismic risk. The project made the best use of already existing information and counted on the 
knowledge, insight and expertise of the local people to ensure that the products and the results 
reflect local conditions (e.g., Villacis and Cardona, 2000). 

Experts of assigned international institutes, namely the International Center for Disaster Mitigation 
Engineering (INCEDE, Japan), the Bureau de Recherches Géologiques et Minières (BRGM, 
France) and GeoHazards International (GHI, United States) in consultation with the STC 
(Scientific and Technical Committee for IDNDR) subcommittee, focused attention on the results 
of the RADIUS project in Guayaquil, completed in 1999. The Action Plan recommended 
additional research on the dynamic behavior of the soft soils underlying the city and perform 
seismic site response analyses to help refine the design response spectral for the Ecuadorian 
building code (Yepez et al., 2000). As a result, in 2004 the Municipality of Guayaquil considered 
the need to study and understand the geotechnical characteristics of the city subsoil and its dynamic 
behavior.  
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The current Ecuadorian Construction Norms (NEC 2011) dictate that municipalities with 
populations over 100,000 should perform seismic microzonation studies. Certainly, Guayaquil 
falls under this regulation. Moreover, the NEC (2011) indicates that dynamic response analyses 
are to be undertaken for soil profiles that qualify as type F (defined as in ASCE-7, 2010) and a 
large extension of Guayaquil, especially its deltaic-estuarine soil deposits, classify under that 
category.  Such regulations enforced and encouraged conducting the type of research presented in 
this dissertation. 

More recently, the Asian Technical Committee 7 (ATC7) of the International Society of Soil 
Mechanics and Geotechnical Engineering (ISSMGE) organized a workshop on Geotechnical 
Issues of Thick Deltaic Deposits at the 18th International Conference on Soil Mechanics and 
Geotechnical Engineering in September, 2013 at Paris (France), which shows the importance and 
relevance of this problem to the engineering community worldwide and encourage international 
participations to share technical data related to this topic.  The experimental and numerical 
procedures as well as laboratory and model results presented in this research do not only to comply 
with what was established by the NEC (2011) for Guayaquil, but can be extended for other cities 
around the world with similar geomorphological, seismic, and geotechnical characteristics without 
any loss of generality. 

 

1.3 Scope of work 
 

This research work focuses on the geotechnical engineering properties and dynamic behavior of 
the soft soils of the city of Guayaquil. The research specifically addresses the static and dynamic 
behavior of the estuarine-deltaic, high plasticity, diatomaceous, naturally cemented, clay in 
Guayaquil City (GYE-CLAY) and its effect on the elastic and inelastic seismic demand for a single 
degree of freedom (SDOF) system. The findings of the research will lead to practical guidelines 
for addressing the seismic response and likely seismic microzonation of Guayaquil. For simplicity, 
the research work can be divided into four main units as shown in Figure 1.5 and described in the 
following paragraphs.  

 

1.3.1 Preliminary Geotechnical Study, Zonation and Characterization of Each Zone 

 

The geological zoning study of Guayaquil by Benitez et al. (2005) was used to evaluate the 
geological environment of the city and to understand the origin and behavioral patterns of its 
geomaterials. The existing geotechnical information collected by public and private enterprises 
constituted the main core of the geotechnical database for the city of Guayaquil. To fill the gaps 
in the understanding of the spatial variation of subsoil zones, a complementary geotechnical 
investigation campaign was planned and conducted. Measurements were completed at 14 different 
sites considered representative of the varied conditions in the city and to fill voids in the knowledge 
from the existing database.  
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Before the most recent program of additional subsurface investigation was carried out at the 14 
selected sites, it was necessary to integrate the geological study, the evaluation and characterization 
of the old estuary streams, and the analytical evaluation of the 590 borehole data collected and 
georeference each of them within a Geographic Information System Map.   

At each field site of this campaign, a geophysical non-destructive test - Spectral Analyses of 
Surface Waves (SASW) test and four in-situ tests: CPT (Cone Penetration Test, ASTM D3441), 
SPT (Standard Penetration Test, ASTM D1586), DCPT (Dynamic Cone Penetration Test) and 
VST (Vane Shear Test, ASTM D2573) were performed while retrieving disturbed (split spoon 
type) and undisturbed (using thin Shelby tube) soil samples from boreholes.  

The geotechnical zoning map of Guayaquil will be presented using a GIS model to consolidate all 
the data (soil sampling, salinity measurements, mapping of estuaries and the geologic zoning map). 
Ambient vibration measurements (microtremors) were used to estimate the elastic site period of 
each site and to understand spatial variability.  

 

1.3.2 Experimental and Numerical Soil Response of Guayaquil Clay 

 

The mechanical behavior of Guayaquil clay was evaluated in detail on representative laboratory 
clay samples with particular emphasis on  soil structure (combined effects of the fabric, 
composition, and interparticle forces), volume change, strength and shear deformation, using X-
ray powder diffraction (XRD), Scanning Electron Microscopy (SEM), Constant Rate Strain 
Consolidation, Unconfined Compression, Miniature Torvane, Anisotropically Consolidated 
Undrained Triaxial Compression, Direct Simple Shear, Cyclic Simple Shear, Isotropically 
Consolidated Cyclic Triaxial Compression, Laboratory Vane, and Fall Cone Tests.  

In certain situations, like seismic loading under strong earthquake motions, field and laboratory 
data is too scarce to understand the subsoil response.  In these situations, numerical- constitutive 
models like Simple DSS model, (Pestana et. al., 2000), SimSoil model (Pestana and Salvati, 2006), 
and the MKZ model (Matasovic, 1993; Matasovic and Vucetic, 1995) or similar that have been 
calibrated with existing data can be used to extrapolate and perform parametric analyses. 

 

1.3.3 Dynamic Site Response Analyses 

 

Dynamic response analyses were performed considering both equivalent-linear (SHAKE code) 
and fully nonlinear approach (DMOD-2000 code). This work also evaluates special situations like 
the effects of: the soil structure and cementation from the soft clay deposits, forward directivity 
input ground motion, nonlinearity and induced strain, deep soft soil site condition, depth to half-
space and impedance contrast (between half-space’s geomaterials and the overlying soil). 
Dynamic soil properties were calibrated with recorded motions. 
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1.3.4 Seismic Zonation 

 

A procedure for estimating a building design site response spectrum for Guayaquil City’s soil 
conditions was developed and presented. Using this procedure, preliminary assessment of the 
seismic risk of a building built over Guayaquil subsoil in different locations could be performed. 

In addition, dynamic nonlinear analyses for SDOF system are computed considering non-
cumulative and cumulative damage indices and its effect from input ground motion characteristics 
and site condition, comparing deep soft soil and rigid soil conditions. 

 

1.4 Organization and presentation of the work 
 

Chapter 2 begins with a brief review of the geological setting of the city of Guayaquil and an 
evaluation of the previous exploration data for a geotechnical database. Once geotechnical zoning 
for Guayaquil was developed under a GIS framework, geotechnical characterization of each zone 
is presented. Finally, empirical correlations between shear-wave velocities and geotechnical 
parameters of Guayaquil soils are described.  

Results from advanced laboratory tests performed for clay samples selected from two estuarine 
deltaic deposits are discussed in Chapter 3. Microstructure of those clays is analyzed in detail. 
Monotonic and cyclic behaviors of Guayaquil clays are numerically modeled. 

Chapter 4 presents the process of selecting input earthquake ground motions for dynamic site 
response analysis of Guayaquil subsoil and presents the site profiles selected. Recorded surface 
ground motions at certain sites in Guayaquil are analyzed. The results of both nonlinear and 
equivalent-linear dynamic site response analyses are described, presenting the implications of the 
findings. 

Spatial variation of the elastic site period of Guayaquil subsoil is discussed in Chapter 5 and also 
the influence of the ground motion characteristics on inelastic site period. Finally, the seismic 
zonation of Guayaquil is described. 

Chapter 6 presents a recommended procedure to estimate elastic design response spectrum for any 
location within Guayaquil. In addition, a detailed analysis and interpretation of the results of the 
influence of soil conditions and input ground motions on the inelastic demand parameters for 
SDOF systems are presented. 

A summary of the research and conclusions are presented in chapter 7. The chapter also discusses 
recommendations for further research. 

Detailed information on scaled input earthquake ground motions, input soil parameters considered 
for dynamic site response analyses performed and the geotechnical information from the 
complementary geotechnical campaign are given in the appendices.  
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Figure 1.1 Geographical location of the City of Guayaquil and Ecuador in South America 
(source: wwwnc.cdc.gov) 
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Figure 1.2 Views of Guayaquil City: (a) aerial photograph in1946, and (b) satellite image, 
Google EarthTM, in 2011.  The area surrounded by the ellipse is the same area in both images. 
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Figure 1.3 Seismicity of Ecuador from 1900 to 2012 and Tectonic Environment 
(source:earthquake.usgs.gov/) 
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Figure 1.4 Major earthquakes that affected the northwestern Ecuadorian coast during the last 
century. 
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Figure 1.5 Research Framework for this study. 
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2. GEOTECHNICAL CHARACTERIZATION 
OF GUAYAQUIL SOILS 

 

2.1 Introduction 
 

The city of Guayaquil is the main seaport of Ecuador and its productive activities represent over 
twenty percent of the country’s economic capacity (see Figure 2.1 for a map of Ecuador and the 
location of Guayaquil). The city is Ecuador’s largest urban area with a population exceeding 2.3 
million inhabitants and also heavily industrialized. The area is in a highly seismic region that is 
affected by tectonic movements and has been impacted by several large earthquakes in the last 
century. The most important earthquake that affected the city occurred near the subducting 
Carnegie Ridge off the coast of Ecuador on May 14, 1942 with a magnitude of 7.8 and an epicentral 
distance of approximately 240 Km NW of the city. It caused significant damage to the central area 
of Guayaquil.  

Guayaquil features a tropical savanna climate. Between January and April, the climate is hot and 
humid with heavy rainfall. During El Niño years, rainfall increases dramatically and floods are 
frequent. The rest of the year (from May through December) however, it has minimal rainfall due 
to the cooling influence of the Humboldt Current, with cloudy mornings and soothing afternoon 
and evening breezes.  

The total area of Guayaquil is 133.01 sq. mi (344.5 km2), with a land area is 122.17 sq. mi (316.42 
km2) and a water area of 10.84 sq. mi (28.08 km2). Recent measurements at the city river front 
(Figure 2.2) showed the average ground surface level of 3.3 m above mean sea level. 

Guayaquil is located on the left bank of the Guayas River along the South American Pacific coast. 
The Guayas river catchment, at 34,500 km2, earns a place among the largest of the Americas. Like 
in most cities located at the edge of a navigable river, the underlying soils of Guayaquil were 
deposited under water, thus are weak and compressible. Hard rock of the Cretaceous period 
underlies these deep soft sediments (Reynaud et al., 1999). The ground elevation is generally low 
and the groundwater level is quite close to the surface, thus needing compacted fills before using 
the land for any type of construction.  

The first populations (back in the 1600s) settled in the low hills, since the lowlands were mostly 
mangroves and wetlands. As the city grew, portions of lowlands were gradually filled. Up to the 
middle of the last century, some small estuary branches existed in what are now constructed, 
urbanized parts of the city (Figure 2.3). Over the last few decades, large areas of the city have been 
developed by placing fill over these estuarine and alluvial deposits. 

The United Nations General Assembly designated the 1990s as the "International Decade for 
Natural Disaster Reduction (IDNDR)" with the aim of reducing the loss of life, property damage 
and social and economic disruption caused by natural disasters. In 1996, the United Nations 
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Secretariat of the IDNDR launched the RADIUS (Risk Assessment Tools for Diagnosis of Urban 
Areas against Seismic Disasters) initiative to assist in reducing the effects of seismic disasters in 
urban areas, particularly in developing countries. The RADIUS initiative had two primary 
objectives (Okazaki, 2000): 

• Development of seismic damage scenarios and earthquake risk management plans for nine 
cities selected worldwide and, 

• Development of practical tools for seismic damage assessment in urban areas using the results 
of nine case studies. 

Working in close collaboration with the local people in nine cities around the world, the RADIUS 
initiative evaluated their seismic risk, prepared risk management plans based on those evaluations 
and, most importantly, raised awareness of the community on seismic risk. Significant progress 
was made towards including the entire community in risk management activities. Members and 
institutions of the society actively participated throughout the project and committed efforts were 
made to set up the conditions that will allow the establishment of long-term initiatives to reduce 
seismic risk. The project made the best use of already existing information and counted on the 
knowledge, insight, and expertise of the local people to ensure that the products and the results 
reflect local conditions (e.g., Villacis and Cardona, 2000). 

Experts of the assigned international institutes, namely the International Center for Disaster 
Mitigation Engineering (INCEDE, Japan), the Bureau de Recherches Géologiques et Minières 
(BRGM, France) and GeoHazards International (GHI, United States) in consultation with the STC 
(Scientific and Technical Committee for IDNDR) subcommittee, focused attention on the results 
of the RADIUS project in Guayaquil, completed in 1999. They selected the Municipality of 
Guayaquil as the most suitable organization to take the lead in executing the Action Plan of the 
RADIUS Project. The conclusions of this Action Plan recommended additional research on the 
dynamic subsoil behavior of the city to analyze the seismic site response effect to help recalculate 
the spectral design present in the Ecuadorian building code (Yepez et al., 2000).  

The recently publicized Ecuadorian Construction Norms (NEC 2011) emphasize the need for 
seismic microzonification studies (Section 2.5.4):  

Municipalities having over a population of 100,000 have the responsibility to conduct 
seismic microzoning and geotechnical studies within their own territory, to understand the 
local geology and the spatial distribution of the soil strata and evaluate the local seismic 
demands, not only for seismic design but also for regulating urban and rural infrastructure 
and territorial planning. Said studies should include information regarding possible 
topographic effects of local seismic activity, seismic instability of liquefiable zones or fills 
and slope instability, which may also serve as the basis for developing local construction 
codes. As a result of such microzoning studies the municipalities will have soil zoning 
maps, local seismic design spectra o seismic demands. Those will prevail over the general 
design spectra of the present norms which should always be considered as the minimum 
requirements. (p. 2-35)   

This chapter presents data on geotechnical characterization (mechanical properties) of the subsoil 
of the city of Guayaquil, which constitutes an important advancement that follows the 
recommendations of Project RADIUS (1998-99) and helps put into practice those of the 2011 
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Ecuadorian Construction Norms. This information is primarily based on investigations conducted 
between 2004 and 2005 in the city of Guayaquil in coordination with the Engineering Institute of 
the Guayaquil Catholic University (Vera-Grunauer et. al., 2005).  

For this geotechnical database, all previous geotechnical exploration studies conducted by private 
parties in different parts of the city were evaluated for their reliability. This information was 
complemented by a geotechnical exploration campaign at fourteen sites representing different 
geotechnical zones of the city. Then, considering the entire dataset, average characteristic values 
of geotechnical parameters and their dispersion variables (range and the coefficient of variation) 
were obtained.  

A Geographic Information System-based algorithm (GIS), implemented using these data, allowed 
us to evaluate the geotechnical characteristics of the subsoil in any part of the city. This 
information, presented in a form similar to those by Lacasse and Nadim (1996), Lumb (1974) and 
Phoon and Kulhawy (1999), has quite a practical use for geotechnical engineers, given the 
uncertainty in currently used geotechnical models for the city of Guayaquil. In the GIS model, a 
map of the old estuaries in the city was superimposed on top of existing estuaries. Additionally, at 
various estuary and river sites, the salinity was measured. Thus, this database helped us obtain a 
complete geotechnical zoning map of the city.  

The complementary geotechnical exploration campaign included direct and indirect methods of 
estimating engineering soil properties. At all of the soil sites, boreholes were percussion and drilled 
to extract samples, using shelby tubes for fine soils and the split spoon for coarse soils. 
Simultaneously, a series of in situ tests, like CPT (static and dynamic Cone Penetration Test), VST 
(Field Vane Shear Test) and SPT (Standard Penetration Test) were performed. The SPT system 
was instrumented with an AWJ rod containing two strain gauges and two accelerometers in order 
to determine the energy imparted during the test, using the SPT Analyzer (Pile Dynamics Inc. 
2000). The indirect method was involved in realizing the Spectral Analysis of Surface Waves 
(SASW) at all the sites.  

The disturbed and undisturbed soil samples were used to evaluate the geotechnical properties in 
the laboratory. The parameters N60 (SPT blow counts corrected for 60% of theoretical energy) and 
Su (Undrained Shear Strength), for coarse and fine soils, respectively, were correlated with the 
shear wave velocities for each geotechnical zone. Moreover, the qc values from CPT were 
correlated with shear wave velocities using the cylindrical cavity expansion theory (Yu, 2000; 
Romo and Ovando, 1992). For the clay soil samples of each zone, consolidation tests from both 
Incremental Loading Consolidation and Undrained Compression tests were performed. These data 
were used to develop trends in the relationship between normalized shear resistance and the 
vertical effective stress. 
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2.2 Literature Review 

2.2.1 The Geological Setting of the City of Guayaquil  

 

Benitez et al. (2005) presented the first detailed geological zoning study ever conducted in the city 
of Guayaquil, and its most relevant aspects are reviewed below.  

 

2.2.1.1 Regional Geological setting 

 

Guayaquil is located at the convergence of three major geological domains:  

1) Alluvial plain of the Daule and Babahoyo Rivers, 

2) Chongón-Colonche Cordillera (hill range) and 

3) Deltaic-estuarine complex of the Guayas River (as shown in Figure 2.4)  

Daule and Babahoyo Alluvial Plain 

This occupies the northeastern sector of Guayaquil and a part of this plain falls within 
Samborondón and Durán Municipalities. The alluvial plain is formed by the merging of the Daule 
and Babahoyo Rivers at La Puntilla, which creates the Guayas River. The plain has its southern 
limit at the Durán hills to the East and Santa Ana and El Carmen hills to the West. The geoforms 
associated with the alluvial plain are: 

• Daule and Babahoyo flood plain: This constitutes the main part of the alluvial plain and 
consistently floods during major tides in the rainy season, depositing organically rich silts and 
clays. Despite this, many major urban centers of northern Guayaquil are located there, like 
Atarazana, FAE, Garzota, Alborada (the first construction phases or “etapas”), Sauces (except 
etapa VII) and Guayacanes. The construction of these housing complexes has required great 
quantities of engineering fill to cover the areas of major flood risk.  

• Fluvial channels, islands and banks: The Daule and Babahoyo Rivers present broad, 
meandering channels to the north, dominated by accumulative processes that form sandy and 
silty-clay banks. Such materials constitute the islands in the lower Babahoyo River (i.e., 
Mocolí, Penitencia and Herminia islands). A large sandy bank at the mouth of the Daule River  
fulfills the construction material needs of Guayaquil. In this bank, an island has emerged in 
recent years (after the El Niño of 1998) that is now claimed by the municipality of Guayaquil 
as a part of its territory. 

• Ancient Riverbeds: Several fluvial terraces formed by old riverbeds can be observed on both 
banks of Daule River. The most prominent old riverbed is located among the urbanizations of 
Samanes, Guayacanes and Sauces and is centered at Polaris, a large lagoon that has been 
continuously filled to make way for the urban growth.  
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These geomorphologic features of the alluvial plain have been mapped by Mite (1989). The 
continuous development of the city to the North has occupied these areas, creating zones that are 
difficult to drain; especially notorious are those in the western limit of the alluvial plain at the base 
of the low hills of Samanes, Alborada, Guayacanes and Orquídeas. 

The Chongón-Colonche Cordillera Hills  

This cordillera occupies the northwestern quadrant of the city and extends westwards from the San 
Pedro and Bellavista hills. It is a homoclinal structure with old Paleocene and Cretaceous rocks 
rising up and trending at N110 and is subjected to intense erosive processes since the Late Eocene 
Period (40 Ma). This range includes the rock formations of Ancón, Las Masas, San Eduardo, 
Guayaquil, Cayo, and Piñón, which were studied by the IIEA-CONUEP Project (1990). The 
geomorphology of this area is associated with three well-defined domains (Mite, 1989): 

• Structural (structurally-guided) domain 

• Erosive domain 

• Accumulative domain 

The relationship between the topographic relief and the geologic structure can be observed in 
Figure 2.5, a schematic NNE-SSW trending geologic section that is perpendicular to the structure 
of the Chongón-Colonche cordillera. 

Guayas River Deltaic-Estuarine Complex  

At the southern limit of the alluvial plain and the Carmen, Santa Ana and Durán hills, the Guayas 
River presents clear estuarine characteristics, including brackish water and tidal influence. 
Therefore, the broad triangular shaped area extending to the Puná Island in the South, and limited 
by the Jambelí channels to the East and El Morro to the West, close to the town of Posorja, is 
called Guayas estuary in this study. Its principal geomorphologic features were defined by Benítez 
(1975) and include: 

• Main distributary channel of the Guayas estuary: This extends from the city of Guayaquil 
directly southward to the vicinity of Puná Island, the main channel branching out to form 
secondary channels and islands. Also worth mentioning is Santay Island, located where the 
alluvial and the estuarine-deltaic environments meet. The distributary channel shows varying 
geomorphologic zones along its cross section, with a deep main channel (identified as “s.s.” in 
Figure 2.6) along the western bank and the shallow silty-clay tidal flats along the opposite bank.  

This deep western bank channel between the Santa Ana hill and the Barrio Guasmo in the South 
helped the development of the city’s port activities and the city itself. It anchored the commerce-
oriented development approach that drives the city to this day. In contrast, the tidal flats along the 
eastern bank limited any urban development there, for example on Santay Island. 

• The “natural pier” or levee: This 30 km long, 1 to 3 km wide strip of land extends almost 
continuously from the foot of the Santa Ana hill southwards to Puná Island along the right 
(western) bank of the main distributary channel, which some geographers have named “the 
Guayaquil Peninsula.” That is where the urban development of the city began and was limited 
to on top of this geomorphologic unit up to the 1950s. 
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• The Estero Salado channels and islands. This waterway and its islands in southwestern 
Guayaquil make up a different geomorphologic system undergoing active sedimentation. The 
main depositing environment is the mangrove forest, made up of several species specially 
adapted to shallow brackish waters and clayey-silt sediments. This system is connected to the 
Guayas Estuary through several East-West trending waterways (i.e., La Esclusa, Chupadores, 
and Puná Norte). There used to exist other waterways along actual Loja and Roca Streets and 
Olmedo Avenue, but they have been gradually filled-in to build the city.  

Generally, the islands present a concentric vegetation pattern where the following subzones can 
be found from the center outwards (Figure 2.7): 

S – salty marshes and areas with no vegetation, subject to tidal flooding  

m – plants and low bushes 

M3 – low trees (mangroves) with heterogeneous top leaf density 

M2 – low mangrove forest (5-15 m) with homogeneous top leaf density; strong radial drainage 
patterns 

M1 – homogeneous high mangrove forest 

A good example of this concentric zoning pattern can be still observed in the southern part of 
Trinitaria Island, as shown in Figure 2.7. 

The M1-areas (high forest) have completely disappeared from the southern Guayaquil Islands due 
to heavy-construction oriented exploitation of the mangroves, especially for structural piles. The 
S-areas (salt marshes) had been gradually occupied by shrimp ponds that are now tending to grow 
at the expense of m- and M3-type vegetation. 

 

2.2.1.2 Description of relief domains for Guayaquil area 

 

Structural Domain 

This domain corresponds to the southern flank of the Chongón-Colonche cordillera (Figure 2.5). 
It represents the homoclinal sloping limestone strata of the San Eduardo formation and siliceous-
calcareous shales of the Guayaquil formation. The topography is conditioned by the homoclinal 
geologic structure with an average dip of 17o (varying between 15o and 40o) to the South. 
Geomorphologic units are high hills (200 to 400 MSL –Mean Sea Level) and medium-high hills 
(100 to 200 MSL) with steep crests. It must be noted that the name “cordillera” (mountain range) 
is used in this case although that category is typically reserved for hills higher than 400 m. Natural 
slopes observed in this domain are generally flatter than 40o. 
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Erosive Domain 

This domain corresponds to the northern flank of the Chongón-Colonche cordillera, where there 
are outcrops of the Cayo and Piñón rock formations. The surface can present slopes dipping in a 
direction opposite to the homoclinal structure that dominates the area. 

The dominant geomorphologic units are hills under 100 MSL and moderately sloping surfaces 
(less than 30o). The hills are elongated in a WNW-ESE direction, showing the structural control 
of the similarly trending homocline. In contrast, some geoforms (described below) are elongated 
in a North-South direction, showing a predominant lithologic control (Mite, 1989). Below, some 
geologic formation-based (formation boundaries are shown in the geologic map) characteristics of 
the hills are summarized: 

• Piñon formation: It includes hills 50 to 200 m high, with convex or straight (linear) sloping 
surfaces and rounded tops. 

• Cayo formation: Where the Calentura member is dominant, hills are 50 to 100 m high with 
concave sloping surfaces and dissected rounded hilltops; where isolated hills are present (this 
can be appreciated in the Las Orquídeas urbanization), they are of lower height with convex 
slopes. In this sector, an anomalous NE-SW geoform exists (Jordán hill), which is controlled 
by faults trending in the same direction. In the basal part of the Cayo member (Cayo s.s. 
formation), geoforms M, N and P (Mite, 1989) of a N-S direction are controlled by lithology, 
constituted principally by breccias. These low hills (20 to 50 m) have concave-convex sloping 
surfaces and rounded tops. To the Northwest, in this same stratigraphic level, higher hills (100 
to 200 m) are present. In the middle to upper part of the Cayo s.s. formation, a greater control 
of the homoclinal structure is observed. Mapasingue hill is an example, which continues 
towards the ESPOL Prosperina campus, albeit less well defined. From this locality to the 
South, up to contact with the Guayaquil formation, geoforms constitute subparallel alternating 
bands of rounded, sharp, flat and rounded crests, due to increasingly frequent intercalation of 
shale between the layers.  

Accumulative domain 

This refers strictly to the accumulative domains inside the major domain of the Chongón-Colonche 
cordillera. Even though the hills are subjected to permanent erosion, transitory accumulations or 
deposits of material do exists because of this process. These accumulations typically constitute 
dejection cones and colluvial, alluvial and lacustrine deposits. 

 

2.2.1.3 Geological Map and description of geological formations  

 

Benitez et al. (2005) prepared a geological map of the city (Figures 2.8a and 2.8b), which defines 
the rock formations as well as the alluvial, estuarine, alluvial-estuarine and colluvial depositions. 
Fig. 2.8b also shows the geologic sequence of the rock formations, which, from young to old, are 
Ancon group, San Eduardo, Guayaquil/Azucar, Cayo and Piñon. The most important geological 
formations within the city—the Guayaquil group, the Cayo and the Piñon—are characterized in 
detail below. 
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The Piñón Formation 

This constitutes the crystalline basement of the Ecuadorian coastal region. It is actually a volcanic 
complex of principally basaltic rocks with pillow lava (Figure 2.9), indicating underwater 
deposition. 

The Piñón formation also presents lava with columnar or massive cooling forms (Figure 2.10). 
Towards its upper limit with the Cayo formation, thick volcanic breccias can be found. These have 
been observed in the hill by the Las Iguanas landfill and to the Northeast of Guayaquil in the 
Guaraguau distributary channel (Figure 2.11). 

Numerous intrusive rocks of granodioritic to tonalitic composition are present in the Piñón 
formation. An outcrop can be observed at Pascuales, at both sides of the bridge over the Daule 
River (Figure 2.12). 

The Cayo Formation 

The Cayo formation is a thick group of volcanoclastic rocks deposited in a marine environment, 
overlying the Piñón formation and underlying the Guayaquil formation. Its contact with the Piñón 
formation is erosive and can be observed in the northern part of Jordán hill the (new sections of 
the Vía Perimetral) and in the Las Orquídeas urbanization. 

To describe it better, this formation was subdivided into five members characterized by the 
dominance of shales (and/or fine turbidites) or sandstones, conglomerates and breccias (metric 
turbidites and megaturbidites). 

Total thickness of the formation in the stratigrafic section (Figure 2.13) map is 2850 m. Since 
complete columns of the basal section were not measured, thickness was calculated with average 
values of strike and dip (strike = N110, dip = 17o to the South). Calculated thickness values are 
considered representative; similar values were found when the almost complete C1 column (from 
Figure 2.13) was measured in the field. 

C5 – 450 m thick: It is the basal member of Cayo formation, recognized by Thalman (1946) as 
“the Calentura basal member.” However its initially defined type locality, the former Calentura 
quarry at the Peñón del Río hill, does not really correspond to the base of the Cayo formation, thus 
this name should be abandoned. The actual base of the formation outcrops in the Jordán hill, in the 
Las Orquídeas urbanization and along the Vía Perimetral from the Jordán hill to the Las Iguanas 
access road. Its lithology is variable, dominating following fine-grained rocks: 

• Fine, tobaceous, decimetric turbidites with fish scales, 

• Tobaceous siliceous shales, 

• Decimetric micritic limestones. 

This member outcrops in the southern part of the Las Iguanas landfill where limestones are 
quarried (Figure 2.14). Fine-grained rocks also contain radiolarian microfauna. They can be 
observed in the access road to Jordán hill and in the Bastión Popular neighborhood (UTM coord. 
620,100 -9,768,600). Observed thick-grained rocks include metric white tobaceous sandstones and 
sandy ashstones (Las Orquídeas, section #3) and conglomeratic sandstones with siliceous shale 
clasts (CEPE terminal, in Pascuales). These are turbiditic and tobaceous and contain feldspar. 
Frequent decimetric igneous dikes—andesitic-porfiritic intrusive in nature—are also observed. 
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C4 – 300 m thick: Type outcrops are the Quinto Guayas quarries (in Samanes), the Samán hills 
and the surroundings of the El Cóndor neighborhood. It consists mainly of megaturbidites with the 
following lithologies: 

• Metric to decametric breccias composed of andesitic (spilitic) igneous rocks 

• Metric to decametric turbiditic, micro-breccia sandstones  

• Intercalated tobaceous shales in minor quantity, 

• Chloritized, glassy-feldspatic sandy ashstones with a certain spilitic character, 

• Frequent metric to decimentric diabasic, porfiritic igneous dikes. 

Lateral continuity of these rocks was proven in the Lotización INMACONSA sector (Km. 10-11 
Vía a Daule), although, to the Northwest at the entrance to the Las Iguanas landfill, the contact 
with the C5 basal member is erosive or faulted. 

C3 – 650 m thick: Fine-grained rocks with metric sandstones are predominant in this member. It 
outcrops strongly in Sauces VI hills (section #1), Aldea de Niños (section #7) and in the Vía 
Perimetral. It reappears discontinuously in the small Mapasingue hill (200 m to the North of the 
Terminal Terrestre) and in Peñón del Río (formerly the Calentura quarry). The following rocks are 
found: 

• Calcareous, tobaceous shales with radiolarian and foraminiferal fauna, 

• Metric to decimetric feldespatic tobaceous sandstones, 

• Decimetric to metric, sandy and microbrecciated ashstones. 

C2 – 550 m thick: Decametric megaturbidites are predominant. They have strata that are typically 
10 to 20 m thick, grain-sorted (Ta, b), greenish-gray, and very hard when not meteorized or yellow-
brown when altered. Spectacular outcrops of these rocks can be seen in the newly-cut openings of 
the Vía Perimetral near the ESPOL Prosperina campus (Figure 2.15), in Mapasingue-Lomas de 
Urdesa hills and in the Kennedy Norte urbanization. Intercalations of decimetric siliceous-
tobaceous shales are frequent, as well as their inclusion as clasts or discontinuous strata in the 
middle of the megaturbidites (Figure 2.16). Metric, litho-feldspatic tobaceous sandstones (also 
turbiditic) and fine tobaceous levels are common too. The characteristic greenish color of these 
rocks is due to extensive chloritization of its volcanic components. 

C1 – 900 m thick: This member outcrops almost continuously in the Vía Perimetral (Figure 2.17) 
and on the southern side of the Vía a la Costa from the Catholic University to Km. 7. Towards the 
top of the Cayo formation, decimetric fine-grained rocks of great lateral extensiononce again 
become predominant. These are generally tobaceous shales and fine decimetric turbidites that may 
be confused with the Guayaquil formation shales, although the former contain less silica and 
carbonate than the latter. Intercalated decimetric to metric bedded sandstones (and even 
megaturbidites) are frequent. For example, a megaturbiditic deposit can be seen at the top of the 
formation in Bellavista, which can be traced along the contact with the overlying Guayaquil 
formation. 

 

 



21 

 

Guayaquil Formation 

The Guayaquil formation, relegated to the condition of upper member of the Cayo formation by 
Bristow (1976), presents definite litho and biostratigraphical characteristics that allow it to 
maintain its original status of a Formation. Its thickness, measured in the section map (Figure 2.18) 
is 320 m. Guayaquil formation consists of a great package of siliceous and calcareous shales that 
constitute the structural geomorphologic domain of the southern flank of the Chongón-Colonche 
cordillera. Its stratigraphic characteristics allow it to be subdivided as Upper and Lower members. 
A recent study executed by Mejía (1992) added further precision of the Vía Perimetral section with 
new thickness and age data and defined that area as the new type locality of the formation. 

Lower Member – 160 m thick: To be fair, this should be named the Guayaquil s.s. formation 
because it corresponds to what was originally described as the Guayaquil formation in the type 
locality of the San Pedro neighborhood by Sheppard (1946), where the Upper Member does not 
outcrop. It consists of a monotonous sequence of decimetric siliceous shales with radiolarian 
microfauna and secondary enrichment of flint nodules (chert). Intercalations of thin tobaceous 
claystones are frequent. Presence of foraminiferal microfauna increases towards the top. It 
outcrops very predominantly in the Bellavista section  

Upper Member – 170 m thick: This member consists of calcareous and dark gray siliceous shales 
in rhythmic decimetric strata of great lateral continuity; towards the top, a unit of folded siliceous 
shales with flint nodules is present. From its base, this member presents intercalated decimetric to 
metric strata of sandy ashstones (or tobaceous sandstones), more or less calcareous and thicker 
towards the base. Calcareous shales are specially organic-rich, to the point of being considered 
bituminous (personal communication by G. Montenegro, from Petroecuador), and exhibit great 
microfaunistic variety of foraminifers, radiolarians and sponge spicules. 

 

2.2.2 Geotechnical Site Exploration Techniques 

 

Geotechnical characterization of a locality could have two specific components (Ladd and 
DeGroot 2003): 

1) Estimating the stratigraphy of the subsoil and its water content 

2) Estimating the most relevant engineering properties of subsoil 

The first identifies the spatial order of the principle soil types present (stratigraphic units), their 
physical conditions (the relative density of granular soils and the consistency [resistance or 
rigidity] of fine grained soils) and the variation of groundwater level. The second quantifies the 
properties of foundation soils for design purposes.  

The general practice in geotechnical exploration by the private sector in the city of Guayaquil is 
described below: 

According to Cooling (1942), the rotary wash boring is generally the most appropriate method for 
use in soil formations below the groundwater level. In rotary wash borings, the sides of the 
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borehole are supported either with casing or with the use of a drilling fluid. The latter is the 
preferred geotechnical practice in Guayaquil.  

A casing at the top of the hole will protect against sloughing ground due to surface activity and 
facilitate circulation of the drilling fluid. The drilling fluid (water, bentonite, foam, Revert or other 
synthetic drilling products) also removes the drill cuttings from the boring. In granular soils and 
soft cohesive soils, bentonite or polymer additives are typically used to increase the density of the 
drilling fluid and thereby minimize stress reduction in the soil layer at the bottom of the boring. 
For borings advanced with the use of drilling fluids, it is important to keep the level of the drilling 
fluid at or above the ground surface to maintain a positive pressure for the full depth of the boring. 

Generally a soil sample is collected at every 1.5 m. Examination of the cuttings suspended in the 
drilling fluid provides an opportunity to identify changes in soil conditions at depths with no 
sample retrieval. A strainer is held in the drill fluid discharge stream to catch the suspended 
material. In some instances (especially with uncased holes), the drill fluid return is reduced or lost. 
Open joints, fissures, cavities, gravel layers, highly permeable zones and other stratigraphic 
conditions may cause a sudden loss in drilling fluid and must be noted on the logs. The properties 
of the drilling fluid and the quantity of water pumped through the bit will determine the size of 
particles that can be removed from the boring with the circulating fluid. In formations containing 
gravel, cobbles or larger particles, coarse material may be left in the bottom of the boring. In these 
instances, clearing the bottom of the boring with a larger-diameter sampler (such as a 76 mm OD 
split-barrel sampler) may be needed to obtain a representative sample of the formation. Figure 2.19 
shows a general drilling set up for geotechnical investigation.  

In clay soils, undisturbed samples are obtained with Shelby tubes 70 cm long and with a 3" (inner) 
diameter to conduct unconfined compression tests in the laboratory. Some companies may conduct 
miniature vane and pocket penetrometer tests on these samples. SPT tests are also conducted on 
these soils with a split spoon sampler (obtaining disturbed soils samples) while registering the 
number of blows needed per 12" penetration (NSPT). Different companies may use different types 
of hammers, which impart different levels of energy on the rod.  

Laboratory tests on soil samples may include USCS classification tests such as: natural water 
content, Atterberg Limits and grain-size tests for coarse and fine grains. If the project requires, 
Incremental Loading Consolidation tests are also conducted. Some common field tests are 
described in brief below, with the aim of bringing to light possible errors in current practice and 
promoting the best practices. Some additional, inexpensive tests that may improve the 
understanding of Guayaquil soils are also introduced here.  

 

2.2.2.1 Standard Penetration Test (ASTM D 1586 & D 6066) 

 

The standard penetration test (SPT) is probably the most utilized field test for geotechnical 
characterization of soils in Guayaquil. Generally, this test is used to characterize granular soils and 
also rigid clays, where Shelby tube sampling is difficult. The test consists of applying repetitive 
blows on an anvil by a free falling hammer weighing 140 lbs (63.5 Kg) from a height of 30" (76 
cm). The forces applied on the anvil are transferred to a split spoon soil sampler using a series of 
metallic rods in between. Each fall of the weight transfers an amount of potential energy (E*) to 
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the anvil, theoretically equivalent to 350 lbf/ft (475 J). The number of hammer blows needed to 
penetrate the sampler for the last 12" of a total of an 18" depth is known as the NSPT (Figure 2.20).  

The N value achieved in a soil penetration test is inversely proportional to the energy transferred 
to the sampler (Schmertmann and Palacio, 1979). As part of the energy is lost at different 
mechanical components in the rod assembly, the measure of the energy applied on the rods and 
the sampler is very important. For field measured blow counts to be used in geotechnical 
engineering applications, they should be adjusted for the effects of hammer energy, overburden 
pressure and, in some cases, various other factors that influence the results (McGregor and Duncan, 
1998).  

Measured blow counts can be normalized to N60 or N1,60 : 

where N60 is the blow count corrected to 60% of the theoretical free-fall hammer energy and N1,60 

needs an additional correction to 1 tsf (100 kPa) of effective overburden pressure  

N60  = NfieldCE(CRCBCS), (Mc Gregor and Duncan, 1998)                                                             2.1 

N1,60 = NfieldCECN(CRCBCS)                                                                             2.2 

Nfield is the blow count measured in the field,  

CN is the overburden correction factor,  

CE is the energy correction factor,  

CR is the rod length correction factor,   

CB is the borehole diameter correction factor and  

Cs is the liner correction factor.  

For most geotechnical applications, the last three correction factors (listed above in parentheses) 
are not used. In some cases, they may be used to provide better data. A detailed evaluation of these 
factors is presented in McGregor and Duncan (1998). This study intends to evaluate the equipment 
currently used in Guayaquil for this field test and recommend energy correction factors for the use 
of local geotechnical practice. 

 

2.2.2.2 Cone Penetration Test (ASTM D3441) 

 

The Static Cone Penetrometer (penetration through a continuous push) contains strain gauge cells 
that permit simultaneous measurements of the forces acting on the penetrating cone as well as on 
the friction sleeve (Begeman, 1963; De Ruiter, 1972 and NRACC, 1975). The apex of the cone 
has a 60º angle and a base with a diameter of 3.6 cm (10 cm2 base area) and the sleeve is 13.25 
cm long with the same outside diameter (friction surface of 150 cm2). Penetration is achieved 
through a hydraulic mechanism capable of applying from 2.5 to 20 tons of axial force. The point 
and frictional resistance are measured using load cells or similar apparatus. The speed of 
advancement of the cone is 2 cm/s, which is the standard practice for Guayaquil clays and also 
corresponds to the ASTM standard D 3441-75. Figure 2.21 shows the typical field set up for a 
CPT test. 
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Cone resistance qc is calculated by dividing the force acting on the cone Qc, by the projected area 
of the cone Ac. 

qc = Qc / Ac 2.3 

Friction ratio (Rf) is the sleeve friction (fs) expressed as a percentage of the cone resistance (qc), 
both measured at the same depth. 

Rf = (fs/qc) x 100%                                                                                                      2.4 

Figure 2.22 shows typical results for Guayaquil Soils. 

 

2.2.2.3 Dynamic Cone Penetration Test 

 

In this test, the downward force is applied using a Safety type percussion hammer, on a smaller 
diameter cone (base area of 19.6 cm2). During penetration, the number of blows required for each 
10 cm of advancement is registered throughout the full sampling depth. Figure 2.23 shows the 
equipment set up, and Figure 2.24 shows typical results. 

 

2.2.2.4 Vane Shear Test (ASTM D2573) 

 

The test procedure requires pushing a four-bladed vane into undisturbed soil layers and rotating it 
until a cylindrical volume of the soil, theoretically having height and diameter dimensions the same 
as the vane fails in shear. The torque required to cause the failure is read and translated into force 
applied to the total surface of the failed cylinder. This value is used as the strength of the soil. 
Figure 2.25 shows the equipment set up.  

According to a study conducted by Chandler (1988) that measured the undrained shear strength of 
clays by the Field Vane:  

The problem of the distribution of shear stress around the periphery of the rotated vane, 
which is central to the interpretation of the field vane test, has been reviewed by Wroth 
(1984). His results show that the shear stresses on the vertical sides of the cylindrical 
potential failure surface are reasonably close to the conventional assumption of a uniform 
shear stress distribution, though with small peaks at the top and bottom corners. In 
contrast, the shear stress distribution on the horizontal portions of the vane is highly 
nonuniform, with dramatic peaks at the corners. (pp. 15-16)  

The vertical surfaces contribute 94 % of the resistance to the total torque, and as a result, vertical 
plane shear strength will dominate the inferred strength value.  

Ladd et al. (1977) conclude that highly plastic normally consolidated clays and all lightly 
overconsolidated clays (like greenish gray Guayaquil clay) will be more nearly isotropic with 
respect to undrained strength. Thus, the "standard" vane test interpretation is considered here, 
assuming uniform shear stress distribution on vertical surfaces and an isotropic undrained strength: 
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where T is the maximum torque measured, D the vane diameter, Su FV the vane undrained shear 
strength. 

The Field Vane measured Su FV differs from the average Su adequate for undrained stability 
analyses because of: disturbances at the installation of the Field Vane; its peculiar and complex 
mode of failure; and the faster rate of shearing (see Art. 20.5 in Terzaghi et al., 1996). Hence, 
Bjerrum's (1972) suggested an empirical correction factor (μ) vs. Plasticity Index, derived from 
circular arc stability analyses of embankment failures (μ = 1/Factor of Safety FS, computed using 
Su FV). Figure 2.26 shows this correlation employing the data of Bjerrum and more case histories 
(Ladd et al., 1977). The coefficient of variation (COV) ranges from about 20% at low PI to about 
10% at high PI for homogeneous clays. Note that the presence of shells and sandy zones can cause 
a large increase in Su FV, as shown by the "FRT" data point (very low μ) for a mud flat deposit. It 
is important to consider that Bjerrum's correction factor ignores three dimensional end effects, 
which typically increases the computed FS by 10 ± 5% compared to plane strain (infinitely long) 
failures (Azzouz et al., 1983). 

 

2.2.2.5 Spectral Analysis of Surface Waves (SASW) 

 

Spectral analysis of surface wave (SASW) testing is an inexpensive, rapid and efficient means of 
non-invasively estimating the stiffness properties of the ground. This method utilizes the dispersive 
nature of Rayleigh-type surface waves propagating through a layered material to determine the 
shear wave velocity profile into the material. In this context, dispersion arises when surface wave 
velocity varies with wavelength or frequency (Rix and Stokoe, 1989). Dispersion in surface wave 
velocity arises from changing stiffness properties of the soil and rock layers with depth. This 
phenomenon is illustrated schematically in Figure 2.27 for a multi-layered solid (Rix and Stokoe, 
1989). 

As wavelength increases, particle motion extends to greater depths in the profile. The velocities of 
Rayleigh waves, or surface waves, are representative of the material stiffness over depths where 
there is significant particle motion. For example, the particle motion of a wave that has a 
wavelength less than the thickness of the top layer is confined to this layer (Figure 2.27b). 
Therefore, the wave velocity is influenced only by the stiffness of the top layer.  

The velocity of a wave with a wavelength that is longer than the thickness of the top layer, but 
shorter than the combined thicknesses of the top two layers (Figure 2.27c), is influenced by the 
properties of only the upper two layers because essentially all motion occurs in these layers. Thus, 
by using surface waves with a range of wavelengths, it is possible to assess material properties 
over a range of depths. 

In the field, one can compute the Rayleigh wave wavelengths (λ) by relating the seismometer 
spacing (d) and the phase angle (θ, in radians determined from the cross-power spectra) between 
the seismometers: 
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The Rayleigh wave surface wave velocity, VR, is computed as the product of the frequency and its 
associated wavelength: 

 VR = λR * frequency  2.7 

Finally, from the collection of surface-wave phase (Rayleigh wave) data in the field, generating 
the dispersion curve and then using iterative modeling to back-calculate the shear wave velocity 
profile.  

A simple way of characterizing the overall site condition is to use the average shear-wave velocity 
in the uppermost 30 meters of the subsurface (Vs30; NEC 2011).  
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Equation 2.8 is used to compute this average velocity based on the unit layer thickness (di) and the 
corresponding interval-velocity (VSi). 

 

2.2.2.6 Soil laboratory testing 

 

Under current practice, the following laboratory tests are conducted using corresponding ASTM 
standards: Natural water content (ASTM D2216), Atterberg Limits (ASTM D4318), Grain-size 
distribution by sieve analysis (ASTM D422), Unconfined compression test (ASTM D2166), Soil 
classification (ASTM D 2487) and Oedometer test (ASTM D2435-90). 

The particle specific surface Ss—defined as the ratio of surface area of a single particle Ap and its 
mass m is an important factor in the physical-chemical and mineralogical behavior of Guayaquil 
clays. According to Santanmarina et al. (2002), “This is an “independent and complementary 
parameter to the grain-size distribution analysis” (p. 233) and its value determines the equilibrium 
among the capillary, electric and gravimetric forces acting on the clay particles.  

The Methylene Blue (MB) cation (ASTM C837 – 09), with prismatic dimension 17 x 7.6 x 3.25 
Aº and molecular weight 319.87 g/mol, is used to estimate the Ss. The negatively charged clay 
particle surfaces can easily attract the MB cations present in an aqueous medium. This molecule 
may attach itself to the mineral surface in various orientations, so the area covered by one MB 
molecule may vary. If the molecule is attached to the mineral surface lying on its largest face, the 
covered area is about 130 Å2 per molecule.  

The test is not conducted as a routine test procedure, but it is very useful in understanding the 
presence and influence of different clay minerals in soft soils. The procedure is described by 
Santamarina et al. (2002), following the original steps suggested by Kandhal and Parker (1998). 
First, the MB solution is prepared by mixing 1.0g of dry MB powder in 200 ml of deionized water. 
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Then, 10g of oven-dried clay particles are mixed separately in 30 ml of deionized water. Drops of 
the MB solution is added to the clay-particle solution little-by-little and mixed together. With time 
(around 30 minutes), the MB molecules replace the cations in clay mineral layers. At certain time 
intervals, a drop of this liquid is added to a filter paper, which is absorbed through capillarity, 
forming a circular patch.  

The test ends when a clear blue halo forms around the drop on the filter paper, as shown in Figure 
2.28. This “end point” indicates excess of MB in the fluid, i.e. saturation of the mineral surface. 
The number of increments in ml of MB needed to reach the “end point” is recorded. The particle 
specific surface is estimated by (Santamarina et al., 2002): 
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where N - the number of MB increments added to the soil suspension solution,  

Av - Avogadro’s number (6.02 × 1023/mol), and  

AMB - the area covered by one MB molecule (typically assumed to be 130 Å2)...” (p. 235) 

To evaluate the sensitivity of the Guayaquil Clay, the Swedish Fall Cone test can be used. Through 
this test, the undisturbed and remolded undrained shear strength of clay and its liquid limit are 
estimated. 

The fall cone apparatus consists of a permanent magnet assembly fitted in a head that is mounted 
on a column. The head can be moved up and down by rotating a hand wheel. The column is 
mounted on a cast iron foot that has a machined platform for placing a cylindrical cup. A cone can 
be held against the permanent magnet at the back of a scale after pushing in a push button (Figure 
2.29). 

Hansbo (1957) presented a thorough study of the relationship between cone penetration (h) and 
undrained shear strength (τ) for different cone angles and weights:  

� = ��

��  2.10 

where Q - the weight of the cone;  

h - the depth of penetration of the cone into the soil; and  

K - a constant whose value depends solely on cone angle β for remolded soil.  

A cone with a weight of 400 g and 30o angle is used for undisturbed shear strength measurements 
whereas a cone of 60 g and 60o is used for remolded state measurements. For liquid limit 
estimation, a cone with 60 g and 60o is also used. This test also is a useful, inexpensive and a rapid 
test providing the engineer with a clear understanding of the behavior of disturbed or compacted 
clay in the field.  
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2.2.3 Tools for analyzing geotechnical data 

 

2.2.3.1 Use of Geographic information systems 

 

Geographic Information System (GIS) is an effective tool that aids geotechnical engineers in their 
practice. According to an article by Priya (2002):  

GIS has been defined as a fundamental and universally applicable set of value-added tools 
for capturing, transforming, managing, analyzing, and presenting information that are 
geographically referenced’ (Tim, 1995). Most data utilized in geotechnical practice have 
spatial attributes, that is, they can be located at a point in space. The power of GIS is that 
it can link maps, layouts, and photos directly to data describing their features and allows 
data to be searched and analyzed spatially. Sets of electronic data, known as ‘coverages’, 
‘layers’, ‘themes’, etc. can be readily combined to provide a wealth of information about 
a site and can be added or removed from a base map by turning layers on or off... (p. 2) 

Because of this, GIS can aid geotechnical engineers in their work. Moreover, a theme showing 
points representing soil boring locations can be linked to electronic images of boring logs or a 
database table, describing the site stratigraphy, samples collected, laboratory test results, etc.  

 

2.2.3.2 Interpolating Data Using Kriging Technique 

 

In geotechnical engineering, estimating the properties of the subsoil (point estimation) where 
measurements do not exist is a challenging problem. A solution to this problem would help in the 
spatial estimation of a particular geotechnical variable. This can be extended to finding an average 
property value for whatever domain is studied, including within a given volume or along a certain 
potentially critical surface (global estimation). 

One technique that provides a solution is the conditional linear estimation without bias and with 
minimum variance (Mood and Graybill 1963), also known as the Wiener filter. In mining 
engineering, a similar technique with certain variants, called kriging, is used (Krige, 1966; 
Matheron, 1965) to determine the spatial variation of index and resistance properties. The kriging 
technique is flexible and assumes that the data follows a stationary stochastic process, while the 
rest of the techniques assume the data are normally distributed. Out of various types of kriging, for 
the problem of point estimation of geotechnical properties, the method of ordinary kriging was 
chosen, which is described below. 

Assume V1 a dimension vector of variables to be estimated and V2, of known variables. Using 
multivariate linear estimation methods, it is possible to obtain V1*, the estimator of V1 given V2, 
a linear and unbiased estimator. 

In a stationary field, the following equation shows the elements of V1*: 
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where Vi represents the known variables of V2 and µv is the field expected value, a constant. The 
coefficients λi can be obtained using the multivariate linear estimation equations. 

It is possible to find a linear, unbiased and minimum variance estimator that does not depend on 
the value of average µv, by imposing the condition: 
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The variance of the estimate becomes: 
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Using the technique of Lagrange multipliers, it is possible to minimize )(2 XEσ  by maintaining the 
unbiased condition, thus obtaining the following system of equations: 
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With the equation 2.14, we have n+1 set of equations that allow solving for the n coefficients λj 
and the Lagrange multiplier v.  

The minimized variance of the corresponding estimator is: 
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The ordinary Kriging estimator is considered more robust than that of simple Kriging. As it does 
not require the knowledge of the field expected value, it can adapt better to the local variations. 
However, this condition provides only a minimum advantage, since the expected value is generally 
a known parameter. In this estimation technique, it was considered that the variance of the 
minimized estimation (eq. 2.15) is not, in general, the conditional variance of the estimated value 
(as it should always be). It does not depend on the available data but that occurs only in Gaussian 
fields.  

The entry data for Kriging estimations should include sample values and their spatial coordinates, 
defining the block or the points needed to be estimated, and an estimated variogram of the function. 
The algorithm used for the estimations constitutes: 

1) Select and include in the data file the samples that relate to the particular area of interest for 
property estimation  

2) Evaluate the covariance among the samples selected 

3) Evaluate the variance among the samples selected and the point of estimation  

4) Write the Kriging equations 
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5) Solve Kriging equations to obtain the parameter weights 

6) Obtain the estimated values, and 

7) Calculate the Kriging variance. 

 

2.2.4 Previous Geotechnical Investigations in the City of Guayaquil 

 

2.2.4.1 Localization of Former Estuary Streams  

 

At first, the area currently occupied by the city was crisscrossed by brackish water (salt 
concentration of 7 g/l) in branches of the Guayas River at the eastern flank of the city and by salt 
water estuaries (25 ~ 30 g/l) connected to the sea at the western flank (Nuques 1998). 

The growth of the City of Guayaquil depended much on the ability to gain ground from the 
extensive mangrove clusters along the estuaries. The city took over many of the mangroves and 
was extended in various stages during the twentieth century. In the 1950s, the southwestern growth 
of the so-called Suburbio occurred. In the 1970s came the occupation of the Guasmo to the South. 
Following this, there was the construction of Perimetral highway across Trinitaria Island, in late 
1980s. Presently, the city is expanding towards the West by cutting, filling and occupying the 
mangrove corridors along the estuary edges. 

Generally speaking, an estuary forms when a river opens out to a marine ecosystem, where the 
salty sea water gets diluted by the inland-drained fresh water. In such ecosystems an extensive 
mixing of materials occurs (such as water, salt, nutrients, sediments and live organisms), which 
gives rise to a great diversity of habitats. The mechanical response of clay deposits depends greatly 
on the ion concentration and the pH in the medium of deposition (fluid).  

A preliminary study of pH conditions and the salinity of water in actual estuaries of the city were 
conducted on the city’s water company Interagua by the laboratory IIFIUC (Table 2.1) (Personal 
communication, 2005), whose locations are shown in Figure 2.30.  

The data in Table 2.1 are graphically shown in Figure 2.31. As observed that the high salt 
concentrations occur in areas influenced by the estuary (sites #2 to #6), where the brackish 
environment favors the formation of deltaic-estuarine soils. However, Site #1 belongs to an estuary 
and shows a low salt concentration. Sites #7 to #10 correspond to the Daule River alluvial plain, 
whose high fresh water content diluted the salt influence. Although all the three sites show the 
same range of salt concentration, the difference in deposition environments may cause different 
behaviors in clay sediments. Closer to the mouth of the Guayas River (sites #11 and #12), the salt 
content shows a clear increase, yet lower than those at estuary sites. The salinity values 
corresponds with the pH measurements too (distilled water has pH value of 7 and sea water pH of 
8, being more alkaline).  
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Table 2.1 Salinity measurements at different sites of Guayaquil (Water Laboratory of 
IIFIUC) 

 
* The percentage salinity is based on the salt concentration of average sea water, 35 g/l of dissolved salt. 
The samples were taken at low tide. 

To analyze these results properly, a map of all the ancient and existing estuaries of the city was 
needed. Information gathered by Estrada (2000) provides such data and Figure 2.32 shows 
photographs from southern Guayaquil where granular fill or deep driven piles were used for urban 
construction on soft subsoil (deltaic estuarine environment). The right side of Figure 2.32 shows a 
satellite view of estuary streams and low lands of southwestern Guayaquil in 2003. 

Figures 2.33a (center and south) and 2.33b (north) show the estuaries that existed in the city before 
they made way for urban growth. Construction debris dumped into southwestern estuaries of the 
city make these areas highly vulnerable to earthquakes effects. Trinitaria Island was reclaimed 
with loose, hydraulically-filled silty sands (potentially vulnerable to liquefaction). In the 
commercial zone of the city, fill materials from quarried rocks of the Cayo formation were brought 
in and compacted properly. The downtown area, indicated with a red circle, shows the greatest 
changes to the old hydrologic system. Figure 2.34 shows a close-up of the city center, indicating 
the streets where estuaries existed before.  

2.2.4.2 Previous Soil Studies in the City  

 

Many researchers have contributed to develop a database of principal geomechanical aspects of 
finer soils under the city of Guayaquil. Marin (1991) describes the formation of a series of shallow, 
transported clay depositions underneath Guayaquil City. The mouth of the Guayas catchment 
basin, where the city is located, was formed by the flow patterns of its two main branches, the 
Daule and Babahoyo Rivers. At certain times, the Daule River had discharged a part of its flow 
between the low deltaic hills Cerro del Carmen and Cerro del Salado and continued to the sea 
through many estuaries, some of which are still extant (like El Salado and El Muerto). 

Results Sites Location Salinity (g/l)
% of 

Salinity*
PH

1 Puente Miraflores 0.3 1 7.3

2 Puente del Policentro 7.7 22 7.5

3 Puente 5 de Junio 13.7 39 7.4

4 Puente Portete 17.4 50 7.7

5 Puente Perimetral #1 26.1 75 8.3

6 Puerto Azul 26.4 75 7.6

7 La Toma 0.1 0 7.0

8 Frente a Pascuales 0.1 0 7.1

9 Frente a Alborada 0.1 0 7.5

10 Frente a Progreso 0.1 0 7.6

11 Frente a Guasmo 3.5 10 7.1

12 Frente a Estero Cobina 4.3 12 7.6

ESTERO 

SALADO NOV 

2004 
RIO DAULE-

GUAYAS DIC 

2004 
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Cordova (1967) made certain observations regarding the spatial distribution of the soil underneath 
the city center, a deltaic-estuarine zone. His observations—evaluated and validated by the current 
study—establish the following stratigraphy for Guayaquil city center:  

• The uppermost layer of yellowish clay, at 1 to 4 m depth, shows a result of oxidation process. 
Its natural water content increases with depth from 70 to 95% and qu (the unconfined 
compression strength) varies between 60 to 90 kPa (Su between 30 to 45 kPa), showing an 
overconsolidated behavior due to drying. 

• The next layer, of greenish grey clay, at a depth of 4 to 15 m, is very soft, with its water content 
increasing with depth, from 100 to 135%. Its qu is very low, in the range of 20 kPa (Su of 10 
kPa).  This clay also shows a high compressibility. This layer, identified by Cordova (1967) as 
the softest in the area, contains small lenses of silt and fine grey sand. The sand lenses grow in 
thickness with increasing depth and, at 8 to 10 m depth, forms a sandy layer that contains clay 
lenses. Below that, the clay lenses increase in thickness again and prevail down to a depth of 
15 m.  

• A silty grayish fine sand occurs below 15 m. In locations closer to the river, its depth could 
extend to 30-35 m. Below that, the same soft clay layer would reappear down to about 40m, 
underlain by grayish coarse sand.  

Ripalda (1991) evaluated two sites from the deltaic estuarine deposition environment of the city. 
One location was covered with engineering fill (mostly clayey gravels from the Cayo formation, 
filled over 10 years) and the other site had no fill at all. The natural water content, for the greenish-
gray high plasticity clays, varies erratically from 40 to 130%. Ripalda considered that its variation 
is due to the sand content in the clay matrix and to its stress history. From Incremental Loading 
Consolidation (ILC) test results for the greenish-gray high plasticity clays in the upper 3m depth, 
the overconsolidation ratio (OCR) varied from 10 to 5. From 3 to 15 m deep, the OCR values 
gradually reduced from 5 to 2. After 15 m deep, the OCR was close to unity (normally consolidated 
state). 

 

2.3 Consolidating a Geotechnical Database for the City of Guayaquil  

2.3.1 Evaluation of Existing Data 

 

At the beginning of this investigation, the help of private consulting companies in the city was 
solicited to collect a large number of borehole registry information from different parts of the city. 
The institutions that extended their cooperation in this venture were (Vera Grunauer, et al., 2005): 
Asesoria y Estudios Técnicos, AET, Cimentaciones, Cevaconsult, NYLIC y Laboratorio de Suelos 
y Materiales and Rufilli (University of Guayaquil). Approximately 800 drilling geotechnical logs 
were compiled, along with corresponding laboratory soil tests. The drilling depths varied between 
20 to 40 m. However, doubts remained as to whether they all applied the correct procedures in the 
process of exploration. 



33 

 

To filter out lower quality data, a straightforward system of classifying them into four categories 
was adopted: A (best), B, C, and D (worst). The variables used for qualifying the data included: 
number of soil parameters measured, level of credibility of the data, and the maximum depth 
explored (Vera-Grunauer et al. 2005). 

The level of credibility of the data was considered the most important in reducing errors in the 
database and, thus, carried the highest qualifying weight. The number of soil parameters measured 
was given the second highest weight, as the amount of information provided by an exploration 
determined the extent to which a detailed analysis could subsequently be carried out. The 
maximum depth of exploration was not that critical, as even a shallow sampling could contain 
sufficient parameters and coherent results.   

Using this system of allocating weights for each variable, all the boreholes were classified and 
only those boreholes under the A or B category were selected for the database. In all, 590 boreholes 
(or 74% of the initial set) were included for the final analysis. Figure 2.35 shows the location of 
all the boreholes chosen for the data base. It can be seen that the density of the explorations was 
not uniform within a given sector neither across the sectors. The north and the center of the city 
have the most number of subsoil studies, but the lack of data from certain sectors prevented the 
development of a clear spatial definition of geotechnical zones. By analyzing the existing data, it 
allowed to identify both the major subsoil groups in the city at a preliminary level and the areas 
where more exploration is needed to define the spatial variation of those groups.  

2.3.2 Complementary Geotechnical and Geophysical Investigations  

 

To better define the spatial variation of subsoil zones, a complementary geotechnical investigation 
campaign was planned at fourteen sites—strategically located around the city—to cover pertinent 
soil types (Figure 2.36). Table 2.2 shows exploration sites, with its name, description and 
coordinates. 

At each of the fourteen sites, one geophysical test, the Spectral Analyses of Surface Waves 
(SASW) test, and four in-situ tests: CPT (Cone Penetration Test, ASTM D3441), SPT (Standard 
Penetration Test, ASTM D1586 & D6066), DCPT (Dynamic Cone Penetration Test) and VST 
(Vane Shear Test, ASTM D2573) were performed as illustrated in Figure 2.37. Both disturbed 
(split spoon type) and undisturbed (using thin Shelby tube) soil samples were retrieved from the 
boreholes using the rotary wash method (Figure 2.19). On each sample, the following laboratory 
tests were performed: soil classification tests, undrained shear strength from unconfined 
compression, oedometer, specific surface measurements (Methylene Blue absorption method, 
Santamarina and Narsilio, 2004) and Swedish Fall Cone test. Appendix A depicts the photos of all 
fourteen sites and boring logs including SASW, SPT, CPT and laboratory results.  
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Table 2.2 Borehole and SASW ID for each evaluated site. 

 

 

2.3.2.1 Energy Corrections for Standard Penetration Test Results 

 

During the SPT tests, two different types of hammers—Donut and Safety—were used (Figure 
2.38).  Table 2.3 show the characteristics of the SPT equipment used for the test.  

 

Table 2.3 Characteristics of the equipment used for the SPT test. 

 
 

  

Geotech 
Zone 

Borehole ID 
#

SASW site 
ID #

Source Location description X Y

D3a GYE-01N 209ECU Bobcat Kennedy Baseball Field 9759427.03 622226.38
D3b GYE- 02CH 210ECU Bobcat Guayaquil Yacht Club, Puerto Azul 9757106.17 614812.47
D3b GYE-03S 211ECU Bobcat Municipal Hospital of Isla Trinitaria 9751333.31 619499.04
D2 GYE-04S 212ECU Bobcat Municipal Park Stalla Maris, GUASMO ESTE 9749121.91 622524.72
D1 GYE-05S 213ECU Bobcat La Pradera-2 9751961.34 623421.95
D1 GYE-06S 214ECU Bobcat Corner Perimetral Ave & 25 of July Ave, SOPEÑA 9752546.26 622445.68
D7 GYE-14CH 215ECU Dozer Chongon ( JP camp) 9758126.73 613662.53
D1 GYE-07C 216ECU Bobcat Estadio Ramon Unamuno 9756795.46 622523.60
D4 GYE-08N 217ECU Dozer Nueva Terminal Internacional, Antiguo Jardin de la Salsa 9762144.84 624101.01
D4 GYE-10N 218ECU Bobcat La Garzota District 9762676.68 623427.52
D4 GYE-13N 219ECU Bobcat Duale River Site, Rivera de los Vergeles 9769264.44 622872.03
D5 GYE-12P 220ECU Bobcat Ciudadela 2 de Julio (at Ave. Daule) 9765720.67 618245.57
D3a GYE-09N 221ECU Dozer Federacion de Deportiva del Guayas, Miraflores 9761009.29 619672.70
D5 GYE-11N 222ECU Bobcat La Prosperina (Cooperativa Santa Cecilia) 9763895.16 618361.35

All positions using WGS84 datum.
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To evaluate the differences in the energy transmitted by the hammer to the drill rod, an 
instrumented rod string was used. The setup included two diametrically opposite piezoresistive 
accelerometers mounted on metal blocks and bolted to the rod in addition to two foil strain gages 
each consisting of two independent 350 Ohm Wheatstone bridges bonded to a 60 cm long AWJ 
rod section, which was placed at the top of the AWJ drill rod. The data were collected and 
processed with a SPT AnalyzerTM (Pile Dynamics Inc.2000), which is similar to the Pile Driving 
AnalyzerTM (PDA) PAL model but customized for SPT energy measurements (Figure 2.39). 
Similar analysis was done by Sancio and Bray (2005). 

The PDA processed the compression wave signals and integrated the acceleration to obtain the rod 
particle velocity v(t). Using the Hooke’s Law and the time history of the unit deformation ε(t) of 
the rod, the time history of the force on the rod F(t) is obtained (the instruments were calibrated in 
the Cleveland office of the Pile Dynanics Inc.).  

The energy transferred to the rod (EFV) is calculated as: 

��	 = 
 ���. �����
������

���  2.16 

where tmax = the time at which the maximum energy occurs and, 

F(t) = time history of the measured force 

v(t) = time history of the measured velocity 

As an example, the time histories of the velocity and the force (recorded during a field test at the 
site GYE-03S with a Donut hammer) are shown in Figure 2.40. For that particular blow, the energy 
efficiency transferred to the rod was close to 40%. 

In Guayaquil, the Donut hammer is commonly used for SPT tests. The variation of energy applied 
by each blow with a Donut hammer was evaluated by a SPT test conducted at the site GYE-03S, 
between the depths 15 to 40 m (Figure 2.41). The results show a big variation in the energy 
correction factor (CE) from 0.55 to 1.10, with 0.76 as the average. For comparison, the same figure 
shows the range of CE as 0.5 to 1.0 and as 0.75, suggested by Youd and Idriss (1997) and by Seed 
et al. (1985), respectively. In a parallel borehole at the same site (GYE-03S), the energy transfer 
efficiency of the Safety hammer was evaluated between the depths 17 to 22 m, keeping the rest of 
the equipment the same in both cases. Figure 2.42 shows the values of Nfield, Hammer efficiency 
(ER) and N60 for both hammers for that depth range. A summary of the measured SPT hammer 
efficiency and correction factors for both types of hammers are provided in Table 2.4. 

 

Table 2.4 Measured Energy Efficiency and recommended Correction Factors. 

 
CE= Energy correction factor, CE= ER/60, ER= Hammer Efficiency  

 

Hammer Type % ER CE

Donut 45-55 0.76-0.92
Safety 61-63 1.02-1.04
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The Donut hammer efficiency shows a large dispersion near the same soil depth, while the Safety 
hammer does not. The Donut hammer has a wide gap between the rod and the hammer head and 
thus during the fall, the hammer head may hit the rod sideways, losing energy in the process. 
Moreover, this occurrence is random and difficult to account for, even with the correction factor. 
The Safety hammer design does not allow such losses of energy. 

Comparing the two hammers at a depth between 18.5 and 19.0 m, the Donut hammer SPT Nfield is 
40 - 60% higher than that for the Safety hammer. The ER value for the Donut hammer is between 
40 to 50%, while that for the Safety hammer is 62%. Thus, the N60 values (after normalizing the 
number of blows for 60% of the theoretical energy applied) for the Donut hammer are about 1.05 
to 1.15 times those for the Safety hammer. Due to this large random variation of the energy level 
applied by the Donut hammer, it is not recommend its use for SPT testing. Considering the 
measured efficiencies from all fourteen sites, it is recommend a value of CE= 1.0 for the Safety 
hammer. In case that a Donut hammer had been used for SPT testing, it is recommend correcting 
those values with a CE = 0.76. However, as hammer systems and site conditions vary, it is 
recommended to measure the SPT hammer energy using a system similar to that described 
previously even when using a Safety hammer on important projects. 

 

2.3.2.2 Cone Penetration Test Results (ASTM D3441) 

 

The cone penetration test (CPT) equipment used on this project is shown in Figure. 2.43. This 
figure shows the CPT test results for the site GYE-10N, normalized for the atmospheric pressure 
(atm). The graph of qc shows the existence of a rigid crust within its first 2m of depth, underneath 
the granular fill (overconsolidated due to drying, typical in local alluvial environments). From 3m 
downwards, qc varies from 8 to 5 atm., linearly with the depth (typical for a normally consolidated 
clay). The frictional resistance (fs) varies from 0.08 to 2 atm. while the friction ratio Rf varies from 
1 to 3%, increasing gradually with the depth. These results are typical for Guayaquil greenish grey 
alluvial clay deposits. 

 

2.3.2.3 Dynamic Cone Penetration Test Results 

 

In the dynamic cone penetration tests (DCPT) AW rods were used weighing 15 lb/m with an 
outside diameter of 44.5 mm and an inside diameter of 34 mm (annular area of 6.47 cm2). In all 
dynamic CPT tests, a Safety hammer was used, which applies the force with 60% efficiency. 
Figure 2.23 shows the complete equipment set up used for the test, as well as the expression used 
to develop the cone resistance, qc. Figure 2.24 shows the variation of dynamic CPT qc with depth 
for the same site (GYE-10N) used for the static CPT.  
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2.3.2.4 Vane Shear Test Results (ASTM D2573) 

 

For these tests, a torvane and a graduated metallic table were built following ASTM 
recommendations. For soft clays, a vane 18.5 cm high and 9.25cm in diameter was used. For 
medium to hard clays, a vane 7.7 cm high and 3.85 cm in diameter was used, keeping the depth-
to-diameter ratio of 1:2. ASTM recommends applying the torque at a constant speed (6 
degrees/min) recording values of torque at intervals of 5s, but in the field, it was found that 
applying a constant torque was more practical. The torque application speed was always kept 
greater or equal to 6 degrees/min, maintaining undrained behavior during the test.  

The torque applicator (PROTO) reading was registered every 10 seconds. The maximum torque 
applicable was 90 kg/cm. After introducing the vane down to the soil depth required for the test, a 
certain time was allowed for the soil to recover its original state of stress (10-15 minutes for soft 
soils, 5 minutes for medium soils and 2 minutes for hard soils). As an example, Figure 2.25 shows 
the torque vs time plot for a Field Vane shear test at a deltaic-estuarine soil site. The field measured 
values were adjusted using Bjerrum’s correction factor. 

 

 2.3.2.5 Spectral Analysis of Surface Waves (SASW) test results 

 

Site measurements for the SASW test (Figure 2.44) were performed with the assistance of Dr. 
Robert Kayen from US Geological Survey (USGS). Surface wave tests collected data for fourteen 
sites. Appendix A shows photos and results of this investigation. The signal sources used were: a 
small hammer for high frequency (shallow depth) signals, a vibrator mounted on a Bobcat for 
medium frequency (to reach deeper layers) and dozer movement for low frequency ambient signals 
(that reach even greater depths). The receiving apparatus consisted of four 1-Hz Kinemetrics 
seismometers. The random vibration source was centered in the SASW seismometer line and 
emitted a broad spectrum of radiated waves. The dozers were driven forward and backward several 
meters to produce the low frequency signals (Figure 2.44).  

The receivers measured the waves and a fast Fourier transform (FFT) was performed on each of 
the four receiver signals. The FFT linear spectra are used to compute cross power spectra and their 
corresponding phase computations as well as the coherence among the signals in near-real time. 
The ability to perform near real-time frequency domain calculations allowed us to adjust various 
aspects of the test while in the field in order to optimize the phase data. These adjustable aspects 
include the source-wave generation, the frequency range and the receiver spacing. 

A source-midpoint geometry array set up was employed in the test. The source was placed at the 
center of the survey line with the first two sensors placed equidistantly (2d) on either side of the 
source. The next pair of sensors was placed half that distance (d) away from the first sensor. This 
configuration allowed us to merge the dispersion curves captured when the source moved forward 
and reverse directions, if the dispersions were similar. In order to build a merged dispersion profile 
for the site, several different receiver spacing that could capture high, medium and low-frequency 
signals were used. Spacing between the receivers (d) as well as those between the source and the 
first receiver were stepped up geometrically from 1 meter to 64 meters, i.e. 1, 2, 4, 8, 16, 32, and 
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64 meters. However, when the array separation reached a point where the d:2d spacing became 
impractical (due to space limitations, cable extension limits, or a weak signal strength), the array 
spacing was changed to d:d (Figure 2.45). Prior investigations have shown that either of these array 
spacing ratios are acceptable in dealing with near-field effects and distant-wave attenuations 
(Sanchez-Salinero, et al. 1987). 

The grouped and averaged dispersion curves for the Guayaquil sites are presented in the Appendix. 
As an example, Figure 2.46 shows the results for site GYE-10N or 218ECU. In the field, reference 
velocity values for each seismometer that was set up for phase angles of 180, 360 and 720 degrees 
were computed. After completing field data collection, a dispersion velocity profile was prepared 
for each phase angle. 

In the beginning, a ten-layer soil model was assumed for each site, with layer thicknesses 
geometrically increasing with depth. The employment of increased layer thicknesses with depth 
generally agrees with the decreased dispersion information at longer wavelengths. With this soil 
model, a theoretical dispersion curve was obtained. Through an inversion process, the soil stiffness 
of each layer was estimated using a best-fit algorithm between the theoretical and experimental 
dispersion data. The inversion algorithm used by us, WaveEq of OYO Corp. (Hayashi and Kayen, 
2003), employs a constrained least-squares fit. Two other inversion algorithms, inverse.m (Lai and 
Rix, 1998) and WinSASW (Joh, 1998) to validate the profiles computed from WaveEQ were 
evaluated. 

The shear-wave velocity profile depths for the fourteen Guayaquil sites vary from 30 to 170 m. 
The profiles show an increase in velocity with depth, although layers of low velocity were also 
present in the middle of several profiles. In Table 2.5 and in the Appendix A, the computed Vs30 
(average velocity within uppermost 30m) values from the 8-10 layer models are reported. The 
tested sites fall within an average velocity range of 106 to 561 m/s. Thus these sites belong to 
NEHRP categories C, D and E (based on only the shear wave velocities). To better classify the 
stiffness of these units, the categories with a + or - prefix to indicate whether the velocity falls 
within the upper or lower half of each letter class (e.g. Class D-; D+, C-; C+ soils) (see Figure 
2.46) were informally subdivided. 
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Table 2.5 Estimated site elastic period, Vs30 and its NEHRP classification for each site. 

 
 

Figure 2.47 shows the shear wave velocity (Vs) profiles for nine sites with category E soils and 
Figure 2.48 shows five sites with soils of categories C and D. In category E soil sites, shear wave 
velocity values varied with depth in well-defined ranges: from 0 to 10 m depth, Vs varied from 72 
to 125 m/s; 10 – 18 m, Vs varied from 78 - 185 m/s; 18 – 23 m, from 110 to 210 m/s; 23 – 30 m, 
from 120 to 380 m/s; and below 30 m, from 200 to 460 m/s. Category D and C soil sites (Figure 
2.48) showed much higher dispersion of Vs values at the same depth. In particular, at 2 m depth, 
222ECU shows a sudden increase of the Vs value due to the presence of a contrast between the 
dark greenish clay and the decomposed rock, which in turns, overlaid the rock formation (Vs of 
880 m/s).  Even though 220ECU is located near 222ECU, this shows a rock weathering level 
greater than 222ECU and its Vs values are in the range of the rest of the sites.   

 

2.3.2.6 In situ measurements of elastic period of soil 

 

Since microtremor vibrations can be expected to generate elastic responses even from soft soils, a 
series of measurements were conducted to cover the whole city of Guayaquil. First, the 
microtremor data from Egas and Baratau (2003) and Matute and Delgado (2004), which had 
erroneous interpretations, were re-interpreted, which provided us with 345 sites within the city. 
Next, an additional 100 sites were selected and environmental vibrations were measured to 
complete the coverage of the city (Figure 2.49). A detailed description of this technique is 
presented in Chapter 5. 

For these field tests, the equipment belonging to IIFIUC—a digital triaxial accelerometer (IDS-
360A) and a geophone (Mark Products L-4D)—were used. Figure 2.50 show a photograph of the 
equipment setup during site measurements with a 1-Hz triaxial seismometer (Mark Products L-
4D).  

Boreholes 

ID #

SASW site 

ID #
Location description

Ts (Σ 4H / Vs), 
sec

Vs 30 (m/s) Clas. NEHRP

GYE-01N 209ECU Kennedy Baseball Field 1.4 110 E
GYE- 02CH 210ECU Guayaquil Yacht Club, Puerto Azul 1.9 106 E

GYE-03S 211ECU Municipal Hospital of Isla Trinitaria 1.6 146 E
GYE-04S 212ECU Municipal Park Stalla Maris, GUASMO ESTE 0.6 224 D-
GYE-05S 213ECU La Pradera-2 0.8 144 E
GYE-06S 214ECU Corner Perimetral Ave & 25 of July Ave, SOPEÑA 1.0 118 E

GYE-14CH 215ECU Chongon ( JP camp) 0.1 359 C-
GYE-07C 216ECU Estadio Ramon Unamuno 1.4 113 E
GYE-08N 217ECU Nueva Terminal Internacional, Antiguo Jardin de la Salsa 0.7 183 D-
GYE-10N 218ECU La Garzota District 0.9 143 E
GYE-13N 219ECU Duale River Site, Rivera de los Vergeles 1.4 140 E

GYE-12P 220ECU Ciudadela 2 de Julio (at Ave. Daule) 0.2 272 D+

GYE-09N 221ECU Federacion de Deportiva del Guayas, Miraflores 1.2 123 E

GYE-11N 222ECU La Prosperina (Cooperativa Santa Cecilia) 0.1 561 C+
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The geotechnical zoning map of Guayaquil, developed using a GIS model during this study by 
consolidating all the previous data (e.g., soil sampling, salinity measurements, mapping of 
estuaries and the geologic zoning map) and the data from complementary exploration conducted 
during this study, contains seven different geotechnical zones that are described below (see Figure 
2.51a,b). 

2.4 Geotechnical zones 

2.4.1 Geotechnical Zone D1 to D3: Estuarine Deltaic Deposits 

 

Estuaries and deltas are difficult to define, in part because they often occur as components of a 
single compound feature that consist of an association of a sub-aerial and sub-aqueous sedimentary 
structure (the delta) with a semi-closed sub-marine structure filled with salt water (the estuary).  

The zone was divided into three discreet sectors: geotechnical zone D1, which corresponds to the 
estuarine-deltaic deposits in the central and southeast zone of Guayaquil City (under the influence 
of the low-salinity Guayas River, Table 2.1); geotechnical zone D2, which corresponds to the 
southern zone of the city; and geotechnical zone D3, which corresponds to the northeastern and 
southeastern zones if the city (under the high-salinity estuaries, Table 2.1). Moreover, zone D3 
was subdivided into D3a and D3b. Zone D3a corresponds to deposits with elastic periods less than 
1.6 sec and zone D3b corresponds to deep deposits with elastic periods greater than 1.6 sec 
(concurring with the results presented in chapter 5). One of the most important zones is D2, in 
which was observed less thickness of clay deposit with respect to zones D1 and D3. In zone D1, 
the majority of ancient estuaries were found whose presence would generate a different spatial 
behavior than zones D2 and D3. Results of the structural analyses (fabric, composition and 
interparticle forces) of greenish gray clay (from geotechnical zone D3), examined using X-ray 
powder diffraction (XRD) and scanning electron microscopy (SEM), indicate that the clay matrix 
consists of a microporous fabric of heterogeneous clay minerals (mostly smectite with illite, 
vermiculite, chlorite, and kaolinite). The illitic clay particles often occur with edge-to-edge particle 
arrangement that suggests chemical flocculation (metastable fabric) in a brackish water 
environment of the estuary. The silt component of the soil includes grains of quartz, intermediate 
plagioclase (Na-Ca-Al-Si-O chemistry), spinel (Ti-Fe-O chemistry), diatoms (Si-O chemistry), 
pyrite (Fe-S chemistry) and Fe-Mn carbonates.  

Diatoms are frequently fragmented and have been homogenized into the silty clay matrix by 
burrowing organisms. The amount of diatoms depends on depth and spatial location in the deltaic-
estuarine zone. Microscopical examination further revealed a sandy organic mud texture with 
abundant well-preserved diatoms and common plant microfragments. A significant proportion of 
sand-sized grains are unaltered, vesicular volcanic glass. The diatom assemblages of soil samples 
from geotechnical zone D3 reflect estuarine deposition with contributions from marine brackish 
and freshwater diatoms, including a high proportion of planktonic (free-floating) forms and 
common benthic (bottom-dwelling) diatoms. Marine diatoms reflect a direct connection with the 
open sea, and freshwater diatoms reflect input from upstream as suspended sedimentary particles.  
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Local cementation of the sediment by framboidal pyrite was observed. Geotechnical zone D3 
seems to have more pyrite concentration than zone D1. The first step in the overall process of 
sedimentary pyrite formation is the bacterial reduction of sulfate. This process occurs only in the 
absence of oxygen, in other words, under anoxic conditions (Berner, 1984). The two major factors 
controlling how much pyrite can form in a sediment are the amount of organic matter and reactive 
iron minerals deposited in a sediment in addition to the availability of dissolved sulfate. The 
dominance of framboidal crystal clusters observed during SEM analysis confirms that the pyrite 
(often occurring in marine sediments) formed primarily as a result of bacterial activity. The 
sediments may initially have had a higher organic matter content.  

It is important to consider that dissolved iron is present in both marine and fresh water and is 
derived from a reduction of fine-grained detrital iron oxide minerals by organic material in the 
sediment. O2 is rapidly depleted upon deposition in sediments rich in organic carbon, due to 
exhaustive aerobic decay. Thus, beyond the upper few millimeters (even if the overlying water is 
oxygenated), organic-rich sediment will maintain anoxic reducing conditions. In addition, the 
sulfate content in marine waters exceeds that of fresh waters by a factor of 100 (Berner, 1971). 
Thus, marine sediments that are rich in organic will produce abundant amounts of sulfide, while 
freshwater sediments will remain sulfide poor.  

The total area of the city has, in general, the same geomorphological environment (according to 
the geologic map, Figure 2.8), yet geotechnical zoning has identified significant differences among 
the sediment soils, probably because the suspended particles were exposed to different water 
regimes including marine, brackish, or fresh water (thus modifying the deposited soils 
geotechnical properties). The estuarine soils consist mainly of greenish-gray silty clays with 
laminates of silty sand, and rarely, sand banks with shell detritus. 

Geotechnical studies on the estuarine deltaic zone of Guayaquil had traditionally been conducted 
using geotechnical drillings for building construction purpose. In these studies, it has been found 
that the total thickness of the sedimentary cover lying over the old basement rocks is around 50-
120 m (deeper in the SW area of Guayaquil, geotechnical zone D3b). Rock depth was also 
estimated using a seismic refraction survey conducted on Trinitaria Island (Personal 
Communication Benitez, 2005) and by SASW measurements performed on selected locations for 
this research.  

In the design of the Machala Avenue viaduct (geotechnical zone D1), the twenty geotechnical 
drillings conducted (Personal Communication, Vera, 2005) helped establish a cross-section of the 
subsurface ground conditions (Figure 2.52). Below, the soil layers in that site are described, using 
roman numerals to identify the layers in Figure 2.52, with their location and sample numbers are 
indicated at the top of the surface. 

Layer I: This corresponds to a granular fill, thicknesses varying from 0.5 to 2.0 m, visible in all 
the drill holes. Natural ground surface exists at 3.3 to 4.0 m above msl and the groundwater surface, 
some 1.5 m below this surface level. 

Layer II: The topmost clay layer consists of a 26 to 29 m thick compressible soil series, 
predominantly a greenish grey, inorganic silty clay of high plasticity. Also present, in small 
quantities, are layers of organic clays, clayey silts of high plasticity and silty clays and silts of low 
plasticity. This layer shows an overconsolidated behavior near the top because of drying, and at 
depths, a lightly consolidated to normally consolidated behavior. 
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It also has loosely compacted fine sand lenses, discovered in the boreholes P-1 and P-3A, with 
NSPT values between 2 to 4 blows per 12". At P-1, the sand lens occurs at 18-20 m while at P-3A, 
at 17-19 m. These low NSPT values were influenced by the sand lenses thin thickness and the soft 
clays below them. 

Layer III: This layer of peat shows an irregular thickness (1-3 m) longitudinally.  

Layer IV: This mixed soil series constitutes of alternating clay and silt layers of high to low 
plasticity and of medium to hard consistency. The thickness of the series varies from 4 to 19 m. 

Layer V: This compacted medium to fine sand shows N60 values over 100. However, boreholes P-
3, 4 and 5 probably correspond to an ancient riverbed of hard clay. 

In some areas, layers of sand and clay alternate rhythmically, with thin layers of sand over clay 
layers. Closer to west of the city, the intercalation of sand in the clay layers diminishes. At the 
southeast limit of the study area (geotechnical zone D2), the deltaic-estuarine sediments decrease 
in thickness as they approaches the southern rock outcrops of the Piñón formation (in the form of 
small islands south of Puerto Marítimo) and of the metamorphic basement (to the South of Las 
Esclusas, in Punta Piedra). 

 

2.4.2 Geotechnical Zone D4: Alluvial Valley Deposits 

 

The pyrite cementation present in the clay matrix of the deltaic estuarine clays (geotechnical zones 
D1 to D3) is its main difference from the alluvial clays found in the northern area of Guayaquil 
(geotechnical zone D4). In this area, the base rock (of the Cayo formation) lies at lower depths 
than in the deltaic-estuarine zones. Three subzones of D4 were identified: D4a with soil depth less 
than 10m, D4a with 10-20m of soil and D4c with greater soil depths.  

The alluvial deposits, from bottom to top, are summarized below: 

• A wavy erosion surface cutting the Cayo formation, the age of which may be between 8,000 
and 18,000 years (before the last sea level rise) (Benitez et al., 2005). 

• Alluvial river deposits, consisting of conglomerates at the base, sandstones next and claystones 
at the top. It may be located between 40 and 65 m deep, filling the old erosion surface. 

• An estuarine-deltaic sequence consisting in greenish clay layers (high plasticity – OH) and 
rarely, lenses of fine sand. 

• The filling ends with an almost continuous bed of alluvial sands with clayey intercalations. 
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2.4.3 Geotechnical Zone D5: Alluvial-Lacustrine Deposits  

 

In this zone, the dark to greenish grey clay layer over the Cayo formation was studied. In road 
projects like those of Daule and Isidro Ayora, a lacustrine clay layer, 4 to 15 m thick, has produced 
settlement problems due to its compressibility, especially in areas with a shallow depth to 
groundwater. Figure 2.53 shows a photographic sequence of the dark clay layer from geotechnical 
zone D5 at Isidro Ayora Avenue (Vera-Grunauer et al., 2005). Colluvial-alluvial soils are found 
in riverbeds or at the base of the hills, as can be seen in Colinas de Los Ceibos urbanization and in 
the ESPOL Prosperina campus. In additional, at Los Ceibos, layers of expansive black clay of 
lacustrine origin can present with a thicknesses of several meters.  

 

2.4.4 Geotechnical Zone D6: Colluvial Deposits  

 

In the southern flanks, these colluvial soils reach thicknesses of some meters (i.e. Cooperativa San 
Pedro). These are typically red clays, hard when dry but very plastic when wet, and have variable 
amounts of siliceous shale (so-called “chert”) blocks. Several dejection cones are present in these 
flanks. The El Paraíso urbanization lies partly over a dejection cone.  

 

2.4.5 Geotechnical Zone D7: Residual Deposits and Rock Outcrop  

 

A well-marked lithologic control is present in this zone. Soils over the Guayaquil rock formation 
are typically of brick-red color, with thickness usually between 1 and 3 m. However, they are very 
thick in Durán hills and in western Guayaquil (Avenue del Bombero), where soil profiles up to 30 
m thick can be observed. Soils developed from shales of the Cayo formation are red or reddish-
yellow and are thicker than those developed from sandstones. Around Jordán hill, thick brick-red 
soils have developed. This zone coincides with a NE-SW trending fault whose presence must have 
favored this development. 

 

2.5 Geotechnical Parameters of Guayaquil Soils 
 

This section analyzes geotechnical parameters of key soil deposits from the geotechnical zones, 
samples selected from 590 borings of previous studies, and from the fourteen exploration sites 
around the city conducted during this study. Figure 2.54 shows that the majority of the samples 
are from highly plastic (CH) clay deposits. Tables 2.6a and 2.6b show typical engineering 
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parameters of the soils within the data base and their statistical distribution (average, COV, 
maximum, and minimum of the values).  

Table 2.6a shows mean, coefficient of variation (COV) and maximum and minimum values of 
geotechnical parameters of Guayaquil soils. COV has been recognized by many authors (Duncan, 
2000) as an estimation of spatial variability of any parameters. The range of number of date per 
each parameter is register by the data set column. 

To evaluate the statistical values from Table 2.6a, the data from the GIS model were considered 
for a high plasticity deltaic estuarine clays (geotechnical zone D3) and plotted on the plasticity 
chart of the Unified Soil Classification System (USCS) (Figure 2.55), the mean of PI is 57 
(COV=0.40) and the mean of LL is 91 (COV=0.31), respectively. Special care has to be made with 
the COV values of undrained shear strength from unconfined compression tests due to presence of 
overconsolidated upper layers which have greater Su values than deeper CH soils. This produces a 
large scatter with COV from 0.66 to 0.98.    

Neither the type or amount of clay particles can describe fully a clay soil. Thus, Skempton (1953) 
defined the parameter colloidal activity of clay (Ac) as the ratio between the plasticity index PI and 
the clay size fraction, fc (percentage by weight of particles finer than 2µm): 

Activity, A c = 
���������� �� !�

"�
 2.17 

The greater the activity value, the greater the influence of the clay fraction will be on the properties 
of a soil. After this, the type of exchangeable cations and pore fluid composition in a clay are 
important. An Ac value is often not available as the time-consuming hydrometer tests needed for 
evaluating fc are not conducted in routine laboratory procedures.  

Pestana (1994) introduced the coefficient RA (Relative Activity), which is independent of the clay 
fraction and can be determined from index properties alone, by: 

RA = 1 − �%

%%
 2.18 

where PL is the Plastic limit, and LL is the liquid limit. Skempton (1953) and Seed et al. (1964) 
previously showed that liquid and plastic limits are proportional to the clay fraction of the soil. 
Thus, a constant relative activity value necessarily implies a constant colloidal activity of the clay. 
Pestana (1994) defined soils with RA values from 0.2 to 0.4 as of low relative activity, those from 
0.4 to 0.7 as of medium (most natural soils are in this range), and those from 0.7 to 1 as of high 
activity. The same clay mineral may show different values of PL and LL depending upon its 
geological history. However, the RA value remains the same for a particular type of clay mineral. 
The ranges of RA for certain clay minerals are given in Table 2.7. For bentonite, the RA value could 
vary from 0.93 to 0.74. The lowest RA (0.12) shown is for halloysite. 

Another important parameter that influences the RA value is the type of exchangeable cations 
present. Sridharan et al. (1986) demonstrated that the ratio PL/LL increases as the valency of 
exchangeable ions increases or when the hydrated ionic radii increases and valency stays the same. 
Anson and Hawkins (2002) show that ratio PL/LL vary from 0.06 (RA - 0.94 for Ca concentration 
of 0) to 0.22 (RA - 0.77 for Ca concentration of 400 mg/l). Thus, the primary parameters that 
influence the RA are the mixing of clay minerals and the type and concentration of exchangeable 
ions. 
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Table 2.6 shows that mean values of RA vary from 0.41 to 0.64 for fine-grained Guayaquil soils. 
For high and low plasticity clayey soils CH/CL, the mean values of RA vary from 0.59 to 0.64 with 
a COV from 0.13 to 0.19; meanwhile, their mean PI values varies from 50 to 60 with a COV from 
0.36 to 0.56. This demonstrates the effectiveness of the RA coefficient to characterize the colloidal 
activity of fine soils. Ariake clay from Japan, a similar deltaic-estuarine clay with diatoms and 
pyrite cementation (e.g., Hong and Tsuchida, 1999, and Ohtsubo et al., 1985) has a RA value from 
0.56 to 0.64, with a mean value of 0.61 (similar to the mean of RA for CH clays from geotechnical 
zone D3, Table 2.6b).  

As a result, marine soils from the same region can be expected to have the same RA becuase they 
possibly have the same type of clay mineral mixtures and the same type of exchangeable ions and 
ion concentration, as seen as the Guayaquil deltaic estuarine and alluvial valley clays with a matrix 
consists of a microporous fabric of heterogeneous clay minerals (mostly smectite with illite, 
vermiculite, chlorite, and kaolinite) and grains of quartz, intermediate plagioclase (Na-Ca-Al-Si-
O chemistry), spinel (Ti-Fe-O chemistry), diatoms (Si-O chemistry) and pyrite (Fe-S chemistry). 
The percentage of non-clay size fraction will dilute the values of PL and LL values and possibly 
RA may remain the same. 

Mean values of water content and liquid limit ratio (wN/LL) for  high plasticity estuarine deltaic 
and alluvial valley clays are very close to the unity (0.85 to 1.1) and 0.78, respectively, which 
represents qualitatively a normally consolidated behavior, with mean undrained shear strength (UC 
test), Su_UC, from 20 to 33 kPa for estuarine deltaic clays and 31 kPa for alluvial valley clays. 
However, high values of COV for the SuUC are reported for both clays, high plasticity estuarine 
deltaic and alluvial valley clays. The mean value of wN/LL for high plasticity lacustrine clays is 
0.58 and SuUC of 46 kPa, which represent qualitatively a slightly overconsolidated behavior. 

Photographs from representative clay samples for each geotechnical zone are presented in Figures 
2.56 to 2.59. Figure 2.56 shows a photograph of a greenish gray silty clay with distributed 
rhythmically fine sand seams (almost horizontal) from 3 to 75 mm thickness from geotechnical 
zone D1 (influenced by high flow deposition velocity). Figure 2.57 shows a yellowish gray clay 
with oxidation faces, with some sand seams of 3mm thickness from geotechnical zone D2 (lower 
flow deposition velocity). Figure 2.58 shows a greenish gray clay with organic matter seams and 
shell clusters from geotechnical zone D3 (influenced by marine environment). Finally, Figure 2.59 
shows a greenish gray clay with organic matter clusters and sand seams from geotechnical zone 
D4.  
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Soil description

Soil samples depth 

(m)

Max/Min Mean COV Max/Min Mean COV Max/Min Mean COV Max/Min

D1 834-1007 38.5/0.25 81 0,28 169/8 82 0,27 189/38 49 0,43 152/8

D2 126-155 21.77/0.30 83 0,35 127/9 92 0,29 149/43 60 0,38 110/23

D3 694-1191 49.7/0.20 86 0,37 231/11 91 0,30 205/32 57 0,40 149/5

D4 219-396 57/0.25 69 0,37 180/17 86 0,27 165/37 56 0,37 134/23

D5 72-147 16/0.25 50 0,59 155/7 88 0,38 225/51 55 0,57 195/17

D1 137-200 28.30/1.75 64 0,33 123/25 42 0,14 71/28 21 0,29 59/5

D2 8-16 21.77/0.30 55 0,55 121/24 45 0,07 49/38 23 0,18 29/15

D3 39-110 49.7/0.20 49 0,5 110/16 44 0,16 72/27 21 0,32 45/6

D4 14-56 57/0.25 46 0,39 103/18 40 0,15 49/27 19 0,30 32/8

D5 25—7 16/0.25 31 0,49 78/16 41 0,16 52/27 20 0,33 41/10

D1 85 35.5/1.25 79 0,36 130/12 77 0,28 134/50 39 0,40 72/7

D2 2 20.2/0.25 57 0,26 71/31 67 0,13 74/51 27 0,25 39/17

D3 103-210 36.1/0.75 77 0,31 259/29 74 0,32 157/50 36 0,47 96/8

D4 46-103 35.7/1 69 0,33 130/28 78 0,26 134/50 38 0,38 68/9

D5 8.0-21 17.0/0.2 41 0,59 116/21 70 0,35 132/40 31 0,46 66/14

D1 44—16 35.5/1.25 52 0,342 105/30 41 0,15 58/25 16 0,45 30.9/5

D2 7—4 20.2/0.25 44 0,15 55/36 40 0,11 45/32 10 0,46 15/2

D3 81-30 36.1/0.75 62 0,34 118/25 44 0,23 92/27 15 0,54 43/4

D1 67 — 73 30.2/1 83 0,236 140/31 79 0,27 129/42 42 0,43 97/16

D2 39 — 52 19/1 86 0,235 125/40 85 0,18 125/54 38 0,29 67/11

D3 136 — 198 33/1 106 0,32 321/25 90 0,35 230/50 47 0,49 118/10

D4 55 23/0.25 105 0,36 230/35 108 0,22 209/43 59 0,30 105/9

D5 28 — 38 14/1 84 0,49 193/26 116 0,28 189/55 60 0,32 109/21

PT Peat D3 29 — 38 25.2/3.5 189 0,3 296/81 190 0,28 285/119 110 0,41 211/64

D1 70 — 357 48.2/0.7 39 0,383 116/9 44 0,45 112/27 19 0,87 82/3

D2 78 35/0.25 25 0,401 60/6 - - - - - -

D4 82 — 238 40/0.25 31 0,45 84/4 40 0,30 97/21 17 0,59 65/2

Ra =  1 - PL/LL (Relative Activity) COV = Coefficient of Variation = σ/mean

LI = (wn - PL) / PI  (Liquidity Index) wN = water content

Suuc = Undrained Shear Strength from Unconfined Compression Test, qu/2 LL = Liquid Limit

Geotechnical 

zone

Data set

Clayey Sand / Silty 

Sand

Silt, High 

Plasticity         (GYE-

MH)

CH   

CL

Gray-Green Clay, 

Low Plasticity         

(GYE-CL)

MH   

ML   
Silt, Low Plasticity         

(GYE-ML)

Organic Clay/Silt

Gray-Green Clay, 

High Plasticity         

(GYE-CH)

SC / SM 

OH

Soil Type (USCS)
wN (%) LL(%) PI (%)

Table 2.6a Statistical values of geotechnical parameters based on GIS model for Guayaquil soils. 
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Soil description

Mean COV Max/Min Mean COV Max/Min Mean COV Max/Min Mean COV Max/Min Mean COV Max/Min

D1 1,00 0,10 1.11/0.64 0,57 0,22 1.20/-0.36 0,57 0,16 0.81/0.21 94 0,09 100/52 27 0,82 200/1.5

D2 0,85 0,14 0.97/0.17 0,79 0,17 0.96/0.40 0,66 0,09 0.74/0.52 90 0,14 100/51 20 0,87 131/1

D3 0,93 0,13 1.13/0.50 0,86 0,29 1.17/-0.19 0,61 0,11 0.73/0.45 93 0,11 100/51 33 1,23 200/1

D4 0,78 0,14 1.13/0.46 0,63 0,36 1.16/-0.24 0,64 0,10 0.81/0.48 90 0,15 100/51 31 0,94 190/3

D5 0,58 0,20 1.09/0.49 0,29 0,83 1.11/-0.05 0,62 0,11 0.88/0.50 89 0,13 100/54 46 0,59 130/9

D1 1,51 0,20 2.18/0.97 1,95 0,27 2.86/0.20 0,51 0,14 0.84/0.18 79 0,19 100/50 24 0,71 160/2

D2 1,18 0,49 2.47/0.63 1,26 0,85 3.49/0.07 0,54 0,12 0.59/0.39 76 0,20 97/50 14 0,75 31/3

D3 1,14 3,13 1.53/0.59 1,50 0,43 2.6/0.50 0,48 0,18 0.69/0.21 81 0,30 99/50 26 0,51 43/5

D4 1,15 2,60 1.53/0.60 1,29 0,38 2.22/0.34 0,47 0,19 0.81/0.28 65 0,19 97/51 14 1,30 59/10.5

D5 0,77 3,06 1.51/0.58 0,53 2 1.64/-0.14 0,5 2,06 0.80/0.37 57 0,53 96/55.0 38 0,48 58/15

D1 1,03 1,29 0.97/0.24 0,92 0,48 1.83/-2.24 0,50 0,15 0.58/0.14 94 0,16 100/51 24 1,57 190/9

D2 0,85 2,00 0.95/0.60 0,54 0,73 0.98/-0.16 0,40 0,11 0.46/0.33 80 0,29 91/62 23 0,43 31/20

D3 1,04 0,97 1.64/.58 1,02 0,25 2.07/-1.07 0,48 0,15 0.61/.18 95 0,11 100/55 21 0,83 110/4

D4 0,88 1,27 0.97/.56 0,79 0,37 0.95/-1.44 0,49 0,14 0.56/0.18 89 0,17 100/51 25 0,72 88/8

D5 0,59 1,69 0.88/0.53 0,08 0,25 0.75/-0.36 0,44 0,11 0.53/0.35 83 0,15 100/58 31 0,42 56/15

D1 1,27 2,28 1.81/1.21 1,69 1,427 2.52/2.06 0,39 3 0.53/0.2 79 0,21 100/50 29 0,46 54/8

D2 1,09 1,36 1.21/1.12 1,38 1,09 1.64/2.9 0,24 4,18 0.33/0.06 63 0,10 70/56 18 0,64 33/5

D3 1,41 1,48 1.28/0.93 2,21 1,2 1.6/0.53 0,34 2,35 0.47/0.15 85 0,15 100/52 34 0,99 156/7

D1 1,12 0,30 1.96/0.49 1,28 0,52 3.07/-0.08 0,52 0,24 1/0.23 93 0,10 100/54 29 0,57 99/6

D2 1,03 0,24 1.8/0.50 1,07 0,58 3.48/-0.24 0,44 0,19 0.59/0.18 94 0,07 100/70 24 0,70 99/4

D3 1,24 0,32 3/0.20 1,60 0,71 12/-0.17 0,51 0,20 0.82/.178 94 0,10 100/52 43 0,98 197/1

D4 0,98 0,28 1.74/0.44 0,98 0,57 2.47/-0.12 0,53 0,21 0.86/0.29 95 0,11 100/52 25 0,96 119/4

D5 0,70 0,37 1.93/0.34 0,43 1,40 3.45/-0.64 0,51 0,18 0.77/0.33 95 0,08 100/95 31 0,49 68/8

PT Peat D3 1,27 0,20 2.07/1.06 1,50 0,24 2.45/1.09 0,57 0,193 0.74/0.36 78 0,20 99/51 34 1,10 138/9

D1 - - - - - - - - - 24 0,47 49/24 - - -

D2 - - - - - - - - - 21 0,54 49/3 - - -

D4 - - - - - - - - - 24 0,46 49/2 - - -

Ra =  1 - PL/LL (Relative Activity) COV = Coefficient of Variation = σ/mean

LI = (wn - PL) / PI  (Liquidity Index) wN = water content

Suuc = Undrained Shear Strength from Unconfined Compression Test, qu/2 LL = Liquid Limit

Geotechnical 

zone

Clayey Sand / Silty 

Sand

Silt, High 

Plasticity         (GYE-

MH)

CH   

CL

Gray-Green Clay, 

Low Plasticity         

(GYE-CL)

MH   

ML   
Silt, Low Plasticity         

(GYE-ML)

Organic Clay/Silt

Gray-Green Clay, 

High Plasticity         

(GYE-CH)

SC / SM 

OH

Soil Type (USCS)

Geotechnical Parameters

wN / LL LI Ra Fines Content (%) Su uc (kPa)

Table 2.6b Statistical values of geotechnical parameters based on GIS model for Guayaquil 
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Table 2.7 Relative activity values for different clay minerals. 

 

 

2.5.1 Sensitivity 

 

The ratio of peak undisturbed strength (Sup) to remolded strength (Sur), as determined by the 
unconfined compression test, was initially used as the quantitative measure of sensitivity St 
(=Sup/Sur) (Terzaghi, 1944), followed by vane test (both in the field and laboratory) and the Fall 
cone test. All three tests were performed for sensitivity estimation of Guayaquil clay. Figure 2.60 
shows a photograph of a greenish gray clay from geotechnical zone D3, in two states (undisturbed 
and remolded) with same water content on both states. At least six different phenomena may 
contribute to development of sensitivity (Mitchell and Soga, 2005): (1) Metastable Fabric, (2) 
Cementation, (3) Weathering, (4) Thixotropic Hardening, (5) Leaching, ion exchange and change 
in the monovalent/divalent cation ratio and (6) Formation or addition or dispersing agents. 

From X-ray powder diffraction (XRD) and scanning electron microscopy (SEM) evaluations (the 
detailed evaluation is shown in chapter 3), it was found that the fabric of Guayaquil fine-grained 
soils from the deltaic estuarine environment has illitic clay particles that often occur with edge-to-
edge particle arrangement that suggests chemical flocculation (metastable fabric) in the brackish 
water environment of the estuary. Guayaquil sediments may initially have had a higher organic 
matter content (from deltaic estuarine environment). This resulted in local cementation of the 
sediment by framboidal pyrite. The dominance of framboidal crystal clusters observed during SEM 
analysis confirms that the pyrite (often occuring in marine sediments) formed primarily because 
of bacterial activity. Pyrite acts as a cemented agent in the soil matrix.  

Jamiolkowski et al. (1985) describe several mechanisms that cause an OCR=1 soil deposit to 
become overconsolidated including vertical stress relief, desiccation, ageing/drained creep (often 
referred to as pseudo-preconsolidation), and physicochemical effects (e.g., pyrite cementation like 
Guayaquil clay, geotechnical zone D1 to D3). As a result, pyrite cementation on Guayaquil clay 
has important effects on its properties and stability. It is known that cementation contributes to 
clay sensitivity (as mentioned before) and it may be responsible for an apparent preconsolidation 
pressure. Clay particles (from Guayaquil deltaic estuarine clay) adhere to the surface of larger silts, 
diatoms and sand particle, a process called clay binding. Eventually the larger grains become 
embedded into a clay matrix (similar to Guayaquil deltaic estuarine clay) and their influence on 
the geotechnical behavior becomes limited. The clay bonding provides arching of interparticle 
forces, maintaining a large void ratio (influenced by the siliceous diatoms) even at high effective 

Clay Mineral RA References

Na-Bentonite 0.74 - 0.93
Illite 0.49 - 0.69

Kaolinite 0.3 - 0.64
Attagulpite 0.46
Halloysite 0.12

e.g., Lambe & Whitman (1969), Sridharan 
et al (1986), DiMaio & Fenelli (1994), 

Lupini et al (1981), Grim (1962), Seed et 
al (1964), Gibson (1953), Sridharam & 
Rao (1973), Park and Koumoto (2000), 

Olson and Mesri (1970)
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stresses. Additionally, reduction in salinity of marine clays by leaching (like deltaic estuarine from 
geotechnical zones D1 and D3) is an essential first step in the development of sensitive clay. Post-
depositional change in pore fluid chemistry (from marine to brackish and fresh water) can result 
from the percolation of different fluids through a deposit, changing the forces between colloidal 
particles.  

As a result, geotechnical zone D3 has been divided into two sections, D3a (the North and Central 
area) and D3b (South West and South area). Zone D3a corresponds to clayey soils that have higher 
concentration of organic matter and pyrite cementation than D3b. Moreover, clay deposits from 
zone D3a have sensitivity values (measured from fall cone tests, laboratory vane tests and 
unconfined compression tests) from 2 to 22, with a representative value of 8 (0.3 to 8 g/lt of salt 
concentration on water, where leaching and ion exchange occur), medium sensitive to medium 
quick clay. Clay deposits from zone D3b have sensitivity values from 1.7 to 7 with a representative 
of 3 (14 to 26 g/lt of salt concentration on water), medium sensitive to slightly quick clay, Figure 
2.61 shows a photograph of a clay, from site GYE-03S, applying a 750 g of vertical load on its 
undisturbed and remolded state to emphasize (qualitatively) its sensitivity behavior. Clays from 
geotechnical zone D1 have sensitivity values from 1 to 7, or slightly-sensitive to very-sensitive 
clay. Clays in geotechnical zone D4 have values from 1 to 6, or insensitive to very sensitive clay. 
For geotechnical zone D2, similar behavior as D3 is expected. 

 

2.5.2 Specific Surface 

 

The specific surface of a soil (Ss) is a valuable and distinct index property for the characterization 
of fine-grained soils and particulate minerals. A specific surface is particularly relevant in the 
interpretation of a soil response that is significantly affected by surface processes, such as liquid 
limit, hydraulic and electrical conduction, and chemical diffusion. Based on the Methylene blue 
method, the deltaic estuarine clayey soils were evaluated as follows: Geotechnical zone D1 with 
Ss (m2/gr) from 49 to 185, geotechnical zone D2 with Ss from 51 to 155 and geotechnical zone D3 
from 110 to 260. 

 

2.5.3 Specific gravity of soil solids 

 

The specific gravity of soil solids (Gs) refers to the ratio of the mass of a given volume of soil 
particles to the mass of an equal volume of distilled water (at 4 oC). A soil’s specific gravity largely 
depends on the density of the minerals making up the individual soil particles. The specific gravity 
of the solid substance of most inorganic soils varies between 2.60 and 2.80. Sand particles 
composed of quartz have a specific gravity ranging from 2.65 to 2.67. Inorganic clays generally 
range from 2.70 to 2.80 (Figure 2.62a). Soils with large amounts of organic matter or porous 
particles (such as diatoms) have specific gravities below 2.60. Some range as low as 2.0. 
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Tanaka (2002) evaluated the influence of diatoms on Japanese clay behavior. It was found at the 
Hachirougata site (located in Akira prefecture, northern part of Honshu Island of Japan) that 
specific gravity was extremely low near the ground surface (2.4 to 2.5) and its value increased 
with depth. The low Gs for Hachirougata was explained as being due to a large part of silt-sized 
particles consisting of diatoms, which have relative small values of Gs (Mitchell and Soga, 2005) 
and can hold a large amount of water in its skeleton. The same behavior was found for Guayaquil 
clay from the estuarine deltaic environment, or that diatom assemblages of soil samples from 
geotechnical zone D3 reflect estuarine deposition, with contributions of marine brackish and 
freshwater diatoms. From the clay matrix evaluation from geotechnical zone D3, it was found that 
diatom content decreases with depth, being abundant until 15 m deep. Figure 2.62b shows mean 
values of Gs with its coefficient of variation (COV) for Guayaquil clay samples from estuarine 
deltaic and alluvial zones and its comparison with clay samples from other countries (modified 
from Tanaka, 2002), were Guayaquil estuarine deltaic clays have mean values from 2.56 to 2.64 
and alluvial clays of 2.58. It can be seen from Figure 2.62 that a large variation on Gs with depth 
until 22 m deep for sites at geotechnical zone D3. This behavior can be attributed to the variation 
of diatom concentration on Guayaquil clay matrix, similar to the behavior mentioned by Shiwakoti 
et al. (2002).  

 

2.5.4 Unit Weight 

 

The total, wet or moist unit weight (weight of soil/volume of soil), γt, is the ratio that connects the 
volumetric side of the phase diagram with the mass side for a soil (water + solid). In addition, it is 
an important parameter to evaluate the field state of stress of a soil at a desired depth. The total 
unit weight value will depend on how much water happens to be in the voids as well as the density 
or weight of the mineral grains themselves. Look (2007) recommended values of total unit weight 
for cohesive soils including soft organic of 14 kN/m3, soft non organic of 16 kN/m3 and stiff to 
hard of 18 to 20 kN/m3. 

From laboratory tests performed on Guayaquil clay samples for geotechnical zone D1 to D4, 
Figure 2.63 shows the variation of total unit weight with the ratio of water content and its liquid 
limit. Guayaquil clays from deltaic estuarine and alluvial valley environment have a mean total 
unit weight of 15 kN/m3, with a COV of 0.076. From the upper desiccated crust with wN/wL from 
0.4 to 0.8, the total unit weight varies from 17 to 18 kN/m3. From the unit weight vs. wN/wL plot, 
it can be seen that clays from geotechnical zone D1 and D2 have less data dispersion than D3 and 
D4. This is perhaps because the siliceous diatoms randomly distributed in the soil mass have an 
important effect on the total unit weight of clayey soils. However, much of the data are in the range 
of 14 to 16 kN/m3 for the soft deltaic estuarine and alluvial valley clays, similar to Look's 
recommended values. 
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2.5.5 Undrained Shear Strength and Stress History 

 

Generally, there are five major factors affecting the undrained shear behavior of cohesive soils 
(Ladd and DeGroot, 2003): (1) the stress history of the soil, (2) the stress system applied during 
shearing (mainly effects of anisotropy), (3) the influence of progressive failure and strain 
compatibility, (4) the influence of the rate of shearing, and (5) the effects of sample disturbance. 

Undrained shear strength (Su) coupled with total stress analysis is often used to examine the failure 
state of geotechnical structures under undrained conditions in Guayaquil City. Guayaquil is among 
a few cities where Su of a soft soil is determined only by the unconfined compression (UC) test for 
design. Although field and laboratory tests—such as the vane test and triaxial tests including UU, 
CIU and CKoU—are also carried out, such tests are primarily limited to research purposes. 

Similar to the Japanese practice (see Tanaka, 2002), in Guayaquil the use of the qu method is very 
popular.  However it is recognized that the qu value is strongly dependent on the sample quality 
and, due to loss of its in situ effective confining pressure and swelling of a sample leads to strength 
reduction. As a result, the UC test could underestimate the true strength, although the degree of 
the strength underestimation depends on the sample quality. For some cases, a compensation of 
error or “lucky harmony” can give a good estimation of the real Su value. 

On the other hand, the UC test (that is a type of triaxial compression test) yields a rather high 
strength when comparing to direct simple shear and extension triaxial test results. In addition, the 
strain rate of UC test is 1 %/min, which is considerably larger than what is found in the actual 
failure in a field (Ladd and DeGroot, 2003). As result, these two factors—the anisotropy and the 
strain rate—play roles in overestimating the strength of a soil. In the concept of compensation of 
errors under-and-over estimating factors such as the sample disturbance and the anisotropy as well 
as the strain rate effects are preserved in good balance with each other, as indicated in Figure 2.64 
(Tanaka, 2002). 

From field observations and stability analyses form embankment construction of Japanese clays, 
Hanzawa and Kishida (1982) have proposed that the Su value for design be taken as the average 
strength from compression and extension strength ((Suc+Sue)/2), measured by triaxial shearing at 
a strain of 0.001 %/min, and following the recompression technique (Bjerrum, 1973) in which 
specimens are consolidated under the in situ effective stress conditions. Tanaka (2002) compares 
the values from qu/2 with ((Suc+Sue)/2) for Japanese clays (similar to Guayaquil deltaic estuarine 
clays) and concluded that these strengths were very closely related with each other (by ratio of 1.2 
to 0.8). However, if the sample quality is not good enough to hold balance (Figure 2.64), then the 
qu/2 measured from such sample underestimates the strength.  

To evaluate the previously indicated “compensation of error” effect on Guayaquil clays, the Field 
Vane (corrected), laboratory Torvane and Unconfined Compression test results from the 
complementary soil studies were grouped together and compared between soils deposited under 
deltaic-estuary and alluvial valley environments. Figure 2.65 indicates that the overconsolidated 
(due to drying) superficial crust of deltaic-estuary clays shows greater Su (from 120 to 40 kPa) 
values than those from alluvial valley environments (90 to 35 kPa). Ripalda (1991) presented 
values of undrained shear strength based on UC test from 90 to 40 kPa for the superficial crust of 
the deltaic-estuary clays; at greater depths, it reported values of Su from 40 to 10 kPa. Figure 2.65, 
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for deltaic estuarine environments, shows a similar Su range at greater depths, with a nearly linear 
trend of increase in its strength with depth. 

For deltaic-estuary deposited clays, Vane Shear Su values, corrected for strain rate effects (using 
Figure 2.26), tend to be equal or greater than Su values from unconfined compression tests, 
especially for D1 deposits (Figure 2.66). However, for alluvial valley deposited clays, corrected 
Vane Shear Su values and unconfined compression Su values don´t show a clear tendency (Figure 
2.66). 

To analyze these tendencies in detail, soil samples at the same depth were selected from the 
geotechnical zones D1 and D4, on which both Field Vane tests and laboratory unconfined 
compression tests had been conducted. The plots of shear resistance against Plasticity Index from 
each test type were compared with the data by Tanaka (2002) (Figure 2.66). For deltaic estuarine 
clays the ratio of µSu (vane)/(qu/2) is from 1 to 1.8 with no correlation with PI. These results may 
be attributed to the fact that (some samples of) deltaic estuarine clays contain variable proportions 
of nearly horizontally fine sand seams (Figure 2.56 to 2.58) that cannot hold residual effective 
stress large enough to give a true Su value. Common geotechnical practice in Guayaquil, designers 
usually use qu/2 value as the design Su for deltaic estuarine environment . However, special care 
should be taken using clay samples with thin sand seams in unconfined compression tests as is 
mentioned in chapter 3. On the other hand, for alluvial valley clays, the ratio varies from 0.40 to 
1.5. As a result, special attention should be made for the estimation of design Su. 

For the same sites that were discussed previously, i.e., Sopena and La Garzota sites from 
geotechnical zone D1 and D4, respectively, the undrained shear strength from the torvane index 
test, unconfined compression test, and corrected Field Vane tests from different depths are 
compared in Figure 2.66. It can be seen from Figure 2.66 that a similar trend was found by 
comparing the corrected shear strength from the Field Vane test and other tests results at different 
depths (the ratio at which plasticity index varies with depth for both sites are quite similar). As a 
result, the evaluation shown in Figure 2.66 and 2.67 confirm that different considerations should 
be made for estimating the design shear strength from deltaic estuarine and alluvial valley clay as 
mentioned before. 

For normally consolidated clay deposits (i.e., where yield stress is equal to the overburden effective 
stress) Skempton's equation (see equation 2.19) has proved to be useful. However, clay deposits 
with structures that are influenced by the amount of diatom microfossils and post-depositional 
changes, like diagenesis (e.g., leaching by salt removal and pyrite cementation), may display 
different behavior than clays evaluated by Skempton (1957) based on the limited data accumulated 
from North Europe and North America, where glaciers in the ice age have strongly affected its 
sediments (Tanaka, 2002). To evaluate its behavior, selected data from corrected vane shear tests 
for normally consolidated Guayaquil clays, from deltaic estuarine and alluvial valley environments 
(with PI) are plotted in Figure 2.68.  
&'

()*
= 0.11 + 0.0037/0 2.19 

Figure 2.68 shows data for Japanese and non-Japanese clays based on Tanaka (2002). Singapore 
clays are considerably smaller when compared to those of other clays. In addition, it can be seen 
that for non-Japanese clays (including the alluvial valley clays from Guayaquil), in general, Su/σ'y 
increases with an increase of PI. However, Japanese and deltaic estuarine clays from Guayaquil 
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have an almost constant normalized shear strength with PI, and the corresponding values are also 
relatively larger than those of non-Japanese clays and alluvial valley clays from Guayaquil.  

Results from the Tanaka (2002) investigation on Singapore normalized shear strength, measured 
by direct shear tests, demonstrated that Su/σ'vc increased with diatom content (with increments of 
diatom content on clay mixture, thus adding 25% of diatom content will increase 35% on the 
normalized shear strength of its non-diatom content). However, for the same clay samples, adding 
a Toyura sand into the mixture does not have much effect on the Su/σ'vc by its content. As result, 
the undrained behavior of normally consolidated deltaic estuarine Guayaquil clay deposits can be 
explained by the behavior of Japanese clays (e.g., Ariake clay) described in Tanaka (2002).  

Normalized soil parameters (NSP), such as Su/σ'vo (undrained shear strength/vertical effective 
stress), are a useful means of interpreting, correlating, and presenting soil data. Additionally, one 
should evaluate the stress history of clay deposits as part of the process of checking or estimating 
in situ properties (such as undrained strength).  Also, unique values of NSP's can be obtained for 
specific conditions. These key aspects were described in the stress history and normalized soil 
engineering parameters (SHANSEP) method proposed by Ladd and Foott (1974). The NSP 
approach was considered to characterize Guayaquil clays. In spite of the sample disturbance from 
the qu/2 method, Figure 2.69 shows an increasing trend from the normalized undrained shear 
strength with the increase of the OCR (Over Consolidation Ratio) obtained from incremental 
loading consolidation tests. 

Ladd (1991) presented a practical description of these two methods and its advantages, limitations 
and recommendations that are shown on Table 2.8. According to DeGroot and Ladd (2012): 

The recompression and SHANSEP strength testing techniques were independently 
developed to address the important soil behavior issues for clayey soils of [stress history,] 
anisotropy, strain rate, and sample disturbance. In the Recompression method, Bjerrum 
(1973) recognized the unreliable nature of the standard UU [(Unconsolidated Undrained)] 
test and proposed using CU [(Consolidation Undrained)] tests that are anisotropically 
reconsolidated to the in situ state of stress (σ'vo, σ'ho)....This procedure assumes that the 
reduction in water content during reconsolidation to σ'vo is sufficiently small to compensate 
any destructing during sampling, so that the measured Su data is representative of in situ 
[strength for a clay]....  

On the other hand, the SHANSEP method (Ladd and Foott 1974, Ladd 1991) is based on 
the experimental observation that the undrained stress-strain-strength behavior of most 
‘ordinary’ clays, for a given mode of shear, is controlled by the stress history of the test 
specimen. The method assumes that these clays exhibit normalized behavior and uses 
mechanical overconsolidation to represent all preconsolidation mechanisms...(p. 592).  

As mentioned by DeGroot and Ladd (2012), the SHANSEP reconsolidation technique of 
consolidating test specimen beyond the in situ σ'y (yield vertical stress or preconsolidation stress) 
will destructure all OC clays to varying degrees. In addition, the mechanical overconsolidation 
used with SHANSEP will never exactly reproduce the undrained stress-strain behavior of natural 
overconsolidated deposits, especially for highly structured clays where mechanical consolidation 
is not the primary mechanism causing σ'y (e.g., pyrite cementation) like Guayaquil deltaic 
estuarine clays. 
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Because the unconfined compression test is the most common test to estimate the Su in Guayaquil 
geotechnical-practice, a NSP evaluation was considered for the selected data (two test were 
conducted for the same soil sample, UC and IL (Incremental Loading) consolidation test at the 
same laboratory water content) based on several geotechnical consulting projects (Simic, 
1991;Vera-Grunauer, 2002, 2003 and 2004; Mena, 2003) from geotechnical zone D1 to D5 and 
using 57 UC and IL consolidation tests data, it was possible to estimate the relationship between 
the normalized undrained shear strength and the overconsolidated ratio (Figure 2.70). In Chapter 
3 (Figure 3.35) OCR estimated from Su torvane, CPT and UC test fit well with the OCR obtained 
from CRSC test. Although, a rigorous SHANSEP procedure was not implemented, the 
SHANSEP's normalized approach was develop for Guayaquil clays using equation 2.20 (Ladd and 
Foott 1974). 

12
3′5

6 = 1�789�  2.20 

where S is the strength ratio of normally consolidated state, m is a material constant and OCR is 
the overconsolidation ratio (defined as the ratio of the vertical preconsolidation stress to the current 
vertical effective stress). 

Table 2.9 shows the estimation of the SHANSEP type parameters for each geotechnical zone, from 
deltaic-estuarine to alluvial-lacustrine clays (zones D1 to D5). If a linear regression parameter, R2 

(that represents the data’s % of variance explained by the fitted line) is considered to evaluate the 
model, it was found at a range from 0.80 to 0.91; this means that 80 to 91% of variance is explained 
by the considered variables (Figure 2.70). 

DeGroot and Ladd (2012) reported a m value of 1.00 for sensitive cemented marine clays and 0.75 
for Northeastern US varved clays and also recommended a value of 0.8 for Homogenous CL and 
CH sedimentary clays of low to moderate sensitivity (PI = 20-80%). As a result, the estimated m 
values for Guayaquil clays are on the expected range. Tanaka et al. (2001) reported S (qu/2σ'y) 
values for Ariake clay of 0.30 and for Singapore clay of 0.21, a similar range for deltaic estuarine 
and alluvial valley clays of Guayaquil (see Table 2.9). In addition, the relationship suggested by 
Mesri (1975) τaf/σ'p = 0.22 (where σ'p is the preconsolidation pressure of the foundation clay and 
τaf is the strength available at failure) is similar to S (Su/σ'y for normally consolidated state) value 
from geotechnical zone D3 (Table 2.9). 

Based on the results of 108  unconfined compression tests performed on Guayaquil clays (COV 
from 0.25 to 0.52), the characteristic axial strain at failure was estimated for the deltaic estuarine 
and alluvial valley environment, from geotechnical zone D1 to D4. Table 2.10 shows the statistic 
values of both parameters.  
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Table 2.8 Recompression and SHANSEP techniques (after Ladd, 1991) 

 
RECOMPRESSION SHANSEP 

Basic Procedures 
1. Perform CK0U tests on specimens 

reconsolidated to the in situ state of 
stress, i.e., σ’ vc = σ’ vo and σ’hc = 
K0σ’ vo.  

1. Establish the stress history profile, i.e., σ’ vo, 
σ’p’ OCR from consolidation and automated 
CK0U tests. 

2. Select appropriate combination of TC, 
DSS and TE tests to account for 
anisotropy. 

2. Perform CK0U tests on specimens 
consolidated well beyond in situ σ‘p to 
measure NC behavior and also on specimens 
rebounded to varying OCR to measure OC 
behavior. 

3. Use strain rates of 0.5 to 1%/hr for 
triaxial test and 5%/hr for DSS tests.  

3. Select appropriate combination of TC, DSS 
and TE tests to account for anisotropy. 

4. Plot depth specific strength values 
versus depth to develop su profile. 

4. Use strain rates of 0.5 to 1%/hr for triaxial 
tests and 5%/hr for DSS tests. 

 5. Plot results in terms of su/σ’ vc vs. OCR to 
obtain values of S and m for the equation 
su/σ’ vc = S(OCR)m, where S = su/ σ v́c for 
OCR = 1 and m is  strength increase 
exponent. 

 6. Use above equation with stress history to 
compute su profile. 
 

Advantages / Limitations / Recommendations 
1. Preferred method for high quality 

samples. 
1. Strictly applicable only to mechanically OC 

and truly NC clays exhibiting normalized 
behavior. 

2. More accurate for highly structured 
clays. 

2. Preferred for conventional tube samples of 
low OCR clays having low sensitivity. 

3. Preferred for strongly cemented clays 
and for highly weathered and heavily 
OC crusts 

3. Should not be used for highly structured, 
brittle clays and strongly cemented clays. 

4. Should not be used for NC clays. 4. Difficult to apply to heavily OC clay crusts. 
5. Reloads soil in laboratory. 5. Unloads soil in laboratory to relevant OCR. 
6. Gives depth specific strength data. 6. Forces user to explicitly evaluate in situ 

stress history and normalized soil 
parameters. 

7. Should be accompanied by evaluation 
of stress history to check if su/ σ’ vo 
values are reasonable. 
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Table 2.9 Estimation of the SHANSEP type parameters for Guayaquil clays. 

 

 

Table 2.10 Statistic values for the characteristic and failure strain, from UC test, for 
Guayaquil clays 

 

 

Estimation of the undrained shear strength by means of cone penetration test was performed using 
the equation 2.21 for deltaic estuarine and alluvial valley clays. The empirical correlation for 
deltaic estuarine and alluvial valley clayey soils (Figure 2.71) was estimated between torvane, 
unconfined compression and corrected (Bjerrum's factor) vane test and net cone resistance (qc-
σ'vo), where σ'vo is the effective vertical overburden stress. Table 2.11 shows the estimated Nk 
values for each test.  
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To estimate the static cone resistance, qc, from the dynamic cone penetration test (DCPT), equation 
2.23 is recommend for consideration. Figure 2.71 shows the estimation of qc based on qd data. 
Values of Nd are shown on Table 2.11. 

C� = ;D

AD
  2.22 

A direct relationship between yield vertical stress or preconsolidation stress and cone resistance 
was evaluated by the equation 2.24 (Tavenas and Leroueil, 1979; Mayne and Holtz, 1988). Where 

Geotech zone  Guayaquil Clay  (CH/OH) S m

D1 Deltaic-Estuarine (Downtown- East) 0.3 1.00

D2 Deltaic -Estuarine (South) 0.25 0.99

D3
Deltaic-Estuarine (West, North, 

Trinitaria Island)
0.22 0.75

D4 Alluvial Valley (North) 0.26 1.00
D5 Alluvial-Lacustrine (Northwest) 0.36 0.84

D1 D2 D3 D4
Minimum 2.68 3.76 2.15 1.61
Maximum 11.81 9.12 10.73 10.20

Median 4.83 5.63 4.29 5.37
Mean 5.46 5.74 5.20 5.31

Standard Dev 2.23 1.43 2.22 1.90
COV 0.46 0.25 0.52 0.35

Axial strain @ 0.5σa (ε %)

Axial strain @ fai lure (εf %)
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K values are empirically evaluated and presented on Table 2.11 for each geotechnical zone. Mayne 
and Holtz (1988) reported values of β (K=1/β) from 8 (K=0.125) to 2 (K=0.50) from 42 clay sites, 
where Guayaquil K values are on the lower range. 

3′� = 3′E = FC� 2.23 

 

Table 2.11 Estimated values of cone factors; Nk, Nd and K for deltaic estuarine and 
alluvial valley clayey soils 

 

 

Some researchers have shown that the Nkt factor (from corrected vane shear strength) is related to 
PI in such a way that Nkt decreases with an increase in PI (e.g. Jamiolkowski et al. 1988). However, 
Figure 2.72 shows no clear correlation between Nkt and PI (Tanaka et al., 2001). Guayaquil cone 
factor values are plotted from Table 2.11 using the mean PI values for CH/CL clay deposits, from 
Table 2.6a. The reported Nk values from geotechnical zone D1, D2 and D3, are on the higher range 
of Ariake and Singapore clays. 

To evaluate the practical application of equations 2.21 to 2.24, a comparison of the calculated yield 
stress from incremental loading and constant rate strain consolidation test results with the 
estimation based on undrained shear strength and cone penetration test (static and dynamic) is 
presented on Figure 2.73, for two selected sites from geotechnical zone D3a and D3b, or site GYE-
01N with a higher pyrite cementation on clay structures than site GYE-03S, respectively. 

 

2.5.6 Compressibility  

 

Some problems associated with soft ground conditions (e.g., deltaic estuarine and alluvial valley 
environments) are large total settlements and a slow rate of consolidation leading to long-term 
consolidation settlements. There are three components of settlement that contribute to the total 
settlement of soft clays: initial settlement (ρi), consolidation settlement (ρc), and secondary 
compression settlement (ρs). As a local example, Figure 2.74 shows the measured settlement for 
Previsora Building, located in downtown Guayaquil from deltaic estuarine geotechnical zone D1. 
It is possible to observe from the configuration of the settlement curve that the primary settlement 

Nd
Yield 
Stress

Geotechnical zone
Vane 
test 

Torvane
UC 

(qu/2)
DCPT K

D1, deltaic estuarine (Downtown, East) 24-25 25-27 27-31 6 0.15
D2, deltaic estuarine (South) 17 22 25 7 0.22

D3, deltaic estuarine (North, West), a & b 15-20 15-18 17-21  9 -10 0.25 -0.20
D4, Alluvial valley (North) 27 20 22 8 0.14

Nk values
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has probably already developed and the secondary compression settlement was still developing up 
to the last date registered from the plot. 

The initial settlement is due to undrained shear deformation of the ground when initially applying 
the vertical stress increment. The consolidation settlement is due to drainage of pore water, which 
occurs during the increase in effective stress in the soil. The rate of this type of settlement is often 
estimated by Terzaghi's consolidation theory by G� =∪I G�" (where ∪I is the average degree of 
consolidation, and ρcf is the final consolidation settlement estimated at t=tp, where tp is the time to 
reach the End of Primary Consolidation, EOP). RR and CR are the recompression and virgin 
compression ratio (compression characteristics that are defined in conventional εv-log σ'v space).  

99 = ∆K?

∆�LM()?
= NO

PQ!@
  2.24 

89 = ∆KR

∆�LM()?
= N<

PQ!@
 2.25 

where Cr is the recompression index, Cc is the compression index and eo is the initial or in situ void 
ratio.  

Figure 2.75 shows an EOP compression curve for a naturally cemented greenish gray clay from 
geotechnical zone D3a (site GYE-01N from deltaic estuarine environment) by means of a Constant 
Rate of Strain Compression test (CRSC). The tested clay from Figure 2.75 shows a metastable 
structure due to cementation bonding, typical behavior of naturally cemented clays (e.g., 
framboidal pyrite cementation, FeS2). Because of sample disturbance, in situ cementation could 
be partially lost. It may be possible to consider the prolongation of the recompression line at a state 
of stress where beyond which there is a sudden compression of relatively high magnitude, as 
indicated by a steep slope (extrapolated with dashed lines until the estimated new yield stress from 
Figure 2.75). This extrapolation was based in Nagaraj et al, (1995). Chung et al. (2004) found the 
same behavior from experimental and analytical results for Pusan and Korean naturally cemented 
clays.  

Secondary compression occurs after the end of primary consolidation (t=tp at EOP, theoretically 
excess pore pressure ∆u = 0). However, creep may also occur during primary consolidation, which 
leads to an increased ρcf at EOP. 

In situ void ratio of Guayaquil clay deposits are strongly influenced by the diatom content of its 
fabric. As mentioned before, based on equation 2.6 for saturated soils, an increase in water content 
is directly proportional to an increase on its void ratio for a given Gs value. As a result, the in situ 
water content can be considered as a proxy to estimate the state of a saturated clay. A clayey matrix 
with diatom content has a higher water holding capacity, not only because of electro-chemical 
activity of clayey minerals but also the open structure of the siliceous diatoms effect. Shiwakoti et 
al. (2002) evaluated the effect on diatom content on Singapore clay, showing that the compression 
index increase almost exponentially as the increment of diatom content.   

Similar to Lambe and Whitman (1969) and Koutsoftas et al. (1987), an empirical correlation 
between both, compression ratio and recompression ratio, with natural or in situ water content is 
presented for Guayaquil clay deposits, is expressed by: 

89 = N<

PQ!@
≅  TU √W� 2.26 
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99 = NO

PQ!@
≅  TUX √W�  2.27 

where αD is an empirical coefficient that takes into account (qualitatively) the effect of diatom 
content on clay fabric to estimate the compression ratio (CR). Similarly, αDr is the coefficient to 
estimate the recompression index (RR), where αDr = αD/10. The natural water content is defined 
as wn. 

Figure 2.76 shows the relationship between CR, RR obtained from incremental loading (IL) 
oedometer test results and natural water content. CR and RR trends from geotechnical zone D4 
and D5 (alluvial valley and alluvial lacustrine clays) are shown in Figure 2.76a and 2.76c, 
respectively. Figure 2.76b and 2.76d shows the CR and RR trends from geotechnical zone D1 to 
D3 (deltaic estuarine clays), respectively. From the obtained results, CR values could be estimated 
using αd values from 0.015 to 0.045. For RR values, αd varies from 0.0015 to 0.0045. 

The values of the CR/RR ratio were obtained for the same clay samples tested with the IL 
oedometer test. Figure 2.77 shows that CR/RR values are independent to its natural water content. 
For clays from an alluvial valley and alluvial lacustrine environment, the ratio varies from 5 to 15 
with an average value of 10. For clays from a deltaic estuarine environment, the expected range is 
from 7.5 to 22.5 with an average value of 15. Ripalda (1991) reported values of CR/RR from 5 to 
20 with more frequent values of 15 for deltaic estuarine clays. 

The key parameter for quantitative analysis of secondary compression is the coefficient of 
secondary compression (Cα), which can be expressed in terms of void ratio or volumetric strain 
change per log cycle. The data have shown the strong dependence of the coefficient of secondary 
compression (Cα) on the consolidation pressure (Quigley and Ogunbadejo 1972; Mesri 1973) as 
shown in Figure 2.78. Mesri and Godlewski (1977) made a detailed study of the relationship 
between Cα and Cc and concluded that volume changes during secondary compression (secondary 
compression index by equation 2.28) and primary consolidations (compression index by equation 
2.29) can be related by equation 2.30. 

8Y = ∆!

∆ Z[\ �
  2.28 

8� = ∆!

∆�LM()?
  2.29 

N]
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∆�LM()?
 2.30 

According to Mesri and Goldewski (1977) study, for any clayey soil, the ratio of Cα/Cc is constant 
for any time, effective stress and void ratio (for recompression and virgin compression state). Ladd 
(1973) plotted Cαε (equation 2.31) versus CR; however, he noted that, “In the normally 
consolidated range Cαε remains almost constant or decrease slightly for soils with a constant CR.”  

8YK = N]

PQ!@
 2.31 

From IL oedometer tests performed on deltaic estuarine clays from Guayaquil, values of Cα/Cc 
≈Cαε/CR of 0.042 to 0.043 were measured for the clay when in the virgin compression state, similar 
to the recommended range for inorganic clays and silts, Cα/Cc ≈ 0.04 ± 0.01, suggested by Mesri 
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(1973). Figure 2.78 shows the variation of Cαε with the consolidation vertical stress for a CH clay 
from deltaic estuarine environment where Cαε/CR varies from 0.042 to 0.043. 

Terzaghi defined a coefficient of consolidation (Cv) that describes the rate of consolidation. It is a 
function of hydraulic conductivity and soil compressibility:  

8R = ^()?

�._`_Nabc
 2.32 

where k is the hydraulic conductivity, γw is the water unit weight, σ'v is the effective consolidation 
stress, and CR is the compression ratio from equation 2.27. Table 2.12 shows the variation of the 
consolidation coefficients for Guayaquil clays from geotechnical zone D1 to D5, estimated by 
laboratory testing (the Taylor method) and deduced from field observations based on Asaoka's 
method (Asaoka, 1978), where Cvfield/Cvlab (NC state) varies from 1 to 2.5. However, for clay 
stratum with frequent intercalations of sand lenses and sand layers, its ratio increases up to 19. 
Asaoka method is a graphical procedure using surface settlements at the field to calculate final 
settlements and estimate the field vertical consolidation coefficient, Cvfield. 

Ripalda (1991) reported values of CvOC/CvNC from 10 to 3 and mentions that the coefficient ratio 
is independent to the liquid limit as proposed by NAVFAC DM-7 (1982). From Table 2.12, it can 
be seen that a similar range was obtained. The magnitude of Cv is affected by the presence of 
siliceous diatoms on the clay matrix and the proportion of the sand particles on it. 

 

Table 2.12 Consolidation coefficients for Guayaquil clays from geotechnical zone D1 to D5, 
estimated by laboratory testing (Taylor method) and deduced from field observations 

based on Asaoka's method. 

 

 

  

Almacenes Henry (Downtown) D1  2 - 4 5 7 1 2 4.7 3.5
D2, 2m depth 0 - 2 10 21 2 4 5.0 5.3
D2, 5m depth 2 -15 29 37 5 9 5.8 4.1
D2, 10m depth 11 - 25 100 183 10 44 10.0 4.2

Paso Elev. Trinipuerto D3  2 - 6 7 15 2 3 4.0 5.7
Junta Beneficencia, GYE D4 1 - 15 35 75

Toni, Samborondon D4  1 - 3 40 50 10 15 4.0 3.3 10 20 1.0 1.3
Fabrica Helados, Duran* D4 5 - 30 47 51 5 14 9.4 3.6 94 125 18.8 8.9

Nuques, 1998 D4 3 - 9
Av. Isidro Ayora D5  0 - 3 18 22 2 4 9.0 5.5 20 31 10.1 7.7

* Clay stratum  with frequent intercalations of sand lenses and layers

Sand Content 
(%)

Zofragua (Near the Port)

GEO ZONESite Name

Range (m
2
/yr)

2.5

Cvfield/Cvlab

Range 

5321

CvOC/CvNC

Range (m
2
/yr) Range 

LABORATORY DATA

Range (m
2
/yr)

Cv field 

Based on 
Asaoka's 
method

Cv OC Cv NC
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2.5.7 Spatial Characterization of Downtown Subsoil  

 

2.5.7.1 Spatial Evaluation of the Geotechnical Parameters 

 

The natural water content, or the ratio of the weight of water inside the pore space of a soil and 
that of its solids, constitutes an important index property of geomaterials. By comparing the water 
content with the limits of consistency of the material, the stress history of a fine-grained soil was 
qualitatively established. However, in Guayaquil soils (especially in superficial clay layers in the 
city center and in the south), sand particles trapped in the clay fabric reduce the natural water 
content, which exaggerates the relationship between the natural water content and the liquid limit. 
Furthermore, in the fabric of the deeper greenish grey clay layer underneath the city, the presence 
of siliceous diatoms has been observed (details are discussed in Chapter 3). 

For a saturated clay (Sw = 100%), with a specific gravity of solids Gs (values generally range from 
2.5 to 2.7), equation 2.33 relates the initial voids ratio ( eo) and the water content: 

dL = ef gh

&c
 2.33 

A clay with high void ratio would indicate the presence of an open microstructure (e.g.,normally 
consolidated clay), but in this case, it can be high  because of the diatoms in its matrix. Figure 
2.79a shows the variation of water content of Guayaquil city center soils at depths between 6 to 
14m, and Figure 2.79b, the variation for 14 to 20 m depth. The main street (9 de Octubre) is 
indicated in yellow (for reference).  

The Guayas River is a tidally dominated estuary. Twice on any given day, the tide drives on 
average between 7,000 to 13,000 m3/s of water past Guayaquil and into the lower Daule and 
Babahoyo Rivers. Twice a day, this water (and the added volume of fresh water flow stored in the 
river during the tide) is returned to the sea. The magnitude of this tidally driven discharge is many 
times the estimated combined daily discharge of freshwater from the Daule and Babahoyo Rivers 
and is two to three times greater than the combined estimated 100-year peak discharge of these 
rivers. During the tidal cycle, average channel velocities over 1 m/s are sufficient to mobilize the 
fine sand, which constitutes much of the channel bed and bank material. Sedimentary material is 
pushed back and forth during the tidal flow but the net sediment movement over time is 
downstream. The geomorphologic character of the Guayas River and that of the lower Daule and 
Babahoyo Rivers are largely determined by the tidal influence. Thus, one can expect intercalations 
of sand deposits underneath the center of the city. The old estuaries spilling over the banks could 
have formed those sand deposits.  

Studies by Lade et al. (1998), Cubrinoski and Ishihara (2002) and others, show that if the 
microstructure of a granular soil has over 30-35% of fine particles (passing through a #200 sieve), 
then its behavior is dominated by the finer fraction rather than the sand particles. Then, on average, 
the sand particles are separated by the fines, or it has a floating soil fabric (Salgado et al., 2000). 
In addition, experimental evidence (Pestana, 1994) suggests that if a global void ratio is used as 
the basis for comparison, sands containing nonplastic or low plasticity fines may show similar or 
decreasing shear strength with an increasing fine content (FC). If the skeleton void ratio is used 
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instead, shear strength is relatively independent of FC (Finn et al., 1994; Thevanayagam, 1998; 
Thevanayagam et al., 2002; Vaid, 1994). These observations usually hold for fines with contents 
less than the threshold of the fines content FC mentioned above. Consequently, its modifies the 
limit of 50% passing through a #200 sieve, proposed by Casagrande (1948) and included in ASTM 
D2487, for a soil to be considered as fine grained.  

To evaluate the effect of the deposition velocity of soils underneath the city center, Figures 2.80a 
and 2.80b show the spatial variation of finer and sandy soils with depth. Figure 2.80a shows that 
the proportion of sand in the clay matrix increases from a depth of 10 m. After 14m deep, sandy 
islands or banks began to form (Figure 2.80b), probably because of high flow velocities. The 
developed GIS model for this research gives information quite consistent with the soil deposition 
environment in the estuaries closer to the Guayas River. Sandy intercalations in clay layers 
generate drainage frontiers that accelerate the consolidation process. However, the presence of 
sand layers or their thicknesses are not uniform in the subsoil of the city center.  

Undrained shear strength, obtained through unconfined compression tests (Suuc), is often used in 
the city for analyzing deep foundations in clay. Figures 2.81a and 2.81b show the variation of Suuc 
with depth, showing an overconsolidated type behavior (greater resistance) in the layers closer to 
the surface, probably because of freatic level fluctuations (increased effective stress due to drying). 
This can be seen in the variation of OCR with depth (Figure 3.35, Chapter 3) which show an 
increase tendency in the upper clay layers. As depth increases, the resistance increases at a slow 
rate (a behavior similar to a normally consolidated material). Similar trends for the variation of the 
undrained shear strength with depth was found from Ripalda (1991), where values of Su ranging 
from 90 to 40 kPa were reported for the upper stiff clay layers and 40 to 10 kPa for the soft clay.  

 

2.6 Correlations of Shear Wave Velocity with Geotechnical 
Parameters for Guayaquil Soils 
 

Seismic site response and dynamic soil structure interaction analysis are typically only performed 
for medium and large projects in Guayaquil City. The input for seismic site response analysis 
requires: (1) input ground motion time histories; (2) identification of subsurface conditions, 
including geometry, stratification, and depth to bedrock and groundwater; and (3) specification of 
basic and advanced material properties for each layer of subsurface soil and of bedrock, such as 
unit weight and shear wave velocity (or low-strain shear modulus) and shear modulus and damping 
as a function of shear strain. More advanced analyses require additional soil properties (e.g., 
saturated hydraulic conductivity and wet and saturated unit weight), model (i.e., curve-fitting) 
parameters, and hysteretic and viscous damping model parameters (Rayleigh damping parameters 
for frequency dependent formulations). 

The small strain dynamic shear modulus (i� ≤ 1.0k10=_%) and the shear wave velocity are 
related from elasticity theory by: 

m��� = 5h
�bn

M
  2.34 
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where Gmax is the small strain dynamic shear modulus, Vs the shear wave velocity, γt the total unit 
weight of the soil and g is the acceleration of gravity.  

In many countries, as well as in the Grade-2 zoning method from the Manual for Zoning on Seismic 
Geotechnical Hazards (TC4, 1993), correlation studies of in situ seismic wave velocities with other 
index tests or engineering properties of the soils that have been shown to be useful for estimating 
shear wave velocity profiles at sites lacking geophysical data. The shear wave velocity correlations 
presented in this section are identified to provide both practicing and researchers with a means of 
estimating the shear wave velocities in Guayaquil soils given a variety of engineering soil 
parameters. Direct in situ measurements of Vs are preferred to the correlative relationships 
proposed. Shear wave velocity profiles from SASW method were consider to estimate the 
relationship with the geotechnical parameters for the fourteen evaluated sites from deltaic estuarine 
and alluvial valley environments. 

 

2.6.1 Based on Natural Water Content  

 

As mentioned previously, an increase in water content for saturated soils is directly proportional 
to an increase on its void ratio for a given Gs value. As result, it is expected that, for Guayaquil 
clay, an increase in natural water content should result in a decrease of its stiffness, characterized 
by the maximum shear modulus (Gmax). The relationship between Gmax and natural water content 
for deltaic estuarine and alluvial valley clays are presented on Figure 2.82. Equation 2.85 provides 
an approximate relation between Gmax and wn. Large scatter was found from this estimated 
relationship. 

m����o/p = 82d=�.�Psef ± 50% 2.35 

2.6.2 Based on Undrained Shear Strength 

Undrained shear strength based on unconfined compression tests (qu/2) was considered to estimate 
the relationship between Su and in situ shear wave velocity (Vs). The shear wave velocity, Vs, from 
deltaic estuarine and alluvial valley clays can be estimated roughly based on the correlation 
expressed through equation 2.36. 

	� = 321:
�.`v 2.36 

where Vs is the shear wave velocity in m/s and Su is the undrained shear strength measured from 
unconfined compression test in kPa. Figure 2.83 shows a trend where Vs increases as Su increases. 
For comparison, the same regression type was presented by Dickenson (1994) for San Francisco 
Bay area clays, following a similar trend to that of Guayaquil clays. However, as observed, the R-
square, R2, value is poorly 0.45 due to the effect of disturbance of the clay samples and the 
limitations of the qu method. 

It is know that the normalized modulus (Gmax/Su) is not a constant value for a given soil. The 
normalized modulus is highly susceptible to plasticity index and type of strength test, moderately 
susceptible to OCR, and slightly-to-moderately susceptible to confining stress (Weiler, 1988).  
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Egan and Ebeling (1985), using SHASEP-based procedures, have been to demonstrate from a 
theoretical basis that Gmax/Su decreases with increasing undrained shear strength. A similar trend 
has been found for Guayaquil clays in the deltaic estuarine and alluvial valley environments (PI 
from 30 to 90%). Figure 2.84a shows the variation of the normalized modulus with undrained 
shear strength obtained from unconfined compression tests. Data evaluated from Dickenson (1994) 
for San Francisco Bay mud are in the expected range. To consider the effect of the stress history, 
mentioned and evaluated from equation 2.21 and Table 2.8, the undrained shear strength was 
divided by its in situ effective vertical stress to obtain a normalized shear strength, as how in Figure 
2.84b. With the normalized shear strength horizontal axis, the data merges at the estimated trend 
with less scatter than the data shown in Figure 2.84a. For normally consolidated (NC) alluvial 
valley clays with normalized shear strength values less than unity, Gmax/Su varies from 300 to 900. 
In contrast, for NC deltaic estuarine clays its normalized shear strength varies from 300 to 2900. 
For a constant value of normalized shear strength, at a normally consolidated state, the deltaic 
estuarine clay will have 1 to 3 times higher normalized shear modulus than alluvial valley clay. 
Perhaps, the effect of the pyrite cementing agent on the clay structure from deltaic estuarine clay 
would develop a higher normalized shear modulus. As pyrite concentration increases, it will lead 
to a higher value of normalized shear modulus, as shown for deltaic estuarine clays from zone D2 
(the red trend from Figure 2.84a and 2.84b). For over consolidated clays with Su/σ'v values higher 
than 1.2, a constant ratio Gmax/Su is observed from 200 to 300 for alluvial valley clays and lower 
naturally cemented deltaic estuarine clays. For clays with increasing pyrite cementation, the ratio 
was found from 600 to 800. 

From research studies of clay samples treated with lime and Portland cement (Fahoum, 1996; Yang 
and Woods, 2011), results indicate that the void ratio, cement content and cement type are 
significant factors influencing the maximum shear modulus. For clay samples treated with 8% of 
lime content, an increase of 3.5 times the maximum shear modulus from the untreated clay was 
found. A similar trend was observed for the normalized shear modulus from naturally cemented 
Guayaquil clays (Figure 2.84b). Pestana and Salvati (2006) evaluated the cementation effect on 
sands, finding that: 

Clearly, cemented sands are stronger and stiffer than their uncemented counterparts until 
the cementation bonds are broken. Another important consequence of cementation is that 
the influence of confining pressure on the maximum shear modulus decreases as the level 
of cementation increases. If there is enough cementation, confining pressure does not have 
a significant effect on the shear modulus, unless it exceeds the pressure necessary to break 
the cementation bonds. (p. 1075) 

 

  



65 

 

2.6.3 Based on Standard Penetration Test 

 

SPT-based correlations were performed with an instrumented rod to evaluate the transmitted 
energy during each blow-count for a proper estimation of the N60 value. The correlation equation 
has the form of:  

Vs = a N60
b  2.37 

where a and b are empirical coefficients, N60 is the blow counts to penetrated 30 cm into the soil 
and corrected for the 60% from the theoretical transmitted energy (standard penetration resistance) 
and Vs is in m/s. The use of this expression can be restricted to cases where the energy is measured 
and for sands or stiff clay materials. For medium to hard deep clay and silt deposits (depth > 20 
m), an estimated correlation was presented in Figure 2.85. For these fine soils, an a value of 150 
and a b value of 0.10 was found. 

For sand deposits, it is well known that the standard penetration resistance measured in the field 
reflects the influence of both soil properties and the effective confining stress. For analyses of 
static strength, settlement or cyclic loading behavior, it has been found preferable to eliminate the 
influence of confining stress by normalizing the penetration resistance to a value that would be 
measured under an effective stress of one atmospheric pressure (100 kPa). However, Sykora and 
Stokoe (1983) evaluated correlations between N1 (normalized penetration resistance to 1 atm) and 
Vs for crosshole data and found that the use of N1 proved to be considerably less accurate and more 
inconsistent than N versus Vs correlations (similar results were found in this study). Sykora and 
Stokoe (1983) concluded that N1 is not an appropriate correlative variable to use in estimating Vs 
because the normalization of N for σ'v eliminates an independent variable (σ'v) from one dependent 
variable (N) and not the other (Vs). Therefore, standard penetration resistance, N60 was used for 
Vs estimation for sand deposits. 

Saturated alluvial sand deposits from Holocene (SP,SM,SC) with fine content from 10 to 40%, 
from 15 to 40 m deep, are common in Guayaquil deltaic estuarine and alluvial valley environments. 
Figure 2.86 shows the correlation between Vs and N60 for these sandy soils (60 evaluated samples). 
An empirical coefficient a of 96 and b of 0.28 was estimated, showing upper and lower trend lines 
(dash) from Figure 2.86. From Japanese and United States soils, similar correlations were found 
for granular and sand deposits; Table 2.13 shows the values for empirical coefficient a and b 
(converted from its original value to obtain a Vs in m/s). It is important to mention that N values 
in Japanese practice are considered to be approximately 1.2 times smaller on the average than the 
N60 value in US practice (N = 0.83N60). Thus for proper interpretation of Table 2.13, proper N 
value for Japanese correlation was taken into account. 
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Table 2.13 Empirical coefficient of a and b from Japanese and US gravels and sands 
deposits. 

 

 

 

 

 

 

 

 

 

 

From the correlation values of Table 2.13 and equation 2.37, Figure 2.87 shows the comparison of 
Vs estimations from correlations of Japanese and US gravel and sand deposits, with the proposed 
correlation for Guayaquil alluvial sands. It can be seen that all the correlations are inside the upper 
and lower trends. A very similar trend was found from San Francisco Bay area sands (Dickenson, 
1994) and the proposed trend for Guayaquil alluvial sands. 

 

2.6.4 Based on Cone Penetration Test 

 

The relationship between the shear wave velocity and the point resistance from CPT is obtained 
through cavity expansion theory of infinite cylinders (Yu, 2000; Romo and Ovando, 1992), as 
indicated in Figure 2.88. This theory is valid for any plastic soil model (Romo and Ovando, 1992). 
The theory assumes that the material complies with the Mohr-Coulomb failure criterion, whose 
stress-deformation behavior is idealized in Figure 2.89. 

According to the above theory, the pressure Pi inside a cylindrical cavity produces a continuous 
expansion due to plastic flow, as given by the equation 2.38. 
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where, P’o is the initial octahedral normal effective stress at the center of the cavity, qp is the 
maximum deviator stress, qr is the residual deviator stress, Ep is the secant Young's Modulus at the 
mid-resistance level and Er is the secant Young's Modulus when the residual resistance is reached. 

Assuming the soil is a perfect elasto-plastic material: 

a b Reference
88 0.34 Ohta and Goto (1978), using N =0.83N60

97 0.31 Imai and Tonouchi (1982), using N =0.83N60

88 0.30 Dickenson (1994), using N60 +1

85 0.31 Ohba and Toriuma (1970), using N =0.83N60

101 0.29 Sykora and Stokoe (1983), using N60

81 0.33 Imai (1977), using N =0.83N60

96 0.28 This study, using N60

*Factors converted to obtained a Vs in m/s
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pr EE =  ; pr qq =   2.39 

And substituting it in the equation 2.38: 
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In the electric cone test, the pressure required to produce the expansion is related to the point 
resistance and the soil resistance, in this case expressed in terms of deviator stress (qp) in Figure 
2.89.  

pic qPq +=  2.41 

Substituting eq. 2.40 in eq. 2.41, for usual values of Nk reported in the previous section, based on 
empirical correlation from undrained shear strength measurements and cone resistance: 

ikuc PNCq ≅⋅=  2.42 

Writing P’o in terms of effective vertical stress, σ’ v, and using the information that the ko of 
normally consolidated clays of Guayaquil has a value in the order of 0.5: 
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On the other hand, since the ratio β=Su/σ’ v is approximately constant for normally consolidated 
clays (its value from equation 2.21 varies between 0.22 and 0.36): 
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Taking into account the relationship between the Young's Modulus (E) and the modulus of rigidity 
against shear (G) and also the relationship between this and Vs: 
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where ρ is the mass density and υ is Poisson's constant (0.49-0.50 for saturated clay). Solving the 
equation for Vs: 
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the undefined terms are γs, (volumetric weight) and g acceleration of gravity. In this case, Nkc is 
interpreted as a correlation factor, which is obtained through calibrations, measuring Vs in the field 
and estimating Vs using the theory. Simplifying equation 2.46: 
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Using the data from complementary exploration campaign, Figure 2.90 shows an example of point 
resistance from CPT and the shear wave velocity at the same location, using the observation that 
Vs and qc show a similar behavior. Figure 2.91 shows the behavior of shear wave velocity against 
the cone point resistance of deltaic-estuarine clays of Guayaquil. Table 2.14 indicates the ranges 
of Nkc values estimated for each geotechnical zone.  

 

Table 2.14 Estimated values for Nkc based on calibration process. 

 

 

Based on the presented semi-empirical and empirical correlations for the SPT N-value, undrained 
shear strength and CPT tip resistance, Figure 2.92 shows the comparison from in situ shear wave 
velocity profile from a site at the geotechnical zone D3 (deltaic estuarine environment) and the 
estimation of Vs based on the recommended correlations for Guayaquil soils.  

 

2.6.5 Bedrock Unit 

 

From passive multichannel spectral analysis of surface waves (MASW), measurements of Vs at 
the Cayo formation were performed to evaluate the range of shear wave velocity in order to study 
seismic site response analysis. The investigated site was located in the Northwest area of 
Guayaquil (Via Daule) and the outcrop was formed by Tobaceous shales overlaid by a Greywacke 
(Figure 2.93). As mentioned before, the Cayo formation is the base for the alluvial and deltaic 
estuarine sediments. Therefore, it can be considered as a half-space, seismically speaking. In situ 
shear wave velocity values vary from 670 to 1200 m/s, with a median value of 750 m/s. 

 

 

Min Nkc Mean Nkc Max Nkc β
10 11 12 0.3
12 13 14 0.25
11 12 13 0.22
10 11 12 0.26

Geotechnical zone

D1, Deltaic estuarine
D2, Deltaic estuarine
D3, Deltaic estuarine
D4, Alluvial valley
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2.7 Summary and Conclusions 
 

In this chapter the extensive geotechnical investigation performed in the city is presented in detail. 
Based on in situ tests (geotechnical and geophysical) and laboratory results and a geotechnical 
boring database, seven geotechnical zones were identified at the whole city and those are presented 
as a geotechnical map. This represents an important contribution for the geotechnical knowledge 
within Guayaquil city. Statistical analyses of common used-in-practice geotechnical parameters 
are also presented. For professional practice, some correlations to estimate undrained shear 
strength for clayey soils are proposed. These were also estimated for compressibility parameters. 
In addition, empirical correlations of shear wave velocity with geotechnical parameters for 
Guayaquil soils were given. 
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Figure 2.1 Geographical location of Ecuador and Guayaquil in South America. 

 

 

Figure 2.2 Schematic section at Malecon with Datum reference of Guayaquil City. 
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Figure 2.3 Views of Guayaquil City: (a) on left, an aerial photograph  in 1946, and (b) on right, a Google EarthTM 
satellite image in 2011.  The area surrounded by the ellipse is the same area in both images. The city has grown 

extensively and much of the city now overliers former lowlands. 
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Figure 2.4 Google EarthTM satellite image of Guayaquil City showing its geomorphology 
characteristics (after Benitez et al., 2005) 
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Figure 2.5 Relationship between relief and structure (after Mite, 1989). 

 

 

 

 

 

Figure.2.6 Schematic geologic East-West section of the Guayas estuary in front of Guayaquil 
city (after Benitez et al., 2005). 
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Figure 2.7 Plan view of a typical zonation of an island in the Estero Salado, southern part of the 
Trinitaria island (after Mite, 1989). 
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Figure 2.8a Geologic map of Guayaquil City (after Benitez et al., 2005). Legend is presented in 
figure 2.8b. 
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Figure 2.8.b Legend of the geologic map of Guayaquil (after Benitez, et al., 2005). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9 Photograph of pillow lavas of the Piñón formation 
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Figure 2.10 Photograph of Basaltic lavas of massive to columnar form in the Orquídeas sector, 
northern Guayaquil. 

 

 

Figure 2.11 Photograph of andesitic breccias in the Guaraguau distributary channel located 
between the top of Piñón formation and the base of Cayo formation. 
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Figure 2.12 Photograph of granodioritic and tonalitic rocks of the Pascuales intrusive that 
develop sandy soils containing big rounded blocks. 
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Figure 2.13 Stratigraphic column of Cayo formation in Guayaquil (Benítez, 1995) 
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Figure 2.14 Photograph of the base of Cayo formation in the Las Iguanas site. Intercalated 
limestones and fine tobaceous shales that form the Calentura member and overly the volcanic 

brecchias. 

 

 

Figure 2.15 Photograph of  metric turbidites (type Ta,b) of fine to coarse grain in front of 
Guayaquil’s airport. Middle part of Cayo formation. 
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Figure 2.16 Photograph of  tobaceous shales and turbidites of graywacke composition near the 
top of Cayo formation in Vía Perimetral. 

 

 

Figure 2.17  Photograph of  metric turbidites (type Ta,b) of fine to coarse grain in front of 
Guayaquil’s airport. Middle part of Cayo formation. 
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Figure 2.18 Stratigraphic column of Guayaquil formation in Guayaquil (Benítez, 1995). 
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Figure 2.19 Drilling set up for rotary wash boring at field. 
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Figure 2.20 Sequence of driving split-barrel sample during the Standard Penetration Test 
(Mayne et al., 2001) 
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Figure 2.21 Procedure and Components of the Cone Penetration Test (Mayne et al., 2001). 
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Figure 2.22  Typical CPT results for a alluvial deposits of Guayaquil showing the cone 
resistance qc, sleeve friction, fs, and friction ratio Rf, normalized to 1 atm pressure 
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Figure 2.23 Photograph of  Dynamic cone penetration test set up at the field. 
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Figure 2.24 Typical results from DCPT, Dynamic Penetration Test, for alluvial deposits of 
Guayaquil, dynamic cone resistance qd is normalized for 1 atm pressure 
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Figure 2.25 Photograph of Vane Shear Test set up and an example of test result for a Guayaquil 
estuarine clays 
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Figure 2.26 Field Vane Correction Factor vs. Plasticity Index derived from embankment failures 
(after Ladd et al., 1977) 

 

 

 

Figure 2.27 Approximate Distribution of Vertical Particle Motions with Depth of Two Surface 
Waves of Different Wavelengths (after Rix And Stokoe, 1989) 
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Figure 2.28 Processes to evaluate the specific surface of a clayey soil by means of Methylene 
Blue Method (Santamarina et al., 2002) 
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Figure 2.29 Photographs of a undisturbed greenish gray clay with sand seams from geotechnical 
zone D3 and its remolded state during a Fall Cone test (Geonor equipment) 
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Figure 2.30 Location of sites where water salt concentration and PH measurements were 
performed 
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Figure 2.31 Variation of salt concentration and PH measurements from evaluated sites at low 
tide 
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Figure 2.32 Photography from south area of Guayaquil where filled with granular material or 
deep foundations with driving piles where constructed for urban development on soft subsoil 
conditions (deltaic estuarine environment). Right side photograph shows a satellite view of 

estuary streams and low lands at the South West area of Guayaquil from 2003 
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Figure 2.33a Old estuary streams (yellow polygons) mapped from Downtown (with red circle) 
and South area of Guayaquil, know days  it were filled due to urban development, yellow lines 

represent old streams and blue lines the actual streams 
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Figure 2.33b Old estuary streams mapped from North area of Guayaquil; today many are filled 
due to urban development, yellow lines represent old streams and blue lines the actual streams 
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Figure 2.34 Street names at Downtown where old estuary streams were located (data from 
Estrada, J, 2000) 
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Figure 2.35 Location of 590 selected boreholes for GIS model from Guayaquil City 
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Figure 2.36 Spatial location of the complementary geotechnical and geophysical exploration on 
the geotechnical zonation map overlaying an aerial photography from year 2003 
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Figure 2.37 In situ tests performed at each selected site (modified from Mayne et al., 2001) 

 

 

 

 

Figure 2.38 Donut and Safety Hammer used for energy evaluation during SPT test 
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Figure 2.39 Instrumented rod string set up at the field during in situ SPT test 
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Figure 2.40  Force and Velocity time-history for a specific blow number during a SPT test at the 
site GYE-03S, with an energy efficient of 40% with Donut Hammer 
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Figure 2.41 Variation of the energy correction factor, for a specific blow number, during a SPT 
test at the site GYE-03S with Donut Hammer and its normalized blow count to 60% of the 

theoretical energy 
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Figure 2.42 Evaluation of energy efficiency with Donut and Safety hammers during SPT test at 
the site GYE-03S (N60 developed based on the normalized blow count at 60% of the theoretical 

energy) 
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Figure 2.43 Photographs of Cone Penetration Test set up in the field 
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Figure 2.44 Sources for SASW test: sledge hammer for high frequency, and dozer or heavy 
excavator machine for low frequency 

 

 

Figure 2.45 Traditional Configuration of Equipment Used in SASW Testing with a Two- 
Channel Recording System (Stokoe et al, 1994) 
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Figure 2.46 Dispersion curve and shear wave velocity profile from SASW test at GYE-010N or 
218ECU site 
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Figure 2.47 Shear wave velocity profiles from SASW tests for sites with category E, based on 
Vs definition from NEHRP and NEC 2011 
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Figure 2.48 Shear wave velocity profiles from SASW tests for sites with category D and C, 
based on Vs definition from NEHRP 

 

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

100

105

110

115

120

125

130

135

140

145

150

155

160

165

170

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

de
pt

h 
(m

)

Vs (m/s)

212 ECU

215 ECU

220 ECU

222 ECU

217 ECU



120 

 

 

Figure 2.49 Spatial location of 445 microtremor measurements performed to estimate the elastic 
site period variation of the city of Guayaquil (colors represent the geotechnical zonation map 

from Vera-Grunauer, et al, 2005) 
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Figure 2.50 Photograph of the equipment setup during a site measurements with a triaxial 
accelerograph 
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Figure 2.51a Updated geotechnical zonation map of Guayaquil (legend provided in Figure 
2.51b) 
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Figure 2.51b  Legend for geotechnical zonation map 
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Figure 2.52 Cross section showing typical subsurface ground conditions of the geotechnical zone D1 
(Viaduct project in the Machala Street, 4 km long, near downtown) showing the deep deposits of soft 
high plasticity clays (CH) underlying the city (depth at left and horizontal distance at the bottom are in 

meters) 



125 

 

 

 

 

 

 

 

Figure 2.53 Photographic sequence of the dark clay layer from geotechnical zone D5, Isidro 
Ayora Avenue (after Vera-Grunauer et al., 2005) 
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Figure 2.54 Distribution of soil samples evaluated on GIS model from 590 selected boreholes 
from Guayaquil City 

 

Figure 2.55 Data from GIS model for CH estuarine deltaic greenish gray clay from geotechnical 
zone D3 plotted on the plasticity chart 
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Figure 2.56 Photographs of a  representative clay sample from geotechnical zone D1 
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Figure 2.57 Photograph of a representative clay sample from geotechnical zone D2 
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Figure 2.58 Photograph of a  representative clay sample from geotechnical zone D3 
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Figure 2.59  Photograph of a representative clay sample from geotechnical zone D4 
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Figure 2.60 Photograph of a greenish gray clay sample from geotechnical zone D3 at both 
undisturbed and remolded state with the same water content 
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Figure 2.61 Photographs of a high plasticity clay (CH from geotechnical zone D3b) with PI of 
44 and sensitivity of 6, both undisturbed and remolded state, with same water content on both 

states 
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Figure 2.62 (a) Variation of Gs with depth for two sites from geotechnical zone D3, (b) mean 
values of Gs with its COV for Guayaquil clay samples from estuarine deltaic and alluvial zones 

and its comparison with clay samples from other countries (modified from Tanaka, 2002) 
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Figure 2.63 Variation of total Unit Weight of Guayaquil clay with the ratio of water content and 
its liquid limit for geotechnical zone D1 to D4 

 

 

Figure 2.64 Schematic concept of lucky harmony in the qu method (after Tanaka, 2002) 
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Figure 2.65 Variation of undrained shear strength with depth for different sites, from deltaic 
estuarine and alluvial valley environment, using data from unconfined compression test, 

Torvane, and Field Vane test 
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Figure 2.66 Comparison of qu/2 and vane strength corrected by Bjerrum's correction factor for 
Guayaquil clay from deltaic estuarine and alluvial valley environment with other clays (modified 

from Tanaka, 2002) 
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Figure 2.67 Comparison of Su with different tests for same sites evaluated for Figure 2.65, data 

varying with depth 
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Figure 2.68 Relation of the normalized undrained shear strength for normally consolidated clays 
with the plasticity index (modified from Tanaka, 2002) 
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Figure 2.69 Normalized undrained shear strength from unconfined compression tests for 
different over consolidation ratio for clayey samples from deltaic estuarine zone D1 
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Figure 2.70 Normalized shear strength ratio vs. OCR, from UC and IL consolidation test for 
geotechnical zone D1 to D5 of Guayaquil City 

 

Figure 2.71 Empirical correlation of net cone resistance (green line from CPT and purple line 
from DCPT) with undrained shear strength from Torvane, unconfined compression test, and 

corrected vane test for site GYE-010N 
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Figure 2.72 Cone factor Nk  based on vane shear strength  (modified from Tanaka et al., 2001) 
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Figure 2.73 Comparison of calculated yield stress from incremental loading and constant rate 
strain consolidation test results with the estimation based on undrained shear strength and cone 

penetration test (static and dynamic) for two sites from geotechnical zone 
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Figure 2.74 Measured settlements from different columns for the Previsora Building after 
construction; located in downtown, geotechnical zone D1 (deltaic estuarine environment) 
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Figure 2.75 EOP compression curve for a naturally cemented greenish gray clay from 
geotechnical zone D3a (site GYE-01N from deltaic estuarine environment) by means of  

Constant Rate of Strain test 
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Figure 2.76 Relationship between CR, RR (from IL oedometer test) and natural water content 
for deltaic estuarine, alluvial valley and alluvial lacustrine clays for Guayaquil City 

 

Figure 2.77 Ratio between CR and RR for clay samples from geotechnical zone D2,D3,D4 and 
D5 
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Figure 2.78 Variation of Cαε with the consolidation vertical stress for a CH clay from deltaic 
estuarine environment 
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Figure 2.79a Spatial variation of water content at downtown area of Guayaquil, from 6 to 14 m 
depth, for reference the yellow line represent the main street (ave. 9 de Octubre) 
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Figure 2.79b Spatial variation of water content at downtown area of Guayaquil, from 14 m to 20 
m depth; for reference the yellow line represent the main street (ave. 9 de Octubre) 
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Figure 2.80a Spatial variation of Fines content (soil particles passing sieve No 200) at 
downtown area of Guayaquil, from 6 to 14 m depth 



150 

 

 

 

Figure 2.80 b Spatial variation of Fines content (soil particles passing sieve No 200) at 
downtown area of Guayaquil, from 14 to 20 m depth, for reference the yellow line represent the 

main street (ave. 9 de Octubre) 
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Figure 2.81a Spatial variation of Undrained Shear Strength (from Unconfined Compression test) 
at downtown area of Guayaquil, from 6 to 14 m depth 
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Figure 2.81b Spatial variation of Undrained Shear Strength (from Unconfined Compression 
test), from 14 to 20 m depth, for reference the yellow line represent the main street (ave. 9 de 

Octubre) 
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Figure 2.82 Relationship between natural water content and Gmax for deltaic estuarine and 
alluvial valley clays 
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Figure 2.83 Variation of Shear Wave Velocity with the Undrained Shear Strength (qu/2) for 
deltaic estuarine and alluvial clays 
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strength for deltaic estuarine and alluvial valley clays 
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Figure 2.85 Variation of the shear wave velocity with N60 for clay and silt deposits 

 

 

Figure 2.86 Variation of the shear wave velocity with N60 for alluvial sand from Holocene 
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Figure 2.87 Comparison of Vs estimation from several correlations from Japanese and US 
gravel and sand deposits, with the proposed correlation for Guayaquil alluvial sands 

 

Figure 2.88 Longitudinal expansion of a cylindrical cavity (after Romo and Ovando, 1992) 
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Figure 2.89 Stress-strain curve presumed in the cylindrical cavity expansion theory 

 

Figure 2.90 Graphical relation between qc ,from CPT and DCPT, and  shear wave velocity 
profile for a site from geotechnical zone D3 (deltaic estuarine environment) 
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Figure 2.91 Estimation of mean, maximum and minimum values of Nkc for a deltaic estuarine 
environment 
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Figure 2.92 Comparison  from insitu shear wave velocity profile, from a site at the geotechnical 
zone D3, deltaic estuarine environment, and the estimation of Vs based on the recommended 

correlations for Guayaquil soils 
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Figure 2.93 Vs measurements from Passive MASW at Cayo Formation outcrop of Tobaceous 
Shales overlaying by a Greywacke (at via Daule), varying at shallow depths from 670 ≤Vs (m/s) 

≥1200,  geotechnical zone D6 
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3. MECHANICAL RESPONSE OF 
GUAYAQUIL CLAY 

 

3.1 Introduction 

 

The deposition environment of a soil determines the complexity of physical, chemical and 
biological conditions under which sediments accumulate and consolidate (Mitchell and Soga, 
2005) aided by rate of sedimentation, temperature and diagenesis (post-depositional modification 
of soil fabric). The three general geographical depositional environments are continental, marine 
and mixed continental and marine. In this research only mixed continental and marine deposits are 
considered. They include littoral (zone between low and high tides), deltaic and estuarine clays. 
The focus is on clay deposits that are formed in estuarine deltaic environments, a transition from 
fluvial to marine environments.   

It is also important to differentiate between the development of glacial and non-glacial clays. As 
mentioned by Locat and Tanaka (2002), a clay is considered glacial when most sediments originate 
from glacial erosion, and non-glacial, when most of the sediments are the product of weathering. 
Post-depositional changes such as leaching of salts or aging will modify the mechanical and 
physicochemical properties of the clay (Locat and Lefebvre, 1986). In non-glacial clays, the 
transformation of organic matter (e.g. pyrite cementation that often occurs in marine 
environments) or the dissolution of some microfossils after burial will also generate changes in 
physiochemical properties. These may change the surface properties of the clay sediment. Some 
non-glacial clays showing such changes are: Japanese clays in Ariake, Osaka, Hachirogata; Thai 
clay (Ohtsubo et al., 1995); and Guayaquil clay. A comparison between glacial and non-glacial 
soils is shown on Table 3.1 (modified from Locat and Tanaka, 2002). 

Most soil mechanics concepts have been developed using soils with no presence of microfossils 
(if present, they were not considered). However, some clays contain significant amounts of 
microfossils due to their depositional environment, such as Mexico City clay (Diaz-Rodriguez et 
al., 1998) Ariake clay (Ohtsubo et al., 1995), Osaka Bay clay (Tanaka and Locat, 1999) and 
Guayaquil clay. The microfossils in them include diatoms (siliceous skeleton of eukarya cells in 
either freshwater or marine environments), radiolarian (found in marine environments and 
consisting mostly of silica), and formanifera (calcium carbonate shell secreted by marine eukarya). 
The presence of microfossils can have a profound effect on the behavior of the soil mass, 
conferring unusual geotechnical properties that deviate from general property expectations: 
including high porosity, high liquid limit, unusual compressibility and uniquely high friction angle 
(Mitchell and Soga, 2005). 
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Table 3.1Comparing glacial and non-glacial sediments or soils (modified from Locat and 
Tanaka, 2002) 

 

 

There exists a noticeable similarity in the fabric (flocculated) and the mechanical behavior of 
Ariake clay and Guayaquil clay. The predominant features of these two non-glacial clays deposited 
in estuary environments are smecite and—in their structures—a large proportion of diatoms and 
the presence of pyrite cementation. Figure 3.1 shows the Google Earth image of the location of the 
Ariake clay in Ariake Bay, Japan and Guayaquil clay in the Gulf of Guayaquil. It is known that 
cementation contributes to high sensitivity in clays and also to an apparent preconsolidation yield 
stress pressure (Mitchell and Soga, 2005). Clay particles adhere to the surfaces of larger silt and 
other particles through a process called clay bounding, which eventually, limits the influence of 
clay particles on the soil’s geotechnical behavior. The clay bounding provides the arching of 
interparticle forces, maintaining a large void ratio even at high effective stresses (Mitchell and 
Soga, 2005).  

For the first time, mechanical behavior of Guayaquil clay is evaluated in detail in this research, 
paying particular attention to soil structure (combined effects of the fabric, composition, and 
interparticle forces). In this chapter the results of a series of laboratory tests, undertaken in order 
to evaluate the volume change, strength and shear deformation of the clay samples obtained from 
the estuarine deltaic zone of Guayaquil City (as shown in Figure 3.2) is presented. The two 
sampling sites—Baseball Field at Kennedy Norte (BSF) and Trinitaria Island (TI)—were 
strategically selected because they represent the characteristics of the sediments covering a large 
part of Guayaquil.  

The laboratory tests included: Constant Rate Strain Consolidation, Unconfined Compression, 
Miniature Torvane, Anisotropically Consolidated Undrained Triaxial Compression, Direct Simple 
Shear, Cyclic Simple Shear, Isotropically Consolidated Cyclic Triaxial Compression, Laboratory 

Glacial Non-Glacial
Source material Rock flour Weathering

Environment
Inland seas, 

Fjords
Estuarines, 

Deltas, Seas

Age Postglacial
Pleistocene/ 
Holocene

Water Temp. Cold Warm/Cool

Clay Formation Detritic
Diagenetic / 
Authigenic

Swelling Clays Rare Abundant
Amorphous Traces Abundant

Organic Matter Low Low to High

Activity Low
Medium to 

High

Sensitivity High
Low to 
Medium
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Vane, and Fall Cone Tests. X-ray powder diffraction (XRD) and Scanning Electron Microscopy 
(SEM) aided in understanding the soil structure and mineral contents. 

To better understand the mechanical behavior of these soils, a series of numerical models were 
used: Simple DSS model (Pestana et. al., 2000), SimSoil model (Pestana and Salvati, 2006) and 
MKS model (Matasovic, 1993; Matasovic and Vucetic, 1995). The analysis of the results will 
provide a framework for understanding the mechanical behavior (static and cyclic) of the 
estuarine-deltaic, high plasticity, diatomaceous, naturally cemented clay in Guayaquil.  

 

3.2 Literature Review 
 

3.2.1 Characteristics of Soil Structure  

 

Soil structure is characterized by combined effects of its fabric, composition and interparticle 
forces. The fabric in natural soils develops over geologic time under the influence of both the 
depositional and post-depositional environments and constitutes the form in which soil particles 
associate and arrange. Stability of the soil fabric controls the mechanical behavior of natural soils 
and is affected by changes in applied forces and in the chemical environment (Soga, 1994).  

Soil structure is also used to account for the differences between a soil’s natural and disturbed 
states. Under a given effective stress, a soil can have different void ratios depending on its soil 
structure. A soil that has a large open fabric is considered metastable (e.g. cemented estuarine 
deltaic Guayaquil clay) and defined as a structured soil (Soga, 1994). A soil with its particles 
arranged in an efficient way is considered stable and defined as a destructured soil. Causes of 
metastable soil structure development include: salt leaching, dispersing agent effects, ion exchange 
effects, edge to edge particle arrangements, cementation, thixotropic hardening and weathering 
(Houston, 1967). The depositional and post-depositional histories are keys to understanding the 
final soil fabric. 

Depositional Soil Fabric: The depositional fabric is controlled mainly by soil type, rate of 
deposition and the chemical environment. Additionally, the biological environment sometimes 
plays a role. The surface of clay particles generally has a negative charge and electrostatic 
repulsion forces act between those particles. Thus, clay-particle arrangements during deposition 
are developed through physicochemical interactions between water ions and the sediments, 
making the water chemistry critical for the formation of an initial soil fabric. If ion concentration 
and pH of water in the clay mineral solution are changed, flocculated o dispersed soil fabrics can 
form.  

In Figure 3.3(a) a flocculated state is shown where clay particles form aggregates during settling. 
Figure 3.3(b) presents a dispersed state in which clay particles descend from suspension as separate 
individuals during sedimentation (Soga, 1994). The diffuse-double layer interaction theory is used 
to explain the development of these two fabrics (Mitchell and Soga, 2005). The degree of openness 
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between two parallel oriented clay particles depends on soil mineralogy and the water chemistry, 
including both the salt content and the monovalent/divalent cation ratio. Dispersion occurs when 
the openness increases with decreasing electrolyte concentration or decreasing cation valence; 
flocculation occurs under opposite conditions.  

In natural systems, the physicochemical environment rapidly changes when rivers and streams 
discharge sediments into highly saline bodies of water, such as deltas and coastal embayments, or 
into estuaries of brackish water containing a lot of organic compounds (Soga, 1994). In these 
environments, like in Guayaquil estuarine deltaic environments, flocculation occurs rapidly and 
clay particles settle together to form an open soil fabric.  

The rate of sedimentation is important in forming an open soil fabric. A higher initial void ratio (a 
metastable structure) is obtained through faster sedimentation rates because water expulsion is 
impeded. Under deltaic-estuarine conditions, such as those found in Guayaquil, sediments deposit 
at a faster rate because of higher sediment concentrations, aided by topographic conditions. The 
interaction between fresh river water (e.g. from Daule and Babahoyo Rivers) and the sea water 
(e.g. in the Gulf of Guayaquil) encourages the formation of flocculated aggregates.  

Post-depositional Soil Fabric: As the process of diagenesis occurs, both physical and chemical 
processes modify the initial soil fabric. The physical process occurs under consolidation, as 
increasing overburden pressure decreases the void ratio of soil and strengthens the soil structure. 
This effect, due to desiccation, is found at shallow depths in Guayaquil clays. Over geologic time, 
such deformations form densely packed clay particles.  

Chemical processes, causing the precipitation of chemicals, can develop cementation at particle 
surfaces and at edge contact points (as shown schematically in Figure 3.3). The time and 
temperature under which cementation occurs is also important. Slow load increases and rapid 
cementation can carry the overburden pressure without further consolidation. Cementation may 
accelerate in a high temperature environment. The flow of water in and out of soil removes or 
introduces chemicals, colloids and micro-organisms. Leaching of a marine clay causes little 
change in the fabric. (Soga, 1994).  

 

3.2.1.1 Pyrite Formation as Cementing Agent  

 

Berner (1984) explained the principal steps in sedimentary pyrite formation (as shown in Figure 
3.4). Under shallow burial, pyrite forms when detrital iron minerals react with H2S (Hydrogen 
Sulfide). The Hydrogen Sulfide, in turn, is produced by the reduction of interstitial dissolved 
sulfate by bacteria which use sedimentary organic matter as a reducing agent and also as an energy 
source. The initial product of this reaction is not pyrite but rather a series of metastable iron 
monosulfides, which during early diagenesis, readily transform to pyrite. The major factors that 
control the extent of pyrite formation are the amount of organic matter and reactive iron minerals 
deposited in the sediment and the availability of dissolved sulfate. In freshwater sediments (e.g. 
alluvial deposits in northern Guayaquil), this process is limited by their low concentrations of 
dissolved sulfate.  
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In normal marine sediments (those deposited in oxygen-containing bottom waters), pyrite 
formation is controlled mainly by the amount and reactivity of organic matter buried in the 
sediment and, as a result, pyrite sulfur and organic carbon correlate positively with one another. 
However, rapid sedimentation in these waters can increase the production of H2S due to rapid 
introduction of reactive organic compounds into the zone of bacterial sulfate reduction. Anoxic 
marine sediments (anoxic waters are areas of sea water, fresh water, or groundwater that are 
depleted of dissolved oxygen) are generally found in H2S-containnig bottom waters or in areas that 
have restricted water exchange (like estuary streams of Guayaquil). A plentiful supply of both 
organic matter and hydrogen sulfide brings about the formation of high concentrations of pyrite, 
limited only by the reactivity of iron-minerals present in the site of deposition. Pyrite formation in 
estuaries is also aided by longer water retention period which allows H2S more time to react with 
iron minerals. (Berner, 1984). Iron is a product of mineral weathering upland. Thus, iron 
concentrations are lower in marine sediments than they are in deltaic environments. Brackish and 
marine environments are prone to develop larger amounts of pyrite sediments than fresh water 
environments with anoxic conditions. From the results shown in Chapter 2, a greater presence of 
clay with pyrite cementation is anticipated in geotechnical zones 2, 3a, and 3b (estuarine deltaic 
zones) than in zone 1 or in alluvial soils from zone 4.   

The effect of soil structure cementation on its compression behavior is shown schematically in 
Figure 3.5 (Soga, 1994). After sedimentation at point O, the initial fabric forms whose voids ratio 
depends on the depositional environment. Under a given effective consolidation stress, a soil with 
a flocculated fabric will have a lower density than one with a deflocculated fabric. At the same 
void ratio, a flocculated soil is more rigid because of the random orientation of its particles and 
particle groups (Soga, 1994). As overburden stress increases, the soil consolidates along the virgin 
compression line as shown in Figure 3.5(a). The flocculated fabric can carry effective stresses at a 
void ratio higher than a destructured fabric, but the rate of decrease in the void ratio of a structured 
soil under increasing stress is much larger as the open fabric gradually collapses. Furthermore, 
post-depositional changes, such as chemical cementation (pyrite cementation) and secondary 
compression can modify the shape of a virgin compression curve (Soga, 1994). 

Secondary compression is the reduction of void ratio e1 with time under a constant vertical 
effective stress σ’ v1, as the soil particles rearrange themselves into a more stable condition. The 
result is an increase in preconsolidation stress from σ’ v1 to σ’ vb as shown in Figure 3.5(a). In 
addition, cementation at particle contacts may increase the preconsolidartion stress from σ’ vb to 
σ’ vc. The applied stress is now carried by the soil skeleton at that void ratio (e1) and by the 
cementation bonds (Soga, 1994). 

Both secondary compression and cementation increase the preconsolidation stress of a soil, and it 
becomes ‘overconsolidated’, even though the soil never experienced a load larger than the present 
overburden stress. This condition is called ‘apparent overconsolidation’ or ‘structure-induced 
overconsolidation’. On the other hand, a soil overconsolidated by a large past overburden stress is 
called a ‘stress-induced overconsolidated’ soil – as shown in Figure 3.5(b). 

Structure-induced overconsolidated soils can have the same preconsolidation stress (or yield 
stress) as the stress-induced overconsolidated soils, as shown in Figure 3.5(b), but the difference 
is the void ratio. The structure-induced overconsolidated soil has a larger void ratio and a 
metastable structure, and once the applied load exceeds the yield stress, the soil structure breaks 
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down, and large compression is observed (Soga 1994). Positive pore pressure will develop during 
shearing of these structure-induced overconsolidated soils.  

 

3.2.1.2 Diatom Microfossils  

 

Tanaka (2002) and Shiwakoti et al. (2002) evaluated the influence of diatom microfossils on 
engineering properties of Japanese clays. They found that even a small amount of diatoms in the 
soil structure can dramatically impact the mechanical behavior of the soil. Diatoms are single 
shelled plants that grow in fresh or salty water rich in dissolved silica, consuming the dissolved 
silica to build up their skeletons (Treguer et al., 1995; Antonides, 1998). There are hundreds of 
diatom types in Gulf of Guayaquil; researchers have found around 190 species (Jimenez, 1983).  

Volcanic outputs may yield plenty of dissolved silica and other nutrients necessary for the growth 
of diatoms. Thus, in general, the occurrence of diatoms could be assumed to be correlated with 
localities with tectonic activities (e.g. seismically active areas in the Gulf of Guayaquil). 

 

3.2.2 Geotechnical Characteristics of Japanese Clays 

 

Japanese clays were deposited mostly under non-glacial conditions (see Table 3.1) (Locat and 
Tanaka, 2002). As mentioned by Tanaka et al. (2001), most Japanese clays have smectite as a 
dominant clay mineral. This is largely due to the presence of basaltic volcanic rocks (Kimura et 
al., 1991), or warm and humid conditions that favor the development of such minerals. Volcanic 
activity also provides a large source of silica for diatom microfossil formation.  

The holocene Ariake clay site is located in the western part of Kiushu Island in Saga Prefecture 
(see Figure 3.1). The width of its sea outlet influenced the extent of mixing of fresh and salt water: 
brackish conditions existed while the bottom 7-30m of sediment accumulated (depending on the 
site); and near-marine conditions existed while the upper 11m accumulated (Torrance, 1995). As 
a result, highly-saline sediments overlie low-saline ones. The Ariake Bay sediments derive from 
erosion of surrounding granitic and pyroclastic material. The clay-size soil is dominated by a low-
swelling smectite, with illite, vermiculite, chlorite, kaolinite, and halloysite also being present 
(Torrance 1995). The silt and fine-sand fractions contain quartz, feldspars, cristobalite, and 
volcanic ash. The soil fabric is flocculated. Post-depositional changes in Ariake clay created the 
presence of pyrite cementation (from 1 to 2%).  

Locat and Tanaka (2002) presented SEM pictures of Ariake clay, at 3m depth (Figure 3.6 (a) and 
(b)), where a flocculated structure and the presence of abundant fossil debris can be seen. In Figure 
3.6 (a), well-preserved centric diatoms are shown with the letter D. Kobe clay sample (in Figure 
3.6 (c)) was located closer to the Osaka river mouth than the Kansai sample obtained near Kansai 
Airport, shown in Figure 3.6 (d) (Locat and Tanaka, 2002). Kobe sample is coarser than Kansai 
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sample, with some angular silt particles and debris of diatoms microfossils. Kansai clay sample 
presents special geometry of diatoms filled with framboidal pyrite.  

Geotechnical properties of an Ariake clay profile are presented in Figure 3.7 (Ohtsubo et al., 2000). 
Activity of Ariake clay varies from 1.43 to 0.63, decreasing with depth. The particle size 
distribution has 80 to 60% clay-size particles. The sensitivity of this clay increases with depth 
(from 7 to 15 at 10m depth), with some peaks of 30; below 10m, it varies from 15 to 22. The clay 
mineral composition is mainly smectite, ranging from 58% to 40% in the upper 10m. Tanaka et al. 
(2001) present a comprehensive evaluation of the geotechnical characterization for Ariake, 
Singapore and Bangkok clays. Table 3.2 presents a summary of geotechnical parameters of Ariake 
clay, which will be compared in this research with estuarine deltaic clay in Guayaquil. 

 

Table 3.2 Geotechnical parameters of Ariake Clay from 3 to 12m depth, (modified from 
Tanaka et al., 2001) 

 

 

Hanzawa (1992) evaluated various methods to determine undrained shear strength of soft marine 
clays, including field vane, cone penetrometer, direct shear, and unconfined compression tests. For 
short term analyses (end of construction stability analysis), two correction factors where 
considered—strength anisotropy and strain rate effect—in order to estimate the design undrained 
shear strength under normally consolidated state, as follows: 

USCS= CH

depth = 3- 12m

Clay content(%) <2µm = 50

wL(%) = 105-130

wn(%) = 120-150

PI (%) = 60-100

OCR = 1.2 -1.7

φ'p (degree)= 46 - 57

Cv (m2/yr) 3.6

Su/σy (UC, qu/2) = 0.32

Su/σy (vane) = 0.32

Su/σy (CKoUC) = 0.41

Su/σy (CKoUE) = 0.41

Su/σy (DS) = 0.38

LI= 1.2 - 1.5

Gs = 2.6 - 2.63

Activity= 0.8 - 1.4

Holocene 

Ariake 

Clay
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Sudesign = Suo x µA x µB 3.1 

where: Suo is the in-situ shear strength (based on the type of laboratory or field test), µA and µB are 
the correction factors for strength anisotropy and strain rate effect, respectively (Ariake clay from 
Saga Prefecture and Kuwana clay from Mie Prefecture were considered). 

Several Ko-consolidation triaxial compression (CKoUC) and extension (CKoUE) tests were 
performed in addition to a modified direct shear (DS) test (where a constant volume shear test was 
possible). Hanzawa (1992) mentioned that various improvements were made to eliminate the 
friction between the shear box and the loading plate to apply the vertical stress and force acting in 
order to incline the shear box and the plate during shear for the Direct shear device.  

For Ariake clay samples with PI = 50 - 75%, 2SuDSS/ (SuCKoUC + SuCKoUE) varied from 1.02 to 1.04 
under SuDSS/σ’ vc values of 0.28 to 0.27.  

For Kuwana clay samples with PI = 35 - 52%, 2SuDSS/ (SuCKoUC + SuCKoUE) varied from 0.98 to 
0.96 under SuDSS/σ’ vc from 0.28 to 0.27.  

Thus, for these Japanese clays, the recommended anisotropic correction factor µA is 1 for general 
case, Hanzawa (1992). After CKoUC tests on three soft clay samples (PI = 30 - 55%), Hanzawa 
(1992) established the strain rate effect correction factor µB for [Su(10

-2
 to 10

-3
%/min)/Su(10

-1
%/min)] as 

0.85. Comparing direct shear and unconfined compression tests, he obtained: 

qu/2 = (0.85 - 0.90)SuDSS, for these clay samples.  

Assuming that these direct shear tests produce a representative mode of failure (similar to the direct 
simple shear test), he defined the design undrained shear strength as: 

Sudesign = (0.95 – 1.0) qu/2, for Ariake and Kuwana clays.  

This situation is similar to what Matsuo (1984) describes as “lucky harmony” (compensating 
error), where different effects of strength anisotropy and strain rate, and the errors induced by 
disturbance and stress release through sampling cancel out, allowing one to establish design values 
through a simple test like unconfined compression.  

However, special care should be taken using clay samples with thin sand seams in unconfined 
compression tests, as failure under tension shear may decrease the value of undrained shear 
strength due to the presence of nearly horizontally fine sand seams that cannot hold residual 
effective stress large enough to maintain the state of the stress of the entire sample. Adequate 
sampling measures and UC testing at a rate of 1%/min are important. 

Hanzawa (1992) collected data from constant strain rate consolidation tests for Ariake and Kuwana 
clays. For Ariake clay he found a constant OCR (ratio of yield stress/ overburden effective stress) 
of 1.6, over the entire clay layer, 20m thick. This apparent overconsolidation could be explained 
with the presence of Pyrite cementation on its soil structure. 

Kokusho et al. (1982) performed a systematic experimental study of dynamic properties of natural, 
alluvial soft clays from Teganuma, Chiba, Japan. The cyclic characterization was performed using 
a cyclic triaxial apparatus. Normally consolidated clay samples with void ratio of 3.9 to 2, PI from 
41 to 90%, and clay content from 37 to 51% were consolidated at an effective isotropic 
compression of 16kPa (2.8m depth) and 62KPa (17.3m depth). Resulting normalized shear 
modulus and damping curves will be compared later with Guayaquil Clay. 
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Nagase et al. (2006) performed a series of cyclic tests for Ariake Clay samples collected from 
Honmy River estuary in Nagasaki Prefecture. The clay sample (at 6.0- 6.8m depth) had a natural 
water content wn = 134%, specific gravity Gs = 2.63, void ratio e = 3.12, Plasticity index PI = 93%, 
and wn/LL = 1.0. The consolidation effective stress applied was 31 kPa. The cyclic test was 
performed at 0.1Hz with a torsional cyclic shear apparatus, using anisotropically consolidated 
(K=0.5) samples. Those results will also be compared later with the results of this research. 

In addition, Cyclic triaxial tests on samples of Bangkok clay, by Teachavorasinskun et al. (2002) 
are considered, to gather results on shear modulus and damping ratio of soft clay. 

 

3.2.3 Soil Modeling  

 

Monotonic and cyclic behavior of Guayaquil clay was modeled under simple shear conditions 
based on the SimpleDSS model (Pestana et al., 2000; Bisconti, 2001). Additionally, for deep soft 
clay sites, an estimation of the shear modulus and damping degradation curves for Guayaquil clay 
was modeled under higher pressures (higher confining effective stress) based on the Simsoil model 
of Pestana (1994) and Pestana and Salvati (2006). 

For nonlinear dynamic site response analyses presented in Chapter 4, a modified Konder-Zelasko 
(MKZ) nonlinear hysteretic model was considered (Matasovic, 1993; Matasovic and Vucetic, 
1995) in order to characterize the nonlinear cyclic response with the algorithm DMOD (Matasovic, 
2006).  

 

3.2.3.1 SimpleDSS Model (Pestana et al., 2000; Biscontin, 2001)  

 

SimpleDSS is a rate-independent constitutive model. The model uses the concept of normalized 
soil response, which is equivalent to that predicted by most effective stress models based on the 
Critical State Mechanics Framework (e.g. Roscoe and Burland, 1968; Schofield and Wroth, 1968). 
The constitutive laws incorporate anisotropic hardening rules and bounding surface plasticity 
principles to provide realistic predictions of accumulation of plastic shear strains and shear-
induced excess pore pressure during both undrained monotonic and cyclic loading (Pestana, 1994). 
The normalized behavior concept (e.g. Ladd et al., 1977) of the model applies only for cohesive 
soils which do not have their basic structure changed drastically under loading. For structured soils 
like Guayaquil clay, this limitation has important implications.  

A brief description of constitutive equations necessary to describe monotonic behavior from the 
SimpleDSS model is presented here. Full details are available in the literature (Pestana, 1994; 
Pestana et al., 2000; Biscontin, 2001). 

Stress-Strain Relationship: The incremental elasto-plastic equation during a monotonic DSS test: 
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The elastic component is described by: 

 ������� = �� ���������
, where �� = ���� ����                       3.3 

Gmax is the small strain shear modulus that can be obtained from shear wave velocity 
measurements, b is a constant describing the power law variation of Gmax as a function of the 
normal stress (not mean stress) in the DSS test with respect to the value at the normally 
consolidated state. The shear stress ratio η = τ/σn, is the induced shear stress normalized by 
effective normal stress σn. The maximum normal stress is σp. A value of b of 0.5 has been found 
to give excellent predictions for Drammen clay (Andresen et al., 1979). Gn is a material parameter 
controlling the relationship between the small stain shear modulus at normally consolidated state 
(GmaxNC) and the value of maximum past pressure (Pestana et al., 2000). 

The plastic component for first loading is described by: 

������� = �� ��� �!"#�(��% )�'���' ()*+, − ./0+(12%)13, η ≤ tan ψ             3.4a 

������� = 45�� ��� �!"#�(��% )�6789 :�� − 5������;:��<��, η >tan ψ             3.4b 

./0+(>) = ?      1      /B   > > 0      0     /B   > = 0   −1     /B   > < 0                3.4c 

where: Gp is the material parameter controlling the shape of the first loading curve (backbone 
curve) for normally consolidated specimens, tan ψ is the shear stress ratio at large strains 
(corresponding to γ = 15 to 20%),  ηc = τc/σn = tan α is the consolidation shear stress ratio 
corresponding to the inclination α of the slope (for this research, α is zero because only level 
ground is considered). 

Simulation of pore pressure generation: Pore pressure generation during standard monotonic 
DSS test is defined by: 

ηG = )*+G, − ()*+G, + 0.81JG − 1.81J 1) �K�K�L�ML
��ML � , for β < σn/σp<1             3.5 

where: β is the failure ratio defined as the ratio of the effective normal stress at large strains to the 
maximum normal stress, and m is a material parameter defining the slenderness of the shape of the 
effective stress paths (plastic state surface, resembling that of the yield surface oriented in the 
direction of Ko consolidation). 

Pestana et al. (2000) mentioned that first three parameters (β, m and ψ) control the shape of the 
plastic state surface, which defines the effective stress path during first loading from normally 
consolidated states and during yielding when loading from overconsolidated states. The other two 
parameters (Gn and Gp) control the initial stiffness and shape of stress-strain curve respectively. 
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Figure 3.8 shows a schematic representation of an undrained monotonic direct simple shear test 
using the SimpleDSS model and how its parameters affect the model prediction.  

Pestana et al. (2000) suggested that for small values of m, the plastic state surface resembles an 
ellipsoid whereas for higher values of m the surface approaches a triangular shape. For a given 
value of β, as the slenderness parameter m increases the undrained shear strength increases while 
the excess pore pressure at peak shear stress decreases. The excess pore pressure at failure is only 
influenced by failure ratio β. For a given value of m, an increase in β causes an increase in both 
the shear stress at large strains and the undrained shear strength. Pestana et al. (2000) also 
suggested an equation to estimate the sensitivity of a clay specimen: 

St = Suo/(βσp tan ψ)                   3.6 

where: St is the Shear strength sensitivity, Suo is the undrained shear strength for monotonic DSS 
test (standard test, τc = 0).  

For structured clay materials, like Guayaquil Clay (with pyrite cementation), Equation 3.6 should 
be used cautiously. 

Pore pressure generation in cyclic loading: As suggested by Pestana et al. (2000) one of the key 
characteristics of cyclic response of clays is the continued accumulation of plastic strains and 
shear-induced excess pore water pressure with increasing number of cycles.  

By utilizing the same concept of first loading from normally consolidated state, the effective stress 
path inside the plastic state surface is controlled by a load state surface referred to as transitional 
state surface (TSS). The orientation of the transitional state surface is uniquely controlled by the 
shear stress ratio at the last reversal, ηrev, whereas the shape depends on the ratio of the normal 
stress at the last reversal, σnrev, to the maximum normal stress, σp, and the material parameter θ. 
As a result, θ controls the effective stress path during cyclic loading and can be determined by the 
rate of pore pressure generation as a function of the number of cycles. 

The accumulation of plastic strains is controlled by λ that is a material parameter inside the plastic 
state surface. Detailed explanations of pore pressure generation and plastic strain accumulation 
equations are presented in literature (Pestana, 1994; Pestana et al., 2000; Biscontin, 2001). 
Parameter λ controls the shear stiffness and thus the accumulation of plastic strain with increasing 
number of cycles. Figure 3.9 shows a schematic representation of a typical prediction of undrained 
stress-controlled cyclic DSS tests on normally consolidated soil using the SimpleDSS model 
(Biscontin, 2001).  

 

3.2.3.2 Simsoil Model (Pestana and Salvati, 2006) 

 

Pestana and Salvati (2006) presented a simple model that predicts the nonlinear small strain 
behavior of cemented and uncemented granular soils. Even though the model was calibrated for 
gravel and sand, it can also be applied, with proper considerations, to structured fine soils, like 
Guayaquil clay. The Simsoil model is considered in this research to estimate the elastic shear 
modulus (maximum shear modulus), modulus reduction and damping curves under different 
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confining effective stresses to capture the cyclic behavior of estuarine-deltaic deep clay deposits 
of southwestern Guayaquil. 

Pestana and Salvati (2006) suggested an equation that relates the maximum shear modulus with 
confining stress and its initial void ratio, as follows: 

�LNO�NPL = ��Q��.R � ��NPL��
                   3.7 

where: p = mean effective stress; patm = atmospheric pressure; e = void ratio, Gb = material 
constant; Gmax =maximum shear modulus; and n = power-law exponent. Pestana and Salvati (2006) 
found a well-bounded range for n of 0.4-0.6 for sandy and gravelly soils. 

The reduction of the shear modulus and the increase in damping with increasing shear strain can 
be estimated with the hysteretic formulation over a wide range of confining pressures together 
with the formulation of Gmax (equation 3.7).  

For one-dimensional (1D) site response analyses, Pestana and Salvati (2006) suggested 
transformation variables based on Pestana’s (1994) research. To find the damping and shear 
modulus reduction curves, it was convenient to translate the hysteresis loop so that it begins at the 
origin as shown in Figure 3.10. In the original equations, for the backbone curve, the reversal state 
is set at zero. Re-ordering the equation of modulus degradation: �PN��LNO =  ��STU(JV∗)X.YZSTUJVSTN[(JV)[                                 3.8 

where: c = (2)0.5/p; τ* is limited to a maximum value of 0.005/c; τ = horizontal shear stress; ωs and 
ωa = material parameters; ωa controls the intermediate to large strain behavior; and ωs controls the 
small to intermediate strain behavior. Gtan = secant shear modulus, for an induced shear strain level 
γ given by the equation: 

2 =  ?  \1 5\] + TU(JV∗)^.YZ�._` + TUG (\])G + TN[R (\])R:  /B (\]) ≤ 0.005                
         \1 5\] + TU(JV∗)^.YZ�._` + TUG (\])G + TN[R (\])R + c!(\]∗)d._`\] ∗∗:  otherwise

          3.9 

where: c1= p/[(2)0.5/Gmax] and τ ** = τ – τ*. When hysteresis loop is translated and the reversal 
state is set to zero, then the shear strain calculated in equation 3.9 is taken as the double amplitude 
shear strain. The equivalent viscous damping ratio ξ is calculated as: 

e =  
fgg
h
ggi �Gj� ?1 − GJ�� kJVG + TU(JV∗)^.YZ�._`V � V∗G._`� + TUl (\])G

+ TN[�G (\])R mn  /B (\]) ≤ 0.005                           
   �Gj� ?1 − GJ�� k�JVG + TUl (\])G + TN[�G (\])R� ] + TU(JV∗)^.YZ�._`V � V∗G._` + ] ∗∗�

+ TU(JV∗)X.YZJV[∗∗GV
mn  otherwise

                 3.10 

With equations 3.9 and 3.10, damping curves can be developed. Figure 3.11 shows the influence 
of ωs on the shear modulus reduction and damping curves. As ωs increases, the shear modulus 
decreases and the damping increases for a given strain. The influence of ωa is similar to ωs, but the 
effects are relevant at larger strains (Pestana and Salvati, 2006). 
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3.2.3.3 MKZ Model (Matasovic, 1993; Matasovic and Vucetic, 1995)  

 

This hysteretic constitutive model is based on the original hyperbolic model by Kondner and 
Zelasko (1963)—the MKZ model—that was intended to cover a large range of strains all the way 
up to failure. However, Matasovic (1993) found that dominant strains in the seismic response of 
soil deposits are usually less than 1–3%, which are much lower than typical static failure strains in 
soil. To accurately estimate the initial loading curve, Matasovic (1993) suggested that τmo (shear 
strength of the soil) can be arbitrarily chosen as the τ ordinate corresponding approximately to the 
upper boundary of the dominant shear strain range. Figure 3.11 shows the MKZ model that 
represents a fully nonlinear degrading stress-strain behavior (Matasovic, 1993). From Figure 3.12, 
G*mo = Gmo /σ 'vc, τ *mo =τ mo /σ 'vc , σ’ vc = vertical consolidation effective stress. Matasovic (1993) 
suggests, from the prediction by the MKZ model, for the positive portion of an initial backbone 
curves the used τ *mo corresponding to a shear strain of 1%. Figure 3.13 shows the dynamic 
normalized shear stress-strain backbone curve derived from first cycle of a multi-cycle simple 
shear test for a clay material (Matasovic and Vucetic, 1995). 

The MKZ model requires one material parameter, G*mo, and three curve fitting parameters that 
includes τ* mo, β, and s. The normalized backbone curve from MKZ model is: 

] ∗= �Lo∗ �
�SMpqLo∗rLo∗ �sU                  3.11 

Increasing β shifts the shear stress-strain curve down, whereas varying the parameter s affects the 
shape of the stress-strain curve. Higher s values leads to flatter normalized shear stress at larger 
strains. Hysteretic damping (ξ) is calculated by MKZ model, using Masing rules (Jacobsen, 1930; 
Ishihara, 1986; Vucetic and Dobry, 1986). 

The degradation of soil strength and stiffness with repeated cycling due to pore-water pressure 
generation is taken into account with the use of degradation index functions for modulus (δG) and 
strength (δτ). Incorporating these degradation functions into the equation for the MKZ backbone 
curve (originally given in equation 3.11) leads to the following equation: 

] ∗= tq�Lo∗ �
�SMpuqqLo∗urrLo∗ �sU                  3.12 

For clay materials δG = δτ = δ = N-t, where N= cycle number; t = degradation parameter, as 
introduced by Idriss et al. (1976, 1978) to take into account the rate of degradation. The definition 
of t is based on the observation that the slope of the log δ vs. log N relationship is approximately 
constant. In general, t is a function of the overconsolidation ratio (OCR) and plasticity index (PI) 
as shown in Figure 3.14.  

As mentioned before, for clays, cyclic degradation can result from both porewater pressure 
generation and deterioration of clay microstructure. The degradation function for clay takes the 
form of N-t (Idriss et al., 1978) where t = g(γct -γtup)r. Parameters g and r are curve-fitting 
parameters introduced by Pyke (2000). And γct is the cyclic shear strain amplitude while γtup is the 
volumetric threshold shear strain below which no significant pore-water pressure is generated. Hsu 
and Vucetic (2006) found that for silts and clays having PI=14–30, γtup =0.024 -0.06%; whereas 
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for sands and gravels, γtup usually ranges between 0.01 and 0.02%. For clays with PI > 30%, γtup 
tends to increase with increasing PI (Vucetic, 1994; Hsu and Vucetic, 2006).  

The residual normalized porewater pressure after cycle N is expressed as (Matasovic and Vucetic, 
1995): vw∗ = xy�R� + zy�G + {y�� + |                3.13 

 

where: u*N is the normalized residual cyclic pore pressure, u* = u / σ’ vc after cycle N. The fitting 
constants A, B, C, and D are determined experimentally.  

Figure 3.15 shows a modeling result of the relationship between degradation index and residual 
porewater pressure for normally consolidated marine clays. The fitted parameters for OCR = 1 
were; s = 0.075, r = 0.45, A= 7.6451, B = - 14.7174, C = 6.838, and D = 0.6922 (after Matasovic 
and Vucetic, 1995). 

 

3.3 Geotechnical Characterization of Sites BSF and TI 
 

A large part of urban Guayaquil is located over estuarine deltaic deposits of geotechnical zone D3 
and two soil sites there were chosen for advanced laboratory testing. From the complementary 
geotechnical and geophysical investigations (presented in Chapter 2), the site GYE-01N/209ECU 
was named BSF (Kennedy Baseball Field) and site GYE-03S/211ECU as TI (Municipal Hospital 
of Isla Trinitaria). The groundwater surface was 1.5 and 1.0m below the ground surface at sites 
BSF and TI, respectively.  

 

3.3.1 Description of Laboratory Tests   

 

Table 3.3 shows the list of laboratory tests performed on Guayaquil clay samples at the UC 
Berkeley Geoengineering lab, that includes: fall cone test (FCT), laboratory vane test (LVT), 
constant rate of strain consolidation test (CRS), direct simple shear test (DSS), anisotropically 
consolidated undrained compression test (CKUC), cyclic simple shear test (CSS), isotropically 
consolidated cyclic undrained test (CUIC), Scanning Electron Microscopy (SEM), X-ray powder 
diffraction (XRD), and total organic carbon test (TOD). 

Several Shelby tubes sealed at both ends with paraffin wax containing Guayaquil clay from sites 
BSF and TI were stored at room temperature maintaining the relative humidity at or near 100% at 
the Geoengineering Laboratory at University of California, Berkeley. The trimming process was 
carefully conducted for each test. Figure 3.16 shows an estuarine-deltaic, greenish gray, fat clay 
sample from Guayaquil before testing.  
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To evaluate the effect of soil structure in the laboratory, two situations were considered. The 
samples with ‘structure-induced overconsolidation’, representing diatomaceous naturally 
cemented Guayaquil clay were consolidated using the recompression method recommended by 
Bjerrum (1973). The samples with ‘stress-induced overconsolidation’ were subjected to 
SHANSEP method recommended by Ladd and Foott (1974), and Ladd (1991). A detailed 
explanation of these techniques was presented in Chapter 2.   
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Table 3.3 Laboratory tests performed to Guayaquil Clay samples at UC Berkeley 
Geoengineering Lab. 

 

 

 

GYE-TI GYE-BSF
Index 

properties, 
FCT

4 tests 
(5.35,6.35,7.34,8.45m)

5 tests 
(6.45,8.35,14.45,18.5, 

23.4m)

Lab. Vane test
2 tests (75

o
/min @ 

5.5m, 1140
o
/min @ 

8.3m)

4 tests (75
o
/min @18.35, 

120
o
/min@18.01,120

o
/mi

n@18.05,1100
o
/min@18.

30m)

CRS test 2 tests ( 6.25, 7.25m) 
4 tests (6.25m, 

8.25,14.25, 23.25m)

DSS test
1 test (5%/hr, 
recompresion 

consol., @ 7.35m)

3 tests (5%/hr 
recompression consol. 
@ 7.35m OCR 1.7,5%/hr 
recompression @14.5m 

OCR 2.7, 5%/hr 
SHANSEP @23.35m 

OCR 2.3)

CK0.5UC test

1 test ( 2%/hr 
@8.35m, 

recompression 
consol. OCR 1.07)

1 test ( 2%/hr @1 8.35m, 
recompression consol. 

OCR 1.85)

CSS test

3 tests (0.5hz, 
recompression 

consol. @6.25m; 
0.5hz SHANSEP 
OCR=1@ 7.35m;  
0.001Hz @7.35m 

,recompression, CSR 
~  0.22)

2 tests (0.5hz, 
SHANSEP OCR 1. 
@8.35m;  0.001Hz 

@14.35m 
,recompression, CSR ~  

0.22)

Cyclic CIUC 
test

1 test  (0.5hz, 
SHANSEP, OCR=1, 

@ 8.5m)

1  test (0.5hz, 
recompression consol., 

OCR=3.4, @14.35m)
SEM, XRD, TOC test 1 test (7.25m) 1 test (8.35m)

Estuarine Deltaic Greenish Gray GYE Fat Clay
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3.3.1.1 Scanning Electron Microscopy (SEM) and X-ray Powder Diffraction (XRD) 

 

These tests were performed with the technical support (equipment and procedures) of Dr. J. Reed 
Glasmann from Willamette Geological Service and Dr. Reed Scherer from the Department of 
Geology and Environmental Geosciences at Northern Illinois University. Two Shelby tube 
samples with clay sediments from site BSF (GYE-BSF at 8.35m depth) and TI (GYE-TI at 7.35m) 
were selected (see Figure 3.2). 

Approximately 7g of material from each sample was added to a 250ml polypropylene centrifuge 
bottle and dispersed in distilled water using a combination of gentle stirring and brief treatment in 
an ultrasonic tank (Branson Model 1510, 5-minute treatment). Following ultrasonic treatment, 
each sample was stirred for 1 minute using a rubber-tipped blender. The dispersed samples were 
set aside and allowed to settle in order to remove >15-µm material from suspension. The <15-µm 
fraction was decanted into another set of 250ml centrifuge bottles and the <2-µm fraction was 
separated by centrifugation.  

The <2-µm fraction was decanted into another set of 250ml centrifuge bottles, to which 5ml of 
0.5M MgCl2 was added to promote clay flocculation. This sample was centrifuged at high speed 
in order to concentrate the clay; the clear fluid was discarded. The process was repeated four times 
until most of the <2-µm material was removed from the bulk sample. 

Consequently, the soil was divided into three different size fractions: >15 µm, 2-15 µm, and <2 
µm. During the separation phase of laboratory testing, it was noted that the GYE-BSF (8.37 m) 
sample resisted dispersion. Following three attempts to achieve dispersion, the sample was 
centrifuged at high speed and the clear supernate was discarded. The sample was then treated with 
10mg Na-hexametaphosphate dispersing agent added to 200ml of distilled water and finally 
dispersion was achieved.  

The <2-µm fraction was treated with 0.5M MgCl2 to achieve Mg-saturation of the clay complex 
via cation exchange (Glasmann and Simonson, 1985). After three treatments with the concentrated 
salt, excess salt was removed by washing with distilled water three times. Slides of the treated clay 
were prepared for XRD analysis using the smear method (Theissen and Harward, 1962) and stored 
at 54% relative humidity until analysis. The remaining clay was then treated with 1M KCl to 
achieve K-saturation of the clay complex. Excess salt was removed by washing with distilled water 
several times. Slides of the K-saturated clay were prepared and stored at 54% relative humidity. 
The remaining K-saturated clay was re-dispersed and centrifuged to obtain the <0.1-µm fraction. 
This material was also treated to achieve Mg- and K-saturation of the clay complex; slides for 
XRD analysis were prepared and stored at 54% relative humidity. 

XRD analysis of the samples was accomplished using an automated Philips XRG 3100 
diffractometer equipped with compensating slits and a focusing monochromator. The instrument 
uses a long-fine focus Cu X-ray tube operating at 35 KV and 30 ma (quartz reference intensity – 
30,000 counts/sec). Samples were step-scanned from 2–40 degrees 2-theta using a step increment 
of 0.04 degrees and a count time of 2 seconds/step.  

The Mg-saturated clays were analyzed using a combination of controlled humidity (54% relative 
humidity) and ethylene glycol salvation treatments. The K-saturated clays were analyzed at 
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ambient humidity and after oven drying at 110ºC for 12 hours. The heated slides were placed in 
the diffractometer while hot and were subjected to a quick scan (4-14 degrees 2-theta, 0.04 degree 
step increment, 1 second dwell time) to minimize the potential re-hydration of smectitic clays 
during the scan. Semi-quantitative evaluation of the mineralogical composition of the clay fraction 
was accomplished by synthetic modeling of the XRD pattern using NEWMOD (Reynolds, 1996). 
Calculated mineral structures were mixed in various proportions until the calculated pattern closely 
matched the intensity relationships of the unknown sample. If the modeled clays closely match the 
structural and compositional characteristics of natural specimens, pattern simulation provides a 
reasonable method for estimating the composition of the clay assemblage.   

Samples for SEM analysis were first exchanged with methanol for three days to remove interstitial 
water and reduce the effects of clay shrinkage during sample drying. The alcohol-saturated 
samples were then dried in a low temperature oven (60ºC) for 12 hours and freshly fractured 
samples were prepared for SEM analysis. Two specimens of each sediment sample were prepared, 
representing vertical and horizontal fracture faces of the dried sediment. The small fragments were 
mounted on an aluminum sample holder with plastic cement and non-essential surfaces were 
coated with colloidal graphite, prior to coating each sample with Au-Pd metal in a vacuum 
evaporator.  

The samples were analyzed using an AMRAY Model 3300-FE scanning electron microscope fitted 
with an IXRF X-ray elemental analyzer (shown in Figure 3.17). The AMRAY microscope operates 
at high vacuum and, therefore, water-sensitive clays must be completely de-hydrated prior to 
analysis. Eight to ten photos of each sample were obtained under a wide range of magnifications.  

In addition, a Micropaleontology study was done for clay samples to estimate the diatom content. 
Microscope slides were prepared using smear method, in order to evaluate the character of the 
sediment, and quantitative slides to gauge the volume of material to prepare for quantitative 
analysis. Slides were prepared with three replicates, using a recent modification of the method of 
Scherer (1994). These slides provide an estimate of diatom valves per gram of dry sediment. Smear 
slides and quantitative slides were permanently mounted using Norland-61 optical adhesive 
(refractive index, 5.6) and studied using 40x, 63x, and 100x objectives on a Leica DM-R 
interference contrast microscope. Around 300 diatom valves were counted per slide. Replicate 
analyses demonstrated a reproducibility of <10%. The total organic carbon measurement (TOC) 
was performed on a Costech Instruments Elemental Combustion System (ECS) 4010 Elemental 
Analyzer, equipped with a Zero Blank Auto sampler and Isolation (Scherer personal 
communication). 

 

3.3.1.2 Fall Cone Test 

 

Hansbo (1957) presented a procedure for the determination of shear strength of clays by the fall 
cone test (FCT). The FCT is a simple testing method in which a cone is penetrated into a soil 
specimen by its self-weight and the penetration depth is measured (Figure 3.18). This test is 
extensively used in Europe and Canada for measuring Atterberg limits—i.e., liquid limit (LL) and 
plastic limit (PL), undrained shear strength (Su) in undisturbed as well as remolded clay samples, 
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and to determine sensitivity (St). However, any information on this test in Guayaquil engineering 
practice were found.  

Koumoto and Houlsby (2001) evaluated the fall cone factor K using plasticity theory. The mass 
and the conical angle of the cone are 60g and 60°, respectively. After the tip of the cone touches 
the specimen surface, the cone is freely dropped. After 5s, the penetration depth is measured by a 
dial gage. The Su is calculated by the following equation: 

}~��U[ = � = B ���U~� , �, ��                3.14 

where β is the conical angle of the cone angle, hs is the depth of cone penetration, Q is the vertical 
force imposed by the cone on the soil (weight of the cone), Su is the undrained shear strength of 
the soil, γ is the bulk unit weight, and α is the ratio of adhesion to undrained shear strength. The 
variation of the fall cone factor, K is shown in Figure 3.19, where experimental and theoretical 
data were considered (Koumoto and Houlsby, 2001). K value of 0.29 was considered for β of 60o.    

Undisturbed specimens for FCT (thickness=approx. 30 mm) were obtained through a soil sample 
extruded from a sampling tube and cut by a wire saw. The cylindrical specimen was directly placed 
at the base of the Fall Cone apparatus, and the penetration test was carried out at three different 
points in the same specimen, where each point was far enough from previous penetration tests as 
to not be influenced by disturbance. Representative undrained shear strength was calculated as the 
average of the three measurements. At the same water content, the clay sample was remolded, and 
undrained shear strength at remolded state was measured using the same procedure. Tanaka et al. 
(2012) presented a detailed analysis on measuring undrained shear strength of Ariake clay using 
fall cone test; the test used procedure was similar. 

A linear logarithm–logarithm scale model for the fall cone penetration depth versus water content 
relationship (flow curve) has been development for the estimation of liquid limit (at a penetration 
depth of 10mm for a 60o, 60g cone). Figure 3.20 shows an example of a flow curve for GYE-BSF 
estuarine deltaic clay, estimating the liquid limit, the undisturbed and remolded undrained shear 
strength and the sensitivity. 

 

3.3.1.3 Constant Rate of Strain Test   

 

The incremental loading (IL) consolidation test or oedometer test is very popular in geotechnical 
laboratory practice in Guayaquil City for soft clay samples. Several IL-tests were done during 
Guayaquil zoning, presented in Chapter 2. However, it is strongly recommended that, for 
Guayaquil clay, a constant rate of strain (CRS) consolidation test be performed. The CRS (ASTM 
D4186) test is a significant improvement over the IL (ASTM D 2435) test because while it allows 
for backpressure saturation, deformation, vertical load and pore pressure are continuously 
measured during the test. The coefficient of consolidation can be estimated. Figure 3.21 show a 
photograph of the setup of the CRS test. 

The strain rate, selected for each test allowing us to measure the excess pore pressure ∆u/σ’v, 
varied from 0.03 to 0.30. Figure 3.22 shows the variation of excess pore pressure during a test 
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performed on a GYE-BSF 8.35m clay sample. The yield stress (max past-pressure) was estimated 
based on the Pacheco Silva Method (1970), also shown in Figure 3.22. 

 

3.3.1.4 Direct Simple Shear Test (Monotonic and Cyclic) 

 

The UC Berkeley bi-directional monotonic and cyclic simple shear apparatus was used for this test 
(see Figure 3.23). The device was designed to allow for the application of forces along two 
perpendicular axes in the horizontal plane, during both monotonic and cyclic tests (e.g. Boulanger 
et al., 1991; Krammerer et. al., 2003; Biscontin, 2001). Detailed explanation of the device can be 
found in Biscontin (2001). Its bottom plates can move in any direction that consists of two track 
and table elements aligned perpendicularly to each other. The first set of low-friction track bearings 
is mounted on the base of the device, while the second one is bolted to the table rolling on the 
lower track. With this setup, independent control of the two tables can be achieved.  

As shown in Figure 3.23, a computer controlled the desired load on the bottom table with a 
pneumatic servo-valve. The load is applied to the soil through a stiff rod attached to a piston. The 
rod is threaded into the track-bearing and the piston, allowing for both positive and negative forces 
to be applied by a single piston. Another pneumatic servo-valve that is controlled by a computer 
regulates the pressure on these pistons. The vertical load is measured by a load cell attached to the 
rod. The base and the cylindrical chamber can be sealed and cell pressure can be applied to the soil 
sample. One porous stone is located at each cap and they are connected to the drainage lines. This 
setup allows the backpressure saturation and direct measurement of excess pore pressure.  

Globally undrained situation is simulated by adjusting the vertical load during the test to maintain 
the height constant (constant volume condition), so that no drainage takes place. The variations in 
vertical load during the test are then assumed to be equal to the pore pressure that would have 
developed if the test was truly undrained. Vertical displacements are measured by linear variable 
differential transducers (LVDT’s), which are located at three points around the specimen. In 
addition, horizontal displacements are measured with LVDT’s in two opposite directions. Figure 
3.24 shows a sample test response.During the consolidation phase of each clay samples a 
characteristic consolidation coefficient (Cv) was considered in order to estimate the consolidation 
time to assure the effectiveness of the phase. 

SHANSEP and recompression consolidation methods were performed to evaluate the initial soil 
structure. A wire reinforced membrane, as shown in Figure 3.23, was used to provide lateral 
restraint and ensure Ko conditions (Bjerrum and Lanva, 1966) (see Figure 3.25). The ability to 
apply pressure in the chamber and backpressure to the water lines allowed for saturation of the 
sample. All tested samples had B (Skempton parameter, ∆u/σ3) > 0.97 during back saturation.  

All monotonic direct simple shear tests were performed at the standard nominal strain rate of 
5%/hr. Cyclic simple shear tests were performed at 0.5Hz with incremental cyclic stress ratio 
(CSR) values (BSF-8.35m-SHANSEP from 0.38 to 0.12 and TI-6.35m-Recompression from 0.465 
to 0.10; TI-7.35m-SHANSEP from 0.36 to 0.04). Two additional tests were performed at 0.001Hz 
to evaluate the development of pore pressure during cyclic shear and subjected to uniform cycles 
of shear loading in one direction only, at a CSR = τcyc/σ’ vc of 0.22. 
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As an example, Figure 3.26 shows the results of cyclic shear stress vs. shear strain test on a GYE-
TI sample, under two different induced-soil structure conditions, at the same CSR = 0.36: a 
SHANSEP consolidation at σ’ vc = 119kPa and a recompression consolidation at σ’ vc = 54kPa. 
Both samples were normally consolidated (OCR =1). 

Figure 3.27 shows the scheme for computing damping and secant shear modulus under an induced 
cyclic shear strain, considering the second cycle of a multi-cycle test. For a selected shear strain 
value, the following equations are considered: 2J = �LNO��L��G                            3.15 

e = � �Gj� ���� �������� ��"��#��! (��S�G)                      3.16 

�!�J = VLNO�VL���LNO��L��                                      3.17 

where: γc = cyclic shear strain, ξ = hysteretic damping, τ = cyclic shear stress and Gsec = secant 
shear modulus. 

 

3.3.1.5 Isotropically and Anisotropically Consolidated Undrained Triaxial Compression Test 
(Monotonic and Cyclic) 

 

The recompression consolidation was applied for both clay samples, GYE-TI and GYE-BSF, 
during the anisotropic consolidation stage for CKUC tests. Figure 3.28 shows the stress path during 
the consolidation phase for both clay samples. The final effective stress ratio K (σ’3/σ’1) was 0.50 
and 0.55, for GYE-BSF and GYE-TI, respectively. Filter paper drains were used to equalize pore 
pressure as well as to provide a short radial drainage path, which reduced the time for consolidation 
(Figure 3.29 shows the setup of the CKUC test). After the specimen reached the desired effective 
consolidation stress level, the drainage valve was closed and the specimen was allowed to come 
to equilibrium prior to testing. A clear failure plane was found in both clay samples, as shown in 
Figure 3.29 the strain rate for both samples was 2%/hr.  

Gookin (1998) described the characteristics of the cyclical triaxial equipment and the test process, 
which was also followed in this research. The cyclic triaxial apparatus has internal measurements 
that help eliminate sources of error arising from system compliance. A load cell mounted directly 
on the specimen cap measures the exact load to which the specimen is subjected, bypassing friction 
between the load rod and the triaxial cell, as shown in Figure 3.30. By placing multiple 
displacement measuring devices (LVDT’s) directly on the specimen cap, compliance of the 
loading rod and its connection was eliminated. Figure 3.31 shows the cyclic triaxial test setup. The 
cyclic actuator is connected at the top of the system. The load was measured with an external load 
cell. The cyclic tests were performed at 0.5 Hz with sine-type vertical load. 

Cyclic triaxial tests were performed at 0.5Hz with incremental cyclic stress ratio (CSR) values 
(BSF-14.5m-SHANSEP from 0.29 to 0.07 and TI-8.5m-SHANSEP from 0.144 to 0.004) 
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The conversion from axial to shear properties was made with the assumption that Poisson’s ratio 
of clay samples were 0.5. This implies that the soil was completely incompressible. Clay samples 
were saturated and the cyclic (B-Skempton > 0.95) stress was applied in undrained fashion.  2 = ��S�                        3.18 

τ = �G                    3.19 

where: τ = shear stress, σ = axial stress, γ = shear strain , ε = axial strain, and µ= Poisson’s ratio = 
0.5 for undrained loading. 

The computation of secant shear modulus and hysteretic damping at a selected shear strain value 
followed the procedure shown in Figure 3.27. 

 

3.3.1.6 Laboratory Vane Test 

 

Instrumented laboratory vane tests were performed on GYE-BSF and GYE-TI clay samples. 
Before the test, a calibration procedure was done to estimate the correlation between strain gage 
responses (volts) and the applied torque (kg-cm), obtaining a calibration factor of 12.75. The test 
procedure followed the ASTM D4648 method. For each test, the vane was inserted in the sample 
to a minimum depth equal to twice the height of the vane blade in order to ensure that the top of 
the vane blade was embedded in the clay sample. The vane has a standard aspect ratio (H/D) of 2. 
Undrained shear strength was estimated for different angular rotation rates (75 to 1140o/min). 
Figure 3.32 shows a photograph of the instrumented laboratory vane apparatus and the failure 
surface after the test was performed for GYE-CLAY.   

�� = τ = 0.857 �j��                  3.20 

where: T = Maximum torque. For the laboratory vane, coefficient k = 0.02 cm3 = 0.857/πD3. Figure 
3.33 shows a shear stress variation with the increase of angular rotation for a rotation rate of 
120o/min.  

 

3.3.2 Geotechnical Characterization of GYE-CLAY at Site BSF 

 

Approximately 1.5m thick granular material filling, quarried from the nearby hills, was found at 
the top of the site profile. Underneath that lies a 23.5m thick layer (at 25m depth) of greenish gray 
fat clay, underlain by a medium to fine grain sand. Up to a depth of 14m, the clay had less than 
10% sand. Below that, the sand content in clay began to increase with depth, from 10 to 30%. At 
25 - 26m depth, a transition from clay to sand occurs.  

To the depth of 14m, the relative activity (RA) of clay averaged around 0.6, which decreased to 
0.45 towards the bottom of this clay layer, the reason probably being the significant presence of 
sand in the clay matrix. The plasticity index (PI) fluctuated between 40 a 90% down to 14m depth, 
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decreasing below this depth to values of 25 to 35%. The natural water content (wn%) in the first 
14m of clay fluctuated between 60 to 110%, followed by a value of 60 to 65% that is quasi-uniform 
with depth below 14m. The specific gravity of solids (Gs) did not exhibit a variation with depth, 
but fell between 2.45 and 2.75, with a median of 2.60. The shear wave velocity (Vs) (from SASW 
measurements) varied from 75 to 110 m/s until the depth of 14m. Below that, Vs spiked to 160m/s 
for the next 10m of clay, where it increased again to 220 m/s within the sandy layer. The bulk unit 
weight (γt) stayed uniform with depth, varying from 14 to 16 kN/m3, with a median of 15 kN/m3. 
The variation of the geotechnical parameters are shown in Figure 3.34. 

The noticeable difference in geotechnical characteristics starting at a depth of 14 was possibly 
produced by differences in depositional period. In analyze this, the variation of strength history 
and normalized undrained shear strength are plotted against depth in Figure 3.35a. 

A good correlation is observed between the trends of geotechnical parameters in Figure 3.35a and 
the yield stress (σy) (or quasi-past pressure), the undrained shear strength normalized with in situ 
effective vertical stress (Su/σ’ v) and the overconsolidation ratio (OCR) in Figure 3.35a. To the 
depth of 9m, OCR varies from 5 to 2, which is produced by the desiccation at the surface and 
probable presence of a cementing agent (Framboidal Pyrite) in the clay matrix. From there OCR 
remains constant at 2 with depth. (For Ariake clays, the reported constant OCR value was 1.6.) 
This unique characteristic is strongly influenced by the quantity of cementation in the clay matrix, 
as explained for Ariake clay in section 3.2. Even though the clay had an OCR of 2, its behavior 
will be contractile like a normally consolidated soil (as will be shown in a later section). Generating 
positive induced pore pressure during shear tests as showed in figure 3.68 for BSF-recompression 
soil samples (apparent OCR from 1.7 to 2.7). 

In the plot of OCR a sudden jump occurs at a depth between 14 and 16m. This probably shows a 
change in geological depositional stage, preceded by a period of desiccation. From a depth of 18m, 
the OCR value is maintained at values between 1.5 and 1.7 to the bottom of the clay layer at a 
depth of 24m. This double desiccation zone (on the surface and at a depth of 15m) in BSF subsoil 
was also observed in floodplain areas, like in the city of New Orleans (Seed et al., 2008). The 
apparent overconsolidation (OCR values greater than 1.5 throughout the depth) in BSF clay is 
produced by its high concentration of pyrite, a post-depositional effect the clay had undergone in 
its anoxic environment. Most importantly, this cementation persists in the clay matrix even to 
depths greater than 15m.  
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3.3.2 Geotechnical Characterization of GYE-CLAY at Site TI 

 

Starting at the terrain’s surface, there is a granular material filling that comes from the quarries of 
the nearby hills, approximately 2.0 m thick. Underneath this granular filling, one finds a 15m thick 
layer (until 17m depth) of greenish gray fat clay, under which lies 10m of a medium to fine grain 
sand. After this, a layer of clay is detected between 28 to 31m depth, finally terminating in another 
sandy layer. The clay layer has intercalations of sand, its content varying from 20 to 35%. Between 
these intercalations, the clay has 2 to 5% sand. Altogether, the sand content in the clay matrix at 
the TI site is greater than that at the BSF site.  

The relative activity (RA) in clay varied from 0.48 to 0.65 with a mean of 0.57. The plasticity index 
(PI) fluctuates between 40 and 80% until 9m depth and below that, decreases to values of 20 to 
30%. The natural water content (wn%) in the first 11m of clay fluctuates between 80 and 130%, 
followed by a value of 60% that is quasi-uniform with depth below 11m. The specific gravity of 
solids (Gs) has a value of 2.5 until the depth of 9m; and of 2.7 below that. The shear wave velocity 
(Vs) varies from 75 to 100 m/s until a depth of 11m. Then it jumps to 150 m/s until 16m depth, 
and increases gradually from 175 to 200 m/s in the sandy layer. The bulk unit weight (γt) stays 
uniform with depth, varying between 14.5 to 16 kN/m3, with a median of 15 kN/m3. The variation 
of the geotechnical parameters are shown in Figure 3.34. 

Figure 3.35b shows the yield stress variation (σy),  the undrained shear strength normalized with 
the in situ effective vertical stress (Su/σ’ v) and the overconsolidation ratio (OCR) against the depth 
for TI site. Here, ‘normal’ behavior of clay deposits is observed: an increase in OCR in the upper 
layers of clay, due to desiccation and to the presence of pyrite cementation. The OCR value varies 
from 8 to 1.5 until a depth of 6m. Below 6m, the OCR value was constant with depth with a value 
of 1.5. One can suspect a smaller concentration of pyrite in the TI site. 

 

3.4 Mineralogy and Fabric of GYE-CLAY 
 

Both the clay samples are holocene non-glacial sediments from estuarine deltaic environment. 
Sample GYE-TI contains dominantly silty clay at 7.34m depth. The deeper sample GYE-BSF, 
includes thin sand and silt seams alternating with poorly sorted silty clay layers at 8.37m. The clay 
fraction of TI (42.9%) is lower than that of BSF (53.8%) as seen in Figure 3.36.  It compares the 
grain-size distributions of GYE-CLAY for sites BSF and TI with other clays (Tanaka et al., 2001). 
Clay sample from BSF has a grain distribution remarkably similar to Ariake and Bangkok clays.  
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3.4.1 Mineralogy of GYE-CLAY 

 

The clay mineral assemblage of both the BSF and TI samples includes highly expandable smectite, 
illite and chlorite, with minor amounts of vermiculite and kaolinite (Table 3.4). The smectitic phase 
shows no resistance to expansion with ethylene glycol, nor resistance to collapse with K-saturation 
and mild heat treatment. This shrink/swell behavior indicates an absence of interlayer pillaring by 
hydroxyl Al- or Fe-hydroxide material. The character of the Mg-glycol treated pattern indicates 
that the smectite is fully expandable and is unaffected by illitic or chloritic interlayering. The 1.0 
nm peak shows slight intensification after K-saturation, suggesting a weak component of highly 
charged expandable clay (vermiculite). The residual 1.4 nm peak after the K-saturated heat 
treatment confirms the presence of chlorite in the sample (see Appendix). The moderately intense 
character of the chlorite XRD peaks indicates that the chlorite phase has mixed Mg-Fe composition 
and is not dominated by Fe-rich chlorite. 

Non-clay minerals in the <2 µm fraction include minor amounts of quartz and intermediate 
plagioclase (Ca-Na alkali composition), as well as pyrite, traces of gypsum and Fe-Mn carbonate 
(Table 3.4). The XRD patterns for <2 µm clays from both BSF and TI samples are very similar 
(see Figure 3.37), indicating that the mineralogical differences between their respective clay 
fractions are slight. This strong similarity repeats in the fine clay fraction too (<0.1 µm clays, see 
Figure 3.38), which consists primarily of smectite with traces of illite and kaolinite. Therefore, the 
classification of both these sites within the same geotechnical zone D3 is justified. 
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Mineral key: Sm = smectite, % Exp = Layers indicates expandable layers in smectite; VM = vermiculite, 
ILL = illite, KAO = kaolinite, CH = chlorite, QTZ = quartz, KSP = K-feldspar, PL = plagioclase 

feldspar (mainly intermediate Ca-Na plagioclase), CAL = calcite, DOL = dolomite, SID = siderite, PY = 
pyrite, GYP = gypsum, OP = amorphous silica. Siderite noted in the 2-15 µm fraction of the 7.34 m 

sample has Mn-Fe chemistry according to SEM analysis and is an impure rhodochrosite. 

Lithology key: sc = sity clay, ssc = silty/sandy clay 

 

Table 3.4 Results of X-ray mineralogical analysis of sediment cores from samples GYE-CLAY at site 
BSF (8.37m) and TI (7.34m) 
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The 2-15 µm fraction of the sediment is significantly enriched in quartz, plagioclase, pyrite, 
gypsum, and amorphous silica relative to the finer clay fractions (Table 3.4), but patterns between 
BSF and TI samples are generally similar (Figure 3.39). This suggests that the provenance of 
sediment remained fairly constant over the period of mud deposition represented by these 2 
samples, with slight differences in grain size reflecting variations in energy within the estuarine 
environment. 

 

3.4.2 Fabric of GYE-CLAY 

 

SEM analysis of the sediment indicates that the samples contain a component of diatomaceous 
material that is particularly well expressed in the GYE-BSF 8.37m sample. The diatom assemblage 
is very heterogeneous and includes single disk-shaped structures as well as complex stacks of 
multi-cellular phytoplankton. Fragmentation of diatoms has occurred because of bioturbation by 
feeding organisms and pelleted matrix features were observed in the TI sample. The diatoms are 
often 50-70 µm in diameter and are concentrated in the coarse silt component of the sediment. The 
Siliceous broken fragments occur in the fine silt fraction of the sediment, but XRD analysis 
suggests that the total amount of amorphous silica in the <15 µm fraction is small (see Table 3.4).  

The organic component of the plankton has largely decomposed and the occurrence of framboidal 
pyrite suggests that a large part of the organic matter was lost during bacterial reduction. The BSF 
sample showed areas of intense pyrite cementation that were visible with a binocular light 
microscope. The TI sediment samples contain minor amounts of pyrite (see Table 3.4) and the 
dominance of framboidal crystal clusters observed during SEM analysis confirms that the pyrite 
formed primarily because of bacterial activity. However, the BSF clay sample has more pyrite 
cementation than the TI sample. 

The matrix of the clay samples consists of a microporous fabric of heterogeneous clays. The 
coarser illitic clays often occur with edge-to-edge particle arrangements that suggest chemical 
flocculation in the brackish water environment of the estuary, resulting in a metastable structure 
(as described in Section 3.2).  

The finer smectitic clay matrix shows complex chemistry (elements include Fe, Ca, Mg, Na, K, 
Al, Si, and O) that is typical of detrital clay assemblages. Occasional silt-size flakes of biotite were 
observed and clays with pronounced Mg-Fe-Al-Si-O chemistry probably represented chlorite. No 
discrete particles of kaolinite were encountered during SEM analysis.   

The silt component of the mud includes grains of quartz, intermediate plagioclase (Na-Ca-Al-Si-
O chemistry), spinel (Ti-Fe-O chemistry), diatoms (Si-O chemistry), pyrite (Fe-S chemistry), Fe-
Mn carbonate, and gypsum (Ca-S-O chemistry). Bladed gypsum aggregates were observed in the 
BSF sample and may have formed during oxidation of pyrite in the wet sample in storage.  

Smaller gypsum crystals were identified in the TI sample, often in proximity to partially pyritized 
diatoms within the mud matrix. The robust, elongated gypsum crystals observed in the BSF sample 
were not observed in the TI clay, suggesting that growth of the elongated gypsum was favored by 
the higher porosity of the sandy BSF sediment.  
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The diatom assemblage of the sediment is very diverse and is associated with significant amounts 
of microporosity (pore diameter <1 µm). Diatoms are frequently fragmented and have been 
homogenized into the silty clay matrix through bioturbation of the sediment by burrowing 
organisms. The primary difference between the 7.34m (TI) and 8.37m (BSF) samples arises from 
differences in grain size and diatom abundance. The BSF sediment sample includes bioturbated 
sand laminations that are absent in the TI silty clays. In addition, the BSF sediment appears to have 
a greater proportion of diatomaceous material and may initially have had a higher organic matter 
content. This resulted in local cementation of the sediment by framboidal pyrite.  

As the samples were exposed to air during storage, some of the pyrite oxidized, resulting in the 
precipitation of gypsum and fine particles of jarosite. Gypsum is a natural clay flocculent. If the 
gypsum content of the GYE-CLAY sediments results from pyrite oxidation, it is highly likely that 
gypsum is absent in the in situ reduced sediments and will not be a factor influencing 
clay/structural stability. The authigenic formation of gypsum can be very rapid and underscores 
the importance of careful sample storage to avoid mineralogical alteration to samples obtained 
from reducing chemical environments, which was inevitable in this research due to the humid 
room storage. 

GYE-CLAY from an estuarine deltaic environment has a structure similar to Ariake clay. Both 
clays have the same fabric (flocculated particle arrangement), microfossil diatoms, and pyrite 
cementation; smectite is also the prevalence mineral on both clays. However, the smectite mineral 
from Guayaquil is expansive and not so in Ariake clay. Figure 3.40 show the letter definition of 
Scanning Electron Micrographs images that will be utilized for the following interpretation for 
both BSF and TI samples.     

 

3.4.2.1 Description of Figure 3.41 of a Scanning Electron Micrographs for GYE-TI (7.34m) 
sample -1 

 

A. This image presents a low magnification view of a vertical face of the clay-rich sediment, 
showing a large open vughy pore (D-5) and smaller vughy pores distributed throughout the 
clay matrix. The sediment does not show strong preferred laminar orientation, but consists of 
stacks of microporous silty clay aggregates with random orientation, possibly suggesting 
bioturbation. The matrix of the mud includes fine silt-size quartz and feldspar, mica, diatom 
fragments, scattered framboidal pyrite, and finer particles of smectitic clay. 

B. A diatom test (G-7) is enveloped by a very poorly sorted silty clay matrix. The clays do not 
appear smeared around the diatom – there is no “rind” of pressure oriented clays surrounding 
the diatom. The matrix includes scattered silt-size flakes of mica (A-3), quartz (H-2), and 
plagioclase feldspar (E-3, grain shows Ca-Na-Al-Si-O chemistry). Much of the silty matrix 
shows edge-to-edge particle contacts. Zones of concentrated clay matrix (J-8) have smectitic 
chemistry and poorly defined particle shape, indicating compressed flocs of extremely fine 
clay. 
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C. A diatom fragment (E-9) is associated with a very poorly sorted silty clay matrix in this area 
of the sample. The silt component includes many grains that fall within the 2-5 µm size range. 
These include small diatom fragments (I-10), quartz (B-3), plagioclase (G-9), and small tabular 
crystals of gypsum (G-11) (identified on the basis of Ca-S-O chemistry). There is significant 
microporosity within the matrix due to the open packing of silt particles, biological porosity 
within diatom tests, and poorly compacted nature of this shallowly buried silty mudstone. The 
sediment appears to have been mixed by bioturbation and pelleted clays occur in some areas 
(see Photo D). 

D. An oblong clay pellet (B-6) exhibits much denser packing of clay particles than the adjacent 
silty clay matrix (F-8). Fragmented diatom tests (A-12, I-11) may have formed through 
biological or mechanical stress. The matrix in this image includes several small bladed gypsum 
crystals (H-8). The pelleted clays have Fe-Ca chemistry that probably indicates siderite 
formation. Small pyrite crystals rest on the diatom fragment at I-13. The growth of gypsum 
crystals in the mudstone may result from oxidation of pyrite during sample storage as the 
sediment is oxidized. 

 

3.4.2.2 Description of Figure 3.42 of Scanning Electron Micrographs for GYE-TI (7.34m) 
Sample -2 

 

A. This photo was taken from a face of the sample that was nearly parallel to the plane of bedding. 
Some of the flat diatom fragments appear to rest on the bedding surface (C-2, C-7), but other 
fragments appear to have been incorporated into the matrix. The largest grain in this image is 
about 50 µm in length (G-8) and consists of quartz. Many of the grains lie in the 2-10 µm size 
range, but are associated with fine smectitic clay matrix. The surface appears to have abundant 
microporosity that results from random particle orientation. 

B. A quartz grain at E-6 (from point G-8 in prior photo) is surrounded by much smaller silty and 
clay particles. Fragmented diatom tests are a common component of the sediment (H-10). 
These particles are microporous and have frequently been altered by microbial pyritization. 
The matrix of the sediment is moderately enriched in fine silt and is not a true clay stone. This 
probably reflects the influence of tidal activity in the river delta that may have kept fine clays 
in suspension. Clay flocculation in brackish water and deposition of large clay flocs during 
slack tidal periods probably promoted clay accumulation, but the sediment appears to have 
been homogenized by bioturbation associated with burrowing organisms. 

C. A large diatom test (I-9, ca. 40-45 µm diameter) appears to have been fragmented during 
sample preparation. Smaller pieces of diatom debris are common in the surrounding matrix 
(A-13, C-11, D-5, E-3, I-4, and K-8). The great abundance of diatom tests in the sediment 
indicates that the estuary was biogenically productive, receiving abundant nutrients that fed a 
diverse plankton population. The co-deposition of coarse silty diatoms and finer sediment 
results from the low density and slow settling of microporous diatoms compared to “normal” 
sand and silt particles. The deposition of organic-rich diatomaceous material promotes 
subsequent bioturbation by sediment feeders that homogenize the sediment. 
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D. A bladed gypsum crystal (F-10) partially fills microporosity adjacent to the large diatom 
shown in Photo C. Smectitic clay matrix occurs at D-12 and along much of the right side of 
the photo. The gypsum probably formed after the sample was obtained and exposed to air. 
This exposure promotes oxidation of pyrite and secondary precipitation of gypsum and 
jarosite (Fe-sulfates). Pyrite occurs at I-7. Note the microporous nature of the silty clay matrix 
(G-12, I-10, J-8).  

 

3.4.2.3 Description of Figure 3.43 of Scanning Electron Micrographs for GYE-BSF (8.37m) 
Sample -1 

 

A. This sample consists of stratified fine sands and silty clay with local pyrite cementation. This 
photo shows a bedding surface that contains numerous silt and fine sand-size diatom tests (A-
6, E-6, G-5, G-8, G-13, I-13, and J-9). The diatom tests are also a component of the fine sandy 
layers of the sediment. At low magnification, the silty clay component of the sediment appears 
homogenized and microporous. The sediment has probably been bioturbated and the high 
organic matter content associated with the abundant microfossil assemblage contributed to 
precipitation of biogenically formed pyrite associated with bacterial sulfate reduction 
processes. 

B. Post-depositional precipitation of bladed crystal aggregates of gypsum (D-8, E-4, H-1, G-6, 
and I-10) occurred in association with oxidation of pyrite in the sediment. Diatom tests occur 
at A-1, C-1, G-10, H-11, and J-1. The diatom tests frequently show surficial accumulation of 
framboidal pyrite (see second set of photos). The matrix of this area of the sample consists of 
mixed smectite, chlorite, and illitic clays, with fine silty quartz and feldspar. Occasional shard-
shaped volcanic ash fragments were observed and the addition of pulverized volcanic glass to 
the estuarine environment may have nurtured the development of siliceous microorganisms. 
The precipitation of gypsum in the mud has a stabilizing effect on the clays and inhibits 
dispersion of the sediment.  

C. Bladed gypsum crystals (G-9) partially fill porosity in the silty clay matrix of the mudstone 
sample. Diatomaceous material is abundant (B-7, C-5, J-2, and K-12) and consists of 
microporous silica that is surrounded by detrital clay matrix. A small pyrite framboid occurs 
at H-3. The framboidal nature of the pyrite results from bacterial activity in the zone of 
sediment sulfate reduction. Later oxidation of pyrite during exposure of the mud to air 
probably facilitated secondary growth of bladed/fibrous gypsum in the sediment. 

D. A complex mulit-storied diatom (C-8) lies surrounded by a smectitic clay matrix (A-7, F-8) 
and silty clay (I-7). The silt component of this sample is mineralogically similar to that of the 
TI (7.34 m) silty clay sediment (Table 3.4). The clay matrix of the sediment lacks preferred 
particle orientation and consists of randomly arranged particles and pelleted clays that indicate 
bioturbation by burrowing organisms. A significant portion of the total water content of this 
sediment is probably associated with microporous diatoms. The skeletal pores of the diatoms 
are often <0.5 µm diameter and result in particles with extremely large surface area. 
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3.4.2.4 Description of Figure 3.44 of Scanning Electron Micrographs for GYE-BSF (8.37m) 
Sample -2 

 

A. This series of photos represents a portion of the sample that included thin sand lamina that 
were partially disrupted by bioturbation. The maximum grain size in this photo is <100 µm, 
indicating low energy sand deposition. The sand is very poorly sorted because of bioturbation 
associated with burrowing organisms. Most of the sand grains consist of quartz and 
plagioclase feldspar, but Fe-rich grains (probably amphibole) and Ti-rich oxide grains (spinel) 
were also encountered. Coarse silt-size diatoms (H-7) are associated with the sand, and 
smaller diatom fragments are common in the silty matrix of the sample. 

B. This photo was taken from a location about 2 mm below the bioturbated sand unit illustrated 
in Photo A and shows silty clay with a diverse assemblage of siliceous microfossils (diatoms 
and diatom fragments). The diatoms are microporous (B-10, D-6, F-1, I-10) and are 
occasionally affected by pyritization (J-8). A small bladed gypsum crystal rests on the surface 
of the diatom at I-10. The presence of these microporous siliceous microfossils in the sediment 
will probably decrease its bulk density compared to non-diatomaceous sediment of similar 
clay mineralogy. 

C. A diatomaceous smectite-rich clay matrix surrounds larger very fine sand-size diatoms (G-6) 
and silty grains. The small clusters on the surface of the diatom at I-8 are pyrite framboids, 
shown more clearly in Photo D. Pieces of volcanic glass with a preserved bubble wall 
geometry occur at B-4. The matrix is very poorly sorted and includes detrital smectitic clays, 
quartz and feldspar silt, volcanic glass, and fragmented- to well-preserved diatoms.  

D. This photo illustrates a well preserved diatom skeleton with extremely small micropores (<0.5 
µm). The clustered features at E-3 and H-8 are aggregates of framboidal pyrite, composed of 
groups of tiny pyrite crystals (<1 µm diameter). The clay matrix surrounding this large diatom 
shows slight pressure orientation at H-11. The mixture of fine clay particles with sand-size 
diatoms occurs by settling out of plankton particles and clays during periods of slack tide. 
Alternatively, the particles may be mixed together during bioturbation of the mud after 
deposition. Diatom fragments occur at A-6, J-12, and J-1 and are a minor component of the 
fine silty clay matrix. 

 

3.4.2.5 Understanding the Geotechnical Parameters of Sample BSF and TI from its Soil 
Structure Point of View 

 

To analyze the effect of soil structure of estuarine deltaic sediments on its geotechnical parameters, 
the results of mechanical tests are grouped at the same depth range as the samples visually analyzed 
in the sections 3.4.2.1 to 3.4.2.4. From Table 3.5, it can be observed that BSF clay has a PI of 60%, 
while the TI sample, 44%.  Though they have the same mineralogical composition, the difference 
in plasticity is due to larger clay content in BSF sample (54%) compared to TI sample (43%). The 



   

 

193 

  

activity of BSF is slightly higher than TI, 10% more. Relative activity, RA is also higher, 5% more 
than TI.  

Both samples have similar flocculated fabrics, but the BSF sample shows higher sensitivity than 
TI because of the former’s higher pyrite cementation, which was observed during the XRD and 
SEM analyses. The TI clay was in a normally consolidated state, and yet it has a lower void ratio 
than the BSF clay whose OCR = 2.4. In addition, both have similar liquidity index values. Again, 
the reason is the cementation in BSF clay, which produces an apparent overconsolidation. This 
indicates that Guayaquil clays may develop a metastable structure when high concentrations of 
cementing agent pyrite are present.  

The presence of diatoms in the fabric has a strong influence on the compression behavior of clay 
samples. BSF sample, which contained more diatoms than TI sample, has higher in situ void ratio 
because of the capacity of diatoms to hold water in their open pores. During the virgin compression 
regime, the pores in diatoms collapse and large deformations occur. Similar behavior was found 
in Ariake clays.   
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Table 3.5Geotechnical parameters of TI and BSF samples 

 
        * Apparent OCR due to cementation 

 

  

GYE-TI GYE-BSF

USCS= CH CH

depth = 7.0-7.50m 8.0-8.50m

Sand Content (%) 2mm-60µm= 7.6 1.7

Silt Content (%) 60-2µm= 49.5 44.6

Clay content(%) <2µm = 42.8 53.8

wL(%) = 81 105

wn(%) = 88 96

PI (%) = 44 60

eo = 2.24 2.48

CR = Cc /1+eo = 0.3 0.54

OCR = 1.02 2.4*

Gmaxins itu, from SASW (MPa)= 13 15

qc, from CPT (MPa) = 0.6 0.55

St = 6 9

Su (kPa) = 21 24

Sur (kPa) = 3.7 2.7

Su, qu/2 (kPa) = 16 25

SuDSS/σ'c  @5%/hr, Recompression =
0.34        

(OCR = 1.07)

0.28 
(OCR*=2.8 

@14.5m) / 

0.38  
(OCR=1.7@23.

5m)

Bulk unit weight (KN/m
3
) 15.1 15.4

LI= 1.17 1.15

wn/wL= 1.09 0.91

Gs = 2.55 2.45

Ra = 0.54 0.57

Activity= 1.02 1.12

Estuarine Deltaic Greenish 

Gray GYE Fat Clay

Fall cone 

test:



   

 

195 

  

3.4.2.6 Diatom Characterization of GYE-CLAY 

 

The diatom assemblages in all the samples reflect their estuarine deposition. Marine, brackish and 
freshwater diatoms are present, including a high proportion of planktonic (free-floating) forms and 
common benthic (bottom-dwelling) diatoms. Marine diatoms reflect direct connection with the 
open sea, and freshwater diatoms reflect input from upriver as suspended sedimentary particles. 
Variations exist between sediment samples, but the overall character of diatom assemblages is 
similar. For characterization of diatoms, additional clay samples were considered: from Site BSF, 
samples at 14.5m and 23.5m depths were used and from site TI, one more sample at 7.5m depth. 
In both sites, vesicular volcanic glass was found (as shown in Figure 3.45). 

GYE-BSF @ 14.5m: Marine-dominated estuarine mud with abundant marine influx and volcanic 
glass. Diatoms are abundant, 5.6 million diatoms per gram, and are diverse and well-preserved. 
Abundant marine planktonic diatoms include Thalassiosira spp. (Figure 3.46) and Actinocyclus 
spp. (Figure 3.47) and the neritic (nearshore marine) Stephanopyxis and Chaetoceros spp., which 
reflects high primary productivity. Fresh and brackish water diatoms include the planktonic 
Cyclotella spp. The occurrence of very small diatoms indicated a predominance of relatively still 
water. 

GYE-BSF @ 23.5m: Marine-dominated sandy estuarine mud with common marine benthic 
diatoms. Diatoms are typically large and well-preserved, 1.4 million diatoms per gram. The lower 
concentration of diatoms reflects the higher sand content and willowing of small diatoms from the 
sandy matrix. Planktonic marine diatoms include numerous large Coscinodiscus spp. Benthic 
marine diatoms include Actinoptychus spp. (Figure 3.48), Rhaphoneis spp., Cocconeis, and 
Diploneis spp. These thrive in relatively shallow waters, usually attached to sand grains. Relatively 
few freshwater taxa occur. 

GYE-TI @ 7.5m: Estuarine mud with common plant fragments. Diatoms are well-preserved and 
abundant, 8.3 million per gram. Fewer marine taxa and more freshwater diatoms occur in this 
sample. Diatoms include benthic estuarine diatoms that thrive attached to seaweeds, including 
Gomphonema and Terpsinoë. Several species of the low-salinity planktonic diatom Cyclotella spp. 
occur in abundance. Freshwater benthic diatoms are more common in this sample than in the BSF 
samples. These include Suriella spp., Navicula spp., Brachysira, and Eunotia, (Figure 3.49). 
Brachysira and Eunotia are characteristic of acidic waters, typical of marshes and swamps. These 
are interpreted as transported into the estuary, either by the flooding of proximal marshes or 
downstream transport. The abundance of Cyclotella suggests deposition through a slow-moving 
water column in a predominantly low salinity setting. Silica-filled plant cells, called phytoliths 
(Figures 3.50) are significantly more common in TI-7.5m than in other samples. 

From the clay samples that were analyzed, the specific gravity of soil solids (Gs) were evaluated 
by laboratory testing. The correlation of diatom content and its Gs is shown in Figure 3.51. It can 
be seen that diatom concentration strongly affects the Gs – a higher diatoms concentration induces 
a lower Gs.  
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3.4.2.7 Total Organic Carbon of GYE-CLAY 

 

Samples were dried, weighed, and acid-etched to remove carbonate-bound carbon, to obtain total 
nitrogen and total carbon contents. The nitrogen in acid-washed samples was below detection limit 
in all samples. Organic carbon concentration ranged from 0.178% (BSF - 23.5m) to 0.614% (BSF 
- 14.5m). Sediment organic carbon concentrations above 0.25% are considered high. Table 3.6 
shows a summary of TOC percentage in each sample. The variance between duplicate samples can 
be attributed to lack of homogeneity within the sediments. 

These sediments are interpreted as having been deposited in a marine-influenced aqueous system 
(e.g. estuary). Sources of the organic carbon include both terrestrial and marine sources, but 
terrigenous organic carbon—notably plant matter—dominate over marine-sourced organic carbon.  

 

Table 3.6 Total Organic Carbon (TOC) results for BSF and TI samples 

 

 

3.5 Index Properties of GYE-CLAY 
 

The complete set of index properties of BSF and TI samples is presented in Table 3.5. Figure 3.52 
compares the activity values of both BSF and TI samples, with other glacial and non-glacial clays 
(after Tanaka 2002). Non-glacial clays—, Yashamita, Ariake, Singapore, Bankok y Pusan—have 
higher activity values, from 0.75 to 2. GYE-CLAY has similar activity values to Ariake and Pusan 
clays, as shown in Figure 3.52. Glacial clays like Drammen, Bothkennar, and Louiseville have a 
lower activity but high sensitivity (values from 0.4 to 1.5). Their sensitivity, which varies from 5 
to 110, is the result of post-depositional changes from leaching of salt or aging that modifies their 
mechanical and physicochemical behavior. The lower leaching of salt concentration, the higher 
sensitivity. 

BSF sample has a large concentration of marine brackish diatoms, as seen earlier. Hence, the initial 
depositional environment at the site BSF may have been largely marine. When this salinity was 

CLAY 
SAMPLE

depth(m) TOC (%)

GYE -TI (A) 7.5 0.298
GYE - TI (B) 7.5 0.307
GYE-BSF (A) 14.7 0.614
GYE-BSF (B) 14.7 0.574
GYE-BSF (A) 23.5 0.178
GYE-BSF (B) 23.5 0.213
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reduced through leaching, as suspected, BSF sample may have developed more sensitivity. 
Leaching causes little change in the fabric (flocculated in the case of Guayaquil clay), but the 
interparticle forces are changed, resulting in a decrease in undisturbed strength. A large increase 
in interparticle repulsion would cause deflocculation and dispersion of the clay during mechanical 
remolding (Mitchell and Soga, 2005). In addition to possible leaching of salinity, high pyrite 
concentrations in the BSF sample would also have contributed to increased sensitivity. The TI 
sample presents fewer marine taxa and more freshwater diatoms, meaning a depositional 
environment of predominantly slow moving water column with low salinity setting. As a result, 
less sensitivity is expected there. 

The relationship between sensitivity and liquidity index is shown in Figure 3.53 for BSF and TI 
samples. Results agree with the trends reported by Mitchell and Soga (2005), where the sensitivity 
increases as the liquidity index [LI = (wn-PL)/PI] increases. For a constant LI value, higher 
sensitivity was observed in BSF samples, confirming the expectations. 

Based on the Rosenqvist (1953) sensitivity classification, BSF clay varies from medium sensitive 
(range from 2-4) to medium quick clays (range from 16-32). On the other hand, TI clay varies 
from slightly sensitive (range from 1-2) to very sensitive clay (range from 4 to 8). As a result, the 
BSF clay structure is more unstable than TI clays. 

Remolded shear strength is related to the ratio between the natural water content and its liquid 
limit (wn/wL), wL = LL, in Figure 3.54. The lower the wn/wL the higher the remolded shear strength 
in GYE-Clay. Similar trends are reported by Mitchell and Soga (2005) but related to the liquidity 
index.  

 

3.6 Static Behavior of GYE-CLAY 
 

3.6.1 Compressibility of GYE-CLAY 

 

An important foundation design problem in Guayaquil is the settlement estimation of the structures 
constructed in estuarine deltaic and alluvial zones. Consolidation settlement in saturated clays 
(Terzaghi, 1929; Taylor, 1942) has two components. One is the primary consolidation settlement, 
which refers to all deformation that occurs concurrently with the dissipation of excess pore 
pressure. Secondary consolidation, the second component, describes volume changes under 
constant vertical effective stress. Primary consolidation behavior of GYE-CLAY is evaluated here 
using Constant Rate of Strain Consolidation test results. 

Pestana (1994) presented a framework to model the compression behavior of clays and sands. He 
described the virgin compression regime, NCL (normal compression line), by the limit 
compression curve (LCC), as follows: 

log (e) = -ρc log (σ’ v/σ’ vr)               3.21a 
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where: ρc = compressibility coefficient, e = void ratio, σ’ vr = reference vertical effective stress at 
1 atm, σ’ v = vertical effective stress.  

Equation 3.21a can alternatively be written as: 

log (e/e1) = -ρc log (σ’ v/pa)                  3.21b 

where: e1 = reference void ratio at σ’ v/pa =1.  

Pestana (1994) also proposed an empirical correlation between compression ratio (CR= Cc/1+eo) 
and compressibility coefficient (ρc) for normally consolidated clays: 

CR= 1.66[1-exp(-1.39ρc)]no                    3.22 

where: no initial porosity 

Based on the results of the constant rate strain consolidation test, Figure 3.55 shows the EOP (end 
of primary consolidation) for BSF samples merging in one plot for comparison. The shallower 
sample (6.45m) shows the characteristic form of an S-curve type for clays with cementation, even 
though in the others (which also contain cementation) no such effect is visible  (probably a product 
of sample disturbance). According to the quality ratings proposed by Lunne et al. (1997), all curves 
are “good” to “fair.”  Recognizing that the extraction of the samples, by means of a Shelby tube, 
is not the most adequate, the effect of the cementation has afforded the collecting of some 
acceptable samples for the analysis as showed in Figure 3.55. The test results are summarized in 
Table 3.7. 
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Table 3.7 Compressibility parameters for BSF clay samples from CRS consolidation tests 

  
 

Normalizing the void ratio with the liquid limit void ratio, the behavior of all the analyzed BSF 
samples tends to be similar. Now, normalizing the void ratio with e1 and plotting the curve in log-
log scale, all the curves show the same slope along the LCC, as observed in Figure 3.55. A 
compressibility coefficient of 0.35 was obtained for the four samples. Using Pestana’s (1994) 
empirical equation (3.22), the same mean value is obtained (Table 3.7).  

Based on these results, compressive behavior of these clays is clearly influenced by the presence 
of diatoms and pyrite cementation. The sample at 6.45m depth has an apparent overconsolidation 
ratio (OCR) of 3.2 (influenced by the cementing agent pyrite), a high void ratio of 2.6 and a CR 
of 0.46 (influenced by the open pores of diatoms). Similar characteristics were found in other BSF 
samples too.  

TI clay samples are normally consolidated, but with poor sample quality, as shown in Table 3.8. 
Even though the same sampling procedure as BSF samples was used, the quality of TI samples 
was affected by their lower cementation. Figure 3.56 shows CRS compressibility curves for TI 
samples, and to compare, an incremental loading consolidation test (ILC) was also included. 
Utilizing a normalization procedure similar to that for BSF samples, a compressibility coefficient 
of 0.236 was obtained graphically. From equation 3.22, the estimation of ρc was 0.24 (as shown 
in Table 3.8) for the sample from a depth of 7.25m. Thus, the empirical equation presented by 
Pestana (1994) can safely be used for high plasticity, diatomaceous, naturally cemented clay, like 
Guayaquil clays. 

Depth(m) 6.45 8.35 14.35 23.25
OCR 3.2 2.4 2.7 1.7

CR = Cc/(1+eo) 0.46 0.53 0.36 0.41

Void Ratio, eo 2.6 2.48 2.07 2.00
Porosity, no 0.72 0.71 0.67 0.67

e1 @ 1 atm pressure 2.45 2.27 1.97 1.92

eLL @ Liquid Limit 2.9 2.64 2.34 2.55
Sample 
Quality 

(Lunne et 
al,1997)

Good to Fair Good to Fair Good to Fair Good to Fair

PI (%) 77 59 51 62
wL (%) 116 103 92 102

estimated ρc (Pestana, 1994) 0.35 0.43 0.28 0.33

Median ρc (Pestana, 1994) 0.34

Mean ρc (Pestana, 1994) 0.35

Estuarine Deltaic Greenish Gray GYE Fat Clay            
(site BSF, geotech zone D3a)
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Table 3.8 Compressibility parameters for TI clay samples from CRS consolidation tests 

 

 

Figure 3.57 shows the relationship between ρc and relative activity (RA) from various clays and 
GYE-CLAY. TI clay shows a similar correlation to San Francisco Bay mud (SFBM). Although, 
SFBM is a glacial clay, it also has diatoms in its fabric, giving it a behavior similar to GYE-TI 
sample, which has diatoms with low pyrite cementation. In contrast, GYE-BSF sample falls near 
Mexico City clay (MC). As shown before, the BSF samples have a higher concentration of diatoms 
than the TI samples as result of high open pores fabric. It is known that Mexico City clay has large 
proportion of diatoms in its fabric (Diaz-Rodriguez et al., 1998), much larger than GYE-BSF clay, 
giving a high compressibility coefficient.  

Figure 3.58 shows compression curves from CRS consolidation test for BSF samples collected at 
depths of 6.45 and 8.35m and Figure 3.59, for BSF samples at 14.45 and 23.35m depths.  Figure 
3.60 shows compression curves from CRS consolidation test for TI samples collected at depths of 
6.35 and 7.35m. Unlike the BSF clays, at the TI samples an OCR between 1.0 and 1.5 is showed, 
not showing an evident apparent overconsolidation. 

 

3.6.2 Shear Strength of GYE-CLAY 

 

The considered failure condition under direct simple shear is that the horizontal plane is the plane 
of maximum shear stress. The principal stresses (major principal effective stress, σ’1 and minor 

Depth(m) 6.25 7.25
OCR 1 1

CR = Cc/(1+eo) 0.15 0.33
Void Ratio, eo 2.24 2.24

Porosity, no 0.691 0.691
e1 @ 1 atm pressure 2.03 1.88

eLL @ Liquid Limit 2.6 2.6
Sample 
Quality 

(Lunne et 
al,1997)

Poor Poor

PI (%) 51 44

wL (%) 102 102
wn (%) 88 88

estimated ρc (Pestana, 1994) 0.17 0.24

Estuarine Deltaic Greenish 
Gray GYE Fat Clay (site TI, 
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principal effective stress, σ’3) are inclined at 45o to the horizontal. The vertical and horizontal 
stresses at failure would be the same for a value of K =1. The mobilized friction angle is: 

sin φ = τff/σ'vf = tan ψ                  3.23 

where: φ = peak friction angle, τff = shear stress at failure on the failure plane, σ’ vf= vertical 
effective stress at failure plane, ψ = oblique angle. 

MIT stress path convention (Lambe and Withman, 1969) is considered for anisotropically 
consolidated undrained compression triaxial tests (CKUC). Both samples, BSF and TI, were 
consolidated following the recompression method. Table 3.9 shows the results of CKUC and UC 
tests for BSF and TI samples. 

 

Table 3.9 Summary results of CKUC test and UC test for BSF and TI samples. 

  
During the shear stage of CKUC tests, the triaxial machine was stopped and the load ring relaxed, 
reducing the deviator stress and decreasing the pore pressure. Then the machine was turned on, 
increasing the load. Figure 3.61 shows the normalized (using its consolidation vertical effective 
stress) stress path and stress-strain behavior of BSF (with an apparent OCR of 1.85) and TI (with 
OCR of 1.07) samples. Both strain-controlled CKUC tests were performed at 2%/hr strain rate. 
Pore pressure was measured during the shearing stage and the TI (normally consolidated) sample 
showed a Skempton pore-pressure coefficient at failure Af = 0.80, and the BSF (apparently 

CKUC Test UC Test CKUC Test UC Test

sample depth 

(m) 18.35 18.75 8.35 8.25

Wn/WL before test 0.80 0.96 1.15 0.97

B 0.985 0.986

Af 0.26 0.80

Su CKU(kPa) 59.7 24.6

φ peak (degree) 44 38

OCR 1.85 1.60 1.07 1.02

Wn before test (%) 61.50 72.00 95.86 106.00

PI (%) 30 32 84 64

K  Consolidation 0.50 0.55

σ'1c = σ'vc(kPa) 94.84 112 * 58.45 62 *

σ'3c (kPa) 47.77 32.45

CKUC = Anisotropically Consolidated Undrained Compression test

UC = Unconfined Compression test

* Vertical  insitu effective stress 

BSF site TI site
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overconsolidated) sample, Af = 0.26. These values are within the expected range, as observed by 
Mayne and Harry (1988) from the trend between Af and OCR for anisotropically consolidated 
clays in triaxial compression varies from 0.5 to 1.0 for OCR=1.0 and 0.10 to 0.30 for 1.85. 

The normalized undrained shear strength value for BSF sample was 0.61 (for OCR = 1.85), and 
for TI was 0.42 (for OCR = 1.07). The peak friction angles were 44o and 38o for BSF and TI 
samples, respectively. 

Comparing clays of similar characteristics (Ariake (Tanaka et. al., 2001) and GYE-TI clay), the 
CKUC test results are shown in Figure 3.62. Both clays have similar stress-strain behavior and 
large pore pressures were developed during shear stage as seen from the stress path. The Peak 
friction angle for Ariake clay was 46o, two degrees higher than the BSF clay and 8 degrees from 
the TI friction angle.  

Figure 3.63 compares the relationship of peak friction angle φ from isotropically consolidated 
undrained compression triaxial (CIUC) tests against PI of Guayaquil clays with several different 
clays (Tanaka, 2002, Tanaka et al., 2001). Perhaps diatom particles in the soil fabric influenced 
the high values of friction angle for both Ariake and Guayaquil clays. For Guayaquil clays, peak 
friction angles from CIUC tests are lower than those from CKUC tests. 

Figure 3.64 show a comparison of normalized undrained shear strength between direct simple 
shear (DSS), unconfined compression (UC), and anisotropically consolidated undrained triaxial 
compression (CKUC) test results for BSF and TI clays. DSS tests were performed at 5%/hr strain 
rate, UC tests were performed at 60%/hr (1%/min following the ASTM D2166 / D2166M – 13), 
and CKUC at 2%/hr strain rate. Both slightly apparently overconsolidated BSF-CLAY (OCR from 
1.7 to 1.85) and normally consolidated TI-CLAY were consolidated using a recompression 
technique prior to DSS and CKUC tests. As expected, the axial strain at failure from the UC test 
is much higher than the CKUC test. For BSF-CLAY, the normalized undrained shear strength 
from UC test is similar to that from DSS test. However, for TI-CLAY, the normalized undrained 
shear strength from UC test is 24% lower than that from DSS test. One possible reason could be 
the lower quality of the Shelby-extracted TI-clay sample, compared to the BSF-clay sample, given 
the low level of cementation in the former.  In addition, small seams of sand/ silt in TI-CLAY 
sample may give up their water to the surrounding clay under the suction imposed during the UC 
test, which may then swell and fail prematurely. Table 3.10 shows undrained shear strength values 
from different laboratory tests for GYE clays from sites BSF and TI.  

Figure 3.65 shows the results from DSS test for BSF-CLAY with an apparent OCR of 1.7 using a 
recompression technique. Figure 3.66 shows the results from DSS test for BSF-CLAY with a 
mechanical OCR of 2.3 using a SHANSEP technique. The clay samples from Figure 3.65 and 3.66 
were from 23.35m depth.  On both figures, the shear stress, effective vertical stress and excess 
pore pressure (ru = ∆u/σ’ vi) were normalized by its vertical consolidation effective stress (σ’ vi). 
Figure 3.66 shows that SHANSEP consolidation procedure (mechanical induced an OCR of 2.3) 
develop a dilative behavior and higher normalized shear strength than recompression consolidation 
procedure for GYE-BSF clay samples. On the contrary, Figure 3.65 shows a contractive behavior 
for GYE-BSF clay with an apparent OCR of 1.7.  
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Table 3.10 Undrained Shear Strength values from different laboratory tests for the 
estuarine deltaic greenish gray GYE clay for site BSF and TI 

  
The undrained strength anisotropy—the ratio between normalized undrained strength values from 
DSS and CKUC tests (from Table 3.10) is 0.62 and 0.81 for BSF clay and TI clay, respectively. 
Site BSF has more pyrite cementation and diatoms in its fabric, which influenced a higher 
anisotropy strength. Comparing these results to those presented by Ladd (1991) from CKUC tests 
on normally consolidated (non-structured) clays; the undrained strength anisotropic ratio 
(normalized SuDSS/SuCKUC) was 0.72 for a PI of 27% and 0.80 for a PI of 44%. Ladd’s (1991) 
estimation of anisotropic ratio matches that of TI-clay, but for highly cemented clays like BSF, its 
estimate is unconservative. 

For Ariake clay, Tanaka et al. (2001) presented (see Table 3.2) an undrained strength anisotropic 
ratio (normalized SuDSS/SuCKoUC) of 0.92. For GYE-CLAY sample, tested values are from 0.81 to 
0.62, for TI-CLAY and BSF-CLAY tested samples, respectively. 

Hanzawa (1992) presented the ratio qu/2/SuDSS of 0.85 to 0.9. The ratio between the normalized 
undrained strengths resulting from UC and DSS tests for the GYE tested samples (shown in Table 
3.10) were 0.76 and 1.03, for TI and BSF, respectively.  

GYE-TI GYE-BSF

USCS= CH CH

depth = 7.0-7.50m 23.0-23.50m

OCR =

1.02 @DSS, 

1.0 @ Insitu

2.1 @ DSS, 

1.7@ Insitu

PI = 44 27

Su (kPa) = 21 100

Su r (kPa) = 3.7 5

UC @1%/min (60%/hr), Su [qu/2] (kPa) = 16 @ 8.25m 53

DSS @5%/hr, Recompression, Su (kPa) = 21 40

CKUC @ 2%/hr, Su (kPa) = 25 @8.35m     

(OCR=1.07)

60 @18.35m     

(OCR=1.9)

Lab. Torvane, Su (kPa) = 14 37

SuDSS/σ'vc  @5%/hr = 0.34 0.38

SuUC/σ'vo = 0.26 @ 8.25m 0.39

SuC KUC/σ'vc  = 0.42 @8.35m     

(OCR=1.07)

0.61  

@18.35m     

(OCR=1.9)

SuFC/σ'vo = 0.34 0.71

Sutorvane/σ'vo = 0.23 0.26

[SuDSS/σ'vc]/[SuC KUC/σ'vc] = 0.81 0.62

[SuUC/σ'vo]/[SuDSS/σ'vc] = 0.76 1.03

Estuarine Deltaic Greenish 

Gray GYE Fat Clay

Fall cone 

test:
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As a result, for TI-CLAY, the effect of the sand or silt layers on the clay sample could explain its 
low normalized undrained shear strength because the horizontal fine sand seams cannot hold 
residual effective stress large enough to maintain the state of stress. Thus, special attention should 
be made on the final design undrained strength value.  

For BSF-CLAY, an undrained strength anisotropic ratio of 1.03 shows, that in that case, 
anisotropic effect and low quality sample are equilibrated, showing a luck harmony effect.  

Moreover, based on direct simple shear test (at 5%/h) and cyclic simple shear test (at 0.5 Hz at 3% 
of shear strain, 21600%/h), a rate effect on undrained shear strength was evaluated.. 
(SuDSS/σ’ vo)/(SuCSS/σ’ vo) is 0.61 for TI-CLAY at a shear strain of 3%. For BSF-CLAY, soil sample 
failed at a lower shear strain.  

Based on laboratory vane test results, Figure 3.67a shows the shear stress-displacement curves for 
BSF and TI samples. The peripheral velocity was 1140º/min for TI-CLAY (8.30 m) and 1100º/min 
for BSF-CLAY (18.3 m).  As a result, the TI sample has a residual shear strength of 4.26 kPa and 
BSF sample a value of 9 kPa. The normalized shear stress-displacement curves for both sites, 
Figure 3.67b, shows that BSF sample (St=8) has a double sensitivity than TI sample (St=4). This 
could be explained by the higher cementation in BSF sample. After the peak shear strength is 
reached, the BSF-CLAY decrement strength rate is faster than TI-CLAY sample. 

Figure 3.68 shows DSS test results normalized using maximum past pressure (or yield stress) for 
BSF and TI samples. For BSF samples, the peak friction angle φpDSS, was 20o (sample @ 14.5m, 
OCRapp = 2.70) and 28o (sample @ 23.39m, OCRapp =1.7); and for TI sample, it was 25o (sample 
@ 7.35m, OCR =1). Due to anisotropic effect, DSS peak friction angle was lower than reported 
by CKUC test. 

 

3.7 Cyclic Behavior of GYE-CLAY 
 

Advanced cyclic tests performed on BSF and TI samples allow us to estimate the dynamic response 
at the free field in geotechnical zones of Guayaquil. Figure 3.69 shows stress-strain loops from a 
cyclic simpler shear stress control test, performed on a TI sample, under various the cyclic shear 
ratios (CSR = cyclic shear stress/ vertical effective consolidation stress). The cyclic response of 
the TI sample shows a significant nonlinearity, which increases with increasing CSR. The result 
would be a reduced effective shear modulus and an increased damping at higher levels of strain. 
A reduced shear modulus alone implies an increased amplification, depending on how it is 
measured. However, as increased damping generally tends to dominate, a reduced amplification 
(and even possibly a deamplification) may result, which in turn implies less stringent building 
requirements.  

The effect of cementation, present in GYE-CLAY fabric, will also be analyzed in detail in this 
section. 
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3.7.1 Normalized modulus reduction and material damping curves for GYE-CLAY 

 

Variation of the secant shear modulus with cyclic shear strain, based on cyclic triaxial and simple 
shear tests (applying 0.5Hz stress-controlled sine-wave cyclic load), is presented for BSF and TI 
GYE-CLAY in Figure 3.70. To evaluate the effect of pyrite cementation on its cyclic response, 
two clay structure conditions were modeled. For a structure-induced overconsolidated clay 
structure, the BSF sample soil structure was preserved by recompression procedure during the 
consolidation stage (indicated by red symbols). To model a normally consolidated soil mitigating 
whatever cementation effect in a TI sample clay structure, a SHANSEP procedure was applied to 
it during the consolidation stage (green symbols). The estimated trends (segmented black line) for 
secant modulus for both soil structures can be observed in Figure 3.70.  In situ shear modulus, 
calculated from shear wave velocity measurements, are also shown there. To compare, Figure 3.71 
shows normalized modulus reduction trends for structure-induced overconsolidated and normally 
consolidated GYE-CLAY, along with those for diatomaceous, naturally-cemented alluvial 
Janapese clays (Kokusho et al., 1982), Bangkok clay (Teachavoransinskun, et al., 2002), and 
Ariake clay (Nagase, et al., 2006). All modulus reduction curves have similar consolidation 
stresses (31 to 68 kPa) representing shallow deposits. 
Figure 3.71 shows that structure-induced overconsolidated GYE-CLAY, has a similar modulus 
reduction trend as Ariake clay. Normally consolidated GYE-CLAY lies within the ranges of 
Bangkok clays. 

Equivalent hysteretic damping was calculated for GYE-BSF and GYE-TI samples. Figure 3.72 
shows how material damping varies with cyclic shear strain, for structure-induced 
overconsolidated (BSF) and normally consolidated (TI) GYE-CLAY. (CSS data from the BSF 
sample was discarded because it was consolidated with SHANSEP approach and thus had lost its 
original soil structure.) Thus, for BSF clay, only cyclic triaxial data were used for estimating the 
damping trend. GYE-BSF has lower damping than GYE-TI for the same cyclic shear strain. This 
is a clear influence of pyrite cementation in its soil fabric. Noting a similar trend, Dobry and 
Vucetic (1987) stated that, if cementation is present in a soil structure, it might increase G/Gmax 

and decrease hysteretic damping. This research confirms that cementation through framboidal 
pyrite (more than 4%) decreases damping and slightly increases G/Gmax values.  These damping 
trends were then compared to other clays in Figure 3.73: cemented GYE-BSF clay behaves similar 
to Ariake clays and GYE-TI falls along the upper range of the damping trend for Bangkok clays. 
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3.7.2 Cyclic Stress-Strain Behavior for GYE-CLAY 

 

The effect of soil structure on cyclic strength was evaluated using stress-controlled cyclic triaxial 
(CTX) and simple shear (CSS) tests (at 0.5Hz) on both GYE-BSF and GYE-TI samples, 
consolidated under both recompression and SHANSEP techniques. In this research, cyclic failure 
is defined to occur when the soil reaches 3% shear strain (Boulanger and Idriss, 2007). 

On GYE-TI clay, CTX and CSS tests were done on SHANSEP consolidated (OCR = 1) samples. 
As seen in Figure 3.74, the ratio between the CSRCSS/CSRCTX was 0.90 for normally consolidated 
GYE-TI clay at a cyclic shear strain larger of 0.5%. Though GYE-TI clay has low cementation, it 
still has a structured soil fabric, and another TI sample was consolidated using SHANSEP 
technique before a CSS test, to evaluate the influence of soil structure on its cyclic stress-strain 
curve (see Figure 3.75). The cyclic strength was reduced by 28% at 3% of shear strain due to the 
loss of the original soil structure. Figure 3.76 shows a comparison of GYE-BSF and GYE-TI clay 
samples, both consolidated using recompression and SHANSEP procedures. For GYE-BSF clay, 
the cyclic strength was reduced under SHANSEP by 30% (following the trend) at 3% of shear 
strain. Thus, we recommend performing recompression consolidation on all soils with metastable 
soil structures. 

In Figure 3.76, at 1% shear strain, GYE-BSF clay has a cyclic stress ratio (CSR) value of 0.35 and 
GYE-TI has 0.22. GYE-CLAY with high pyrite cementation will propagate more energy to the 
surface for the same induced shear strain level, and may cause higher ground accelerations during 
shaking even at elevated induced deformations. Figure 3.77 compares cyclic shear-strain curves 
between GYE-BSF and GYE-TI samples normally consolidated under SHANSEP approach. Even 
though the original soil structure was partially lost, GYE-BSF had 10% more cyclic shear strength 
at 1% of shear strain.   

Vardanega and Bolton (2011) suggested a model to estimate the stress-strain curve from a 
normalized cyclic shear stress by its undrained shear strength. The method considered a reference 
strain γM, where the mobilization factor M = Su/τmob. Vardanega and Bolton (2011) discovered 
that, for the range of greatest practical interest (1.25 ≤ M ≤ 5), these curves could reasonably be 
described as power curves whose apexes lie at the stress–strain origin.  

Figure 3.78 shows that, for large cyclic shear strain (10%), the τcyc/SuDSS was 1.37. At M=2 (Shear 
strain required a movilize one-half of the peak stress), from the lower graph the calculated cyclic 
shear strains for GYE-BSF and GYE-TI are 0.0074 (0.74%) and 0.0054 (0.54%), respectively. 
Shibuya and Mitachi (1994) for Hachirogata Japanese clay (high plasticity clay with PI from 100 
to 60%), reported a cyclic shear strains from 0.002 (0.2%) to 0.008 (0.8%). Using estimated 
parameters from Vardanega and Bolton (2011), GYE-BSF clay has a τcyc/SuDSS ratio (at Ncycle= 2, 
for 3% shear strain) of 0.96 and that ratio for GYE-TI is 1.02. The obtained parameters from GYE-
BSF and GYE-TI cycle test could be useful for numerical modeling. 

Figure 3.79 compares monotonic and cyclic shear stress-strain curves for GYE-TI and GYE-BSF 
(under recompression consolidation) samples. The initials normalized dynamic stiffness obtained 
from cyclic test are higher than monotonic tests as expected. For a CSR (τc/σ’ v) of 0.30 the GYE-
BSF clay has a cyclic shear strain of 0.6% and GYE-TI clay of 1.4%, showing the influence of the 
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concentration of pyrite cementation on GYE-BSF clay (GYE-BSF clay is stiffer than GYE-TI 
clay).  The ratio between cyclic shear strength (CSR = 0.36) and static shear strength (τ* or τ/σ’ v 
= 0.22) at 3% of shear strain was 1.64 for GYE-TI clay. 

Figure 3.80 shows the measured data for undrained stress-controlled CSS test on a GYE-BSF 
sample (apparent OCR of 2.7, recompression consolidation) under τcyc/σ’ vc= CSR= 0.22 at 
0.001Hz. A monotonic direct simple shear (DSS) test at 5%/hr strain rate was also included in 
Figure 3.80. The CSS test was performed at an approximately 18%/hr strain rate, compared to the 
DSS monotonic test. Similarly, Figure 3.81 shows the measured data for an undrained stress-
controlled CSS test on a GYE-TI sample (OCR = 1, recompression consolidation) under 
CSR=0.22 at 0.001Hz. A monotonic DSS test at 5%/hr strain rate was also included in the figure. 
The CSS test was performed at an approximately 33%/hr strain rate. Under the same CRS=0.22, 
BSF clay (structure-induced overconsolidated) clay has undergone only half the cyclic shear strain 
observed in normally consolidated TI clay (γmax BSF/γmax TI = 1.25/2.5=0.50). Furthermore, pore 
pressure ratio in BSF clay was more stable for each cycle than that in TI clay. Such behavior could 
be attributed to the greater pyrite cementation in BSF clay. 

 

3.8 Numerical Modeling of GYE-CLAY 
 

3.8.1 Monotonic and Cyclic Simple Shear Modeling for GYE-CLAY 

 

Monotonic test results for GYE-BSF (structured-induced overconsolidated) and GYE-TI 
(normally consolidated) samples (consolidated using recompression) from Figure 3.68 were used 
to check the ability of SimpleDSS model in predicting stress path, stress-strain curve, and pore 
pressure generation in GYE-Clay at Ko consolidation state. All DSS tests were performed at a 
strain rate of 5 %/hr. Shear stress and pore pressure were normalized by the maximum normal 
stress (maximum past pressure) σ’p. Figure 3.82 shows that measured stress-strain-strength 
behavior of monotonic DSS test data were fairly closely predicted by the SimpleDSS model for 
both types of clays.  
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Table 3.11 SimpleDSS model calibration parameters for GYE-BSF and GYE-TI 

 

 

In calibrating the parameters, to predict positive pore pressure (as observed in Figure 3.82), the 
model had to consider a normally consolidated state (OCR =1) even for this structure-induced 
overconsolidated clay (GYE-BSF). This is a limitation of the model. 

Figure 3.83 compares SimpleDSS model calibration parameters from Table 3.11 and the data 
reported by Anantanavanich (2006). For GYE-BSF and GYE-TI clays, maximum obliquity angle 
(ψ) values are located in the (reported) lower range and the undrained shear strength ratio values 
are located above the reported trend. Failure ratios (β) are outside the reported upper limit; as a 
result, low pore-water pressures were developed during shearing stage (Figure 3.84 ans 3.85). For 
Guayaquil clays, the parameter that controls small strain elastic shear modulus (Gn) falls within 
the reported range.  

Figures 3.84 and 3.85 compare the measured cyclic SS test data and SimpleDSS model simulations 
under CSR =0.22 at 0.001Hz, for GYE-TI and GYE-BSF clays, respectively. Model calibration 
parameters are shown in Table 3.11. Thus, for both monotonic and cyclic simple shear tests, the 
capability of SimpleDSS model to simulate the behavior of both structure-induced 
overconsolidated (GYE-BSF) and normally consolidated (GYE-TI) clays is demonstrated. In both 
soil samples, the model underpredicts the development of the pore pressure: for the TI test, until 
the fourteen cycles, and for the BSF test, until eigthteen cycles. The lack of accuracy of the BSF 

GYE-
BSF, 
14.5m

GYE-
BSF, 
23.5m

GYE-
TI, 

7.35m
OCR from CRS consol. Test 2.7* 1.7* 1

Parameter

β 0.86 0.84 0.92

m 5 5 5

ψ 19 25 23

Gn 168 168 184

Gp 15 13 13

θ 38 -- 18
λ 15 -- 5

p 0.5 0.5 0.5

Model OCR 1 1 1

* Apparent OCR due to Pyrite Cementation

Estuarine Deltaic Greenish 
Gray GYE Clay           

(geotech zone D3)

model calibrated parameters

Monotonic Test

Cyclic Test

Test Type
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model could be justified by the presence of cementation in this sample and the assumption of 
OCR=1, due to the model cannot consider the apparent overconsolidation. 

Due to the alteration of the original soil structure with the SHANSEP method in TI-CLAYS, the 
SimSoil model can predict with great accuracy the laboratory results. 

 

3.8.2 Modeling the influence of Confining Stress on Modulus Reduction and Damping 
Curves for GYE-CLAY 

 

In some sites of Guayaquil, thickness of the clay layer could be close to 40m. To analyze the 
behavior of such situations under strong earthquake motions, a nonlinear mathematical model 
Simsoil was employed. It was used to estimate the modulus reduction and damping curves for deep 
GYE-BSF and GYE-TI clays. 

In the first instance, the maximum shear modulus was estimated for GYE-BSF and GYE-TI 
samples, based on Equation 3.7, using the shear wave velocity measurements from SASW test for 
site 210. Table 3.12 compares the measured shear wave velocity with those estimated by the model.  

 

Table 3.12 Simsoil calibration parameters for GYE-BSF clay 

 

 

Figure 3.86 shows the correlation between the measured and model estimated shear wave 
velocities (Vs) for site 210, where the difference is within 10%.  

Figure 3.87 compares the cyclic test trends of modulus reduction and damping curve for GYE-
BSF clay under a confining pressure of 0.62 atm with Simsoil model simulations for different 
confining stresses. The model is unable to predict the reduction of damping for a specific strain 
level for structure-induced overconsolidated clay like GYE-BSF. To validate the use of laboratory 

n = 0.65 Gb = 380
Gs, for CH Clay = 2.55 (from Vs measured @ 14.5m, p`= 62 kPa)

depth (m) wn (%) p` (atm) eo Gmax/patm Vs model(m/s) Vs insitu mesured (m/s)

lab, 14.5m 65 0.62 1.66 144 94 107*
20 45 1.2 1.15 358 148 140
25 30 1.6 0.77 731 212 197
30 30 2 0.77 845 228 232
35 30 2.3 0.77 925 231 254
40 25 2.6 0.64 1270 271 270

BSF- CLAY (DSS sample) 80 1.05 1.9 170 102

Vs *: measured at BSF site (SITE 209), other values were measured at SITE 210
ws = 1.1
wa= 0.01
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damping curves, site response analyses were developed with both lab curves and Simsoil model 
curves, in Chapter 4.  

Figure 3.88 compares the cyclic test trends of modulus reduction and damping curve for GYE-TI 
at a confining pressure of 0.68 atm and the model simulation for different confining stresses. 
Because GYE-TI is a normally consolidated low cemented clay, the predicted model was much 
closer to the measured trend from laboratory tests for both the modulus reduction and damping 
curves, especially for shear strain higher than 1%. For GYE-TI clay, the calibrated model 
parameters are: n =0.5, Gb = 380,ωs = 1.5, and ωa = 0.4. Figure 3.87 and 3.88 can be utilized for 
dynamic site response analyses (equivalent linear or nonlinear site response methods) for deep 
clay deposits as it is mentioned in chapter 4.  

 

3.8.3 Cyclic Response using MKZ model for GYE-CLAY 

 

MKZ model parameters were obtained in this section for GYE-CLAY. Since the MKZ model 
predicted negative pore-water pressures for overconsolidated clays (OCR>2) and since structure-
induced overconsolidated GYE-CLAY is known to develop positive pore pressures during 
shearing (for both cyclic and monotonic), the MKZ model had to be setup to a normally 
consolidated response (OCR=1). This is the same limitation of the Simsoil model. 

Figure 3.89 shows the relationship between the degradation index (δ) and the number of cycles 
from a cyclic DSS test at 0.5Hz for GYE-TI clay (under recompression consolidation). Due to the 
generation of pore-water pressure during the cyclic loading, the soil degradation index decreases 
with the increasing induced shear strain.  

The modeled degradation parameter for GYE-CLAY was compared to the suggested trend for 
normally consolidated clays from Matasovic (1993) – as shown in Figure 3.90. Based on the 
modeling result, a volumetric cyclic threshold shear strain was calibrated (γtv) as 0.12% for GYE-
CLAY as showed in red line in Figure 3.90 for st=0.08 and r=0.45. From the calibrated γtv and the 
normalized pore-water pressure (u* = ∆u/σ’ v), data from cyclic simple shear test results (see Figure 
3.91) allow calibrating pore-water pressure generation constants for the MKZ model as A = 7.75, 
B = -14.72, C = 6.4, and D =0.67. 

The obtained volumetric cyclic threshold shear strain from the calibrated MKZ model for GYE-
CLAY was compared to the trends suggested by Hsu and Vucetic (2006), and as shown in Figure 
3.92 studied data falls within the trends reported. 

To calibrate the backbone curve based on MKZ model, a curve fitting process was performed from 
cyclic triaxial test results for GYE-CLAY, using the ratio τmo*/Gmo* = 0.26%, τmo* = 0.23 at 1% 
cyclic shear strain and a ratio of Gmax/SuDSS = 350. Initially, the model obtained after fitting the 
modulus reduction curve had β and s parameters of 1.18 and 0.72, respectively. However, the 
model overdamped at a shear strain higher than 0.03% – as shown in the left half of Figure 3.93. 
Then, considering a tradeoff between the modulus reduction and damping curves, β and s 
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parameters were selected to be 0.77 and 0.51, respectively. The final model is shown to the right 
in Figure 3.93. 

Finally, in order to evaluate model capabilities in simulating stress-strain behavior at expected 
shear strain levels for nonlinear site response analyses (γ < 2%), calibrated MKZ model predictions 
are compared with the cyclic stress-strain data of GYE-CLAY test results in Figure 3.94. It can be 
seen that calibrated MKZ model (with tradeoffs) follow the GYE-BSF clay behavior.  

The MKZ model calibrated for GYE-CLAY will be utilized for dynamic site response analyses 
using DMOD software in Chapter 4. 

 

3.9 Summary and Conclusions 
 

This chapter presents a detailed description of the soil structure (combined effects of the fabric, 
composition, and inter-particle forces) of Guayaquil clays to understand how the presence of 
diatoms and pyrite cementation influences both the static and dynamic behavior of clayey 
Guayaquil soil deposits. An explanation to understand how the geotechnical parameters are 
strongly attached with the type of structure-induced overconsolidated clays is included. In this 
section, as conclusion, Simple DSS and Simsoil models can estimate the monotonic and cyclic 
behavior of Guayaquil clay. After evaluating the static and dynamic behavior of these soils, it is 
suggested that recompression method recommended by Bjerrum (1973) should be used for 
structure-induced overconsolidated clays.  
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 Figure 3.1 Geographic location of Ariake Bay clay (Japan) and Guayaquil estuarine deltaic 
clay (Ecuador); a similar environment was found in both locations 
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Figure 3.2 Spatial location of site BSF and TI in the geotechnical zonation map, where clayey 
samples were collected for a detailed geotechnical characterization 
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Figure 3.3 Schematic diagram of flocculated and dispersed soils (after Soga, 1994) 
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Figure 3.4 Diagrammatic representation of the overall process of sedimentary pyrite formation 
(after Berner, 1972) 
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Figure 3.5 Post-depositional effect on compression curves of structured-induced 
overconsolidated soil and stress-induced overconsolidated soil (after Soga, 1994) 
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Figure 3.6 SEM pictures of (a), (b) Ariake clay at 3m depth, (c) Kobe clay, and (d) 
Kansai clay (scale bars at 10µm) (after Locat and Tanaka, 2002) 
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Figure 3.7 Geotechnical properties of Ariake clay profile (after Ohtsubo et al., 2000) 
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Figure 3.8 Schematic representation of an undrained monotonic direct simple shear test using 
the SimpleDSS model (after Biscontin, 2001) 

 

Figure 3.9 Schematic representation of a typical prediction of undrained stress-controlled cyclic 
DSS test on normally consolidated soil using the SimpleDSS model (after Biscontin, 2001) 
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Figure 3.10 Translation of hysteresis loop (after Pestana and Saltavi, 2006) 

 

Figure 3.11 (a), (b) Effect of material parameters describing the nonlinearity in shear; (c), (d) 
predicted effect of confining pressure and density on the shear modulus and damping (after 

Pestana and Salvati, 2006) 
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Figure 3.12 MKZ model that represents a fully nonlinear degrading stress-strain behavior (after 
Matasovic, 1993) 
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Figure 3.13 Dynamic characterization of saturated VTC clay (medium stiff light greenish gray 
clay with shell fragments); reference dynamic backbone curve derived from first cycle of a cycle 

simple shear test (after Matasovic and Vucetic, 1995) 
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Figure 3.14 (a) Influence of soil plasticity on degradation (Tan and Vucetic, 1989; Vucetic, 
1994); (b) influence of overconsolidation on degradation parameter t (Vucetic and Dobry 1988) 
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Figure 3.15 Modeling of the relationship between degradation index and residual pore water 
pressure for normally consolidated marine clays (after Matasovic and Vucetic, 1995) 
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Figure 3.16 Photography of trimming and shaping of estuarine deltaic greenish gray Guayaquil 
fat clay sample 

 

 

Figure 3.17 Photograph of the AMRAY Model 3300-FE scanning electron microscope fitted 
with an IXRF X-ray elemental analyzer used for SEM test 
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Figure 3.18 Photograph of GEONOR fall cone penetration apparatus 
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Figure 3.19 Variation of fall cone factor, K, with cone angle; theory and experiments (after 
Koumoto and Houlsby, 2001) 
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Figure 3.20 Flow curve using a fall cone test for a GYE-BSF clay sample 
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Figure 3.21 Photograph of a setup for an automated constant rate strain consolidation test, with a 
sample preparation from Guayaquil estuarine deltaic clay 
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Figure 3.22  CRS test results for GYE-BSF clay at 8.35m: compressibility curve EOP, 
estimation of the Yield Stress (max past-pressure) based on Pacheco Silva method (1970), and 

variation of the excess pore pressure during test 
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Figure 3.23 Photograph of the bi-directional monotonic and cyclic simple shear apparatus and 
sample preparation 
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Figure 3.24 Constant volume condition verification during shearing stage, 3 vertical LVDT 
deformation and coarse vertical load measurements for GYE-TI @ 7.35m sample 

 

Figure 3.25 Ko-consolidation process before shearing stage for GYE-TI @ 7.35m sample 
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Figure 3.26 Cyclic shear stress vs. shear strain for GYE-TI samples for two induced soil 
structure condition for similar cyclic stress ratio = 0.36; SHANSEP consolidation method @ σ’ vc 

= 119kPa and for recompression consolidation method @ σ’ vc = 54kPa  for CSS @ 0.5Hz 
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Figure 3.27 Computation of the damping and secant shear modulus for an induced cyclic shear 
strain considering second cycle of a multi-cycle test 
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Figure 3.28  Stress path during anisotropic consolidation stage for GYE clays, BSF and TI 
samples (B-Skempton > 0.98) 
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Figure 3.29 Anisotropically consolidated undrained compression test setup and a clayey sample after shearing 
stage showing the failure plane 
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Figure 3.30 Photograph of the internal load cell and LVDTs with the clay sample before cyclic 
triaxial test 
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Figure 3.31 Photograph of the cyclic triaxial test setup, showing the cyclic actuator with an external cell 
load 
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Figure 3.32 Photograph of the instrumented laboratory vane apparatus and the failure surface 
after the test was performed for GYE-clay 
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Figure 3.33 Shear stress variation during a laboratory vane test for a rotation rate of 120o/min 
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Figure 3.34 Geotechnical characteristics of site BSF (from geotechnical zone 3a) and TI (from geotechnical 
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Figure 3.35a Variation of the stress history and normalized undrained shear strength with depth for site BSF 
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Figure 3.35 b Variation of the stress history and normalized undrained shear strength with depth for site TI 
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Figure 3.36 Grain-size distribution of GYE-clay and its comparison with Japanese clays 
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Figure 3.37 Comparison of XRD patterns of the <2 µm fractions of GYE-clay samples at site 
BSF and TI, both from estuarine deltaic environment, representing the Mg-saturated, ethylene 

glycol salvation treatment 
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Figure 3.38 Comparison of the Mg-Glycol XRD patterns for the <0.1 µm fraction of GYE-clay 
samples at site BSF and TI, both from estuarine deltaic environment 
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Figure 3.39 Comparison of the XRD patterns of the 2-15 �m fraction of GYE-clay samples at 
site BSF and TI, both from estuarine deltaic environment 
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Figure 3.40 Letter definition of scanning electron micrographs images 
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Figure 3.41 Scanning electron micrographs of TI sediment (7.34m) - 1 
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Figure 3.42 Scanning electron micrographs of TI sediment (7.34m) - 2 
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Figure 3.43 Scanning electron micrographs of BSF sediment (8.37m) -1 
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Figure 3.44 Scanning electron micrographs of BSF sediment (8.37m) – 2 



 

 

259 

 

 

 

 

Figure 3.45 Vesicular volcanic glass found in GYE-clay fabric 

 

Figure 3.46 Thalassiosira spp. diatom found in BSF sample, 14.5m depth 
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Figure 3.47 Actinocycluss spp. diatom found in BSF sample, 14.5m depth 

 

Figure 3.48 Actinoptychus spp. marine diatom found in BSF sample, 23.5m depth 
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Figure 3.49 Eunotia freshwater diatom found in TI sample, 7.5m depth 

 

Figure 3.50 Silica filled plant cells (phytoliths) found in TI sample, 7.5m depth 
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Figure 3.51  Estimation of diatoms concentration on GYE-clay samples, for BSF and TI sites, 
and its correlation with the specific gravity of soil solids 

 

 

diatoms/g(1x10 6) =  68.616 - 24.13Gs 

R2 = 0.99

0

1

2

3

4

5

6

7

8

9

2.25 2.3 2.35 2.4 2.45 2.5 2.55 2.6 2.65 2.7 2.75 2.8 2.85

 Specific Gravity of Soil Solids, Gs

di
at

om
s/

gr
am

 (
1x

10
6 )

Number of Diatom (x106 N/g)

0 2 4 6 8 10

D
ep

th
 (m

)

0

5

10

15

20

25

GYE-TI (7.5m), GYE-BSF (14.5, 23.5m)



 

 

263 

 

 

 

 

 

 

Clay content (<2 µm)

0 20 40 60 80 100
0

20

40

60

80

100

Yamashita
Ariake
Singapore
Drammem
Bothkennar
Louiseville

Bangkok
Pusan
GYE Deltaic Estuarine Clay, BSF, D3a
GYE Deltaic Estuarine Clay, TI, D3b

P
la

st
ic

ity
 In

de
x

Activity =1

Activity = 2

Activity =0.5

 

Figure 3.52 Comparison between activity for Guayaquil clay and other glacial and non-glacial 
clays (after Tanaka 2002) 
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Figure 3.53 Relation between sensitivity and liquidity index for Guayaquil clay and its pyrite 
cementation influence 
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Figure 3.54 Relation between remolded shear strength and the ratio of natural water content to 
liquid limit 
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estimation of the compressibility coefficient 



 

 

2
67

 

  

 

σ'v/pa

0.01 0.1 1 10

V
oi

d 
R

at
io

, 
e

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

CRS Test, GYE-TI @ 6.25m, OCR = 1.0, wL =102%
CRS test, GYE-TI @ 7.25m, OCR = 1.0, wL = 102%
IL Test, GYE-TI @ 9.75m, OCR =1, wL=126%

σ'v/pa

0.01 0.1 1 10
e/

e1

1

0.01 0.1 1 10

e/
e L

L

0.4

0.5

0.6

0.7

0.8

0.9

1.0

RA = 0.57, 
ρc (compressibility Coefficient) = 0.236

 
Figure 3.56 Constant rate strain and IL consolidation test results for TI clay samples and its graphical 

estimation of the compressibility coefficient 
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Figure 3.57 Correlation of compressibility coefficient (ρc) and relative activity (RA) from various clays 

and GYE-clay (modified after Pestana, 1994) 
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Figure 3.58 Compression curve from CRS consolidation test for BSF sample at 6.45 and 8.35m 
depth 
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Figure 3.59  Compression curve from CRS consolidation test for BSF sample at 14.45 and 
23.35m depth 
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Figure 3.60 Compression curve from CRS consolidation test for TI sample at 6.35 and 7.35m 
depth 
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Figure 3.61 Anisotropically consolidated undrained compression test results for BSF and TI clay samples 
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Figure 3.63 Relation of peak friction angle and PI from several clays and Guayaquil clay 
(modified from Tanaka, 2002) 
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Figure 3.64 Comparison of normalized undrained shear strength between DSS, UC, and CKUC 
test results for BSF and TI clay 
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Figure 3.65 Direct simple shear test results from BSF-clay (23.35m), strain rate of 5%hr –recompression consolidation 
procedure (apparent OCR ~1.7) 
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Figure 3.66 Direct simple shear test results from BSF-clay (23.35m), strain rate of 5%hr – SHANSEP consolidation 
procedure (mechanically OCR ~2.3) 
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Figure 3.67 Laboratory vane test results for BSF and TI samples from similar peripheral 
velocities 
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Figure 3.68 DSS test results normalized by the maximum past pressure or yield stress for BSF 
and TI samples 
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Figure 3.69 Stress-strain loops from cyclic simple shear test for TI sample (6.35m), stress 
control test, Ncyc =2, (CSR = τc/σ’vc) 
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Figure 3.70 Secant shear modulus variation with cyclic shear strain for structured-induced 
overconsolidated (GYE-BSF) and normally consolidated (GYE-TI) GYE-clay 
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Figure 3.71 Comparison of normalized modulus reduction curves for structured-induced 
overconsolidated (GYE-BSF) and normally consolidated (GYE-TI) GYE-clay, alluvial Japanese 
clays (Kokusho et al., 1982), Bangkok clay (Teachavoransinskun et al., 2002), and Ariake  clay 

(Nagase, et al., 2006) 
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Figure 3.72 Material damping variation with cyclic shear strain for structured-induced 
overconsolidated (GYE-BSF) and normally consolidated (GYE-TI) GYE-clay 
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Figure 3.73 Comparison of material damping curves for structured-induced overconsolidated 
(GYE-BSF) and normally consolidated (GYE-TI) GYE-clay, alluvial Japanese clays (Kokusho 
et al., 1982), Bangkok clay (Teachavoransinskun et al., 2002), and Ariake clay (Nagase,et al. , 

2006) 
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Figure 3.74 Cyclic stress-strain curve (first quarter of cyclic loading) from cyclic triaxial and 
direct simple shear tests at frequency of 0.5Hz, for GYE-TI, normally consolidated with 

SHANSEP approach 
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Figure 3.75 Cyclic stress-strain curve (first quarter of cyclic loading) from cyclic direct simple 
shear tests at frequency of 0.5Hz, for GYE-TI, normally consolidated with SHANSEP and 

recompression approach 
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Figure 3.76 Comparison of cyclic stress-strain curve (first quarter of cyclic loading) from cyclic 
direct simple shear tests at frequency of 0.5Hz, for GYE-TI and GYE-BSF, normally 

consolidated with SHANSEP and recompression approach 
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Figure 3.77 Comparison of cyclic stress-strain curve (first quarter of cyclic loading) between 
CSS tests for GYE-BSF and GYE-TI both with SHANSEP consolidation and OCR =1 
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Figure 3.78 Ratio between cyclic shear stress (for Ncyc =2) and undrained shear strength from 
DSS test for different induced cyclic shear strain levels and model prediction from Vardagena 

and Bolton (2011) 
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Figure 3.79 Comparison of monotonic and cyclic shear stress-strain (first quarter of cyclic 
loading) curves for GYE-TI and GYE-BSF recompression consolidation samples 
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 Figure 3.80 Measured data for undrained stress-controlled cyclic DSS test on GYE-BSF sample, 

from recompression consolidation procedure, τcyc/σ’ vc= CSR= 0.22 
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Figure 3.81 Measured data for undrained stress-controlled cyclic DSS test on GYE-TI sample, from 

recompression consolidation procedure, τcyc/σ’ vc = CSR= 0.22 
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Figure 3.82 Comparison of measured and SimpleDSS model predicted stress-strain-strength 
behavior of monotonic on DSS test (shear strain rate of 5%/hr) for GYE-BSF and GYE-TI 
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Figure 3.83 Comparison of model calibrated parameters for GYE-BSF and GYE-TI clays with 
other reported data (modified from Anantanavanich, 2006). 
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 Figure 3.84 Measured data and model simulations for cyclic DSS test for GYE-TI from CSR =0.22 at 
0.001Hz 
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Figure 3.85 Measured data and model simulations for cyclic DSS test for GYE-BSF from CSR =0.22 
at 0.001Hz 
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Figure 3.86 Comparison of measured and model estimated shear wave velocities from site 210 
and GYE-BSF clay parameters 
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Figure 3.87 Comparison of modulus reduction and damping curve from cyclic test trend for 
GYE-BSF at a consolidation pressure of 0.62 atm and the model simulation for different 

confining stress 
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Figure 3.88 Comparison of modulus reduction and damping curve from cyclic test trend for 
GYE-TI at a consolidation pressure of 0.68 atm and the model simulation for different confining 

stress 
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 Figure 3.89 Relationship between degradation index and the number of cycles from cyclic DSS test for GYE-
TI, recompression consolidation procedure, at 0.5Hz, OCR =1.30 



 

 

3
01

 

  

  

Cyclic Shear Strain , γ
c (%)

0 1 2 3 4 5 6 7 8 9 10 11 12

D
eg

ra
da

tio
n 

P
ar

am
et

er
 (

t)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

Cyclic Shear Strain , γ
c (%)

0 1 2 3 4

D
eg

ra
da

tio
n 

P
ar

am
et

er
 (

t)

0.00

0.05

0.10

0.15

0.20

GYE-TI ( 6.35m) CSS @ 0.5Hz recompression, OCR* = 1.30, PI = 52
Matasovicc & Vucetic (1995) model; s = 0.08, r = 0.45, γlv= 0.12%

OCR =1 trend from Matasovic (1993)
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Figure 3.91 Calibration of pore-water pressure generation model constants for MKZ model for 
GYE-TI clay with a volumetric cyclic threshold shear strain of 0.12% 
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Figure 3.92 Comparison of the estimated volumetric cyclic threshold shear strain for GYE-clay 
and other clays (modified from Hsu and Vucetic, 2006) 
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Figure 3.93 Calibration of the MKZ model with the modulus reduction and damping curve from 

cyclic test data 
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Figure 3.94 Cyclic stress-strain modeling from MKZ calibrated model using a modulus 
reduction fitted parameters and tradeoff between damping and modulus reduction fitted 

parameters 
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4. SEISMIC RESPONSE ANALYSES OF 
ESTUARINE DELTAIC AND ALLUVIAL 
DEPOSITS 

 

4.1 Introduction 
 

The City of Guayaquil is largely built over estuarine-deltaic and alluvial deposits (as described in 
Chapter 2). Only a small portion (north and northwest area of the city) is built on shallow lacustrine 
and colluvium/residual deposits that respond comparatively more linear during earthquake strong 
shaking. Seismic site response analyses were performed in localities of estuarine-deltaic and 
alluvial subsoil to develop useful insights regarding the characteristics of strong shaking at these 
deep soft clay sites. In this chapter, the results of 1700 dynamic site response analyses performed 
at 34 sites using a suite of 50 scaled input ground motions (25 near- fault and 25 far-field ground 
motions) are presented. The sites were selected to represent the spatial variability of the subsoil 
conditions of the geotechnical zones in Guayaquil.  

A one-dimensional (1D) dynamic site response analysis involves propagating earthquake motions 
from the base rock up to the ground surface. These analyses were performed considering both 
equivalent-linear approach (e.g. SHAKE code; Schnabel et al., 1972, Idriss and Sun, 1992) and 
the fully nonlinear approach (e.g. DMOD-2000 code; GeoMotions, LLC, 2007). The 1D seismic 
site response analysis assesses the effects of local soil conditions based on the hypothesis that 
ground shaking is dominated by vertically-propagating, horizontally-polarized shear waves from 
an earthquake motion.  

Recognizing the significant effect of ground motion characteristics (Peak Ground Acceleration, 
frequency content and duration) of the input rock motion on free-field dynamic site response of 
soil deposits, a detailed seismological evaluation was made using a large group of earthquake 
motions that were seismologically compatible with events governing the hazard at the key spectral 
ordinates of the Uniform Hazard Spectrum (UHS) presented by URS Corporation (2007). Total 
and effective stress site response analyses results were compared for a characteristic site from 
estuarine deltaic zone D3a to evaluate the influence of the variability of input ground motion on 
dynamic site response results.   

A near-fault forward-directivity ground motion differs from ordinary ground motions in that it 
frequently displays pulse-like motions with an intense coherent dynamic long period amplitude of 
motion. The energy of such a motion is dominated by a large long period pulse that occurs on the 
horizontal component normal (perpendicular) to the strike of the fault (Somerville et al. 1997). 
Five near-fault forward-directivity pulse motions had their horizontal components rotated to 
achieve strike-normal and strike-parallel directions to evaluate the influence of rupture directivity 
effects of input ground motion on the dynamic site response of deep soft clay sites. The effects of 
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the soil structure and cementation of soft clay deposits, nonlinearity-induced strains, deep soft soil 
site conditions, depth to half-space, and impedance contrast (between the half-space and the soil 
overlying it) on the dynamic site response results were evaluated. After evaluating the effect of 
variations of input ground motions on effective and total stress dynamic site response analyses, 
the median response spectra was found to be sufficiently stable to represent the set of motions for 
each distinct geotechnical zone in Guayaquil. Additional evaluations were made to extend those 
results to other localities under similar soil conditions. 

  

4.2 Literature Review 

 

4.2.1 Ground Motion Characteristics 

 

The input ground motion is one of the most important factors that control a dynamic site response; 
therefore, it should be carefully evaluated before its use in analysis. Primary seismological 
characteristics of an earthquake ground motion are: the intensity or amplitude (e.g. peak ground 
acceleration, peak ground velocity); the frequency content (e.g. predominant and mean period); 
and the duration (e.g. significant and bracketed duration). Figure 4.1 present a near-fault (4.1a) 
from Bray and Rodriguez-Marek (2004) and a far field (4.1b) earthquake ground motion showing 
its typical seismological characteristics (its time histories of acceleration, velocity, displacement 
and intensity and elastic acceleration response spectrum). 

 

4.2.1.1 Amplitude Parameters 
 

The most common amplitude measures of a ground motion are the peak values of acceleration, 
velocity, and displacement. The integration procedure used to calculate velocity and displacement 
tends to weaken the high-frequency components of the motion and enriches the low-frequency 
components (Stewart et al., 2001). As a result, peak ground acceleration (PGA) is a moderately 
high-frequency ground motion parameter, whereas peak ground velocity (PGV) and peak ground 
displacement (PGD) are more responsive to mid- and low-range frequencies, respectively (Stewart 
et al, 2001). 

 

4.2.1.2 Frequency Content Parameters 

 
Acceleration response spectral ordinates represent the period-dependent peak acceleration 
response of a single-degree-of-freedom (SDOF) elastic pendulum under a specified level of 
viscous damping (5% damping is used in our study). A response spectrum acts as a frequency 
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filter, demonstrating the predominant frequency (o period) at which the greatest amplification 
occurs. Acceleration response spectrum is widely used in structural engineering, especially to 
estimate the value of the building period, and the corresponding spectral ordinate plus the structural 
mass is used to estimate the base shear in elastic structures (e.g., Stewart et al., 2001).  

Green et al. (2011) evaluated five commonly used definitions for the characteristic period:  

• mean period (Tm);  

• average spectral period (Tavg);  

• smoothed spectral period (To);  

• median spectral velocity-acceleration period (TV/A50); and  

• peak ground velocity-acceleration period (Tv/a).  

These characteristic period definitions were assessed by computing the amplification of earthquake 
ground motions propagated up through shallow soil profiles (e.g., backfill of retaining walls) and 
deeper ones. The results showed that characterizing an earthquake ground motion by a single 
period, regardless of how it is quantified, is tenuous. However, in the case of dynamic site 
response, Green et al. (2011) found that To and Tm are the most suitable definitions to characterize 
the spectrum.  

A Fourier analysis of the input earthquake ground motion spectrum at a rock site allows computing 
the mean period of the soil (Tm) (Rathje et al., 2004): 

�� = ∑���	
� ��	∑���	
  for 0.25 Hz ≤ fi ≤ 20 Hz, with Δf ≤ 0.05 Hz 4.1 

where Ci is the Fourier coefficient (of acceleration); fi is the discrete frequency corresponding to 
the Ci; and Δf is the frequency interval. Tm is used in this research as a frequency content parameter 
(1/Tm) of an input rock motion. 

 

4.2.1.3 Duration Parameters 

 

A characteristic ground motion duration is a bracketed duration (Bolt, 1969), defined as the time 
interval between the first and the last instance where the motion exceeds a threshold acceleration 
(usually 0.05g). Alternatively, ‘significant duration’ is defined as the time interval across which a 
specified amount of energy of the accelerogram occurs (Stewart et al., 2001). In this research 
significant duration is considered as the time interval between which 5% and 95% of Arias 
intensity is dissipated. Arias intensity (Ia), defined as the integral of the square of the acceleration 
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times a constant (= π/2g), is a measure of the energy content in an acceleration time history, which 
captures the potential destructiveness of an earthquake (Arias, 1969). 

 

4.2.1.4 Forward Directivity  

 

Somerville (2002) claims: 

An earthquake is a shear dislocation that begins at a point on a fault and spreads at a 
velocity that is almost as large as the shear wave velocity. The propagation of fault rupture 
toward a site at a velocity close to the shear wave velocity causes most of the seismic energy 
from the rupture to arrive in a single large pulse of motion that occurs at the beginning of 
the record (Somerville et al., 1997). This pulse of motion represents the cumulative effect 
of almost all of the seismic radiation from the fault. The radiation pattern of the shear 
dislocation on the fault causes this large pulse of motion to be oriented in the direction 
perpendicular to the fault plane, causing the strike-normal component of ground motion to 
be larger than the strike-parallel component at periods longer than about 0.5 seconds. To 
accurately characterize near fault ground motions, it is therefore necessary to specify 
separate response spectra and time histories for the strike-normal and strike-parallel 
components of ground motion. 

Forward rupture directivity effects occur when two conditions are met: the rupture front 
propagates toward the site, and the direction of slip on the fault is aligned with the site. 
The conditions for generating forward rupture directivity effects are readily met in strike-
slip faulting, where the rupture propagates horizontally along strike either unilaterally or 
bilaterally, and the fault slip direction is oriented horizontally in the direction along the 
strike of the fault. However, not all near-fault locations experience forward rupture 
directivity effects in a given event. Backward directivity effects, which occur when the 
rupture propagates away from the site, give rise to the opposite effect: long duration 
motions having low amplitudes at long periods. 

In this research, some near-fault forward-directivity earthquake ground motions (including both 
strike-normal and strike-parallel components) were inserted in the suite of near-fault earthquake 
ground motions. 

 

4.2.2 Selecting and Scaling Earthquake Ground Motions 

 

Seismic provisions in current building codes (e.g., ASCE 7-10, 2010 and NEC, 2011) define 
procedures for designing new structures using response history analysis. However, there is still no 
consensus among the earthquake engineering community on how best to select and scale 
earthquake ground motions for code-based seismic performance assessment of buildings (NIST, 
2011). NIST (2011) presented a detailed evaluation of commonly used methods for selecting and 
scaling earthquake ground motions for performing response history analyses.  
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The Ecuadorian construction norms, NEC (2011), provide a design response spectrum at rock 
outcropping site. NEC (2011) design spectrum is based on the UHS in part with slight adjustments 
made by the seismic hazard committee as a compromise amongst committee members. PSHA 
considers all possible earthquake scenarios from contributing faults or energy release mechanisms 
near a site to estimate the probability of a motion exceeding given spectral intensities. 

A UHS envelops ground motions from several seismic sources. As a result, the controlling 
earthquake scenarios need to be obtained by disaggregating the UHS for selected structural 
periods. The influential factors contributing to the hazard at different spectral periods are: the 
magnitude of the motion, the distance from the fault and the band width of the motion (number of 
logarithmic standard deviations above or below the logarithmic median of the ground-motion used 
in the analyses) (Bommer and Acevedo, 2004).  

URS Corporation (2007) performed a probabilistic seismic hazard analysis for a project in 
Guayaquil City, where the author had the opportunity to participate as an external consulting 
engineer. That study presented a UHS for hard rock conditions for a return period (RP) of 475 
years. Also, URS (2007) presented a disaggregation of the spectral ordinates of the UHS, for 
various spectral periods: T=0 (PGA), T=1, 1.5 and 2 seconds. 

In Guayaquil, the peak acceleration hazard is controlled by nearby faults like Colonche, Guayaquil 
and Carrizal with return periods of 200 years (URS, 2007). At longer periods, e.g., 1.0 sec spectral 
acceleration, the South America subduction zone (boundary between Nazca and South American 
plate which includes both the megathrust and the Wadati-Benioff zone) controls the hazard at the 
site (with a return period of about 2,000 years), because it is capable of generating larger events 
(Mw > 8) with greater long-period ground motions. 

By disaggregating the UHS into peak ground acceleration and spectral periods of 1.0, 1.5 and 2 
sec for motions at various magnitude and distance levels, Figure 4.2 (a), (b), (c) and (d) illustrate 
the contributions by different events. At a 475-year return period, the peak acceleration hazard is 
derived from events of Mw 5 to 7, at distances less than 15 km, and also from the subduction zone 
events of Mw 6.5 to 9 at 40 km and beyond (URS, 2007). At 1.0 sec spectral acceleration, the 
subduction zone motions (defined as far field events, FF) with its larger maximum earthquakes 
dominate this longer-period hazard (Figure 4.2b) although the crustal fault motions (defined as 
near-fault events, NF) still contribute significantly. Thus, a bimodal contribution should be 
considered under either case. 

 

4.2.3 Ground Response Modeling  

 

As stated by Field et al. (1998):  

In accordance with the conservation of energy, seismic-wave amplitudes generally 
increase in sediments due to lower densities and and/or lower seismic velocities. In 
addition, resonance effects can occur where abrupt impedance contrasts exist. If sediments 
were perfectly elastic, their response would be independent of incident-wave amplitudes. 
As with any real material, however, sediments begin to yield at some level of strain, and 
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this violation of Hooke's law will give rise to a nonlinear response. The engineering 
community has long believed that sediment nonlinearity is significant. This perspective was 
based almost entirely on laboratory studies, where observed stress-strain loops imply a 
reduced effective shear modulus and an increased damping at higher levels of strain. A 
reduced shear modulus alone implies an increased amplification, depending on how it is 
measured. However, the increased damping generally tends to dominate, resulting in a 
reduced amplification (and even possible deamplification), which in turn implies less 
stringent building requirements. 

Nonlinear effects have been applied in engineering practice since the early 1970s, and are 
accounted for in current building codes. One manifestation of this perspective was that 
peak ground acceleration (PGA) was believed to be reduced (or deamplified) at sediment 
sites when rock-site PGA exceeds 0.1g (Seed and Idriss, 1983). The 1985 Michoachan and 
1989 Loma Prieta earthquakes changed that perspective, shifting the threshold between 
PGA amplification and deamplification to ~0.4 g for deep, soft clay sites (Finn, 1991; 
Idriss, 1991). Furthermore, data obtained during the 1989 Loma Prieta and 1994 
Northridge earthquakes indicate a threshold of ~0.6g for deep, stiff soil sites (Chang and 
Bray, 1997). 

Stewart et al. (2008) review various nonlinear models and discuss the calibration between 
nonlinear and the equivalent-linear method using recordings from borehole arrays. 

 

4.2.3.1 Equivalent-linear Modelling  

 

One of the most well-known and well-calibrated 1D seismic site response procedures is 
implemented in the program SHAKE (Schnabel et al., 1972) that calculates the response of a 
system of homogeneous, viscoelastic layers of infinite horizontal boundary, subjected to a 
vertically travelling shear wave motion. SHAKE is based on the continuous solution to the wave-
equation (Kanai, 1951), adapted for use with transient motions through a Fast Fourier Transform 
(FFT) algorithm. The nonlinearity of soil is captured through the use of equivalent-linear soil 
properties through an iterative procedure.  

SHAKE takes an outcropping rock motion (typically a recorded motion at the ground surface), and 
converts it into a "within rock motion." This ‘within’ rock motion is then converted from the time 
domain (i.e., a time history of accelerations) to the frequency domain (adding many harmonic 
waves of varying frequencies where each has its own amplitude). However, under a compliant 
base rock condition (where the impedance ratio is not infinite), a ‘within’ rock motion may be 
affected by: the impedance ratio of the rock-soil interface; the soil deposit's mass; and its response 
characteristics (like the characteristic period) (Schnabel et al., 1972). 

Appropriate shear modulus and material damping values (which are strain dependent) are 
developed for each layer during each iteration. When the convergence is reached, the problem is 
converted to that of a viscoelastic material with constant properties. With these constant values of 
shear modulus, damping, and the unit weight for each layer, the wave equation can be solved using 
a complex stiffness response method. A transfer function is calculated based on this model to relate 
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the motion at the base level (i.e., within rock motion) to the motion at the ground surface. The 
SHAKE91 (Idriss and Sun, 1992) code version was implemented on a pre and post processing 
software under the name SHAKE-2000 (Ordonez, 2006), and this research uses SHAKE-2000 to 
perform equivalent-linear site response analyses. 

 

4.2.3.2 Fully Nonlinear Soil Modelling  

 

In this research, the DMOD-2000 program (GeoMotions, LLC, 2007; Matasovic, 1993) is 
employed to analyze the fully nonlinear, total and effective stress, response of a soil deposit. 
DMOD uses a 1D lumped mass model and solves the equation of motion in the time domain by 
means of Newmark linear acceleration integration procedure developed by Lee and Finn (1978), 
recalculating the soil shear stiffness at each time step. Figure 4.3 shows the dynamic response 
model used in DMOD to represent a horizontally layered soil deposit shaken at its base or half-
space.  

One of the benefits of effective stress nonlinear models over total stress nonlinear models is their 
capability to calculate the change in pore water pressure and soil degradation due to cyclic loading. 
Cyclic shearing of fully saturated soils causes plastic deformations due to the progressive collapse 
of the soil skeleton. While the soil skeleton collapses residual excess pore water pressures are 
developed, which decrease the effective stress. Since the stiffness and strength of soils are 
dependent on the effective confining pressure, as the effective stress decreases the strength and 
stiffness similarly decreases. Therefore, the generation and redistribution of excess pore water 
pressure within soil deposit can considerably modify the dynamic response of a site (Matasovic, 
1993).  

When a recorded outcropping control motion is used as a ‘within’ rock motion, Stewart et al. 
(2008) recommend considering an elastic base. As result, DMOD-2000 has an updated model for 
a compliant-base boundary condition, which was evaluated by Stewart et al. (2008). A compliant 
base is compatible with the characteristics of underlying half-space geomaterial which allows 
some of the energy in the vibrating soil deposit to radiate down into the half-space (Joyner and 
Chen, 1975). Such a transmitting boundary provides a 1D model compatible to the SHAKE model. 
In this study transmitting half-space boundary or compliant base condition was considered in all 
analyses. 

DMOD-2000 uses the MKZ constitutive model to define the initial backbone curve as explained 
in Chapter 3. The soil stiffness and damping variables are defined with a nonlinear hysteretic 
springs connected to the lumped masses as shown in Figure 4.3. In addition, viscous damping is 
provided using viscous dashpots to control high frequency oscillations at the beginning of the 
analysis.  
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4.2.3.3 Difference between Equivalent-linear and Nonlinear Site Response Methods  

 

Kottke (2010) evaluated the difference between equivalent linear (EQL) and nonlinear (NL) 
models for site response analysis. The program Strata (Kottke and Rathje 2008) was considered 
for EQL analyses, and the program DeepSoil (Hashash, 2002) for NL analyses. Strata performs 
EQL site response analysis in the frequency domain using time domain input motions and random 
vibration theory (RVT) methods, and allows for randomization of the site properties. DeepSoil 
uses the MKZ backbone curve (a modified hyperbola) (Matasovic and Vucetic 1995) similar to 
DMOD-2000, and viscous damping is incorporated through the Rayleigh damping formulation. 

Two sites were analyzed. One was the Sylmar County Hospital (SCH) site in the San Fernando 
Valley of Southern California which consists of 90 meters of alluvium over rock. The initial elastic 
site period (Te, based on quarter-wavelength approach) was 0.86 s. The other was Calvert Cliffs 
(CC) site in Maryland on the coast of Chesapeake Bay which consists of alternating layers of sand 
and clay/silt to a depth of over 750 meters with the underlying bedrock having a shear wave 
velocity of over 2,500 m/s.  Te in this case was 4.76 s.  

Comparisons were made in terms of median spectral ratio, where spectral ratio was defined as the 
ratio of the spectral acceleration at the surface to the spectral acceleration at the base input motion 
(SR = Sa,surf / Sa,rock). The relative difference of the response between EQL and NL models was 
calculated for each spectral period (or frequency), as follows: 

��� = ���������� 
�����  . 100%                      4.2 

where SRNL is the median spectral ratio from nonlinear analysis and SREQL is the median spectral 
ratio from equivalent linear analysis.  

Analyzing the results shown in Figure 4.4, Kottke (2010) state:  

At larger input intensities (greater than 0.05 g to 0.1 g) the nonlinear method predicts less 
site amplification than the equivalent-linear method at very high frequencies (above 25 
Hz), more site amplification than the equivalent-linear method at high frequencies (5 to 25 
Hz), and less site amplification than the equivalent-linear method at the natural 
frequencies of the site. The nonlinear method predicts less amplification at very high 
frequencies due to the incoherence in the phase introduced by the nonlinear stress-strain 
response. The greater amplification predicted by the nonlinear method at high frequencies 
is a result of high-frequency amplification generated by the instantaneous change in 
stiffness upon stress reversal in the nonlinear analysis, as well as over-damping of high 
frequencies in the equivalent-linear analysis. The smaller amplification predicted by the 
nonlinear method close to the natural frequencies of the site is caused by the continuously 
changing stiffness modeled in nonlinear analysis. 

Though the sites chosen by Kottke (2010) are quite different from Guayaquil soil sites, the 
observed patterns are quite useful in evaluating EQL and NL models for Guayaquil soils. 
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4.2.4 Simplified Model to Estimate Non-liquefiable NEHRP F Site Design Spectra  

 

Carlton (2014) proposed a simplified model to estimate design spectra for a non-liquefiable 
NEHRP F site. The model was develop based on the results of effective stress nonlinear site 
response analyses performed with the program DEEPSOIL (Hashash, et al., 2012) from 15 
selected sites and 10 ground motion scenarios. The evaluated sites were carefully selected to 
represent a site F condition .The sites include a “special” soil layers that were defined as the soil 
layers that classify the site as a NEHRP F site, such as peat and organic soil layers, soil layers with 
PI > 75, or thick deposits of soft soil. 

The simplified model was developed in two phases. In the first phase, the results for each site were 
regressed separately against the ground motion intensity to estimate the effect of the ground motion 
scenario. In the second phase, the site-specific coefficients calculated from the first phase were 
regressed against site properties to determine their site dependence. As result, the simplified model 
proposed by Carlton (2014) estimate the amplification ratio of the surface spectral acceleration at 
period T divided by the spectral acceleration that would be expected on a rock site for the same 
period T, defined as Amp (T). The model is defined below:  

��������		 = � ��	 + �"��	 # �� $�%�&	'()*+,. 
,. -                          4.3 

� ��	 = . ��	 + ."��	 # ln��ℎ	 + .2��	 # ln�34�5%6	 + .7��	 # ln �8,.9,�5%6	                 4.4 

�"��	 = .9��	 + .;��	 # ln�<==��6	                             4.5 

where Th is the total thickness in meters of the special soil layers, Vsmean is the mean shear wave 
velocity of the special soil layers in m/s, γ0.5, mean is the mean shear strain when G/Gmax = 0.5 of the 
special soil layers in percent, CRRmin is the minimum value of the cyclic resistance ratio of the 
special soil layers, where CRR is the dynamic shear strength of the soil divided by the vertical 
effective confining pressure, and c1 through c6 are period dependent coefficients. 

Carlton (2014) considered within its database a site from Guayaquil City located in geotechnical 
zone D3a, named HAGP site (Coord. 618914, 9755389). This site is located at the southern area 
of the city, which defined as NEHRP F site (e.g. very thick soft/stiff clays Hclay >36m), as seen in 
Figure 4.5. Figure 4.5 shows the geotechnical parameters from the site, estimated from boreholes, 
MASW+ReMi, CPTu and SPT data, such as; fine content (FC), plasticity index (PI), shear wave 
velocity (Vs), overconsolidation ratio (OCR), and undrained shear strength (Su). Carlton (2014) 
assumed a Su/σ’ v (τff/σ’ v or CRR) value of 0.19 to 0.20 when analyzing the case of a soil profile 
loosely based on this site, but with lower CRR values than in reality to emphasize a very soft clay 
site. The laboratory and in situ test results indicate that the actual CRR for that site are much higher 
(twofold) than that used by Carlton (2014), as seen in Figure 4.5. Carlton (2014) shear strength 
assumption for the selected Guayaquil’s site has an important practical implication, because in 
dynamic nonlinear effective stress analyses if the shear strength is underestimated then the 
predicted ground motion demand could be much lower than reality, which could lead to an 
unconservative design.   
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It is important to mention that Carlton (2014) consider the strain-dependent normalized shear 
modulus reduction and damping curves for Guayaquil clay from TI sample that was normally 
consolidated via SHANSEP method to mitigate its cementation effects (as explained in detailed in 
Chapter 3). As result, the important effect on the dynamic site response of the structure-induced 
overconsolidation or apparent overconsolidation, because of pyrite cementation or concretions 
found in its clay fabric was not evaluated in this study.  

To evaluate the effect of Carlton’s assumption for Guayaquil sites, the simplified model will be 
consider for comparison with the results obtained in this research from effective stress nonlinear 
analyses performed for sites within geotechnical zone D3a. 

 

4.3 Input Earthquake Ground Motions 

 

4.3.1 Uniform Hazard and Design Spectrum at Outcrop Site for Guayaquil City 

 

Since the Ecuadorian construction norms, NEC (2011), does not present a Uniform Hazard 
Spectrum (UHS) covering the entire spectral period range, the UHS used by URS Corporation 
(URS, 2007) is used in this research. In addition to evaluating the dynamic site response for each 
geotechnical zone in Guayaquil City, we also want to study the influence of input ground motion 
variability on dynamic soil response parameters and its effect on the inelastic response of a single 
degree of freedom system (as will be discussed in Chapter 6).  Therefore, we considered altogether 
50 input earthquake ground motions (25 each from near-fault and far-field motions) in this 
research.  

First, a normalized acceleration spectrum (Sa/PGA) was obtained for each earthquake ground 
motion. Then spectral ordinates of each were modified applying a scale factor to its normalized 
response spectrum until the median response spectrums of both near-field suite of motions and far-
field suite of motions match the controlling UHS used by URS Corporation (2007). Modifying 
only the intensity of an earthquake ground motion do not change the significant duration and 
frequency content of a motion (Bommer and Acevedo, 2004). 

URS (2007) results show that an earthquake motion with moment magnitude Mw = 6.8 
(considering median + 0.2 epsilon of its time-based distribution) at a source distance R = 5 km 
controlled the short and long period hazards. (Epsilon is the difference between the logarithm of 
the ground motion amplitude and its mean and is measured in units of the standard deviation (σ)). 
In addition, an earthquake motion with Mw = 8 (median + 0.2 epsilon) at R = 100 km controlled 
the longer period hazard, generating a bimodal contribution for the long period hazard. The 
moment magnitude (Mw), closest distance to the source (R) and epsilon (ε) of the time-based 
distribution of a motion were considered in the hazard model.  
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Figure 4.6 compares the design response spectrum of the horizontal UHS for hard rock condition 
from URS (2007) and the design spectrum from NEC (2011). A UHS generally shows the spectral 
acceleration values at a uniform probability (return period), which in this case is a 475-year return-
period. It can be seen that UHS considered in this research (from URS, 2007 report) matches very 
closely the design spectrum from NEC (2011) for spectral periods larger than 0.3 sec. 

 

4.3.2 Crustal Earthquake Ground Motions (Near Fault events) 

 

The crustal earthquake ground motions should be chosen so that they are seismologically 
compatible with the controlling input ground motion (Mw 6.8 and R = 5km) from the UHS. To 
estimate such compatible ground motion parameters, Next Generation of Attenuation (NGA) 
ground motion prediction models were considered from Abrahamson and Silva (2008), Boore and 
Atkinson (2008), Campbell and Bozorgnia (2008), and Chiou and Youngs (2008).  For Mw = 6.8 
and R = 5km, the median of PGA and PGV for rock sites (from NGA ground motion prediction 
models) were 0.33g and 23 cm/sec, respectively. The expected mean period and predominant 
period (from Rathje et al. 2004) were 0.48 and 0.24 sec, respectively. The Arias intensity (from 
Travasarou et al, 2003) was 50 and 100 cm/s, for R = 5km and 15km, respectively. Finally, the 
expected median significant duration D5-95 (from Abrahamson and Silva, 1996) was 12 s. Table 
4.1 shows the seismological characteristics of 25 scaled crustal earthquake ground motions from 
near-fault events that were analyzed. From scaled crustal ground motions, pulse-like motions and 
non-pulse-like motions were considered on the data set. The pulse-like, forward directivity ground 
motions used in this study were selected from the work of Bray and Rodriguez-Marek (2004), 
during summer of 2007 (detailed description in Appendix B).  
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Ground Motions for Scenario I (Crustal Events)

Type of Mechanism PGA PGV Tm D5-95 Ia PGA Scaled PGA Scaled PGV Iascaled

Motion
motion ('g) (cm/s) (sec) (sec) (cm/sec)

Scaled 
factor

(`g) (cm/s) (cm/sec) (km) (NEHRP)

Expected values (Median) 0.32-0.34 48 - 106 0.45-0.5 9.0-14.0 100 - 150
1 Parkfield- 66-06-27 Temblor PARKF/TMB- FP FD SS 0.2473 12.28 0.39 5.99 23.4 1 0.2473 12.28 23.4 6.1 9.99 B
2 Parkfield- 66-06-27 Temblor PARKF/TMB205 FN FD SS 0.3707 22.41 0.404 4.2 52.2 1 0.3707 22.41 52.2 6.1 10 B
3 Loma Prieta 89-10-17 Gilroy-Gavilan Coll. LOMA PRIETA/GIL- FP FD OB 0.324 26.2 0.32 4.69 66.1 1.1 0.3564 28.82 79.981 7 11.6 B
4 Loma Prieta 89-10-17 Gilroy-Gavilan Coll. LOMA PRIETA/GIL FN FD OB 0.441 26.03 0.35 4.77 94.43 0.9 0.3969 23.427 76.5 7 12 B
5 Loma Prieta 89-10-17 Gilroy array #1 LOMA PRIETA/G01090 FD OB 0.473 33.86 0.387 3.68 167.9 0.6 0.2838 20.316 60.444 7 11.2 A
6 Northridge 94-1-17 Pacoima Dam (downstr) NORTHD-PAC175 FD R 0.415 45.08 0.45 4.34 93.5 0.7 0.2905 31.556 45.8 6.7 8 A
7 Kocaeli- 99-8-17 Gebze KOCAELI-GBZ000 FD SS 0.2441 50.3 0.72 7.41 54.9 1 0.2441 50.3 54.9 7.4 17 A
8 Whittier Narrows 87-01-10 San Gabriel-E Grand Av WHITTIER-A-GRN180 NPL 0.304 22.79 0.5 5.1 83 1.3 0.3946 29.627 139.8 6 9 A
9 Chi-Chi, Taiwan 99-9-20 TCU120 CHICHI-TCU120-W_AT2 NPL 0.225 63.17 1.055 32.61 200 1.4 0.315 88.438 392 7.6 8.1 B
10 Northridge 94-1-17 Pacoima Kagel Canyon NORTHD-PKC360 NPL 0.433 51.23 0.64 9.84 179.3 1.1 0.4763 56.353 217.0 6.7 8 B
11 Northridge 94-1-17 Pacoima Kagel Canyon NORTHD-PKC090 NPL 0.301 31.3 0.67 10.08 160 0.7 0.2107 21.91 78.4 6.7 8.2 B
12 Kocaeli- 99-8-17 Sakarya KOCAELI-SKR090 NPL 0.376 79.5 0.4 9.86 175.8 1 0.376 79.5 175.8 7.4 3 B
13 Kocaeli- 99-8-17 Izmit KOCAELI-IZT180 NPL 0.152 22.6 0.63 14.99 56.18 1.2 0.1824 27.12 80.8992 7.4 4.8 A
14 Kocaeli- 99-8-17 Izmit KOCAELI-IZT090 NPL 0.22 29.77 0.58 13.24 81.3 0.7 0.154 20.839 39.8 7.4 5 A
15 Coyote Lake 79-08-06 Gilroy Array # 6 COYOTELK-G06 FP NPL 0.333 27.12 0.41 3.04 60.2 1.3 0.4329 35.256 101.738 5.7 3.1 B
16 Coyote Lake 79-08-06 Gilroy Array # 6 COYOTELK-G06 FN NPL 0.45 51.537 0.62 3.42 85.22 1.4 0.63 72.1518 167.0 5.7 3 B
17 Chi-Chi, Taiwan 99-9-20 TCU089 CHICHI-TCU089W NPL 0.333 30.9 0.46 24.12 300 1.3 0.4329 40.17 507 7.6 8.22 B
18 Chi-Chi, Taiwan 99-9-20 TCU084 CHICHI-TCU084N NPL 0.417 45.6 0.759 23.17 386 1.1 0.4587 50.16 467.1 7.6 10 B
19 San Fernando 71-02-09 Lake Hughes #12 SFERN-L12291 NPL 0.283 12.61 0.21 11.89 78.4 0.9 0.2547 11.349 63.504 6.6 20.3 B
20 Superstition Hills (B) 87-11-24 El Centro Imp. Co. Cent B-ICC- FP FD SS 0.22 36.127 0.63 17.52 73.8 1.2 0.264 43.3524 106.3 6.7 14 C
21 Superstition Hills (B) 87-11-24 El Centro Imp. Co. Cent B-ICC- FN FD SS 0.308 51.89 0.81 18.83 99.8 1 0.308 51.89 99.8 6.7 14 C
22 Northridge 94-1-17 Newhall-W. Pico Canyon Rd. NORTHD-WPI- FP FD 0.357 61.25 1.25 9.76 93.7 0.6 0.2142 36.75 33.7 6.7 7 B
23 Northridge 94-1-17 Newhall-W. Pico Canyon Rd. NORTHD-WPI- FN FD 0.467 93.46 1.49 6.16 157.7 1.1 0.5137 102.806 190.817 6.7 7 B
24 Northridge 94-1-17 Arleta - Nordhoff Fire Sta NORTHD-ARL090 NPL 0.34 40.43 0.6 12.98 152.2 1.15 0.391 46.4945 201.3 6.7 9 B
25 Northridge 94-1-17 Arleta - Nordhoff Fire Sta NORTHD-ARL360 NPL 0.3 23.12 0.54 13.46 117.1 1 0.3 23.12 117.1 6.7 9.2 B

FD, Forward-Directivity ground motion (pulse-like) median = 0.33 33.86 0.58 9.84 93.70 0.32 35.26 99.80 7.60 20.30

NPL, Non-pulse-like ground motion Tm max 1.49 mean 0.34 41.06 142.89 5.7 3

OB, Oblique Slip Tm min 0.21 6.7 9

SS, Strike Slip PGA max 0.63 507.0
R, Closest distance from the source PGA min 0.154 23.4

Mw
Site classR

Earthquake Station #name

Recorded parametres Scaled  parameters

Table 4.1 Seismological characteristics of the scaled crustal earthquake ground motions for near-fault 
events (Forward directivity motions were selected from Bray and Rodriguez-Marek, 2004). 
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Figure 4.7 shows the response spectra (5% structural damping) of 25 scaled crustal (NF) 
earthquake ground motions, the median response spectrum of the suite and also the median±1σ 
response spectra. A linear scaling procedure was used to modify the acceleration time-history of 
the earthquake ground motion. The scale factor varied from 0.6 to 1.4. Five forward directivity 
ground motions (Bray and Rodriguez-Marek, 2004) were included in this set of 25 ground motions. 
Original ground motions were rotated to obtain normal and parallel components with respect to 
earthquake faults. Within this modified set of motions, the moment magnitude, Mw, varies between 
5.7 and 7.6 with a median of 6.7. The distance to the fault, R, varies from 3 to 20.3km with a 
median of 9 km. 

Figure 4.8 shows the variation of the scaled PGArock of these 25 near-fault earthquake motions. It 
can be seen that most PGA values fall within the median±1σ band of the expected median from 
NGA models (Abrahamson and Silva, 2008; Boore and Atkinson, 2008; Campbell and Bozorgnia, 
2008; and Chiou and Youngs, 2008). Figure 4.9 shows the variation of the scaled PGV of the 
selected ground motions (pulse-like and non-pulse-like motions) around the expected median from 
NGA models. Figure 4.10 and shows the variation of frequency content (mean period) of the 
selected input ground motions.  The variations of duration characteristics of the input ground 
motions (Arias intensity and significant duration) are shown in Figures 4.11 and 4.12, respectively. 

 

4.3.3 Subduction Earthquake Ground Motions (Far Field events) 

 

To select subduction earthquake ground motions that are seismologically compatible with the 
expected values of the median + 0.2epsilon of the PGA ground motion, the prediction model for 
Intraslab subduction model was considered (Atkinson and Boore, 2003). For a motion with Mw=8 
at R=100km, the expected PGA for a rock site is 0.17g (from Intraslab model) and for R=200km 
it is 0.10g. For subduction ground motions no published empirical correlations between Mw, R, 
PGV, frequency content and duration parameters are available.  Table 4.2 shows the seismological 
characteristics of the 25 scaled subduction earthquake ground motions (far field FF events).  

A linear scaling procedure was considered to modify the acceleration time-history of the 
earthquake ground motions. The scale factor varied from 0.5 to 5. Earthquake ground motions 
from Chile and Peru subduction trenches and Mexico subduction zone were considered. For the 
25 selected motions, the moment magnitude Mw varied from 7.6 to 8.4 with a median of 8.1. The 
distance R varied from 38 to 300 km with a median of 133 km. Figure 4.13 shows the response 
spectra (5% structural damping) for the 25 scaled subduction motions, the median and median±1σ. 

Figure 4.14 shows the variation of the scaled PGArock of the 25 far field events. They are compared 
with the median estimated for R = 100 and 200 km from Cascadia subduction zone from Atkinson 
and Boore (2003) model.  Figure 4.15 shows the variation of the scaled PGV for the selected 
ground motions. Figure 4.16 shows the variation of the mean period. Figures 4.17 and 4.18 show 
the variation of the Arias intensity and significant duration of the input ground motions, 
respectively (detailed description in Appendix B). 
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Ground Motions for Scenario II (Subduction Events)

PGA PGV Tm D5-95 Ia PGA Scaled PGA Iascaled Mw Depth R Site class

Motion
('g) (cm/sec) (sec) (sec) (cm/sec)

Scaled 
factor

(`g) (cm/sec) (km) (km) (NEHRP)

1 Peru 2001-06-23 Monquegua, PERU Monquegua EW 0.3 24.930.53 35.86 284 0.7 0.21 139.2 8.4 33 60 A
2 Peru 2001-06-23 Monquegua, PERU Monquegua NS 0.224 29.93 0.526 36.04 247 0.7 0.1568 121.0 8.4 33 60 A
3 Chile 1985-03-03 Valparaiso , Chile Valparaiso 70 0.178 17.16 0.42 38.94 111 1 0.178 111.0 7.9 129 A
4 Mexico 1985-09-19 Caleta de Campos Mexico85e 0.131 14.83 0.45 60.39 53.85 1.5 0.1965 121.2 8.1 38 A
5 Mexico 1985-09-19 Caleta de Campos Mexico85n 0.151 18.3 0.59 57.4 70.8 1.5 0.2265 159.3 8.1 38 A
6 Mexico 1985-09-19 Tacy Tacy 00e 0.03 11.5 1.34 56.8 5.6 5 0.15 140.0 8.1 C
7 Mexico 1985-09-19 Tacy Tacy 90n 0.03 8.54 1.58 62.3 5 5 0.15 125.0 8.1 C
8 Tecoman 2003-01-22 Manzanillo Power Plant Manz E 0.343 29.86 0.39 16.11 209 0.5 0.1715 52.3 7.6 9 50 C
9 Tecoman 2003-01-22 Manzanillo Power Plant ManzN 0.253 31.94 0.65 18.01 129 1 0.253 129.0 7.6 9 50 C
10 Pisco 2007-08-15 CISMID(JAH) PiscoCISMID07E 0.074 6.72 0.248 97.4 30.4 2 0.148 121.6 8 39 111 C
11 Pisco 2007-08-15 CISMID(JAH) PiscoCISMID07N 0.045 3.735 0.21 101.5 19.3 2 0.09 77.2 8 39 111 C
12 Mexico 1985-09-19 PAPANOA mexpapan85N 0.151 8.52 0.26 18.5 20.11 2 0.302 80.4 8.1 15 133 A
13 Mexico 1985-09-19 PAPANOA mexpapan85E 0.11 6.15 0.22 19.97 25.3 1 0.11 25.3 8.1 15 133 A
14 Peru 1974-10-03 PARQUE DE LA RESERVA, LIMA sismoperu74NS 0.166 11.89 0.28 48.34 86.69 1 0.166 86.7 7.8 13 114 B
15 Peru 1974-10-03 PARQUE DE LA RESERVA, LIMA sismoperu74WE 0.177 18.6 0.36 47.9 120 1 0.177 120.0 7.8 13 114 B
16 Peru 2001-06-23 Arica Casa, CHILE peruaricacl 0.262 24.19 0.63 23.65 142 1 0.262 142.0 8.4 33 170 C
17 Peru 2001-06-23 Arica Casa, CHILE peruaricact 0.308 26.88 0.43 24 169 1 0.308 169.0 8.4 33 170 C
18 Peru 2001-06-23 Arica Costanera, CHILE peruarcostl 0.34 27.45 0.55 20.52 141 1 0.34 141.0 8.4 33 170 C
19 Peru 2001-06-23 Arica Costanera, CHILE peruarcostt 0.282 23.56 0.54 23 124 1.2 0.3384 178.6 8.4 33 170 C
20 Mexico 1985-09-19 CU01 , Lab Inst. Sismica-UNAM CU01E 0.033 7.94 1.6 57.15 6.5 4 0.132 104.0 8.1 15 300 B
21 Mexico 1985-09-19 CU01 , Lab Inst. Sismica-UNAM CU01N 0.026 8.97 1.7 64.6 6 4 0.104 96.0 8.1 15 300 B
22 Mexico 1985-09-19 CUIP, Jardin Lab. Suelos, UNAM CUIPE 0.032 7.76 1.54 47.5 5.9 4 0.128 94.4 8.1 15 300 B
23 Mexico 1985-09-19 CUIP, Jardin Lab. Suelos, UNAM CUIPN 0.027 9.04 1.72 48.44 6.2 4 0.108 99.2 8.1 15 300 B
24 Mexico 1985-09-19 CUM, Mesa Vibradora, UNAM CUME 0.036 9.7 1.45 44.57 4.9 4 0.144 78.4 8.1 15 300 B
25 Mexico 1985-09-19 CUM, Mesa Vibradora, UNAM CUMN 0.033 9.19 1.49 41.59 6.1 4 0.132 97.6 8.1 15 300 B

R= Closest distance from the source median 0.151 13.36 0.54 46.035 62.3 0.17 120.0 8.4 39 300
7.6 9 38

Note: All the motions are baseline corrected and Band-pass filter of 0.1 - 25Hz was applied (type: Butterworth) 8.1 15 133

Recorded parametres Scaled  parameters

Earthquake Station #name

 
Table 4.2 Seismological characteristics of the scaled subduction earthquake ground motions for far 

field events. 
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4.3.4 Median Earthquake Ground Motions  

 

For each set of 25 scaled earthquake ground motions, originated in crustal and subduction zones, 
the median of spectral acceleration and median±1σ were computed and compared with that of the 
UHS considered (URS, 2007), as shown in Figure 4.19.  

Figure 4.20 shows the comparisons between design response spectrum for soft rock condition from 
Ecuadorian Construction Norm, NEC (2011); UHS for hard rock condition from URS (2007) and 
median input rock motions considered for near-fault (NF) and far field (FF) scenarios from this 
research.  One can observe that median of NF events follows throughout the spectral values of the 
UHS of URS (2007) and the median of FF events follows the UHS for periods T ≥ 1.0 sec, similar 
than controlling earthquake scenarios obtained by disaggregating the UHS (URS, 2007). 

 

4.4 Guayaquil’s Recorded Ground Motions  
 

The Institute of Geophysics (IGN) from the National Polytechnic University of Ecuador installed 
three broadband accelerometers located at different sites in Guayaquil City. Two of them are on 
soft soils (type F) (stations Estadio Ramon Unamuno - ERU and Transelectric Trinitaria - TT) and 
the other one (Transelectric Kennedy –TK) is located at a transition zone between Cayo formation 
and the boundary of estuarine deltaic deposits (soil type B). All of the stations are installed as free-
field conditions. Figure 4.21 shows their locations as well as the epicenters of three recorded 
earthquake motions by IGN’s accelerographs. 

These three earthquake events were selected, because it allow us to evaluate the soft soil site 
response from different type of seismic sources (one from near distance and two from far distances 
input motion from the source). Table 4.3 shows the seismological parameters from the October 28, 
2012 earthquake event, Table 4.4 from the July 30, 2012 earthquake event and Table 4.5 from the 
June 27, 2012 earthquake event.  

Even though, the recorded motions had low magnitude, Mw from 4.9 to 5.3, the duration and 
frequency content characteristics of the motions could be evaluated for soft soil site condition. In 
addition, these recorded motions are very important for calibrate the Vs profile and evaluate the 
site response at low shear strain for ERU station. From figure 4.2a, it can be seen from the 
disaggregation of the spectral period at PGA, that the main contribution of near distance motions 
(near-faults) had a R value from 5 to 15 km, however, lower contribution also shown from motions 
with R values from 15 to 30 km (similar to October 28, 2012 earthquake event). For far-field 
motions, Figure 4.2b for spectral period of one second, shows that the main contribution are from 
motions with R from 100 to 250 km (within the range from June 27 and July 30, 2012 earthquake 
events). As result, the selected motions could be considered as possible scenarios to evaluate low-
strain behavior of GYE-Clay, compared it with the results from advanced laboratory tests 
(presented in chapter 3) and evaluated the influence of the input motion on its dynamic site 
response.   
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The station ERU (Coord 622350;9756975) is located at the same site as GYE-07C/216ECU used 
in the complementary geotechnical and geophysical investigation presented in Chapter 2. It has a 
Vs30 value of 100 m/sec. The Vs30 of the TT station (Coord. 621431;9751482) is 180 m/sec, and 
its value at the TK station (Coord. 622414;9761788) is 800 m/sec (hard soil-rock transition). Figure 
4.22 shows the recorded acceleration, velocity and displacement time-histories from WE 
component from the July 30, 2012 earthquake event. It shows that deep soft soil at ERU station 
highly amplify (low-strain amplification) the ground response (acceleration, velocity and 
displacement) compared to the response at TK station where shallow stiff soils overlaying 
sedimentary rock are found. 

 

Table 4.3 Seismological parameters from October 28, 2012 earthquake event. 

  

WE:Ortogonal West-East horizonal direction: NS:Ortogonal North-South horizonal direction; NZ: vertical direction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Seismic event: 1. 28/10/2012, 32 km depth ( Lat=-2.408;Long=-79.906)

WE NS NZ WE NS NZ WE NS NZ

PGA ('g) 0.02 0.02 0.026 0.088 0.05 0.032 0.06 0.045 0.037
PGV (cm/s) 1.127 1.48 0.413 2.58 2.52 0.904 2.37 1.62 0.626

PGD (cm) 0.17 0.178 0.089 0.15 0.31 0.142 0.13 0.094 0.095
Tm (sec) 0.425 0.44 0.118 0.23 0.23 0.197 0.24 0.197 0.11
Tp (sec) 0.3 0.3 0.06 0.06 0.1 0.14 0.28 0.28 0.14

D5-95 (sec) 34.92 30.58 20.02 26.89 25.3 40.38 22.69 28.7 29.38
Ia (cm/sec) 0.504 0.686 0.95 3.75 4.18 1.71 2.7 2.59 2.39

Mw
R, epicentral 

distance (Km)
Site Type F F B

Vs30 (m/sec)

Estadio R. Unamuno 
(agye2, ERU)

Transelectric Kennedy 
(agye3, TK)

4.9 4.9 4.9

Stations

17.4 22.9 28.0

178 101 800

Transelectric Trinitaria 
(agye1, TT)
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Table 4.4 Seismological parameters from July, 30, 2012 earthquake event

 

WE:Ortogonal West-East horizonal direction: NS:Ortogonal North-South horizonal direction; NZ: vertical direction 
  

Seismic event: 2. 30/7/2012, 10 km depth ( Lat=-1.945;Long=-80.777)

WE NS NZ WE NS NZ WE NS NZ

PGA ('g) 0.027 0.022 0.02 0.037 0.03 0.024 0.016 0.0199 0.012
PGV (cm/s) 2.48 2.67 1.38 4.39 3.05 1.388 0.815 0.869 0.395

PGD (cm) 0.32 0.455 0.214 0.634 0.7 0.214 0.091 0.128 0.09
Tm (sec) 0.779 0.796 0.38 0.704 0.69 0.384 0.34 0.271 0.232
Tp (sec) 0.74 0.8 0.36 0.42 0.38 0.36 0.3 0.22 0.16

D5-95 (sec) 30.65 39.6 35.09 34.29 31.1 35.09 36.3 19.76 31.91
Ia (cm/sec) 2.389 2.05 1.06 3.91 3.27 1.06 0.631 0.782 0.234

Mw
R, epicentral 

distance (Km)
Te (sec) based on 

peak 1/f from 
Fourier spectrum

0.80 1.5 0.3

Site Type F F B
Vs30 (m/sec)

Stations

Transelectric Trinitaria 
(agye1, TT)

Estadio R. Unamuno 
(agye2, ERU)

Transelectric Kennedy 
(agye3, TK)

178 101 800

5.3 5.3 5.3

102.0 101.4 100.0
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Table 4.5 Seismological parameters from June, 27, 2012 earthquake event 

  
WE:Ortogonal West-East horizonal direction: NS:Ortogonal North-South horizonal direction; NZ: vertical direction 
 

Using the recorded acceleration time-history for WE component from July 30, 2012 earthquake 
event Fourier spectrum for each station was computed and the results are shown in Figure 4.23. 
The elastic site frequency (fo =1/Te, where Te is the predominant elastic site period) for each station 
can be computed considering that the intensity of the input motion (PGA <0.016g at the site TK 
on shallow stiff soil overlaying sedimentary rock) was low enough not to induce significant soil 
nonlinearity.  

Station TT has an elastic site period of 0.80 sec (foTT=1.25 Hz), while that obtained from the elastic 
site period map of Guayaquil presented in chapter 5 varies from 1 to 1.2 sec. For the site ERU a 
spectral peak was found at 1.5 sec (foERU=0.66Hz), meanwhile the value from the map varies from 
1.4 to 1.6 sec. For station TK the elastic site period was 0.3 sec (foTK=3.33Hz) and its estimate 
from the elastic period map falls between 0.2 and 0.4 sec. Thus, the measured elastic site periods 
at all the stations are similar to those estimated from microtremor measurements by Nakamura 
method (presented in Chapter 2 and 5).  

Figure 4.24 shows Husid plots for near-fault and far field low intensity motions (WE component) 
recorded at stations TT, ERU and TK. The plots show that the energy accumulates over more time 
for longer distance seismic source (far field events, R ≥100km) as compared to a shorter duration 
ground motion (near field event, R ≤ 28 km). Additionally, the deep soft soil site (station ERU 
from estuarine deltaic zone) generate more seismic demand than other sites for near-fault and far-
field recorded motions, as shown on Table 4.3, 4.4 and 4.5.  

Seismic event 3: 27/6/2012, 10 km depth ( Lat=-1.7;Long=-81.1)

WE NS NZ WE NS NZ WE NS NZ

PGA ('g) 0.004 0.005 0.002 0.006 0.008 0.008 0.0036 0.0037 0.002
PGV (cm/s) 0.392 0.603 0.135 0.811 0.68 0.301 0.175 0.152 0.11

PGD (cm) 0.10 0.12 0.089 0.138 0.134 0.124 0.086 0.069 0.074
Tm (sec) 0.73 0.76 0.47 0.613 0.55 0.219 0.32 0.3 0.19
Tp (sec) 0.24 0.761 0.32 0.38 0.4 0.10 0.28 0.24 0.08

D5-95 (sec) 50.79 43.78 52.06 51.15 45.52 89.0 48.56 44.87 70
Ia (cm/sec)0.0006 0.001 0.0001 0.002 0.002 0.003 0.0004 0.0004 2E-04

Mw
R, epicentral 

distance (Km)
Site Type F F B

Vs30 (m/sec)

Stations

Transelectric Trinitaria 
(agye1, TT)

Estadio R. Unamuno 
(agye2, ERU)

Transelectric Kennedy 
(agye3, TK)

178 101 800

5.2 5.2 5.2

134.0 136.0 136.0
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Figures 4.25 and 4.26 show the dynamic spectral response from recorded ground motions at stiff 
and soft soil sites under far field (from July 30, 2012) and near-fault (October, 28, 2012) events, 
respectively.  The influence of local soil conditions on the characteristics of the surface motions is 
apparent from these figures. Under the far field event (low frequency content input motion), a large 
spectral displacement was visible at soft soil sites (ERU and TT stations) compared to that at the 
shallow stiff soil site (TK station), as seen in Figure 4.25. The ratio PGAERU/PGATK, for the WE 
component of the motion was 2.5 and only 1.5 for its NS component. The ratio PGATT/PGATK for 
the WE component was 1.9 and was just 1.0 (no amplification) for its NS component. Thus, both 
soft soil sites (ERU and TT) amplify the peak ground acceleration of the motion’s WE component, 
compared to the stiffer site (TK). Importantly, these amplifications occurred under low intensity 
input motions, that is, nearly under elastic soil behavior. Under the near-fault event (high frequency 
content input motion) stiffer soil site (TK station) amplified the spectral response at its elastic site 
period (Figure 4.26). Moreover, the velocity response spectrum showed a pulse-like motion for 
this event which was intensified at the stiffer site. Figure 4.27 shows normalized acceleration 
response spectra (under 5% structural damping) from recorded ground motions for near-fault (Mw 
= 4.9, R = 17- 28km) and far field events (Mw = 5.3 with R= 100-102km and Mw=5.2 with R = 
134-136km) at ERU, TT and TK  IGN stations, and emphasizes the influence of input ground 
motion on the spectral dynamic site response. 

Earthquake ground motion recorders from Catholic University of Santiago de Guayaquil (UCSG) 
located at similar soft soil sites helped it to evaluate further the elastic dynamic spectral response. 
These stations are identified as TM (Coord. 625402;9757745) and BC (Coord. 622755;9751482). 
Figure 4.28 shows the location of the UCSG and IGN stations on the Guayaquil geotechnical 
zonation map which was presented in Chapter 2. Station TT of IGN is located at geotechnical zone 
D3a and station BC of UCSG is at geotechnical zone D1, both having soils formed under an 
estuarine deltaic environment. Figure 4.29 plots the normalized acceleration response spectra 
under different far field motions at both stations, and shows a dominant peak response at either 
site at a spectral period between 0.8 and 0.9 sec. Similarly, comparing the normalized acceleration 
response spectra between station ERU (IGN) and TM (UCSG), from geotechnical zone D3a and 
D1, respectively, it can be seen that (Figure 4.30) the input ground motion recorded at station ERU 
has its energy concentrated at short period range (0.25 < T < 0.5 s), whereas the motion recorded 
at station TM has its energy at medium period range (0.3 < T < 0.8 s). This is expected as the 
distance from the source to TM station is 500 km compared to ERU station (101 km). Though the 
TM station recorded a long period input motion, both motions (TM and ERU) get amplified at 
their elastic site periods, between 1.0 and 1.5 sec for ERU and between 1.25 and 1.5 sec for TM. 
ERU site shows more amplification in short period range and the TM site, more at longer periods.  

These dynamic soil response analyses used only the recorded low intensity events, since strong 
motion records at such sites are lacking. However, the dynamic response trends seen under low 
intensity events are still useful in deducing such tendencies under strong motions through 
numerical analysis simulation, which are considered in the following sections. 
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4.5 Estuarine deltaic deposit description  
 

As it was mentioned in Chapter 2, a large part of Guayaquil is located over estuarine deltaic 
deposits, where some relevant structures have been built. In particular, five deep geotechnical 
borings have been performed within this area (Figure 4.31). Table 4.6 describes each deep 
geotechnical borings database. 

 

Table 4.6 Deep geotechnical borings within estuarine deltaic zone 

ID Description Depth 
(m) 

Geotechnical 
zone 

Lat. Long. 

BSF2 Baseball field 2 92.0 D3a 622295 9759565 
ERU Estadio Ramon Unamuno 144.6 D3a 622353 9756925 
SWH Swissotel 55.0 D1 624661 9757991 
ECB Estero Cobina Bridge 75.0 D2 623498 9747315 
CSB Cruce Sur Bridge 100.0 D1 628089 9745028 

 

Based on those borings, Figure 4.32a, 4.32b show the estimated north-south cross sections and 
4.32c shows a west-east cross section. Main soil strata have been identified which concisely are 
described as follows:    

Granular fill: A large part of Guayaquil rests over granular fills that have a thickness between 0 to 
2.0 m. Natural ground surfaces exist at 3.3 to 4.0 m above MSL. 

First clay stratum (C1): The thickness of this clayey and/or silty stratum varies from 25 m at the 
north side, and increases towards the south where thickness reaches about 50 m depth. Generally, 
the upper 25 m of clays vary from yellowish firm clays at the top to greenish gray clays afterwards, 
grading its consistency according with depth. In particular, this stratigraphy is observed in BSF2 
soil deposit. Furthermore, within the upper about 15 to 25 m depth at the ERU site, there are high 
plasticity estuarine deltaic clays interlayered by lenses of silty sands which increase its thickness 
to the south. This variation can be seen in Figure 4.32a and 4.32b. On the other hand, high velocity 
of Guayas River has transported the finest particles to downstream, explaining the lack of clays 
deposits at river’s border and the presence of sandy deposits near it (SWH, Figure 4.32c). 

First sand stratum (S1): This represents a dense to very dense sandy stratum where many of deep 
foundations are embedded. The thickness of this stratum varies from 25 m at the North (BSF2 
site), to 15 m at the South side (ECB), and this disappears at the southeast zone (CSB site, Figure 
4.32b). Thus, the depth of this stratum is highly variable even within short distances. 

Second clay stratum (C2): This stratum consists of thick greenish olive/greenish gray hard clay 
which overlays rock formation. From southeastern side, this stratum is interlayered by a sandy 
deposit which loses its thickness to the northwestern area. The variation is showed in Figure 32a 
and 32b. Few typical geotechnical borings in the common practice in the city have explored this 
whole stratum. 
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4.6 Deep geotechnical site explorations at estuarine deltaic deposits  
 

As previous mentioned, estuarine deltaic deposits are the predominant deposits in Guayaquil City. 
Within this zone, two sites were selected to perform additional deep geotechnical borings as a part 
of this research (performed during January, 2014). The sites were carefully selected to obtain 
additional information from the complementary exploration performed in 2005 (presented in 
chapter 2). These explorations were identified as Ramon Unamuno Stadium (Estadio Ramon 
Unamuno, ERU) and Baseball Field at Kennedy Norte (BSF2) as mentioned in Table 4.6.  

At ERU site, it was very important to perform a deep geotechnical boring until a hard geomaterial 
was reached. The geotechnical boring was located near the broad-band accelerometer from IGN’s 
seismic Network, so a proper dynamic site response calibration could be done at ERU site. BSF 
site was also important to evaluate because clay samples were utilized to study the mechanical 
(monotonic and cyclic) response of GYE-CLAY from experimental and numerical evaluation 
(presented in Chapter 3). Moreover, BSF clay samples showed structure-induced 
overconsolidation or apparent overconsolidation, because of pyrite cementation or concretions 
found in its soil fabric. This cementation is a key variable that have to be considered for a proper 
estimation of the dynamic site response for estuarine deltaic deposits. 

Using the information from the additional deep borings, extensive dynamic site response, 
equivalent-linear and nonlinear (total and effective stress) analyses, were conducted in this section 
to evaluate the seismic response of these deposits. For this study, equivalent-linear site response 
analysis were performed with the one dimensional site response program SHAKE (Schnabel et al., 
1972) while nonlinear analyses were done with DMOD-2000 code (GeoMotions, LLC, 2007).  

 

4.6.1 Site geotechnical characterization 

 

4.6.1.1 Ramon Unamuno Stadium  

 

Within this area, two stages of geotechnical investigations were performed (2005 and 2014). In 
2005, in situ tests consisted on: standard penetration test, SPT with selective sampling recovery; 
cone penetration test, CPT; dynamic cone penetration, DCP; vane shear test, VST; and spectral 
analysis of surface waves, SASW, were performed. The geotechnical and geophysical 
investigation site was named as GYE-07C and 216ECU, respectively (see Chapter 2, Table 2.2). 
In 2014, within the same area, a deep geotechnical boring of 144.60 m depth was performed (field 
setup is shown in Figure 4.33b). A standard penetration test, along with selective sampling 
recovery, was conducted until refusal (N60>60) was reached at 37.50 m and below this depth, a 
rotary methodology was performed throughout 107.10 m. A CPTu test was also performed until 
39 m. The overall boring was identified as ERU. In addition, a multi-channel analysis of surface 
wave test combined with refraction microtemor test (MASW+ReMi) was performed within the 
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site. Furthermore, an IGN accelerometer, near these tests, is located on free field. Figure 4.33a 
shows the geotechnical explorations and accelerometer location.  

Ramon Unamuno Stadium, ERU, as typical estuarine deltaic Guayaquil deposits, comprise a 
granular fill of 1.0 m depth which overlays a well-defined sequence of clay strata and sand strata. 
In particular, the topmost clayey layers consist of 2.5 m of dark yellowish clay, which overlays a 
16.5 m of clay deposit which are interlayered by thin seams of silty sand. Below this layer, greenish 
gray stiff clay of 16 m depth is detected. Within the bottom of this stratum, a 4 m of hard clay is 
observed. The plasticity index of this clayey deposit varies from 40 to 60 % until reaching 5 m and 
from 20 to 40 % until 38 m depth. Below 40 m of clay, there is a very dense sand at about 12 m of 
thickness. Again, a thick clayey stratum is detected between 52 m to 80 m which is comprises of 
a greenish gray hard clay (Unconfined Compression strength, qu, ≥0.5 Mpa). About 25 m of very 
dense sand underlays the clay up. Underlying the previous sequence, there is a greenish gray hard 
clay with sporadic gravel. 

The groundwater table was detected at 2.5 m depth. Figure 4.34 presents a geotechnical 
characterization of this site. In addition, at 132.4 m depth, a claystone sample was obtained with a 
compressional velocity, Vp  of  3420 m/s, through a sonic pulse velocity test (additional  
information is shown in Appendix A). 

 

4.6.1.2 Baseball Kennedy Stadium  

 

At Baseball Kennedy Stadium a deep geotechnical boring, BSF2, was performed until 92 m, near 
the GYE-01N/209ECU tests (Chapter 2, Table 2.2). Figure 4.35 shows the location of the 
geotechnical and geophysical tests. For an easy identification label BSF performed at 2005 is the 
same of GYE-01N. 

The subsoil consists of 6 m of dark yellowish soft clays overlying 22 m of greenish clay with 
different consistency. Plasticity index varies from 60, within the first 6 m, and from 55 to 25 
afterwards. Below this stratum, a 25 m sand layer was detected. Then, a second sequence of 
yellowish and greenish clay deposit was observed with a total thickness of 22 m. The water table 
is about 2.5 m of the ground surface. At 65 m depth, a hard clayey soil sample was obtained to 
measure the compressional velocity, Vp, through a sonic pulse velocity test. Vp obtained value was 
695.40 m/s. The qu value of 0.5 MPa (SuUC = 250KPa) was obtained (Figure 4.36 show the hard 
clay sample tested). A geotechnical characterization of the BSF2 soil profile was presented in 
Figure 4.37 (additional  information is shown in Appendix A). 

. 
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4.6.2 Dynamic soil response analyses 

 

In this research, the dynamic site response was performed using two procedures: 

• Calibration of the geotechnical model (Far Field FF1, from July 30, 2012 earthquake event, 
described on Table 4.4), and 

• Evaluation of predictive capacity (near-fault, NF from October 28, 2012 earthquake event, 
described on Table 4.3, and far field, FF2 from June 27, 2012 earthquake event, describe on 
Table .4.5)  

• To calibrate dynamic soil properties, the ERU subsoil profile was used because an IGN 
accelerometer has registered theses earthquake events. 
 

4.6.2.1 Dynamic site calibration process (ERU site) 

 

Input Motion 

The first step for this calibration was focused to define the input ground motion for the site. 
Recently Guayaquil ground motions have been receipted by three different accelerometers. Due to 
the scarcity of stations on hard rock (Vs30 = 800 m/s), a previous site response analysis was 
performed using the column soil of Transelectric Kennedy – TK because this station was located 
on weathering rock overlaying sedimentary rock (Cayo Rock Formation). The stratigraphic 
column comprise about 2 m thickness of weathering dark gray Turbidite, define as unit 1, (where 
qu varies from 1.25 to 2.3 MPa) which overlays about 3 m of very weathering dark gray siliceous 
shales, define as unit 2. Underlying those strata, gray fractured microbreccias are observed, defined 
as unit 3, and again a thick stratum of weathering turbidite was detected (Figure 4.38a). Figure 
4.38b shows the outcropping rock units near TK station. In this station a geophysical exploration 
was performed and the shear wave velocity profile can be observed in Figure 4.39. The measured 
shear wave velocity profile is compared with the mean ± 1σ  values recommended for Geometrix 
site A+B (A: rock with Vs> 600m/s with less than 5m of soil over rock, and B: shallow, stiff, soil, 
less than 20m thick overlying rock) from Silva, et al. (1996) A shear wave velocity of 500 m/s is 
observed in the first 10 m depth. According to Wannakao et al., (2009) the tendency between shear 
wave velocity and uniaxial compressive strength, qu, for shallow and intermediate claystones 
varies between 2 to 4 MPa. This corresponds to values mentioned for the turbitite of Transelectric.  

Figure 4.40 shows the subsoil parameters from TK site used as input for SHAKE equivalent-linear 
model for deconvolution analyses. Based on TK geotechnical properties, rock normalized stiffness 
degradation and damping ratio curves were given by considering Schnabel (1973) (Figure 4.41). 
By establishing the half-space depth, two considerations were made: at 21 m with Vs 1200 m/s, 
and 28 m with Vs 2000 m/s as shown in Figure 4.40. Figure 4.42 and 4.43 shows the deconvoluted 
spectral response for both analyses obtained from the surface recorded ground motion on TK site, 
for WE component and NS component of the ground motion, respectively. For both components 
maximum spectral acceleration was obtained at spectral period of 0.22 s. While at NS direction 



 

327 

 

spectral acceleration reaches 0.1 g, in the orthogonal direction, WE, a 0.06 g is observed at the 
same period.  

Thus, based on a deconvolution process, an input ground motion at outcropping hard rock was 
obtained for a half-space with Vs 2000 m/s. The input ground motion was established from a far 
field event (July 30/2012) registered at the TK station (PGA~0.02).  

Shear Wave Velocity Profile 

To estimate the dynamic properties of ERU soil deposit, as it was mentioned, some geophysical 
test were performed to obtain a Vs profile. However, those results only reach a depth of 33 m. 
Thus, based on the soil characterization of ERU boring, some equations were used to estimate Vs 
profile afterwards. 

Menq (2003) proposes for granular materials the relationship between small-strain shear modulus, 
Gmax, and mean effective stress, σ’ m, with equation 4.6. 

>�%? = <@2<AB C? $D�E F%G -6H
, for granular materials     4.6 

For this study, CG3 = 67.1MPa, b1=-0.20, x=-1-(D50/20)0.75, and nG=0.48Cu
0.09, and Cu, uniformity 

coefficient and D50 median grain size. Cu and D50 were obtained from particle size distribution 
curve from laboratory tests. 

For several types of soils, Lin et al., (2014) proposed the equation 4.7 to evaluate the shear wave 
velocity relating with confining stress. 

3� = �I $D�E F%G -6
                   4.7 

Based on equation 4.7, for Guayaquil clays equation 4.8a 4.8b and 4.8c were considered. Using 
geophysical measurements, the shear wave velocity corresponding to an effective mean stress 
equal to 1 atm, As, equal 120 m/s was established for soft clays. Based on sonic pulse velocity test, 
As=230 m/s for hard clays. Moreover, according to Lin et al. (2008) n=0.273 was considered for 
soft clays and n=0.261 for hard clays as Menq (2003). For dense sands, As=280 m/s was obtained 
based on equation 4.7 and n=0.261.  

3� = 120 $D�E F%G -,."K2
, for deltaic estuarine soft clays                       4.8a 

3� = 230 $D�E F%G -,."; 
, for deltaic estuarine hard clays                       4.8b 

3� = 280 $D�E F%G -,."; 
, for dense sands                         4.8c 

Figure 4.44 shows the shear wave velocity profiles obtained from in situ measurements and those 
from the previous equations. To review the accuracy of equation 4.8a and 4.8b for deep deltaic 
estuarine clayey deposits, 210ECU SASW site was included. This test was located in Guayaquil 
Yacht Club at Puerto Azul neighborhood (Table 2.2, Chapter 2) and reached a 100 m of depth. 
Figure 4.44 shows how the tendency of 210 ECU Vs profile matches with the ERU measurements 
and it is within the trends from equation 4.8a and 4.8b. 
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Furthermore, Pestana and Salvati (2006) suggested an equation that relates the maximum shear 
modulus with confining stress and its initial void ratio, as follows: 

>�%? = F%N�>BC� .2 $ O
OPQR-6

                    4.9 

where: p = mean effective stress; patm = atmospheric pressure; e = void ratio, Gb = material 
constant; Gmax =maximum shear modulus; and n = power-law exponent. For Guayaquil clays, the 
calibrated model parameters are: n =0.5, Gb = 380, ωs = 1.5, and ωa = 0.4 (see Chapter 3). 

Considering the shear wave velocity values from previous equations, according with each types of 
soils and a half-space at 145 m with a shear wave velocity of 2800 m/s, a calibrated shear wave 
velocity profile was estimated based on the best match between recorded and numerical free field 
response (acceleration, velocity and displacement spectra), as shown in Figure 4.45. An analysis 
to calibrate the depth and its velocity of half-space is detailed afterwards.  

Strain-Dependent Normalized Shear Modulus Reduction and Damping Curves 

For the equivalent-linear and nonlinear modeling of soft soil deposits, the strain-dependent 
normalized shear modulus reduction and material damping curves were established from advanced 
cyclic laboratory testing (see Chapter 3) that was performed for structure-induced 
overconsolidated (GYE-BSF) Guayaquil Clay samples. For rock formation the curves proposed 
by Silva et al. (1994) for rock was used. In addition, to model deep clay deposits, the results of 
numerical modeling using Simsoil model (Pestana and Salvati, 2006) were considered. For coarse-
grained soils (silty sand, gravel, silty gravel), the Darandeli (2001) model was utilized.  

Figure 4.46 and 4.47 show the subsoil parameters from ERU site used as input for SHAKE 
equivalent-linear model and DMOD nonlinear model, respectively. Table 4.7 and 4.8 summarize 
the characteristics of normalized stiffness degradation and damping curves considered for 
equivalent-linear and nonlinear analyses, which results are showed in Figure 4.48 and 4.49. In this 
section, to estimate the cyclic strength ratio (CRR or τff/σ’ v) for nonlinear analyses a ratio 
τmo*/Gmo* = 0.26% was considered through the whole depth, based on Matasovic (1993) 
recommendations, where τmo* correspond to a normalized shear strength (CRR) at 1% of cyclic 
shear strain from CDSS test results for GYE-Clay (presented in Chapter 3). Gmo* is the normalized 
maximum shear modulus (Gmax/σ’ v) that is obtained from Vs profile (Gmax = Vs

2ρ, ρ is the soil 
density).  

A variation of the shear strength with depth and its influence on the results from nonlinear effective 
stress dynamic analyses is later discussed. 
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Table 4.7 Soil model for G/Gmax and damping curves for equivalent-linear analyses 

Material 
No. 

Soil model for G/Gmax and damping curves 

EQL-1-a 
GYE-CLAY, BSF site, PI =50, recompression, pyrite cemented 2-4% , 1Hz, 
2 cycle (0-30 m depth) 

EQL-2 Schnabel (1973) Soft Rock  (shown in Figure 4.41) 
EQL-3 Darendeli (2001), Mean OCR =10, PI =0, 2.3 atm, 1Hz, 2 cycles 
EQL-4 Pestana and Salvati (2006), GYE-CLAY, SIMSOIL model, 3 atm 
EQL-5 Pestana and Salvati (2006), GYE-CLAY, SIMSOIL model, 5 atm 
EQL-6 Darendeli (2001), Mean OCR =10, PI =0, 5.8 atm, 1Hz, 2 cycles 
EQL-7 Darendeli (2001), Mean OCR =10, PI =0, 6.3 atm, 1Hz, 2 cycles 
EQL-8 Darendeli (2001), Mean OCR =10, PI =0, 6.8 atm, 1Hz, 2 cycles 

 

Table 4.8 Soil model for G/Gmax and damping curves for nonlinear analyses 

Material 

No. 
Soil model for G/Gmax and damping curves 

NL-1 
GYE-CLAY, BSF site, PI =50, recompression, pyrite cemented 2-4% , 1Hz, 
2 cycle (0-30 m depth) 

NL-2 Darendeli (2001), Mean OCR =10, PI =0, 2.3 atm, 1Hz, 2 cycles 
NL-3 Pestana and Salvati (2006), GYE CLAY, SIMSOIL model, 3 atm 
NL-4 Darendeli (2001), Mean OCR =10, PI =0, 6.3 atm, 1Hz, 2 cycles 
NL-5 Pestana and Salvati (2006), GYE-CLAY, SIMSOIL model, 5 atm 

 

Estimation of Half-Space Depth 

Equivalent-linear dynamic site response analyses were conducted to estimate the half-space depth 
and its shear wave velocity profile. From Varying half-space depth from 145 to 1500 m and its 
shear wave velocity from 1000 to 2800 m/s. Figure 4.50 and 4.51 show the relative differences 
between spectral acceleration measured and spectral acceleration estimated δSa= (Sameasured – 
Saestimated)/Sameasured to evaluated the spectral magnitude, and the relative difference between 
normalized spectral acceleration measured and normalized spectral acceleration estimated to 
evaluated the spectral shape, δNSa = (NSameasured – NSaestimated)/NSameasured, respectively. 

A better estimation of the free field dynamic site response was obtained considering a half-space 
with a shear wave velocity of 2800 m/s. However, the deeper half-space had results that are more 
deficient as show in Figure 4.50. Figure 4.51 shows that when half-space is deeper than 145 m, 
δNSa is higher than 50% for any shear wave velocity values, at periods greater than 1 s. Thus, a 
half-space at 145 m with a shear wave velocity of 2800 m/s was chosen. A overestimation of the 
spectral acceleration is shown in Figure 4.50 (T = 0.22 s) for the selected Vs and depth of half-
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space, however it is attributed to the input signal at this direction, which in turn, presents an 
amplification at this period (TK site response analysis results, Figure 4.43). 

 

Dynamic Site Response Results 

Figure 4.52 depicts the spectral response and normalized spectral response for acceleration, 
velocity and displacements for WE direction and Figure 4.53 shows the same for the NS direction. 
Both figures were computed for the far field event (30/07/2012). A better acceptable fit is observed 
in the NS orthogonal horizontal direction than WE direction. Thus, modeling results in terms of 
normalized acceleration, velocity and displacement show a better adjustment in the NS direction 
than WE direction.  

Because we are referring a low intensity motion, which induces low shear strain (< 0.03%), both 
equivalent and non-linear models show very similar tendency and values. A ratio of 2.6 is observed 
between amplitude of surface motion (PGAsoil ~ 0.035) and amplitude of rock outrock motion 
(PGArock ~ 0.013). 

 In order to evaluate the spectral shape in term of acceleration, velocity and displacement, the 
normalized spectral response (acceleration, velocity and displacement) are shown at the right side 
of Figures 4.52 and 4.53. Spectral displacement response amplifies at a period of 1.6 s which 
corresponds to the elastic period of the site. At this period a very good match between the modeling 
predictions and measurements are observed.  

The NS component of far field event (30/07/12) was chosen for comparison between measured 
and modeled (both SHAKE and DMOD) acceleration, velocity and displacement time history at 
the surface (Figure 4.54).  Both numerical models capture the response from 30 to 54 s of the 
measured ground motion, where shear wave velocity propagate more energy. After 54 s the surface 
waves appears as seen clearly on the velocity and displacement time history plot from Figure 4.54. 
Surface waves cannot be modeled on both SHAKE and DMOD codes, as result, a poor calibration 
was obtained after 54 s of the ground motion.  

Figure 4.55 depicts the ratio between horizontal and vertical measured surface motion (dashed 
gray lines) comparing with the ratio between the computed horizontal component at the surface 
with the within rock horizontal motion (solid blue lines) estimated from SHAKE model. As we 
can observed, at 0.66 HZ frequency (natural period of 1.6 s) the highest amplitude is detected on 
both orthogonal horizontal components of the ground motion (NS and WE). 

Both maximum shear strain and maximum acceleration distribution with depth are shown in Figure 
4.56. At 40 m depth a noticeable increase of the induced shear strain is captured. The upper 40 m 
soil deposit contributes to the amplification of motion with a maximum shear strain (with the upper 
20 m) around 0.02% to 0.03% which represent a degradation of the shear modulus of the deltaic 
estuarine clay of about 17% to 22%, respectively (as show in Figure 4.57, the laboratory trend 
curves for GYE-clay). The equivalent-linear and nonlinear models match well throughout the 
whole deposit depth. Measured PGA from both ground motion components were included in 
Figure 4.56, showing a good estimation of the PGA from the numerical models.   

Laboratory trends for G/Gmax and damping curves for GYE-Clay were obtained from advanced 
cyclic laboratory testing for BSF samples (recompression consolidation procedure, pyrite 
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cementation on its clay fabric) as describe in Chapter 3. However, damping measurements were 
only possible to obtained at cyclic shear strain larger than 0.01%, as result, an extrapolation was 
made for lower shear strain following the upper and lower bound curves presented by Kokusho et. 
al. (1982) for normally consolidated Japanese clays with PI from 40 to 90% for similar 
consolidation stress values than tested for GYE-Clay.  

To evaluate the validity of the extrapolation, an additional dynamic site response analyses were 
performed for the calibrated ERU site. As shown in Figure 4.56, the far field event (30/07/12) may 
induced at the soft upper clay layer (from 0 to 6m depth) a maximum shear strain from 0.005% to 
0.015% and from 6 to 12m depth, a maximum shear strain of 0.015% to 0.03%. As result, this 
input motion can be used to evaluate the effect of low-strain damping on the dynamic prediction 
capability for ERU site.  

As explained in Chapter 3, Simsoil model (Pestana and Saltavi, 2006) was calibrated for the strain-
dependent normalized shear modulus reduction and damping trends for GYE-BSF and GYE-TI 
clays. The first one, was a clay sample with a structured-induced overconsolidation due to the 
presence of pyrite cementation, the other was a normally consolidated clay via SHANSEP method, 
respectively. Simsoil model for GYE-TI clay captures both damping and G/Gmax laboratory trends 
for cyclic shear strain lager than 0.1%. However, Simsoil model for GYE-BSF clay only capture 
the G/Gmax trend but not damping trend, Figure 4.57 shows the comparison between Simsoil model 
and laboratory trend for GYE-BSF clay.  

Re-running the equivalent-linear calibrated ERU model with the strain-dependent normalized 
shear modulus reduction and damping curves for the upper clay layer from Figure 4.57, the results 
of the spectral response are shown in Figure 4.58. For NS component, the results from laboratory 
trends shows a better prediction of the acceleration response spectrum. Computed PGAsoil from 
laboratory trends show, for both ground motion components, similar values to the measured ones. 
As result, the validity of the extrapolation value for low-strain damping (damping of 2% for cyclic 
shear strain < 0.01%) for GYE-BSF clay was confirmed.  

As a conclusion, a good prediction capability of the calibrated numerical models for low input 
ground motion was obtained.  In the next section, these results will be compared with other site 
response analyses conducted for soil deposited within the same geotechnical zone. 

 

4.6.2.2 Predictive capacity models using ERU site 

 

The seismic environment adopted for these analyses consists of two seismic events: a near-fault 
seismic event, NF, (October 28, 2012) and a far field seismic event, FF2, (June 27, 2012). Those 
analyses were used to evaluate the predictive capacity using the soil properties which was 
calibrated in the previous section. 

Figure 4.59 and 4.60 show acceleration, velocity and displacement spectral response for a near 
fault, NF. Again, a better fit between computed results and measured response is observed for the 
NS component of the ground motion. Probably there is a rupture propagating mechanism that have 



 

332 

 

not captured with the model. At low periods, there is an important amplification in both 
components (WE and NS) which probably caused by surface waves.  

Figure 4.61 and 4.62 show acceleration, velocity and displacement spectral response for another 
far field event, named FF2. A good prediction is observed between the measured response and the 
modeling ones for the NS ground motion component. However, a good prediction for WE ground 
motion component was not achieved.  

Shear strain and acceleration distribution with depth is showed in Figure 4.63 and 4.64 for near-
fault and far field events, respectively. Like the previous section, the upper 20 m contributes more 
to the amplification of the ground motion. In the case of NF event, a shear strain of 0.02% and 
0.05% is observed. This represents a shear modulus degradation of 17 to 27%, respectively. At 
FF2 event, a shear strain of 0.005% and 0.007% is observed with the shear modulus degradation 
less than 5%. A good estimation of PGAsoil were obtained for both events from the equivalent-
linear and nonlinear models.  

Even though the differences between NF and FF events in term distances and intensity of the input 
motion (e.g. PGArock), both induce a similar shear strain with depth. The low frequency content of 
FF motion causes this similarity with NF motion for ERU site.  

 

4.6.2.3 Dynamic site response of ERU site for the median earthquake ground motion 

 

ERU site is considered a representative site from elastic site period range of 1.4 to 1.6s from 
geotechnical zone D3a, as result, its dynamic site response evaluation is needed. 

To estimated the design site response demand for ERU site, the median of the 25 NF scaled input 
ground motions (as seen in Table 4.1) and 25 FF scaled input ground motions (as seen in Table 
4.2) are considered. The dynamic site responses were computed for total stress (TS) equivalent-
linear analyses (SHAKE) and two nonlinear analyses, total (TS) and effective (ES) stress 
(DMOD). Same nonlinear soil parameters as presented during the calibration process are 
considered here (as shown in Figure 4.46 to 4.49). As result, the estimation of undrained shear 
strength for clay layers in these analyses were following Matasovic (1993) recommendation. The 
ratio τmo*/Gmo* = 0.26% = γref was considered through the whole clay depth. Matasovic (1993) 
recommendation is referred in this research as Case 1 for the estimation of undrained shear strength 
for clay layers. MKZ calibrated parameters are shown in Table 4.9 for clay layers (from 0 to 42 m 
depth). For sand layers the shear strength was estimated from τff= σ’ v tan φ' (φ' = 38o for dense 
sands, effective stress friction angle ).  

During the effective stress analyses, the porewater pressure model within D-MOD was activate 
only for the upper clay thick layer (0-40m depth). The MKZ pore pressure parameters were 
obtained from numerical modelling calibration from advanced cyclic test results for GYE-Clay (as 
presented in Chapter 3). 
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Table 4.9 Calibrated MKZ parameters for undrained shear strength (Case 1) for clay 
layers from ERU site 

 

 

The estimated median acceleration, velocity and displacement spectra for NF and FF input ground 
motions are shown in Figure 4.65 for total and effective stress dynamic site response analyses. It 
can be seen in Figure 4.65, that median spectral values (Sa, Sv and Sd) from total and effective 
stress analyses from DMOD were very similar. However, the spectral values from SHAKE were 
higher than DMOD, in particular for spectral period larger than 1 sec.  

As showed in Figure 4.66, large maximum shear strain were developed from 8 to 16m depth. At 
same depth, median NF input motion induced a maximum shear strain of 1% from DMOD analyses 
while 1.8% from SHAKE analyses. However, the maximum shear strain profile below 16m for the 
median NF input motion were very similar from both SHAKE and DMOD analyses. The variation 
of the median ground acceleration values (NF and FF motion) with depth follow similar trend from 
both DMOD and SHAKE analyses, as seen in Figure 4.66. 

 

4.6.2.4 Dynamic site response analysis (BSF2 site) 

 

Once ERU site was calibrated with a far field seismic event, a new dynamic site response analysis 
was performed for BSF2 site following the same procedure like ERU site. From microtremor 
measurements, an elastic site period (Te) of 1.2 s was obtained for BSF site (presented in Chapter 
2 and 5). To estimate the half-space depth and Vs profile at the site, the information from deep 
geotechnical boring was considered for the calibration process. The estimated half-space depth 
(100m) and Vs profile that achieve the measured elastic site period from equivalent-linear analyses 
(SHAKE) is shown in Figure 4.67.  

A Vs of 1000 m/s was considered for the half-space geomaterial (lower half-space depth than ERU 
site).  Figure 4.68 and 4.69 shows the normalized stiffness degradation and damping curves 
considered for SHAKE and DMOD analyses, respectively. Table 4.10 and 4.11 describe the 
material characteristic of each curve observed in Figure 4.68 and 4.69, respectively. 

 

  

Depth (m)

τff (kPa) β s γref 

0 8 100 15800 41 1.12 0.61 0.26%

8 16 105 17420 45 1.27 0.56 0.26%

16 21 120 22752 60 1.27 0.56 0.26%

21 25 130 26706 69 1.07 0.61 0.26%

25 30 140 30968 81 1.07 0.61 0.26%

30 42 150 35550 92 1.02 0.61 0.26%

From To Vs (m/s) Gmax (KPa)
Case 1
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Table 4.10 Soil model for G/Gmax and damping curves for equivalent-linear analyses 

Material 
No. 

Soil model for G/Gmax and damping curves 

EL-1a 
GYE-CLAY, BSF site, PI =50, p=0.62 atm, recompression, pyrite cemented 
2-4%, 1Hz, 2 cycle (0-29 m depth) 

EL-2 Schnabel (1973) Soft Rock (shown in Figure 4.41) 
EL-3 Darendeli (2001), Mean OCR =10, PI =0, 1.5 atm, 1Hz, 2 cycles 
EL-4 Darendeli (2001), Mean OCR =10, PI =0, 1.65 atm, 1Hz, 2 cycles 
EL-5 Darendeli (2001), Mean OCR =10, PI =0, 1.9 atm, 1Hz, 2 cycles 
EL-6 Darendeli (2001), Mean OCR =10, PI =0, 2.3 atm, 1Hz, 2 cycles 
EL-7 Darendeli (2001), Mean OCR =10, PI =0, 2.75 atm, 1Hz, 2 cycles 
EL-8 Darendeli (2001), Mean OCR =10, PI =0, 3.5 atm, 1Hz, 2 cycles 
EL-9 Pestana and Salvati (2006), GYE-CLAY, SIMSOIL model, 5 atm 

 

Table 4.11 Soil model for G/Gmax and damping curves for nonlinear analyses 

Material 
No. 

Soil model for G/Gmax and damping curves 

NLI-1a 
GYE-CLAY, BSF site, PI =50, p=0.62 atm, recompression, pyrite cemented 
2-4%, 1Hz, 2 cycle (0-29m depth) 

NLI-2 Darendeli (2001) Mean OCR =1, PI =0, 3 atm, 1Hz, 2 cycles (SM/50m) 
NLI-3 Darendeli (2001), Mean OCR =1, PI =0, 5 atm, 1Hz, 2 cycles (GW) 
NLI-4 Pestana and Salvati (2006), GYE-CLAY, SIMSOIL model, 5 atm 

 

Figure 4.70 and 4.71 show the subsoil parameters from BSF2 site used as input for SHAKE 
equivalent-linear model and DMOD nonlinear model, respectively. Case 1 for the estimation of 
undrained shear strength for clay layers is considered in these analyses. MKZ calibrated parameters 
are shown in Table 4.12 for clay layers (from 0 to 29 m depth). Similar like it was considered for 
ERU site, during the effective stress analyses, the porewater pressure model within D-MOD was 
activate only for the upper clay thick layer (0-29m depth).  
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Table 4.12 Calibrated MKZ parameters for undrained shear strength (Case 1) for clay 
layers from  BSF2 site 

 

 

To estimate the design site response demand for BSF2 site, the median of the 25 NF scaled input 
ground motions (as seen in Table 4.1) and 25 FF scaled input ground motions (as seen in Table 
4.2) are considered. The dynamic site responses were computed for total stress (TS) equivalent-
linear analyses (SHAKE) and two nonlinear analyses, total (TS) and effective (ES) stress 
(DMOD). Figure 4.72 show the spectral responses estimated from the median of the NF and FF 
input ground motions.  

From Figure 4.72 it can be seen that, for this site (BSF2), median spectral values computed with 
SHAKE and DMOD (total and effective stress) analyses follow similar trend for the entire spectral 
periods range.  Figure 4.73 show the variation of the median values of maximum shear strain with 
depth. At similar range depth as ERU site, for NF ground motions the peak shear strain value was 
1.0 to 1.2% from DMOD analyses and 0.75% for SHAKE analyses. 

 

4.7 Representative soil profiles by geotechnical zone  
 

To evaluate the dynamic site response under varying soil stratigraphy (layer thickness and soil 
type) and shear wave velocity profile for each geotechnical zone, the information from previous 
geotechnical investigations and complementary geotechnical and geophysical investigations 
performed in this research were considered, presented in detail in Chapter 2.  

The entire investigation set (35 selected sites) are listed in Table 4.13. In Figure 4.74a the location 
of each site is shown within previous geotechnical zonation map (from Vera-Grunauer, et al., 
2005) and Figure 4.74b it is shown within updated geotechnical zonation map. 

 

  

τff (kPa) β s γref 

1 0 7 102 16969 44 0.78 0.57 0.26%

14 7 11 102 16969 44 0.78 0.57 0.26%

2 11 13 125 25484 66 0.92 0.56 0.26%

3 13 16 142 32887 86 0.64 0.54 0.26%

4 16 20 177 51097 133 0.54 0.54 0.26%

5 20 23 192 63883 166 0.42 0.58 0.26%

6 23 29 203 71412 186 0.42 0.58 0.26%

Depth (m)

Material From To Vs (m/s) Gmax (KPa)
Case 1



 

336 

 

Table 4.13 Sites considered for dynamic site response analyses from previous  geotechnical 
investigations and complementary geotechnical and geophysical investigation 

 

 

4.7.1 Estimation of Depth to Half-Space 
 

Construction Ecuadorian Norm, NEC (2011) defines the half-space as the depth which no 
contribute for the dynamic site response and where the impedance contrasts is α ≤ 0.5 
[α=(ρsoilVssoil)/(ρhalf-spaceVshalf-space)]. However, this depth is not always easy to verify with 
geotechnical and/or geophysical investigations. 

To develop an empirical correlation for half-space depth estimation for Guayaquil City, several 
deep geotechnical boreholes and geophysical exploration (SASW) were considered. In this 
research, the definition of half-space depth is when a geomaterial of Vs ≥ 700m/s is reached. Table 
4.14 shows the sites information used to estimate the empirical correlation.  

 

  

Boring ID Lat. Long Boring ID/SASW Lat. Long

D1-1 623531 9757813 GYE05S/213ECU 623422 9751961
D1-2 624451 9757902 GYE06S/214ECU 622446 9752546
D1-3 624071 9757345 GYE-07C/216ECU 622524 9756795
D1-4 624052 9747366
D1-5 624191 9747371
D2-1 622072 9747600 GYE04S/212ECU 622525 9749122
D2-2 622353 9747635
D3a-1 620525 9760314 GYE-01N/209ECU 622226 975927
D3a-2 622416 975915 GYE-02CH/210ECU 614812 9757106
D3a-3 622436 9759775 GYE03S-211ECU 619499 9751333
D3a-4 622420 9759807 GYE-10N/218ECU 623428 9762677
D3b-1 619589 9750966 GYE-09N/221ECU 619673 9761009
D3b-2 615039 9757235
D3b-3 615031 9757315
D4-1 620902 9767305 GYE-08N/217ECU 624101 9762145
D4-2 624059 9759400 GYE-13N/219ECU 622872 9769264
D4-3 623728 9759556
D5-1 619461 9761712
D5-2 619475 9761761 GYE-12P/220ECU 618246 9765721
D5-3 619497 9761734 GYE-11N/222ECU 618361 9763895
D5-4 616919 9765682

D6 GYE-14CH/215ECU 61367 9758127

D3

D4

D5D5

Proposed 
geotechnical 

zone

Previous studies database

D3a

D3b

D4

Complementary Geotechnical and Geophysical 
Investigations Previous 

geotechnical 
zone (2005)

D1

D2

D1

D2
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Table 4.14 Borehole identification with elastic period and half-space depth (Vs ≥ 700m/s) 

Borehole 
ID 

Elastic 
Period, Te 

(s) 

Half-space depth 
(Vs>700m/s), 

(m)  

Source of Vs profile  

ERU 1.58 145 Calibrated (see Section 4.6) 
BSF2 1.40 100 Calibrated (see Section 4.6) 

P2(*) 0.74 40 
MASW+ReMi-2 and borehole 

information, Figure 4.75 
GYE14CH 0.39 40 SASW [215ECU site] (see Appendix A) 
GYE11N 0.10 5 SASW [222ECU site] (see Appendix A) 
GYE12P 0.37 5 SASW [220ECU site] (see Appendix A) 

 (*)Corresponds to a geotechnical boring performed for the construction of the Litoral Governmental 
Building located at 1.5 km away from BSF2 within D3a zone (rock from Cayo formation was reached at 
40m depth, Figure 4.75). 
 

For three first sites from Table 4.14 (ERU, BSF2 and P2), values of elastic period, Te, were 
computed using equation 4.10, according to Boore and Joyner (1991). This is one of the widely 
equation used in Japan for obtaining the natural period of multi-layered soil deposit, where the 
weighted average of share wave velocity of whole soil layers is obtained using thickness of each 
layer as weight (Sawada, 2004). A more detail of this procedure is included in Chapter 5. For the 
other cases (GYE14CH, GYE11N, GYE12P), Te was obtained from the micro-tremors 
measurements throughout the city in the complementary geotechnical investigation (Chapter 2) 
and confirmed it with Vs profile from SASW tests.  

�C = 4T/ ∑�V�∗XI�	
∑ V�   ;      ∑ ℎY = Hhalf-space                         4.10 

 Figure 4.76 show the estimate correlation between half-space depth and elastic site period (red 
curve). In addition, Figure 4.76 also shows a curve to estimate the depth where shear wave velocity 
reaches 300 m/s as a first estimation of depth for a stable geomaterial for deep foundations. The 
data included for the later estimation were obtained from the complementary geophysical 
exploration presented in Chapter 2 (SASW test results shown in Appendix A). From equation, 4.11 
and the estimated elastic site period an estimated half-space depth could be obtained. 

TV%Z[�IO%\5��	 = 12.302 + 17.714�5 + 38.102�5"                          4.11 

where: Te is the elastic period of the site (in seconds). Hence, to estimate the half-space depth, it 
is necessary to evaluate Te of the site and then use the equation 4.11. As mention in Chapter 2, 445 
microtremors measurements were done within the city to establish the variation of the elastic 
period on it. This map is explained in Chapter 5.  

For the selected sites, shown on Table 4.13, elastic site period was obtained from microtremors 
measurements from each site. From equation 4.11, it was possible to estimate the half-space depth 
for each performed dynamic site response analyses. 
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4.7.2 Effect of Variation of Depth of Half-space and Impedance Contrast (Vs half-
space)  

 

To evaluate the sensitivity of dynamic total stress site response of soft soil deposits to variations 
of the half-space depth and the shear-wave velocity of the half-space’s geomaterial, eight analyses 
were performed.  As a baseline case, site 3a-3 (from Table 4.13) from geotechnical zone D3a was 
considered, with a half-space depth of 75m and shear-wave velocity of 800 m/sec from the median 
of far field input ground motions. For the sensitivity trials SEN-1 to SEN-4, the half-space shear-
wave velocity was varied with respect to the baseline (Vsi/Vsbaseline) from 0.75 to 1.25. Sensitivity 
trials SEN-5 to SEN-8 had the half-space depth (Hi/Hbaseline) varied  from 0.75 to 1.25.  

Figure 4.77 shows the sensitivity trial results as normalized acceleration spectral values 
(Sai/Sabaseline) for ± 25% variations of half-space depths and shear-wave velocities. It can be seen 
that no more than ±10% spectral acceleration value variations were observed for the entire 
sensitivity analysis set. Figure 4.78 shows the normalized acceleration response spectra and 
maximum shear strain profile from the sensitivity analysis. It can be seen that variations from the 
baseline did not affect the shape of the maximum shear strain profile and the normalized response 
spectrum. 

 

4.7.3 Shear-Wave Velocity Profile for each Geotechnical Zone 

 

For each geotechnical zone, various soil profiles (from the exploration data presented in Chapter 
2) were selected to represent the spatial variability across the city of Guayaquil. Where the shear-
wave velocity (Vs) had not been measured in-situ (e.g., data from prior studies), Vs at different 
depths were estimated using empirical correlations of geotechnical parameters (e.g. undrained 
shear strength, N60, natural water content) as explained in Chapter 2. Sites explored during the 
geophysical investigation had the shear-wave velocity measured directly from SASW procedure.  

Figure 4.79 shows the representative shear-wave velocity profiles considered for the dynamic site 
response analyses for zone D1, which also shows the soil stratigraphy, layer thickness and soil 
type for each site. Such data (sites listed on Table 4.13) for all the geotechnical zones considered 
are summarized in Table 4.15.Figures 4.79, 4.80, 4.81, 4.82a/b, 4.83 and 4.84 show the shear wave 
velocity profiles, soil stratigraphy, layer thickness and soil type considered for geotechnical zones 
D2, D3a, D3b, D4 and D5, respectively. Figure 4.85 shows the input model parameters for zone 
D6. No fine-grained soils were found in D6 deposits. To extend the Vs profile for deep soil layers 
down to the estimated half-space depth (calculated from equation 4.11), the procedure presented 
in section 4.6 was considered (calibrating the Vs profile until Te from microtremors measurements 
was reached for an estimated half-space, from linear SHAKE analyses).  

Figure 4.86 shows the subsoil parameters from site D1-1 used as input for SHAKE model. Such 
input data for all the sites considered from each geotechnical zone are presented in the Appendix 
C.  
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The shear-wave velocity measured at a Cayo Formation outcrop of highly weathered Tobaceous 
Shales overlain by a Greywacke (site from geotechnical zone D6 at via Daule), varied from 670 to 
1200 m/s with increasing depth (details presented in Chapter 2). Therefore, for sites without 
measured deep shear-wave profiles, when half-space depth is estimated to be ≤ 70m, half-space 
geomaterial is considered to have a minimum shear-wave velocity (Vs) of 700m/s. For sites with 
estimated half-space depth between 70 and 90m, minimum Vs of 800m/s, for half-space depth 
between 70 and 130m, minimum Vs of 1000m/s (similar to calibrated BSF2 site), and for half-
space depth > 130m, Vs  could varied  from 2000 to 2800 m/s based on the information from ERU 
calibrated site. 

 

Table 4.15 Summary of elastic site period, thickness of high plasticity soft clayey and silty 
soils within the soil profile, and estimated half-space depth from site profiles considered for 

the complete set results of dynamic site response analyses 

∇ Verified from deep boreholes and calibrated from recorded ground motions. 

 

4.7.4 Nonlinear Soil Parameters 
 

For the nonlinear modeling of the key soft soil deposits, the strain-dependent normalized shear 
modulus reduction and material damping curves were established. Table 4.16 shows the data base 
of curves considered for total stress SHAKE (equivalent-linear) analyses. From Table 4.16, 
material 1 and 2 were established from advanced cyclic laboratory testing performed (see Chapter 
3) for structure-induced overconsolidated (GYE-BSF) and normally consolidated (GYE-TI) 
Guayaquil samples, respectively. Material 5 was equal to material used in the previous section as 
EQL-2 (Figure 4.41 and Table 4.7) according with Schnabel (1973).  In addition, to model deep 
clay deposits, the results of numerical modeling using Simsoil model (Pestana and Salvati, 2006) 
were considered. For coarse-grained soils (silty sand, gravel, silty gravel), the Darandeli (2001) 
model was utilized.  

Due to materials 7, 8 and 9 are defined in database of SHAKE2000 until 1% of shear strain, those 
were extended until shear strain equal 3%, using the Darendeli´s equations (Darendeli, 2001). 
While for sand the damping curves were also defined by Darendeli (2001) using a reduction factor, 
for clays the damping reduction factor was based on Phillips and Hashash (2009). 

Darendeli (2001) based his model on the hyperbolic model proposed by Hardin and Drenevich 
(1972), but added a curvature, a=0.919, as shown in equation 4.12  

Different 
sites

BSF2 ERU 

Elastic site period (s) 0.80 - 1.25 0.55 - 0.75 1.10 - 1.15 1.20 - 1.40 1.40 - 1.60 1.75 - 1.85 0.80 - 1.25 0.32 - 0.37 0.10 - 0.39

Fine grained soils (CH/MH) 
thickness (m)

12 - 38 18 - 25 18 - 34 30 35 15 - 40 12 - 25 2 - 8 ---

Estimated half-space depth 
@ Vs≥700 m/s (m)

50 - 95 35 - 50 70 - 85 88 - 115 (100∇)
110 - 140    

(145∇)
160 - 175 50 - 95 20 - 30 < 25 m

D1                               
(Estuarine 

Deltaic 
deposits)

D2                               
(Estuarine 

Deltaic 
deposits)

Geotechnical zone

D3a                                                                                                                                                                                                                                                             
(Estuarine Deltaic deposits)                                                                                

D3b                               
(Estuarine 

Deltaic 
deposits)

D4                               
(Alluvial 
deposits)

D5                               
(Shallow 
lacustrine 
deposits)

D5                               
(Shallow 

coluvial/Resi-
dual deposits)
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@
@RP^ =  

 +$ __'-P                               4.12 

where the reference strain, γr, is a function of plasticity index (PI), overconsolidation ratio (OCR),  
and mean effective confining pressure (σ´m) as shown equation 4.13: 

8̀ = �0.0352 + 0.0010Fb�c<=	,.2"7;	D´�,.27e2                           4.13 

For damping curves, Darendeli (2001) proposed the equation 4.14. 

f = g hf�%I�6i j + f��6                                         4.14 

where D is damping in percent, Dmasing is the ratio of the dissipated energy to stored strain energy 
in one complete cycle of motion, calculated with the equation 4.15, Dmin is the small strain damping 
defined by equation 4.16e. and F is a reduction damping factor defined in equation 4.16f. This 
value was used for material 8 and 9. To obtain factor F for a clayey material (material 7), the 
equation 4.17 proposed by Phillips and Hashash (2009) was used.   

f�%I�6i = . f�%I�6i,%k ., + ."�f�%I�6i,%k .,	" + .2�f�%I�6i,%k .,	2                     4.15 

f�%I�6i %k ., =  ,,
l m4 n�n'Z6$_o_'_' -

_

_o_'

− 2q                          4.16a 

. = −1.1143r" + 1.8618r + 0.2523                       4.16b 

." = 0.0805r" − 0.0710r − .0095                        4.16c 

.2 = −0.0005r" + 0.002r + 0.0003                       4.16d 

f��6 = �0.8005 + 0.0129Fb�c<=	�,. ,;u	D´��,."eeuv1 + 0.2919ln ��	w                   4.16e 

g = �0.6329 − 0.0057 ln�x		� @
@RP^	,.                        4.16f 

where N is equal number of cycles and f, the loading frequency in Hz. 

g = F − F" $1 − @
@RP^-yz

                           4.17 

where P1, P2 and P3 are curve fitting parameters.  

As an example, in Figure 4.87a shows the calibrated G/Gmax and damping curves for material 7 
(from Table 4.16), as red dashed, using Darendeli (2001) and Phillips and Hashash (2009) 
equations, as shown above. The calibrated values of P1, P2 and P3 to build the damping curve for 
material 7 were 0.82, 0.36, and 0.70 respectively. Figure 4.87b and 4.87c shows the calibrated and 
non-calibrated curves for material 8 and 9. The calibrated normalized stiffness degradation and 
damping curves for material 7, 8 and 9 were considered for the total stress analyses, as shown in 
Figure 4.88. For nonlinear effective and total stress analyses, the MKZ pore pressure parameters 
were obtained from numerical modelling calibration from advanced cyclic test results for GYE-
Clay (as presented in Chapter 3). The nonlinear parameters from MKZ model for GYE-Clay are 
shown in Figure 4.89. For Deep sandy soils, the MKZ parameters are shown in Figure 4.90. Figure 
4.91 shows the subsoil input parameters for DMOD, nonlinear model, from site D3a-4.   
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Material No.
1
2
3
4
5
7
8
9
10
11

12

13
GYE-CLAY, BSF site, PI =50, recompression, pyrite cemented 2-4% , 1Hz, 2 cycle, p = 3.0 atm (SIMSOIL 

MODEL)

Darendeli (2001), Mean OCR=1, PI = 10, 1 atm, 1Hz, 2 cycle (CL/ML)
Darendeli (2001) Mean OCR =1, PI =0, 3 atm, 1Hz, 2 cycles (SM/50m)
Darendeli (2001) Mean OCR =1, PI =0, 1 atm, 1Hz, 2 cycles (SP/20m)

SHAKE MODELS

Darendeli (2001) Mean OCR =1, PI =0, 7 atm, 1Hz, 2 cycles (SM)
Darendeli (2001) Mean OCR =1, PI =0, 8 atm, 1Hz, 2 cycles (SM)

GYE-CLAY, BSF site, PI =50, recompression, pyrite cemented 2-4% , 1Hz, 2 cycle, p = 1.5 atm (SIMSOIL 
MODEL)

Soil Model for G/Gmax and Damping curves
GYE-CLAY, BSF site, PI =50, recompression, pyrite cemented 2-4% , 1Hz, 2 cycle (0-30m)
GYE-CLAY, TI site, PI =80, SHANSEP, uncemented, original 1-3% pyrite, OCR = 1, 1 Hz

Darendeli (2001), Mean OCR =1, PI =15, 3 atm, 1Hz, 2 cycles
Darendeli (2001), Mean OCR =1, PI =0, 5 atm, 1Hz, 2 cycles (GW)

Schnabel (1973)  Soft Rock

 Table  4.16 Summary of material nonlinear models considered for total stress analyses. 



 

342 

 

4.8 Dynamic Site Response Analyses  
 

4.8.1 Evaluation of the Motion that Generated Shear Strain from 3 to 4% 
 

From the equivalent-linear analyses, performed for all the selected sites, less than two input ground 
motions induced maximum shear strains greater than 4%. These large induced maximum shear 
strains were observed in soft soil deposits from estuarine deltaic environment.  From CSS test 
results (as shown in Chapter 3), GYE-Clay develop a CRR (τcyc/σ’ vc) from 0.38 to 0.46 for cyclic 
shear strain from 4 to 9%, respectively.  To decide whether to include or not those input motions 
that generate maximum shear strains between 3 - 4%, two of the most critical sites (site D3a-1 and 
D3a-4) were selected to analyze the behavior of the dynamic site response under such input ground 
motions.  

The selected input ground motions were linearly scaled to observe the shape of the normalized 
acceleration response spectrum and the trend of the amplification ratio. Figure 4.92 shows the 
frequency of the maximum shear strains induced by input motions, separated as near field (NF) 
and far field (FF) events, in the soft clay layer in site D3a-1 from estuarine deltaic deposits, based 
on equivalent-linear analyses. One near-fault and two far field input ground motions generated 3 
to 4% shear strains.  

NORTHD-ARL 090SC motion was scaled up to a PGArock of 0.39g from the suite of near field 
input motions, and it generated an induced shear strain from 3 to 4% into the clay layer. Figure 
4.93 shows the effects of the scaling the input ground motion NORTHD-ARL 090SC on the 
normalized acceleration spectral shape and the trend of the amplification ratio for site D3a-1. Using 
similar scaling technique, Figure 4.94 shows the effects of the scaled input ground motion 
NORTHD-WPI-FNSC on the normalized acceleration spectral shape and the trend of the 
amplification ratio for site D3a-1. 

Figure 4.95 shows the frequency of input motions that induce different levels of maximum shear 
strains in the soft clay site D3a-4. Four near field input ground motions induced 3 - 4% shear 
strains.  Two near-fault motion were selected and scaled. Figures 4.96 and 4.97, show the effects 
of this scaling process on the normalized acceleration spectral shape and the trend of the 
amplification ratio for COYOTE EL K-G06 FN and NORTHD-ARL 090 SC motions, 
respectively. 

Following the methodology presented here, all the estuarine deltaic and alluvial sites for the input 
ground motion that generated maximum shear strains from 3 to 4% were evaluated. The motions 
that generate coherent response (amplification curve increases as PGArock increases and the 
normalized spectra also shows the influence of soil nonlinearity, as seen in Figures 4.93, 4.94, 4.96 
and 4.97) were included in the suite of input motions for performing equivalent-linear analyses. 
Furthermore, from comparing  the cyclic resistant ratio (CRR) obtained from CSS tests for GYE-
Clay and the effective induced shear stress computed by SHAKE (τcyc =0.65 τmax), the seismic 
demand was slightly lower than the cyclic shear strength for the input motions that develop 
maximum shear strain from 4 to 5%. As result, all the ground motions were included for the 
estimation of median response spectra. 
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4.8.2 Comparison between Equivalent-linear and Nonlinear Dynamic Site Response 
Analyses 

 
Site D3a-4 was selected to evaluate the dynamic nonlinear behavior of sites in Guayaquil; it 
represents the estuarine deltaic zone. This site from geotechnical zone D3a is located in northern 
Guayaquil and has an elastic site period of 1.04 sec. Twenty nine meters thick high plasticity clay 
overlay a medium dense to dense silty sand deposit at this site. To evaluate the effect of input 
ground motion variability on the dynamic site response, for both free field and spectral response, 
scaled rock ground motions from Section 4.3 were considered. 

 

4.8.2.1 Comparison between Spectral Ratios from Incremental Intensity Earthquake 
Ground Motions 

 

To compare the dynamic response calculated using the effective stress assumption in the nonlinear 
code (DMOD-2000, NL model) with that of the equivalent-linear code (SHAKE, EQL model) six 
input rock motions were considered. Far field (subduction) events; CUME and MONQUEGUA 
NS input rock motions with a PGArock from 0.14 and 0.157g, respectively, and four near field 
events; B-ICC-FN and NORTHD-ND input rock motions with a PGArock from 0.31 and 0.30g, 
respectively, and NORTHD-PK360 and CHICHI-TCU84N input rock motions with a PGArock 

from 0.48 and 0.46, respectively. 

From the dynamic site analyses performed for the six input rock motions, spectral ratio 
comparisons are made in this section. Spectral ratio is defined as the ratio of the spectral intensity 
(acceleration, displacement and velocity) at the surface to that of the rock outcropping input motion 
(SR = Si,surf / Si,rock) and was computed for both NL and EQL models. Figure 4.98 shows the 
spectral intensity relationships with light green line representing low intensity input motion and 
increasingly darker green lines representing higher intensity input motions. δSR is the relative 
difference of the response between EQL and NL models, calculated for each spectral period (or 
frequency) from equation 4.2. Similarly, the relative difference between the estimated shear strain 
from NL model and EQL model was computed as follows: 

�n = n���n���  
n���  . 100%                    4.18 

where δγ is the relative difference in shear strain, γNL is the estimated maximum shear strain from 
nonlinear analysis and γEQL is the estimated maximum shear strain from equivalent-linear analysis. 

From acceleration, velocity and displacement spectral ratios plots, it can be seen clearly the effect 
of the soil nonlinearity on the shape and amplification magnitude variation as the intensity 
increases. Peak spectral ratio for the low intensity motion occurs at the elastic site period (≈1 sec) 
and as the intensity of the input motion increases, the peak spectral ratio moves to the right of the 
spectral plot to reach the inelastic site period (≈ 1.5 sec). Additionally, the magnitude of the peak 
spectral ratio was reduced from 5 to 3.8 due to this increased damping.  
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Figure 4.98 shows the relative difference between the spectral ratios (calculated using equation 
4.2) for NL and EQL models. It can be seen that the magnitude of the relative difference, positive 
or negative, increases as the intensity of the input motion increases. 

The greater amplification estimated by NL model at low spectral periods (T <  0.8 sec) is a result 
of amplification produced by the instantaneous change in stiffness as a consequence of the stress 
reversal in nonlinear analysis.  In addition, equivalent-linear analysis produces over-damping at 
low spectral periods. The nonlinear model produces smaller amplification close to the elastic site 
period for low intensity input motion and close to the inelastic site period for high intensity input 
motion because of continuously shifting stiffness modeled in this analysis. These findings were 
similar to what Kottke (2010) mentioned for stiff soils. However, the soil nonlinearly of deep soft 
soil is the reason for the observed shift of relative differences in spectral ratios.  

It can be seen from Figure 4.98 that the lowest relative differences in maximum shear strain profile 
occur at the peak value (10 m depth). For greater depths, between 12 to 30 m, NL model estimated 
higher maximum shear strain than EQL model for all input motion intensities. For layers deeper 
than 30m, where coarse-grained soils reside, NL model underestimated the maximum shear strain 
with respect to the EQL model. 

 

4.8.2.2 Influence of Earthquake Input Characteristics on the Free Field Dynamic Site 
Response 

 

To evaluated the influence of the input ground motions on the free field dynamic site response, 25 
crustal input motions (near-fault events from Table 4.1) and 25 subduction input motions (far field 
events from Table 4.2) were considered. 

Figure 4.99 shows the relationship between the maximum shear strain and the period-shift factor 
(Tsite/Te) and PGArock, for the clay deposit of site D3a-4 with an elastic site period of 1.04 sec using 
EQL (SHAKE) model and NL (DMOD-2000) model results. The ratio between the maximum 
shear strains estimated by NL and EQL models varies from 0.8 to 1.2 until a PGArock value of 0.3g. 
For higher values of PGArock the ratio varies between 0.5 and 1.35. From the plot between PGArock 

and maximum shear strain, two trends can be identified: a low sloping trend from PGArock of 0.09 
to 0.25g, reaching a maximum shear strain of 1%; a transition zone occurs between 0.25 to 0.3g; 
and for higher PGArock a larger sloping trend generates a large maximum shear strain (1.5 to 6%).  
As was expected, the period-shift factor (Tsite/Te) is strongly dependent on the intensity of the 
induced maximum shear strain.  

Figure 4.100 shows the variation of the amplification factor (PGAsoil/PGArock) and the period-shift 
factor (Tsite/Te) for the site D3a-4 for 25 near field (NF) and 25 far field (FF) input motions, using 
results from EQL (SHAKE) and NL (DMOD-2000) models. Within the expected design input 
motion PGArock range for Guayaquil (0.30 to 0.35g) the ratio between the amplification factor and 
the period-shift factor, computed from NL and EQL models, were similar. For higher PGArock NL 
model estimated higher amplification ratios compared to the EQL model.  

Chapter 5 will show that the ratio Telastic/Tm (elastic site period/mean input ground motion period) 
has an important role in understanding the variation of the amplification and period-shift factor for 
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soft soil and stiff soil conditions in Guayaquil. As shown in Figure 4.100, near the vicinity of the 
resonant period (Telastic/Tm ≈1) both amplification and period-shift factors have higher values. For 
higher period ratios of Telastic/Tm, the period-shift factor decreases faster than the amplification 
factor. Thus, the period-shift factor is more sensitive to the frequency content of the input ground 
motion than the amplification factor. 

 

4.8.2.3 Dynamic Site Response Spectra from the Median of the Input Ground Motion 

 

To develop a methodology that estimates the design response spectrum for a specific site in 
Guayaquil, the median site response spectrum is considered to represent the expected seismic 
demand (as will be described in Chapter 6).  This consideration is only for structural design 
purposes of new and existing buildings for regular occupancy in Guayaquil (NEC, 2011).  

Figure 4.101 shows the median results of acceleration, displacement, and velocity response spectra 
for the site D3a-4, for 25 near-fault (NF) and 25 far field (FF) input motions, computed using EQL 
(SHAKE) and NL (DMOD-2000) models. BSF curve represents the response of a soil with 
structure-induced overconsolidated clay (pyrite cemented clay) and TI curve, a normally 
consolidated clay. Both EQL and NL models estimated similar median results for both input 
motions scenarios (near-fault and far field).  

From these median spectral results, spectral acceleration ratios and relative differences between 
NL and EQL models were computed and presented in Figure 4.102. Though it can observe a large 
dispersion of relative difference values of spectral ratios for each independent ground motion in 
Figure 4.102, the median responses produce less dispersion in spectral ratios than independent 
input motions themselves. The relative difference between NL and EQL model results was less 
than 20% at spectral periods larger than 0.7 sec.  For short spectral periods (T < 0.2 sec) the relative 
difference reached 40%, still much less than the dispersion among individual input motions. The 
estimated difference of the maximum shear strain computed from NL and EQL models also 
diminished as seen in Figure 4.102. So, even though the spectral responses computed from NL and 
EQL models are influenced by the characteristics of individual input motions, the medians of the 
spectral responses from the suite of 50 input motions are not significantly affected.  

 

4.8.3 Dynamic Site Response Analyses for Each Geotechnical Zone for Guayaquil 
City 
 

In this section the median results of dynamic site responses that correspond to median input 
motions for near-fault and far field scenarios is presented, from the disaggregated UHS for a return-
period of 475 years. As an example, Figure 4.103 shows the acceleration response spectra for 25 
near-fault (identified as motion I – MI, NF), 25 far field (MII, FF) input ground motions and their 
median, for soil model SM1 and a deep soft soil site (site 210ECU) from geotechnical zone D3b, 
estuarine deltaic environment. To evaluate the influence of cyclic behavior of GYE-CLAY on the 
median dynamic spectral response for each geotechnical zone, two analyses were performed for 
each input ground motion, one considering the clay layer as a structure-induced overconsolidated 
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clay (pyrite cemented clay, BSF type) which was defined as SM1 (soil model 1) and the other, as 
a normally consolidated clay (TI type) denominated as SM2 (soil model 2).  

 

4.8.3.1 Dynamic site response analyses for geotechnical zone D1 
 

Figure 4.104 shows the computed median values of the maximum shear strain and cyclic shear 
stress profiles for selected sites from geotechnical zone D1. The peak maximum induced shear 
strain varies for different sites. Highest maximum shear stress was found at 10 m depth. To 
evaluate the effect of clay behavior (pyrite cemented clay, BSF type, SM1) from the dynamic 
response for a site (site 213ECU) within this geotechnical zone, it can be observed with thick red 
line in Figure 4.104. The maximum shear strain values for SM1 are lower than SM2 from 10 to 
20m depth. As result, SM1 model has higher cyclic shear stresses than SM2 from 10 to 20m depth, 
as shown in Figure 4.104. More energy is propagating toward the surface from SM1 than SM2 
model. 

Figure 4.105 shows the computed median acceleration, displacement and velocity response spectra 
for the selected sites from geotechnical zone D1 (estuarine deltaic deposits). Following the same 
thick red line (from site 213ECU), the PGAsoil  (T = 0) for SM1 model is 0.46g and for SM2 model 
is 0.40g for the median of NF motions. A peak spectral value of 0.9g is found at T = 0.3s for SM1 
model from median NF motions. However, an average maximum spectral acceleration value varies 
from 0.65 to 0.75g. For spectral periods lower than 1.4 s (where inelastic site period is reached), 
the SM1 model estimated higher spectral accelerations than SM2.  

The maximum spectral displacement is reached near the inelastic site period for each selected site. 
However, sites with higher elastic site period (like site 216ECU, Te = 1.24s) increase its maximum 
spectral displacement value (at large periods) than sites with lower site periods (like site 213ECU, 
Te = 0.8s), Sd from 0.4m to 0.30 m, respectively. 

 

4.8.3.2 Dynamic site response analyses for geotechnical zone D2 
 

Figure 4.106 shows the computed median maximum shear strain and cyclic shear stress profiles 
for the selected sites from geotechnical zone D2. The peak maximum induced shear strain for the 
clay layer was near the 15 m depth. For this geotechnical zone, although it correspond to a deltaic 
estuarine environment, the dynamic response is different from the previous zone due to the 
presence of dense sand layers within the soil profile and lower half-space depth. The difference 
between the response from SM1 and SM2 model, for the evaluated sites are not as clear as previous 
geotechnical zone.  

Figure 4.107 shows the computed median acceleration, displacement and velocity response spectra 
for the selected sites from geotechnical zone D2 (estuarine deltaic deposits). Much lower spectral 
variation was found between SM1 and SM2 models for NF and FF motions. The computed 
maximum spectral displacement varies from 0.2 to 0.3m, lower than geotechnical zone D1.  The 
maximum peak spectral velocity computed for this zone is 1.3m/s (at T=1s) while for geotechnical 
zone D1 was 1.8 m/s (at T =1.4s), showing that peak spectral velocity mostly occur at inelastic site 
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period. Higher peak spectral acceleration is found for this zone (Sa = 1.1g at T= 0.4s). However, 
an average maximum spectral acceleration value varies from 0.92 to 1.0g. 

4.8.3.3 Dynamic site response analyses for geotechnical zone D3a 
 

Figure 4.108 shows the computed median maximum shear strain and cyclic shear stress profiles 
for the selected sites from geotechnical zone D3a. No specific depth range was found for the peak 
maximum induced shear strain for the clay layer, considering all the selected sites. Similar to 
geotechnical zone D1, higher maximum shear stress is found at 10 m depth. In addition, SM1 
model propagate toward the surface more energy than SM2 model. Figure 4.108 show that 
maximum cyclic shear stress profile from two selected sites (D3-3 and D3-4), with red thick lines, 
have higher values for SM1 than SM2 model from 10 to 20 m depth.  

Figure 4.109 shows the computed median acceleration, displacement and velocity response spectra 
for the selected sites from geotechnical zone D3a (estuarine deltaic deposits). An important 
difference between the spectral acceleration values, from T=0.9s to T=1.4s, from site D3-3 and 
D3-4 with site 221ECU are shown in Figure 4.109. Even though, these sites have similar elastic 
site periods, 1.04< Te (s) <1.01 their spectral response are influenced by its non-linearity and induced 
strain effects. These effects are going to be address on section 4.9. In addition, average maximum spectral 
acceleration value varies from 0.92 to 1.0g with longer spectral plateau than D1 and D2 zone. 

 

4.8.3.4 Dynamic site response analyses for geotechnical zone D3b 
 

Figure 4.110 shows the computed median maximum shear strain and cyclic shear stress profiles 
for the selected sites from geotechnical zone D3b. Sharp peak maximum shear strains (from 2 to 
2.6%) are found from 15 to 25m depth for all evaluated sites. Below 28m depth, lower maximum 
shear strains are observed for all sites (0.2 to 0.3%). A smooth variation of the maximum shear 
stress was found from the entire depth range. Same behavior than geotechnical zone D1 and D3a 
is observed in this zone, where SM1 model estimated higher maximum cyclic shear stresses 
demand than SM2 model. 

 Figure 4.111 show the computed median acceleration, displacement and velocity response spectra 
for the selected sites from geotechnical zone D3b (deep estuarine deltaic deposits). Large spectral 
displacements are estimated for spectral period larger than 2.5 s for all evaluated sites. For site D3-
2, PGAsoil from the median NF motions, is 0.32g from SM1 model and 0.25g from SM2 model. 
As result, 28% increment of its PGAsoil came from the influence of structured-induced clay 
behavior.  

The highest computed spectral acceleration value at T=3s is obtained in this zone (Sa = 0.3g), it 
been the highest value computed from all the geotechnical deltaic estuarine sites (Sa  [T=3s] <0.2g, 
for D1, D2 and D3a). As result, even though lower spectral plateau is observed for sites within 
geotechnical zone D3b, long period spectral values were much higher than other deltaic estuarine 
zones. In addition, average maximum spectral acceleration value varies from 0.7 to 0.8g. 
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4.8.3.5 Dynamic site response analyses for geotechnical zone D4 
 

Figure 4.112 shows the computed median maximum shear strain and cyclic shear stress profiles 
for the selected sites from geotechnical zone D4. No specific depth was found for the peak 
maximum induced shear strain for the clay layer, considering all the selected sites. These results 
possibly be influence by the strong variation of subsoil sites condition within the geotechnical zone 
D4. As alluvial deposits, the subsoil configuration is strongly influence by the sediment transport 
velocity of Daule River. Similar to geotechnical zone D2, the difference between SM1 and SM2 
models are not clearly distinguished.  

 Figure 4.113 shows the computed median acceleration, displacement and velocity response 
spectra for the selected sites from geotechnical zone D4 (alluvial deposits). To demonstrate the 
significant difference between spectral acceleration values from each selected sites, Figure 4.113 
show the response spectra for the selected sites. For spectral period of 1 second and median NF 
ground motion with SM1 clay model, site D4-3 has a Sa of 0.38g, site 219ECU of 0.57g, and site 
217ECU of 0.8g. In addition, average maximum spectral acceleration value varies from 0.7 to 0.8g. 

 

4.8.3.6 Dynamic site response analyses for geotechnical zone D5 
 

Figure 4.114 shows the computed median maximum shear strain and cyclic shear stress profiles 
for the selected sites from geotechnical zone D5. No specific depth range was found for the peak 
maximum induced shear strain for the clay layer, considering all the selected sites. Furthermore, a 
comparatively low induced maximum shear strain was observed (γmax< 0.4%) in this zone. For 
these shallow alluvial-lacustrine soft clay deposits overlaying Cayo formation (sedimentary rock), 
the maximum cyclic shear stress from median NF motions increase at higher rate with depth  than 
FF motions. Figure 4.114 show at 28m depth a median NF motion of 120 kPa and for FF motions 
of 70kPa. This stress variation with depth was not observed from other geotechnical zones (deltaic 
estuarine and alluvial deposits). 

Figure 4.115 shows the computed median acceleration, displacement and velocity response spectra 
for the selected sites from geotechnical zone D5 (shallow alluvial lacustrine deposits). High 
spectral acceleration amplification was observed at the elastic site period range. For this 
geotechnical zone, no influence on clay model was observed (difference between SM1 and SM2). 
The high spectral acceleration values estimated at lower periods could be influence by high 
impedance contrast between the soft shallow clay layers that overlay the rock formation. In 
addition, average maximum spectral acceleration value varies from 1.1 to 1.2g.  

 

4.8.3.7 Dynamic site response analyses for geotechnical zone D6 
 

Figure 4.116 shows the computed median maximum shear strain and cyclic shear stress profiles 
for the selected sites from geotechnical zone D6. Large difference between maximum cyclic shear 
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stress from NF and FF motions are observed. Considering a depth of 15m, for NF motion, the 
maximum shear stress varies from 100 to 20kPa, and for FF motion, varies from 50 to 10 kPa. 

 Figure 4.117 shows the computed median acceleration, displacement and velocity response 
spectra for the selected sites from geotechnical zone D6 (shallow colluvium and residual deposits). 
Higher spectral acceleration amplification was observed from near field events than from far field 
events. A similar behavior was found on the recorded earthquake ground motion from TK station 
as shown in section 4.4. In addition, average maximum spectral acceleration value varies from 1.0 
to 1.3g.  For this geotechnical zone soil model SM1 was mentioned but no influence was found 
due to the predominant presence of granular materials. 

4.9 Implications  

 

4.9.1 Effects of Non-linearity and Induced Strain 

 

An important effect of non-linearity and earthquake-induced shear strain on site amplification can 
be seen from the results of two sites with estuarine deltaic deposits from geotechnical zone D3a. 
Figure 4.118 shows amplification trends for site D3a-4 (red line) and site D3a-1 (black line). Both 
sites have equal elastic site period of 1.0 sec and equal depth of half-space, 75 m. However, it can 
be seen that site D3a-4 amplify the intensity of the ground motions more than D3a-1. Differences 
in the site stratigraphy may be influencing the higher amplification at site D3a-4 as discussed 
below. 

Figure 4.119 shows the soil type and layer configuration for sites D3a-1 and D3a-4. Site D3a-1 
has 18m of clay thickness and D3a-4 has 29m of clay thickness. Though both sites have similar 
shear-wave velocity profiles, from 16 to 29m depth site D3a-1 has clayey sands, SC (with fine 
content < 25%) and D3a-4 has soft clay, CH. Figure 4.120 shows the variation of the median 
induced maximum shear strain with depth for sites D3a-1 and D3a-4. For the depth range from 16 
to 29m, the induced maximum shear strain in the sand layer of site D3a-1 was 0.65% and in the 
clay layer of site D3a-4 was 0.22%. Lastly, Figure 4.121 shows the normalized shear modulus 
reduction and material damping curves used in the equivalent-linear analyses, and it is seen that 
site amplification is strongly influenced by the higher damping in the sand layer. It is hypothesized 
that the lower damping in the clay layer of site D3a-4 produced a spectral acceleration value 1.6 
times the value calculated at site D3a-1 near the inelastic site period of 1.4 sec as shown in Figure 
4.122. In addition, a large peak spectral velocity is observed due to the non-linearity and induced 
shear strains in the clay layer. 
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4.9.2 Effects of the Confining Stress for Deep Soft Soil Deposits 

 

Deep soft clay deposits with elastic site period from 1.74 to 1.84 sec in geotechnical zone D3b 
were evaluated for their dynamic site response under various confining stresses.  Normalized 
degradation stiffness and damping curves were prepared using calibrated SIMSOIL model 
(Pestana and Salvati, 2006).  Figure 4.123 shows the maximum and minimum trends of dynamic 
site response results. Confining stresses increase the amplification ratio by a factor between 1.2 to 
1.4, compared to the results without SIMSOIL model. 

 

4.9.3 Effects of Soil Structure and Cementation 

 

A detailed experimental and numerical evaluation of the mechanical (monotonic and cyclic) 
response of GYE-CLAY was presented in Chapter 3. Selected samples obtained from two sites 
from estuarine deltaic environment (geotechnical zone D3a) were considered to characterize the 
non-linear cyclic behavior of Guayaquil clay (GYE-CLAY), as discussed in Chapter 3. Two soil 
structures were evaluated. The BSF sample showed structure-induced overconsolidation or 
apparent overconsolidation, as a result of pyrite cementation or concretions found in its soil fabric. 
The TI sample was normally consolidated via SHANSEP method to mitigate its cementation 
effects. From advanced cyclic simple shear and cyclic triaxial tests results it was found that 
structured-induced overconsolidated clay (BSF) had higher CRR (cyclic strength ratio) than 
normally consolidated (SHANSEP) clay (TI). 

Figure 4.124 plots the variation of the ratio PGAsoil (BSF clay)/PGAsoil (TI clay) and the ratio 
Tsite/Te (BSF clay)/ Tsite/Te (TI clay) for all sites of geotechnical zone D3a, to evaluate the effect 
of soil structure and cementation on the site amplification and period-shift ratio. Pyrite cemented 
clay amplifies as much as 1.5 times the normally consolidated clay response (with a mean ratio of 
1.125). However, the period-shift is not influenced by cementation. In addition, Figure 1.125 show 
the trend for the mean values of soil amplification ratio (PGAsoil/PGArock) for geotechnical zone 
D3a (from all data set) for clay model SM1 (BSF) and SM2 (TI). It can be seen that non-
amplification (PGAsoil/PGArock =1) for SM1 trend was obtained at PGArock of 0.42g and 0.30g for 
SM2 trend.  

To evaluate the effect of soil structure and cementation on the dynamic spectral response for deltaic 
estuarine deposits, Figure 1.126 shows the comparison between median spectral acceleration for 
NF and FF events for site D3-3 computed for SM1 and SM2 soil model and its spectral ratio 
(SaSM1/SaSM2). For low spectral periods  T<0.1s,  the spectral ratio for NF is 1.1 and for FF is 1.15, 
showing that for lower input motion the cementation effect is higher at this period range. However, 
for spectral periods between 0.1s to 1.4s (close to the inelastic site period) the spectral ratio for 
both NF and FF are very similar (1.1 to 1.3). For larger spectral periods, the spectral ratio fluctuate 
close to the unity.  From the observations, for Guayaquil soft soil deposits, it is necessary to 
consider the effect of soil structure and cementation to estimate a proper seismic demand.  
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Figure 4.127, which includes mean values from dynamic site response analyses for estuarine 
deltaic and alluvial deposits from geotechnical zones D1, D2, D3a, D3b and D4 (for model SM1; 
w/pyrite cementation), shows that deposits of D1, D2 and D3a have a higher amplification ratio 
than the alluvial deposits. However, deep soft estuarine deltaic soil deposits, like those of D3b, 
follow the lower estimated trend for alluvial deposits. The results from D3b show the influence of 
effective confining stress on shear modulus reduction and material damping for both clay and sand 
layers. The soft soil amplification trend, observed by Seed et al. (1997), lies between the estimated 
trends for alluvial (D4) and estuarine deltaic (D2 and D3a) deposits of Guayaquil, but it follow 
very close the trend for D1. Chang (1996) suggested a trend using recorded and calculated, total 
and effective stress dynamic site response analyses for deep stiff soil profiles, which follows its 
lower trend obtained in this research for alluvial and estuarine deltaic deep soft soils.  

To evaluated the spatial variability of site response within each geotechnical zone, the Coefficient 
of Variation (COV = σ/mean) from PGAsoil for total stress (TS) dynamic response analyses was 
computed for estuarine deltaic and alluvial deposits for Guayaquil City (as shown in Figure 4.128). 
Finally, the site amplification factor (PGAsoil/PGArock) was also computed for the mean values 
from total stress (TS) dynamic response analyses for estuarine deltaic and alluvial deposits for 
Guayaquil City, as shown in Figure 4.129. 

 

4.9.4 Effects of Selected Undrained Shear Strength Profile for Effective Stress Dynamic 
Analyses 

 

As mentioned before, from dynamic nonlinear effective stress analyses if the shear strength is 
underestimated then the predicted ground motion demand could be much lower than reality, which 
could lead to an unconservative design. To address this issue, an investigation of the influence 
from selected undrained shear strength (Su or τff) for soft estuarine deltaic deposits within 
geotechnical zone D3a is evaluated. 

To investigate the influence of the Su value, four ways to estimate the shear strength of the clay 
were considered. 

� Case 1: Matasovic (1993) suggests, from the prediction by the MKZ model, for the positive 
portion of an initial backbone curves the used τ *mo corresponding to a shear strain of 1%. Based 
on estuarine deltaic Guayaquil clays, from CDSS for GYE-BSF clay (see Chapter 3), τ *mo is equal 
to (0.26%)Gmo*, then Su dynamic= 0.0026Gmax. 
� Case 2: The pseudo-reference strain, γr is defined from a laboratory modulus reduction curve 
as the shear strain at which G/Gmax = 0.5. The shear strength (Su dynamic) is computed from Gmax x 
γr (Stewart et al., 2008). 
� Case 3: Estimated from in situ testing from the empirical correlation, Su static = 0.22σ’ voOCR0.75 
(for geotechnical zone D3a, based on UC tests data, see Chapter 2), OCR was obtained from CPTu 
data. Su dynamic = 1.05 Su static. 
� Case 4: Estimated from DSS tests and FVT for GYE-BSF clay (see Chapter 3), Su static = 
0.38σ’ vo, Su dynamic = 1.05 Su static. 
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4.9.4.1 Nonlinear Effective Stress Analyses for Site BSF2 
 

BSF2 site is located at the Northern area of Guayaquil city as shown in Figure 4.35. The elastic 
site period is 1.2s. For Case 1, the nonlinear parameters were presented on section 4.6.2.4. For 
Case 2,3 and 4 the normalized stiffness degradation and damping curves are presented on Table. 
4.17. 

 

Table 4.17 Soil model for G/Gmax and damping curves for nonlinear analyses 

Material 

No. 
Soil model for G/Gmax and damping curves 

NLI-1a GYE-CLAY, BSF site, PI =50, p=0.62 atm, recompression, pyrite cemented 2-4%, 
1Hz, 2 cycle (0-13 m depth) 

NLI-1b GYE-CLAY, BSF site, PI =50, p=0.75 atm, recompression, pyrite cemented 2-4%, 
1Hz, 2 cycle (13-20 m depth) 

NLI-1c GYE-CLAY, BSF site, PI =50, p=1.0 atm, recompression, pyrite cemented 2-4% , 
1Hz, 2 cycle (20-29 m depth) 

NLI-2 Darendeli (2001) Mean OCR =1, PI =0, 3 atm, 1Hz, 2 cycles (SM/50m) 

NLI-3 Darendeli (2001), Mean OCR =1, PI =0, 5 atm, 1Hz, 2 cycles (GW) 

NLI-4 Pestana and Salvati  (2006), GYE-CLAY, SIMSOIL model, 5 atm 
 

For the clay layers the MKZ parameters are presented on Table 4.18 for each evaluated Case. 
Figure 4.130, 4.131, and 4.132 show the subsoil input parameters for DMOD effective stress model 
considered for BSF2 site, for Case 2, 3 and 4, respectively. 

From the results of nonlinear total and effective dynamic site response analyses, the median 
acceleration response spectra are shown in Figure 4.133 for Case 1, 2,3 and 4.  It can be seen that 
Case 2, estimating the dynamic undrained shear strength from  γref = γo,5,  predict a high spectral 
amplification for periods lower than 1.5 sec ( similar to the inelastic site period). This case predict 
the highest spectral values from all other cases, for both total and effective stress results. Case 3 
and 4 predict similar spectral range. From observed results, case 3 is recommended to evaluated 
the dynamic undrained shear strength for total and effective stress nonlinear analyses for 
Guayaquil soils. As result, Figure 4.134 show the median spectral response from SHAKE and 
DMOD (effective and total stress) analyses for site BSF2. 
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τff (kPa) β s γref τff (kPa) β s γref τff (kPa) β s γref τff (kPa) β s γref 

1 0 7 102 16969 44 0.78 0.57 0.26% 44 0.78 0.57 0.26% 19 0.78 0.570.11% 25 0.78 0.57 0.15%

14 7 11 102 16969 44 0.78 0.57 0.26% 44 0.78 0.57 0.26% 28 1.12 0.56 0.17% 25 0.78 0.57 0.15%

2 11 13 125 25484 66 0.92 0.56 0.26% 66 0.92 0.56 0.26% 35 0.97 0.56 0.14% 45 0.92 0.56 0.18%

3 13 16 142 32887 86 0.64 0.54 0.26% 94 0.64 0.54 0.29% 41 0.64 0.54 0.13% 53 0.64 0.54 0.16%

4 16 20 177 51097 133 0.54 0.54 0.26% 146 0.54 0.54 0.29% 47 0.590.54 0.09% 62 0.54 0.54 0.12%

5 20 23 192 63883 166 0.42 0.58 0.26% 198 0.42 0.58 0.31% 56 0.420.58 0.09% 72 0.42 0.58 0.11%

6 23 29 203 71412 186 0.42 0.58 0.26% 221 0.42 0.58 0.31% 158 0.72 0.58 0.22% 86 0.42 0.58 0.12%

Depth (m)
Case 2 Case 3 Case 4

Material From To Vs (m/s) Gmax (KPa)
Case 1

 

Table 4.18 MKZ soil model parameters for soft clay layers for each Case from site BSF2 
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4.9.4.2 Nonlinear Effective Stress Analyses for Site ERU 
 

ERU site is located near Downtown area of Guayaquil city as shown in Figure 4.33a. The elastic 
site period is 1.6s. For the selected approach to estimate the dynamic undrained shear strength for 
clay deposits, Case 3, the normalized stiffness degradation and damping curves are presented on 
Table. 4.19. 

 

Table 4.19 Soil model for G/Gmax and damping curves for nonlinear analyses 

Material 

No. 
Soil model for G/Gmax and damping curves 

NL-1a GYE-CLAY, BSF site, PI =50, p=0.62 atm, recompression, pyrite cemented 2-4%, 
1Hz, 2 cycle (0-16 m depth) 

NL-1b GYE-CLAY, BSF site, PI =50, p=0.75 atm, recompression, pyrite cemented 2-4%, 
1Hz, 2 cycle (16-25 m depth) 

NL-1c GYE-CLAY, BSF site, PI =50, p=1.0 atm, recompression, pyrite cemented 2-4% , 
1Hz, 2 cycle (25-30 m depth) 

NL-1d GYE-CLAY, BSF site, PI =50, p=1.5 atm, recompression, pyrite cemented 2-4% , 
1Hz, 2 cycle (30-42 m depth) 

NL-2 Darendeli (2001), Mean OCR =10, PI =0, 2.3 atm, 1Hz, 2 cycles 
NL-3 Pestana and Salvati (2006), GYE CLAY, SIMSOIL model, 3 atm 
NL-4 Darendeli (2001), Mean OCR =10, PI =0, 6.3 atm, 1Hz, 2 cycles 
NL-5 Pestana and Salvati (2006), GYE-CLAY, SIMSOIL model, 5 atm 

 

For the clay layers the MKZ parameters are presented on Table 4.20.  Figure 1.35 show the subsoil 
input parameters for DMOD effective stress analyses.  Finally, Figure 4.136 show the median 
spectral response from SHAKE and DMOD (effective and total stress) analyses for site ERU. 

Table 4.20 MKZ soil model parameters for soft clay layers 

 

 

τff (kPa) β s γref γ@0.5Gmax
0 8 100 15800 21 0.77 0.61 0.13% 0.24%

8 16 105 17420 37 1.12 0.56 0.21% 0.24%

16 21 120 22752 47 0.87 0.56 0.21% 0.26%

21 25 130 26706 50 0.87 0.56 0.19% 0.26%

25 30 140 30968 58 0.72 0.56 0.19% 0.32%

30 42 150 35550 73 0.52 0.56 0.21% 0.48%

Case 3
Depth (m)

From To Vs (m/s) Gmax (KPa)
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4.9.4.3 Evaluation of a Simplified Model to Estimate Site Design Spectra (Carlton, 2014) 
 

From the information presented for each site, input parameters for Carlton (2014) regression model 
were obtained for Case 3 (estimation of dynamic undrained shear strength) as follow:  

• For BSF2 site:  CRRmin =0.30, Vsmean = 136 m/s, γ0.5 mean = 0.28%, Th = 29m. 
• For ERU site:    CRRmin = 0.28, Vsmean = 122 m/s, γ0.5mean = 0.32%, Th = 42m. 

 
Figure 4.137 show the comparison, for BSF2 site, between the median NF and FF surface response 
spectra from nonlinear effective stress analyses (DMOD), the median input rock motion from NF 
and FF events, and mean and mean + 1 σ surface ground motion prediction for NF and FF from 
Carlton (2014) regression model. Mean values from Carlton (2014) model under predict the 
acceleration response spectra. The mean +1σ predict much better the spectral acceleration for the 
period range where the elastic and inelastic site response falls (1.4 to 1.6 sec). However, the model 
cannot predict the spectral response for T < 1.4 s, computing low spectral values. 

Figure 4.138 show the comparison, for ERU site, between the median NF and FF surface response 
spectra from nonlinear effective stress analyses (DMOD), the median input rock motion from NF 
and FF events, and mean and mean + 1 σ surface ground motion prediction for NF and FF from 
Carlton (2014) regression model. Mean values from Carlton (2014) model under predict the 
acceleration response spectra. Again, the mean +1σ predict much better the spectral acceleration 
for the period range where the elastic and inelastic site response falls (1.5 to 2 sec). Nevertheless, 
the model cannot predict the spectral response for T < 1.5 s, computing very low spectral values. 

It can be seen, that even though the mean+ 1σ was consider for Carlton (2014) model, it cannot 
capture the energy demand for periods lower than 1s for both evaluated sites, been more 
accentuated  for deep soft soil site, ERU.  Finally, it is not recommended to consider Carlton (2014) 
model for the estimation of the dynamic (effective stress) site response for Guayaquil soils, that 
falls within soil type F (non-liquefiable) definition from ASCE-7 (2010) and NEC (2011).  
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4.10 Summary and Conclusions 
 

This chapter presents the results of 1700 dynamic, total and effective, seismic site response 
analyses performed at 34 sites using a suite of 50 scaled input ground motions (25 near- fault and 
25 far-field ground motions) that capture the soil characteristics within each geotechnical zone in 
Guayaquil City.  

The geotechnical characterization of two deep geotechnical boreholes strategically located to 
evaluate the dynamic properties of the Guayaquil soft clays and used to calibrate the proposed 
seismic site response analytical procedures through comparisons with three surface recorded low-
intensity ground motions provided valuable insights. The comparison, validates the methodology 
presented in this chapter for the dynamic characterization of Guayaquil soft soil deposits.  

The effects of the soil structure and cementation of soft clay deposits, nonlinearity-induced strains, 
deep soft soil site conditions, depth to half-space, and impedance contrast (between the half-space 
and the soil overlying it) on the dynamic site response results were evaluated. Recommendations 
for estimating the seismic response of deltaic estuarine and alluvial deposits within Guayaquil City 
were made. The spectral results from each geotechnical zone will be consider in Chapter 5 and 6 
for the implementation of simple procedure to evaluated the seismic demand in Guayaquil City.  

The dynamic site response of estuarine deltaic deep soft deposits, especially of clays with 
structure-induced overconsolidated (from pyrite cementation) like the Guayaquil Clays, were not 
well understood prior to this research. The combination of both their hysteretic behavior and 
greater soft clay thickness (Hcla y≥ 30m) led these deposits to being defined as type F by ASCE-7-
10 and NEC (2011). Thus, the results of this chapter will be of great utility to professional 
practitioners, not only in the city of Guayaquil, but also to those who work with similar 
geomaterials, like the deposits in Ariake bay, Japan.  
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Figure 4.1 Earthquake ground motion format showing the seismological characteristics for (a) near-

fault (pulse-like motion), and (b) far-field scenarios for input rock site condition 



  

3
63

 

 

 

   

 

 

Figure 4.2 Disaggregation of the spectral periods from the UHS for return period RP =475yrs, at 
rock site, for Guayaquil City (after URS, 2007) 
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Figure 4.3 Dynamic response model used in D-MOD to represent a horizontally layered soil 
deposit shaken at its base or half-space (after Matasovic, 1993) 
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Figure 4.4 Relative difference of the spectral ratio of the SCH and CC sites computed with 
nonlinear and equivalent linear methods from spectrally-matched ground motions (after Kottke, 

2010) 
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Figure 4.5 Geotechnical parameters for site HAGP considered in Carlton (2014) dynamic nonlinear effective 
stress analyses 



  

 

367 

 

 

 

 

 

Figure 4.6 Comparison between design response spectrum for soft rock condition from NEC 
(2011) and UHS for hard rock condition from URS (2007), 5% structural damping, for 

Guayaquil City 
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Figure 4.7 Acceleration response spectra (5% structural damping) for twenty-five scaled 
earthquake ground motions (black lines) for crustal earthquakes (near-fault events, NF), from 
similar seismological characteristics for the expected  UHS (green line), 10% PE in 50 yrs, the 

median and median ± 1 standar deviation from the scaled ground motions (red line) 
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Figure 4.8 Scaled peak ground acceleration from selected twenty-five near-fault earthquake 
ground motion and the median and its dispersion from the average values of NGA (2008) 
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Figure 4.9 Scaled peak ground velocities from selected twenty-five near-fault earthquake ground 
motion and the median and its dispersion from the average values of NGA (2008) 
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Figure 4.10 Variation of the mean period from selected twenty-five near-fault earthquake 
ground motion and the expected median value (Rathje, et al., 1998) 
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Figure 4.11 Variation of the scaled Arias intensity from selected twenty-five near-fault 
earthquake ground motion and the expected median value (Travasarou et al., 2003) 
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Figure 4.12 Variation of the significant-duration from selected twenty-five near-fault earthquake 
ground motion and the expected median value (Abrahamson and Silva, 1996) 
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Figure 4.13 Response spectra (5% structural damping) for twenty-five scaled earthquake ground 
motions (blue lines) for subduction earthquakes (far field events, FF), from similar seismological 
characteristics for the expected  UHS (green line), 10% PE in 50yrs, the median and  median ± 1 

standard deviation from the scaled ground motions (red line) 
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Figure 4.14 Scaled peak ground acceleration from selected twenty-five far field earthquake 
ground motion and the median and its dispersion from Atkinson and Boore (2003) 
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Figure 4.15 Scaled peak ground velocities from selected twenty-five far field earthquake ground 
motions 
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Figure 4.16 Variation of the mean period from selected twenty-five far field earthquake ground 
motions 
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Figure 4.17 Variation of the Arias intensity from selected twenty-five far field earthquake 
ground motions 
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Figure 4.18 Variation of the significant-duration from selected twenty-five far field earthquake 
ground motions 
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Figure 4.19 Median and its median ± one standard deviation for near-fault (Scenario I) and far 
field (Scenario II) earthquake ground motion and the UHS for Tr = 475 yrs (URS, 2007) 
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Figure 4.20 Comparison between design response spectrum for soft rock condition from NEC 
(2011), UHS for hard rock condition from URS (2007), and median input rock motions 
considered for near-fault and far field scenarios from this research, for Guayaquil City 
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Figure 4.21 Location of the recorded earthquake motions from IGN’s accelerograph stations at 
Guaayquil City [station ERU (Coord 622350;9756975), TT station (Coord. 621431;9751482), and TK 

station (Coord. 622414;9761788)] 
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Figure 4.22 Recorded acceleration, velocity and displacement time-histories from WE 
component from July, 30, 2012 earthquake event for IGN’s TT, ERU and TK stations 
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Figure 4.23 Fourier spectra from recorded WE component from July,30, 2012 far field low 
intensity earthquake event for station TT, ERU and TK 
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Figure 4.24 Husid plots for the near-fault and far field recorded, WE component, low intensity 
earthquake motions for station TT, ERU and TK at Guayaquil City 
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 Figure 4.25 Acceleration, velocity and displacement response spectra for recorded subduction ground 
motion event (FF) from July 30, 2012, at IGN’s stations; TT, ERU and TK 
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Figure 4.26 Acceleration, velocity and displacement response spectra for recorded crustal 

ground motion event (NF) from October 28, 2012, at IGN’s stations; TT, ERU and TK 
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Figure 4.27 Normalized acceleration response spectra, 5% structural damping, from the recorded ground 
motions, near-fault and far field events (distance R from seismic source is shown), for ERU, TT and TK  

IGN’s station 
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Figure 4.28 Spatial location of the considered strong motion stations from Catholic University of 
Santiago de Guayaquil (UCSG) and National Institute of Geophysics (IGN) network at the 

geotechnical zonation map for Guayaquil City (presented in chapter 2) 
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Figure 4.29 Normalized acceleration response spectra, 5% structural damping, from different 
low intensity far field recorded ground motions, for TT (IGN) and BC (UCSG) stations 
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Figure 4.30 Normalized acceleration response spectra, 5% structural damping, from different 
low intensity far field recorded ground motions, for ERU (IGN) and TM (UCSG) stations 
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Figure 4.31 Location of deep geotechnical borings and seismic stations from IGN’s seismic network 
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Figure 4.32.a Estimated soil profile from deep geotechnical borings within estuarine deltaic geotechnical zone 
(relating TK station, ERU and BSF sites) 
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Figure 4.32.b Estimated soil profile from deep geotechnical borings within estuarine deltaic geotechnical 
zone (relating CSB and ECB sites) 
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Figure 4.32.c Estimated soil profile from deep geotechnical borings within estuarine deltaic geotechnical 
zone (relating Machala av., ERU and SWH sites) 
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Figure 4.33.a Location of geotechnical and geophysical explorations at Ramon 
Unamuno (ERU) 



 
 

 

3
97

 

  
 

 
 

Figure 4.33.c Photograph of geotechnical exploration setup: CPTu and geotechnical rig for deep exploration  t Ramon 
Unamuno (ERU), January 2014 
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 Figure 4.34 Geotechnical Characterization of Ramon Unamuno site (ERU) 
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Figure 4.35 Location of geotechnical explorations on Baseball Field at Kennedy (BSF) 
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Figure 4.36 Hard clay sample obtained from BSF2 borehole at BSF site at 65m depth (picture 
before and after the Unconfined Compression test) 
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Figure 4.37 Geotechnical Characterization of Baseball field (BSF2) 
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 Figure 4.38.a Geological stratigraphy of outcropping rock at TK site 
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Figure 4.38.b Geological sequence of outcropping rock near TK site (b) Unit 1 and 2. Turbidite 
and Siliceous Shales (c) Unit 3: Microbreccia 
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Figure 4.39 Shear wave velocity profile for TK (Transelectric Kennedy) station by means of 
MASW+ReMi test and mean ±1σ trends for Geometrix category A+B sites (Silva et al., 1996) 
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Material 
No. 

G/Gmax and damping curve  

EQL-2 Schnabel (1973)   Soft  Rock 

 

Figure 4.40 Input parameters from TK site for deconvolution analyses based on SHAKE model 
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Figure 4.41 Normalized stiffness degradation and damping curves considered for total stress 
dynamic analyses (SHAKE, equivalent-linear method), for soft rock material, description are 

shown on Figure 4.40 
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Figure 4.42 Acceleration, velocity and displacement response for surface input ground motion 
(registered at TK station) and deconvoluted outcropping rock response obtained. WE direction of 

far field event (30/07/2012) 
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Figure 4.43 Acceleration, velocity and displacement response for surface input ground motion 
(registered at TK station) and deconvoluted outcropping rock response obtained. NS direction of 

event (30/07/2012) 
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Figure 4.44 ERU boring log description, measured shear wave velocity profile and Vs estimated 
trends for clay and sand layers 
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Figure 4.45 Estimation of shear wave velocity profile based on calibration process between the 
surface recorded and numerical site response for site ERU 
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Figure 4.46 Subsoil input parameters for SHAKE total stress model from ERU site 
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Figure 4.47 Subsoil input parameters for DMOD total stress model from ERU site 
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Figure 4.48 Normalized stiffness degradation and damping curves considered for total stress 
dynamic analyses (SHAKE, equivalent-linear method), materials description are shown on Table 

4.7 

 

Figure 4.49 Normalized stiffness degradation and damping curves considered for total stress 
dynamic analyses (DMOD, nonlinear method), materials description are shown on Table 4.8 
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Figure 4.50 Sensitivity results showing the relative differences between spectral acceleration 
measured and spectral acceleration estimated from varying the half-space depth and its shear 

wave velocity [NS component from far field event (30/07/2012)] 
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Figure 4.51 Sensitivity results showing the relative differences between normalized spectral 
acceleration measured and normalized spectral acceleration estimated from varying the half-
space depth and its shear wave velocity [NS component from far field event (30/07/2012)] 
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Figure 4.52 Spectral acceleration, velocity and displacement response and input ground motion 
at WE direction of far field event (30/07/2012) with equivalent-linear (SHAKE) and nonlinear 

total stress (DMOD) analyses results 
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Figure 4.53 Spectral acceleration, velocity and displacement response and input ground motion 
at  NS direction of far field event  (30/07/2012) with equivalent-linear (SHAKE) and nonlinear 

total stress (DMOD) analyses results 
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Figure 4.54 Comparison between measured and modeled acceleration, velocity and 
displacement time history at surface for Far Field event 30/7/12, NS component 
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Figure 4.55 Amplifications between the half-space and the surface for far field event, NS and 
WE component (30/07/2012) 

 

Frecuency (Hz)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 2 3 4 5 6 7 8 90.1 1 10

A
m

pl
itu

de

0.1

1

10

100

FF-WE (Shake)

FF-HWE /V

Frecuency (Hz)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 2 3 4 5 6 7 8 90.1 1 10

A
m

pl
itu

de

0.1

1

10

100

FF-NS (Shake)

FF-HNS /V



  

 

420 

 

 

Figure 4.56 Variation of maximum shear strain and maximum ground acceleration with depth 
for equivalent-linear and nonlinear models from far field event (30/07/2012) 
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Figure 4.57 Comparison between strain-dependent normalized shear modulus reduction and 
damping curves from laboratory trend and calibrated Simsoil model for BSF-Clay
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Figure 4.58 Comparison between measured response spectrum from far field event (30/07/2012) 
and calculated response spectra from using G/Gmax and damping curves from laboratory trends 

and SimSoil model (Pestana and Salvati, 2006) for the upper layer of Guayaquil Clay 
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Figure 4.59 Spectral acceleration, velocity and displacement response and input ground motion 
at WE component for near-fault event (28/10/2012) with equivalent-linear and nonlinear 

analyses results 
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Figure 4.60 Spectral acceleration, velocity and displacement response and input ground motion 
at NS component for near-fault event (28/10/2012) with equivalent-linear and nonlinear analyses 

results 
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Figure 4.61 Spectral acceleration, velocity and displacement response and input ground motion 
at WE component for far field event FF2 (27/06/2012) with equivalent-linear and nonlinear 

analyses results 
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Figure 4.62 Spectral acceleration, velocity and displacement response and input ground motion 
at NS component for far field FF2 (27/06/2012) with equivalent-linear and non-linear analyses 

results 
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Figure 4.63 Variation of maximum shear strain and maximum ground acceleration with depth 
for equivalent-linear and nonlinear models using near fault event (28/10/2012) 
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Figure 4.64 Variation of maximum shear strain and maximum ground acceleration with depth 
for equivalent-linear and nonlinear models using far field event FF2 (27/06/2012) 
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Figure 4.65 Acceleration, velocity and displacement response spectrum for ERU site using 
median earthquake ground motion (25 NF seismic event and 25 FF seismic event) with 

equivalent-linear (SHAKE) and nonlinear total (TS) and effective (ES) stress analyses (DMOD) 
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Figure 4.66 Variation of the median values of maximum shear strain and maximum ground 
acceleration with depth for equivalent-linear and nonlinear total and effective stress models 

(ERU site) 
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Figure 4.67 BSF2 boring log description, measured shear wave velocity profile, Vs estimated 
trends for clay and sand layers, and calibrated Vs profile 
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Figure 4.68 Normalized stiffness degradation and damping curves considered for total stress 
dynamic analyses (SHAKE, equivalent-linear method), materials description are shown on Table 

4.10 

 

 

 

Figure 4.69 Normalized stiffness degradation and damping curves considered for total stress 
dynamic analyses (DMOD, nonlinear method), materials description are shown on Table 4.11 
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Figure 4.70 Subsoil input parameters for SHAKE total stress model from BSF2 site 
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Figure 4.71 Subsoil input parameters for DMOD total stress model from BSF2  site 
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Figure 4.72 Acceleration, velocity and displacement response spectrum for BSF2 site using 
median earthquake ground motion (25 NF seismic event and 25 FF seismic event) with 

equivalent-linear (SHAKE) and nonlinear total (TS) and effective (ES) stress analyses (DMOD) 
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Figure 4.73 Variation of the median values of maximum shear strain and maximum ground 
acceleration with depth for equivalent-linear and nonlinear total and effective stress models 

(BSF2 site) 
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Figure 4.74.a Previous geotechnical investigations and complementary geotechnical and 
geophysical investigations (previous geotechnical zonation map, Vera-Grunauer, et al, 2005) 
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Figure 4.74.b Previous geotechnical investigations and complementary geotechnical and 
geophysical investigations (updated geotechnical zonation map) 
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Figure 4.75 Rock samples collected from 41 to 45m depth from a geotechnical boring performed 
for the construction of the Litoral Government Building (geotechnical zone D3a, North of 

Guayaquil) 
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Figure 4.76 Curves of tendency between the half-space depth – elastic period (red curve) and 
depth where Vs=300 m/s – elastic period (blue curve) 
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Figure 4.77 Sensitivity analyses results of the acceleration spectral values for different half-space 
depths and shear-wave velocity of the half-space for site 3a-3 from the median of far field input 

motions 
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Figure 4.78 Normalized acceleration response spectra and maximum shear strain profile from the 
sensitivity analyses results for site D3a-3 from geotechnical zone D3a 
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Figure 4.79 Representative shear-wave velocity profiles considered for geotechnical zone D1 
(estuarine deltaic deposits) 
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Figure 4.80 Representative shear-wave velocity profiles considered for geotechnical zone D2 

(estuarine deltaic deposits) 



 
 

 

4
45

 

 

   
 

Vs (m/s)

0 100 200 300 400 500
D

ep
th

 (
m

)
0

2

4

6

8

10

12

14

16

18

20

22

24

26

28

30

32

34

36

38

40

42

44

46

48

50

52

54

56

58

60

Alban Borja P-2 (D3a-1)
Policentro (Edificio del Parqueo) P-1 (D3a-2)

Clinnica Kennedy P1 (D3a-3)

Clinnica Kennedy P2 (D3a-4)

209 ECU (Meassured by SASW)

218 ECU (Meassured by SASW)

221 ECU (Meassured by SASW)

D3a-1 D3a-2 D3a-3 D3a-4

 SM

CH

CH

SC

SC

SC

GC

CH

CH

ML

SM

SM

GM

CH

CH

CH

MH

SM

SM

SM

MH

CH

CH

CH

CH

209 ECU 218 ECU 221 ECU

CH

CH

OH

MH

ML

SM

CH

CH

SM

OH

GM

CH

SM

CH

OH

GM

Figure 4.81 Representative shear-wave velocity profiles considered for geotechnical zone D3a 
(estuarine deltaic deposits) 
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Figure 4.82.a Representative shear-wave velocity profiles considered for geotechnical zone D3b (estuarine deltaic 

deposits) 
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Figure 4.82.b Representative shear-wave velocity profiles, deep soil condition, considered for geotechnical zone D3b 
(estuarine deltaic deposits) 
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Figure 4.83 Representative shear-wave velocity profiles considered for geotechnical zone D4 
(alluvial deposits) 
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Figure 4.84 Representative shear-wave velocity profiles considered for geotechnical zone D5 
(shallow alluvial lacustrine deposits) 
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Figure 4.85 Shear-wave velocity profiles considered for geotechnical zone D6 (shallow 
Colluvium and residual deposits) 
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9 1 333

10 1 333 10

11 1 333

12 1 333

13 1 333

14 1 333 14

15 1 333

16 1 333

17 1 333 17

18 2 415 19

19 2 415

20 2 415 23

21 2 415

22 2 415
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24 2 502
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5 0.5 121
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7 0.5 121 3.5
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Figure 4.86 Example of a subsoil input parameters for SHAKE model from site D1-1 
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Figure 4.87 Comparison between normalized stiffness degradation and damping curves 
considered for SHAKE modeling with those developed by Darendeli (2001) and Phillips and 

Hashash (2009) 
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Figure 4.88 Normalized stiffness degradation and damping curves considered for total stress 
dynamic analyses , materials description are shown on Table 4.16 

Cyclic Shear Strain (%)

0.0001 0.001 0.01 0.1 1 10

G
se

c 
/ G

m
ax

0.0

0.2

0.4

0.6

0.8

1.0

Material 1
Material 2
Material 3
Material 4
Material 5
Material 7
Material 8
Material 9
Material 10
Material 11
Material 12
Material 13

Cyclic Shear Strain (%)

0.0001 0.001 0.01 0.1 1 10

D
am

pi
ng

 (
%

)

0

5

10

15

20

25

30

Material 1
Material 2
Material 3
Material 4
Material 5
Material 7
Material 8
Material 9
Material 10
Material 11
Material 12
Material 13



  

 

454 

 

 

 

Figure 4.89 Calibrated MKZ-parameters for Guayaquil Clay (BSF-structured-induced 
overconsolidated) that fitted the laboratory normalized stiffness degradation and damping curves 
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Figure 4.90 Calibrated MKZ-parameters for deep sandy soil deposits that fitted Darendeli (2001) 
normalized stiffness degradation and damping curves for confining stress of 3 and 5 atm 
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Figure 4.91 Subsoil input parameters for DMOD effective stress model from site D3a-4  

layer No. thickness Material
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2 1 1 102 16969 44
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4 1 1 102 16969 44

5 1 1 102 16969 44
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7 1 1 102 16969 44

8 1 1 102 16969 44
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13 1 2 125 25484 66
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28 1 6 203 71412 186
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Figure 4.92 Evaluation of the scaled input motion for near –fault (NF) and fard field (FF) events 
with the induced maximum shear strain for the soft clay layer based on the equivalent-linear 

analyses for site D3a-1 from estuarine deltaic deposits 
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Figure 4.93 Effects of the scaled input ground motion NORTHD-ARL 090SC on the normalized 
acceleration spectral shape and the trend of the amplification ratio for site D3a-1 
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Figure 4.94 Effects of the scaled input ground motion NORTHD-WPI-FNSC on the normalized 
acceleration spectral shape and the trend of the amplification ratio for site D3a-1 
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Figure 4.95 Evaluation of the scaled input motion for near field (NF) and fard field (FF) events 
with the induced maximum shear strain for the soft clay layer based on the equivalent-linear 

analyses for site D3a-4 from estuarine deltaic deposits 
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Figure 4.96 Effects of the scaled input ground motion COYOTE EL K-G06 FN on the 
normalized acceleration spectral shape and the trend of the amplification ratio for site D3a-4 
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Figure 4.97 Effects of the scaled input ground motion NORTHD-ARL 090 SC on the 
normalized acceleration spectral shape and the trend of the amplification ratio for site D3a-4 
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Figure 4.98 Variation of the spectral ratio for selected input rock ground motions from site D3a-4, 
from geotechnical zone D3a (estuarine deltaic environment) 
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Figure 4.99 Relationship between maximum shear strain for clay deposit, period-shift factor 
(Tsite/Te) and PGArock for site D3a-4 from estuarine deltaic deposits with an elastic site period 

of 1.04 sec, from EQL (SHAKE) model and NL Effective Stress (DMOD) 

0.0

0.4

0.8

1.2

1.6

2.0

PGArock

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0

1

2

3

4

5

6

7

M
ax

 S
he

ar
 S

tr
ai

n 
%

, C
LA

Y
 d

ep
os

it
γ m

ax
D

M
O

D
/γ

m
ax

S
H

A
K

E

M
ax

 S
he

ar
 S

tr
ai

n 
%

, C
LA

Y
 d

ep
os

it

0
1

2
3

4
5

6
7

Tsite (based on average Vs strain-comp. column)  /Telastic eq.

1.
0

1.
2

1.
4

1.
6

1.
8

2.
0

2.
2

Tsite (based on average Vs strain-comp. column)  /Telastic eq.

1.
0

1.
2

1.
4

1.
6

1.
8

2.
0

2.
2

Tsite (based on average Vs strain-comp. column)  /Telastic eq.

Tsite (based on average Vs strain-comp. column)  /Telastic eq.

NF motions (DMOD,NL analyses)

FF motions  (DMOD,NL analyses)

NF motions (SHAKE, EQL analyses)

FF motions  (SHAKE,EQL analyses)



 
 

 

4
65

 

 

 

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

0 100 200 300 400 500 600

T
si

te
 /T

el
as

ti
c 

PGArock

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6

P
G

A
so

il

P
G

A
so

il

11.523ratio =
Ia (cm/sec)

Telastic/Tm

T
si

te
 /T

el
as

ti
c 

NF motions (DMOD,NL analyses)

FF motions  (DMOD,NL analyses)

NF motions (SHAKE, EQL analyses)

FF motions  (SHAKE,EQL analyses)

 

Figure 4.100 Variation of the amplification factor and the period-shift factor (Tsite/Te) for site D3a-4 
from estuarine deltaic deposits with an elastic site period of 1.04 sec, for 25 near field (NF) and 25 far 

field (FF) input motions computed from EQL 
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Figure 4.101 Median results of the acceleration, displacement, and velocity response spectra for 
site D3a-4 from estuarine deltaic deposits with an elastic site period of 1.04 sec, for 25 near field 
(NF) and 25 far field (FF) input motions computed from EQL (SHAKE) and NL (DMOD-2000) 

models 
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Figure 4.102 Variation of the spectral ratio from the median of 25 NF and 25 FF input motions 
computed from EQL (SHAKE) and NL (DMOD-2000) models, for site D3a-4 (Te = 1.04sec), 

from geotechnical zone D3a
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Figure 4.103 Acceleration response spectra for 25 near field (MI) input ground motion, 25 far field 
(MII) input ground motion and its median response spectrum for a soft deep soil site (site 210ECU) 

from geotechnical zone D3b (clay SM1) estuarine deltaic environment 
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Figure 4.104 Median maximum shear strain and cyclic shear stress profiles for the selected sites 
from geotechnical zone D1 (estuarine deltaic deposits) 
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Figure 4.105  Median acceleration, displacement and velocity response spectra for the selected sites from 
geotechnical zone D1 (estuarine deltaic deposits) 
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Figure 4.106 Median maximum shear strain and cyclic shear stress profiles for the selected sites 
from geotechnical zone D2 (estuarine deltaic deposits) 
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Figure 4.107 Median acceleration, displacement and velocity response spectra for the selected sites 

from geotechnical zone D2 (estuarine deltaic deposits) 
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Figure 4.108 Median maximum shear strain and cyclic shear stress profiles for the selected sites 
from geotechnical zone D3a 
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Figure 4.109 Median acceleration, displacement and velocity response spectra for the selected 
sites from geotechnical zone D3a (estuarine deltaic deposits) 
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Figure 4.110 Median maximum shear strain and cyclic shear stress profiles for the selected 
sites from geotechnical zone D3b 
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 Figure 4.111 Median acceleration, displacement and velocity response spectra for the selected 
sites from geotechnical zone D3b (deep estuarine deltaic deposits) 
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Figure 4.112 Median maximum shear strain and cyclic shear stress profiles for the selected sites 
from geotechnical zone D4 
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Figure 4.113 Median acceleration, displacement and velocity response spectra for the selected 
sites from geotechnical zone D4 (alluvial deposits) 
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Figure 4.114 Median maximum shear strain and cyclic shear stress profiles for the selected sites 
from geotechnical zone D5 
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 Figure 4.115 Median acceleration, displacement and velocity response spectra for the selected sites 
from geotechnical zone D5 (shallow alluvial lacustrine deposits) 
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Figure 4.116 Median maximum shear strain and cyclic shear stress profiles for the selected sites 
from geotechnical zone D6 
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Figure 4.117 Median acceleration, displacement and velocity response spectra for the selected 

sites from geotechnical zone D6 (shallow colluvium and residual deposits) 
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Figure 4.118 Variation of the site amplification and period-shift ratio for geotechnical zone D3a, 
showing the amplification trend for site D3a-4 and D3a-1 
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Figure 4.119 Characteristics of the site stratigraphy and shear-wave velocity profile for both site 
D3a-1 and D3a-4 
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Figure 4.120 Variation of induced maximum shear strain and maximum cyclic shear stress with 
depth for selected sites from geotechnical zone D3a 
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Figure 4.121 Comparison between the normalized degradation stiffness and damping curves for 
clay material from site D3a-4 (red line) and sand material site D3a-1 (black line), both located 

from 16 to 29m depth  from each site, considered on the dynamic site response 
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Figure 4.122 Comparison of the spectral response intensities for Site D3a-1(black lines) and 
D3a-4 (red lines) 
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Figure 4.123 Maximum and minimum trends for the dynamic site response results for deep clay 
deposits from geotechnical zone D3b considering with or without the effect of the confining 

effective stress on the nonlinear dynamic models 
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Figure 4.124  Effect of the soil structure and cementation on the site amplification and period-shift ratio for 
geotechnical zone D3a, estuarine deltaic deposits 
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Figure 4.125 Variation of mean soil amplification ratio for all the analyzed sites within 
geotechnical zone D3a (deltaic estuarine deposits) for soil model SM1 (BSF) and SM2 (TI) 
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Figure 4.126 Comparison between median spectral acceleration for NF and FF input motion for 

SM1 and SM2 from site D3-3 (geotechnical zone D3a) 
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Figure 4.127 Comparison between suggested ranges for deep stiff soils (Chang, 1996), Soft soils 
condition (Seed et al., 1997) and results (mean) from dynamic response analyses performed for 

estuarine deltaic and alluvial deposits for Guayaquil City 
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Figure 4.128 Coefficient of Variation for PGAsoil from total stress (TS) dynamic response 
analyses performed for estuarine deltaic and alluvial deposits for Guayaquil City 
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Figure 4.129 Mean site amplification factor,  PGAsoil / PGArock from total stress (TS) dynamic 
response analyses performed for estuarine deltaic and alluvial deposits for Guayaquil City 
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Figure 4.130 Subsoil input parameters for DMOD effective stress model for Case 2 from BSF2 
site 
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)

(m) (m/s) (Kpa) (Kpa)

1 1 102 16969 44

2 1 102 16969 44

3 1 102 16969 44

4 1 102 16969 44

5 1 102 16969 44

6 1 102 16969 44 6

7 1 102 16969 44

8 1 102 16969 44

9 1 102 16969 44

10 1 102 16969 44

11 1 102 16969 44

12 1 125 25484 66 12

13 1 125 25484 66

14 1 142 32887 94

15 1 142 32887 94

16 1 142 32887 94

17 1 177 51097 146

18 1 177 51097 146

19 1 177 51097 146 19

20 1 177 51097 146

21 1 192 63883 198

22 1 192 63883 198

23 1 192 63883 198 23

24 1 203 71412 221

25 1 203 71412 221

26 1 203 71412 221

27 1 203 71412 221 27

28 1 203 71412 221

29 1 203 71412 221 29

30 1 252 116521 146

31 2 252 116521 146

32 3 310 176330 220

33 3 322 190246 238

34 3 322 190246 238

35 2 341 213360 267

36 3 341 213360 267 46

37 3 341 225213 282

38 3 372 268022 335

39 4 372 268022 335

40 4 372 268022 402 60

41 5 502 488081 732

42 5 502 488081 732

43 5 502 488081 732 75

44 5 502 488081 732

45 5 502 488081 732

46 5 502 488081 732

47 5 502 488081 732

48 5 502 488081 732 100

49 halfspace 21 800

DMOD  MODEL (SITE D3a-4)

Material 

Model 

Modulus & 

Unit 

Weight 

(kN/m
3
) 

16

17

NLI-1a

NLI-1b

NLI-1c

NLI-2

18

19

NLI-3

NLI-4 19
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Figure 4.131 Subsoil input parameters for DMOD effective stress model for Case 3 from BSF2 
site 

 

layer No. thickness Vs Gmo τmo

d
e

p
th

 

(m
)

(m) (m/s) (Kpa) (Kpa)

1 1 102 16969 19

2 1 102 16969 19

3 1 102 16969 19

4 1 102 16969 19

5 1 102 16969 19

6 1 102 16969 19 6

7 1 102 16969 19

8 1 102 16969 19

9 1 102 16969 19

10 1 102 16969 19

11 1 102 16969 19

12 1 125 25484 35 12

13 1 125 25484 35

14 1 142 32887 41

15 1 142 32887 41

16 1 142 32887 41

17 1 177 51097 47

18 1 177 51097 47

19 1 177 51097 47 19

20 1 177 51097 47

21 1 192 63883 56

22 1 192 63883 56

23 1 192 63883 56 23

24 1 203 71412 158

25 1 203 71412 158

26 1 203 71412 158

27 1 203 71412 158 27

28 1 203 71412 158

29 1 203 71412 158 29

30 1 252 116521 146

31 2 252 116521 146

32 3 310 176330 220

33 3 322 190246 238

34 3 322 190246 238

35 2 341 213360 267

36 3 341 213360 267 46

37 3 341 225213 282

38 3 372 268022 335

39 4 372 268022 335

40 4 372 268022 402 60

41 5 502 488081 732

42 5 502 488081 732

43 5 502 488081 732 75

44 5 502 488081 732

45 5 502 488081 732

46 5 502 488081 732

47 5 502 488081 732

48 5 502 488081 732 100

49 halfspace 21 800

DMOD  MODEL (SITE D3a-4)

Material 

Model 

Modulus & 

Unit 

Weight 

(kN/m
3
) 

NLI-1a

16

NLI-1b

NLI-4 19

NLI-1c 17

NLI-2

18

19

NLI-3
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Figure 4.132 Subsoil input parameters for DMOD effective stress model for Case 4 from BSF2 
site

layer No. thickness Vs Gmo τmo

d
e

p
th

 

(m
)

(m) (m/s) (Kpa) (Kpa)

1 1 102 16969 25

2 1 102 16969 25

3 1 102 16969 25

4 1 102 16969 25

5 1 102 16969 25

6 1 102 16969 25 6

7 1 102 16969 25

8 1 102 16969 25

9 1 102 16969 25

10 1 102 16969 25

11 1 102 16969 25

12 1 125 25484 45 12

13 1 125 25484 45

14 1 142 32887 53

15 1 142 32887 53

16 1 142 32887 53

17 1 177 51097 62

18 1 177 51097 62

19 1 177 51097 62 19

20 1 177 51097 62

21 1 192 63883 72

22 1 192 63883 72

23 1 192 63883 72 23

24 1 203 71412 86

25 1 203 71412 86

26 1 203 71412 86

27 1 203 71412 86 27

28 1 203 71412 86

29 1 203 71412 86 29

30 1 252 116521 146

31 2 252 116521 146

32 3 310 176330 220

33 3 322 190246 238

34 3 322 190246 238

35 2 341 213360 267

36 3 341 213360 267 46

37 3 341 225213 282

38 3 372 268022 335

39 4 372 268022 335

40 4 372 268022 402 60

41 5 502 488081 732

42 5 502 488081 732

43 5 502 488081 732 75

44 5 502 488081 732

45 5 502 488081 732

46 5 502 488081 732

47 5 502 488081 732

48 5 502 488081 732 100

49 halfspace 21 800

DMOD  MODEL (SITE D3a-4)

Material 

Model 

Modulus & 

Unit 

Weight 

(kN/m
3
) 

NLI-1a

16

NLI-1b

NLI-4 19

NLI-1c 17

NLI-2

18

19

NLI-3
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Figure 4.133 Comparison between four cases to estimate the dynamic shear strength for clay deposits and its 
influence on the effective stress dynamic site response (acceleration response spectra for 5% structural damping) 
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Figure 4.134 Median spectral response for BSF2 site from median input ground motion (NF and 
FF) based on Case 3 for the estimation of the dynamic shear strength for clay layers (5% 

structural damping) 
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Figure 4.135 Subsoil input parameters for DMOD effective stress model for Case 3 from ERU 
site 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)
Gmo 

(Kpa)
τmo (Kpa)

d
e

p
th

 

(m
)

1 0.8 100 15800 21

2 0.85 100 15800 21 1.65

3 0.9 105 17420 21

4 0.9 105 17420 21 3.45

5 1 97 14866 21

6 1.05 97 14866 21 5.5

7 1.2 104 17090 21

8 1.25 104 17090 21 7.95

9 0.9 100 15800 37

10 0.9 100 15800 37

11 0.9 100 15800 37 10.65

12 1 104 17090 37

13 1 104 17090 37

14 1 104 17090 37 13.65

15 1.1 106 17753 37

16 1.1 106 17753 37

17 1.1 106 17753 47 16.95

18 1.2 119 22375 47

19 1.2 119 22375 47

20 1.2 119 22375 47 20.55

21 0.9 130 26702 50

22 0.95 130 26702 50

23 1 130 26702 50

24 1 130 26702 50 24.4

25 2 138 30090 58

26 2 138 30090 58

27 1.6 138 30090 58 30

28 2 150 35550 73

29 3 150 35550 73

30 3 150 35550 73

31 4 150 35550 73 42

32 1 400 309888 195

33 1 400 309888 195

34 1 400 309888 195

35 1 400 309888 195

36 2 400 309888 195

37 2 400 309888 195 50

38 2 300 146789 400

39 2 300 146789 400

40 2 300 146789 400

41 3 300 146789 400

42 3 300 146789 400

43 3 300 146789 400 65

44 3 300 146789 400

45 3 300 146789 400

46 3 300 146789 400

47 4 300 146789 400 78

48 3 650 861366 470

49 3 650 861366 470

50 3 650 861366 470

51 3 650 861366 470 90

52 2 650 861366 470

53 3 650 861366 470

54 3 650 861366 470 98

55 2 650 861366 470

56 3 650 861366 470

57 3 650 861366 470 106

58 3 400 269113 790

59 3 400 269113 790

60 4 400 269113 790 116

61 3 400 269113 790

62 3 400 269113 790

63 4 400 269113 790 126

64 4 650 775229 790

65 5 650 775229 790

66 5 650 775229 790

67 5 650 775229 790 145

2800
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Figure 4.136 Median spectral response for ERU site from median input ground motion (NF and 
FF) based on Case 3 for the estimation of the dynamic shear strength for clay layers (5% 

structural damping) 
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Figure 4.137 Comparison, for BSF2 site, between the median NF and FF surface response 
spectra from nonlinear effective stress analyses (DMOD), the median input rock motion from NF 
and FF events, and mean and mean + 1 σ  surface ground motion prediction for NF and FF  from 

Carlton (2014) regression model 
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Figure 4.138 Comparison, for ERU site, between the median NF and FF surface response 
spectra from nonlinear effective stress analyses (DMOD), the median input rock motion from NF 
and FF events, and mean and mean + 1 σ surface ground motion prediction for NF and FF from 

Carlton (2014) regression model 
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5. SEISMIC ZONATION OF GUAYAQUIL 
CITY 

 

5.1 Introduction 
 

Today, everyone recognizes the need for a preventive policy that considerably reduces or mitigates 
the destructive effects of earthquakes. Many countries, from all continents, have put forward 
policies that regulate building construction in areas of high seismic risk. 

In order to address this issue in Ecuador, an executive committee responsible for modifying the 
country's Construction Code was formed on 5 June 1996. However, a firm decision by the national 
government to comply with this fundamental task of safeguarding its citizens never happened. The 
government has limited its role to simply compensating earthquake related damages, as occurred 
during the most recent earthquake events in Esmeraldas and in Bahia de Caraquez. 

In fact, in Ecuador, the potential economic and social consequences of a high intensity earthquake 
have never been determined. Such a determination depends not only on the probability of its 
occurrence but also on the vulnerability of the existing construction works. The Ecuadorian 
Construction Norms (NEC 2011) dictate that municipalities with populations over 100,000 should 
perform seismic microzonation studies.  

With Project RADIUS (1999), the Municipality of Guayaquil established the possible economic 
and social consequences if an earthquake similar to the one in 1942 were to occur, which brought 
to light the need for regulating seismic construction designs within the city limits. However, such 
regulations have yet to be implemented.  

In Guayaquil, the peak acceleration hazard is controlled by nearby faults like Colonche, Guayaquil 
and Carrizal with return periods of 200 years (URS, 2007). At longer periods, e.g., 1.0 sec spectral 
acceleration, the South America subduction zone (boundary between Nazca and South American 
plate which includes both the megathrust and the Wadati-Benioff zone) controls the hazard at the 
site (with a return period of about 2,000 years), because it is capable of generating larger events 
(Mw > 8) with greater long-period ground motions. 

To help enact such regulations, this study provides an important tool: a detailed seismic zoning 
procedure that covers the city of Guayaquil. It makes use of the geotechnical zoning map 
developed for the city in Chapter 2 and complements that with microtremor (environmental 
vibrations) measurements from a campaign that covered all of the city's geotechnical zones as 
defined in that map. These provided the parameters required to understand the subsoil (elastic) 
response for small ground motions. Chapter 3 and 4 provide us with additional information needed 
to understand the dynamic (including inelastic) response of soft subsoil under a wide range of 
ground motions. The resulting seismic zonation procedure is based on both elastic and inelastic 
(nonlinear) response of the underlying soil and helps identify the seismic demand of a building 
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design according to its number of floors. Therefore, it is more than a seismic zoning map and 
satisfies the microzonation criterion. 

The results presented in this chapter show the free surface dynamic response of Guayaquil subsoil 
considering their geotechnical and ground motion characteristics, which makes a fundamental 
contribution to understanding its dynamic behavior. The procedures presented here to estimate the 
seismic risk to building structures could also be used in other cities of similar geomorphologic and 
seismic characteristics. The methodology used here follows the framework suggested by the 
Manual for Zonation on Seismic Geotechnical Hazards (ASCE-TC4, 1993), satisfying its grade 2 
and 3 requirements to estimate ground motions.  

This study does not address seismic related slope instability, since the main populated zones of the 
city are concentrated in low plains. The city also contains certain zones with high liquefaction 
potential, which is not addressed by this study either. Such zones can be evaluated following the 
criteria proposed by Seed et al. (2001) and Boulanger and Idriss (2014). 

 

5.2 Literature Review 

 

5.2.1 Seismic Response of Soft Soil Sites 

 

The response of structures during large earthquakes has shown the strong influence of local site 
conditions. According to Pitilakis (2004):  

Surface geology and geotechnical characteristics of soil deposits have a paramount 
importance on seismic ground shaking. The variations of ground shaking in space, 
amplitude, frequency content and duration are called “site effects.” Site effects include the 
effects of impedance contrast between surface soil deposits and underlying bedrock, or 
firm soil considered as rock)., which is rather well modeled using 1D ground models (i.e. 
linear elastic, equivalent linear or non-linear). [Site effects would] also include deep basin 
effects and basin edge effects, produced by active lateral geological discontinuities (i.e. 
geological anomalies, faults, etc)..." (p. 139) 

This phenomenon became evident from contrasting seismic behaviors of localities near the 
Mississippi and Ohio rivers' flood plains in comparison to those in firm grounds during the 1811-
1812 New Madrid seismic sequence (Drake, 1815). Similar situations were observed during 
Japan's 1891 great earthquake (Milne, 1898), San Francisco's 1906 earthquake (Wood, 1908) and 
the 1933 Long Beach earthquake (Wood, 1933).  

The great influence of soft soils on seismic response was clearly manifested during the Mexico 
City earthquakes of September 19-20, 1985 in particular (Romo and Jaime, 1986; Romo and Seed, 
1986). The seismic measurements obtained during these events provided the first irrefutable 
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evidence of the influence of geographical and geotechnical characteristics at specific sites. Even 
some 430 km away from the epicenter, the soft rock outcrops at the Ciudad Universitaria (CU) 
registered accelerations of 0.03-0.04g, which also showed lower frequency content and long 
duration rock motions. Measurements at distant sites, covering all the geotechnical zones defined 
by the Construction Code for the Mexico City Metropolitan area, confirmed this observation at 
CU (Seed et al., 1988). 

Seed and Sun (1989) presented the damage intensities for heavily damaged zones in Mexico City 
during this 1985 earthquake, relating those to the estimated building period in Mexico City. They 
used the relationship: T (building period) = 0.16N (Number of stories). The most damaged 
buildings were those of 10-14 stories (building period = 1.5 - 2.0 sec) (Figure 5.1a) that rested on 
clay soils with a similar natural period. Figure 5.1b shows the predominant site period (2 sec) of 
such soils from a recoded ground motion. These soft soils had amplified the base rock accelerations 
as much as five times (Seed et al., 1988).  

Other instances—like the earthquakes of Caracas, Venezuela (1967), Loma Prieta, California 
(1989), Northridge, California (1994) and Kobe, Japan (1995)—support the idea that local 
geotechnical conditions play an important role in the severity of structural damage caused by 
strong earthquakes. The city of Guayaquil is not immune to such subsoil influences on seismic 
response, given the extent of deltaic-estuarine and alluvial deposits on which it sits (as described 
in Chapter 2).  

 

5.2.1.1 Earthquake Related Damages in Guayaquil 
 

The 1906 Ecuador-Colombia Earthquake occurred off the coast of Ecuador near Esmeraldas 
(Figure 5.2). The earthquake had a magnitude (Mw) of 8.8 and triggered a destructive tsunami that 
caused at least 500 casualties on the coast of Colombia. The rupture zone for this earthquake was 
500–600 km long. The combined rupture zones of subsequent earthquakes of 1942 (Mw=7.8), 1958 
(Mw=7.7) and 1979 (Mw=8.2) barely covered that of 1906, as seen from Figure 5.2, and they 
released only a small fraction of the energy of the 1906 earthquake (White et al., 2003). 

Ruffili (1943) mentioned that the 1942 earthquake, located about 250 km NW of Guayaquil, 
caused severe damage to the buildings there. It induced the collapse of three five-story reinforced 
concrete buildings when there were only five to seven high-rise buildings constructed at that time 
in the city. Argudo and Yela (1994) analyzed the seismic response of downtown subsoil for a 
maximum rock acceleration of 0.05g (similar to that estimated to have occurred during the 1942 
earthquake), obtaining dynamic amplifications 3 – 4 times those in soft soils. This behavior clearly 
demonstrates the great influence downtown subsoil wields on dynamic characteristics at the 
ground surface, and thus, on the structural seismic demand and its response.  

On August 18, 1980, a smaller event (Mw - 5.5) occurred at a nearby secondary fault, some 65 km 
SE of Guayaquil (Lara, 1988). Although it did not induce building collapses, the damage patterns 
in downtown area were similar to those from the 1942 ground motion. 
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5.2.1.2 Understanding Soft Soil Amplification of Base Rock Motions 
 

Design seismic events for Guayaquil contain two types of seismic sources: Near Fault and Far 
Field motions (NEC, 2011). In terms of the hazard spectrum, these two sources overlap beyond 
periods of 1 sec, but the intensity, frequency content and the duration of each are different and 
treating them as such is quite important in estimating the dynamic response of the soils. Near fault 
motions, in general, have high intensities, low predominant periods and a short duration. In 
contrast, for an earthquake of the same magnitude, far field motions would have lower intensities, 
higher predominant periods and a longer duration. 

In general, the nonlinearity of the soil affects not only the amplification of the input rock motion, 
but also the predominant period of the soil surface motion. The predominant site period (elastic or 
inelastic) is strongly dependent on the intensity and vibration characteristics of the input ground 
motion. At low levels of intensity and vibration, the soil behaves elastically. However, as the level 
of shear strain transferred to the soft soils increase and as high cyclic pressures develops, the 
rigidity of the soil structure degrades, shifting its response towards nonlinear behavior and 
affecting its predominant site period. On the other hand, the energy absorbing capacity of a flexible 
system, like soft soil, increases at higher vibration periods and longer earthquake duration, which 
in turn, would reduce the amplification of the motion at the surface level. There lies the importance 
in considering both the elastic and inelastic behaviors. 

Measuring the elastic site period is fairly simple: geophysical methods like SASW tests or 
environmental vibration measurements can be employed for this, as both induce very low strain 
levels in the soil. At stronger shaking of the ground, these values may lose validity. Inelastic site 
period, which may be needed in such a case, is quite cumbersome to measure, as destructive tests 
cannot be performed at real scales. In general, the approach followed is to realize laboratory 
dynamic analysis under strong shaking and establish statistical correlations between the elastic and 
inelastic site periods.  

 

5.2.2 Elastic Site Period of Soft Soil Sites 

 

The Elastic Site Period (Te) has been defined through various parameters by different investigators 
to suit different measurement techniques and different site conditions. Many of these parameters 
are defined using the shear wave velocity Vs, as measured by SASW tests. However, the process 
of obtaining average Vs from the profiles differs.  

If the weighted average of shear wave velocities of whole soil layers is obtained using thickness 
of each layer as weight, as mentioned in Chapter 4, the natural period of multi-layered ground is 
derived as Te1: 

��1 = 4�/
∑	
�∗���

∑ 
�
  ;      ∑ ℎ� = Hhalf-space   and   ��

∗ =
∑	
�∗���

∑ 
�
              5.1 

When a period that is proposed in this study based a depth where Vs is equivalent to 300 m/s, Te2 

have been identified. 
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��2 = 4������/
∑	
�∗���

������
  Hvs300= depth where Vs=300 m/s;                   5.2 

Furthermore, Te3 = [H/V]CM uses the H/V Fourier spectra from microtremor measurements and 
follows Rathje et al. (2004) criterion in using as the mean the center of mass of the Fourier spectra 
amplitude. 

Evaluating the elastic period using the upper 30 m of soil, Te4 is defined in equation 5.3. In this 
equation, the values of Vs30 is used 

��4 = 4�/
∑ ��

∑
��

 ��

  ;     where ∑ !� = 30 $ and  Vs30=
∑ ��

∑
��

 ��

              5.3 

In addition, Te5 was obtained from the transfer function at free field condition (i.e. ratio of the 
frequency response at the soil surface over the bedrock frequency response for a sample seismic 
signal at very low amplitude to ensure elastic soil behavior (SHAKE program analyses). 

 

5.2.2.1 Mathematical Derivation of Elastic Site Period 
 

The procedure for mathematically obtaining the fundamental period of a soil medium assuming a 
Kelvin-Voigt type stress-strain relationship is described below.  

Let us consider a schematic model of a shear beam, with a given rigidity and a viscous damping, 
subjected to a harmonic excitation (Figure 5.3). 

The governing equation for a continuous visco-elastic medium subjected to a vertically moving 
shear waves is given by (Kramer, 1996): 
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where ρ - the density of the medium, G - rigidity modulus of the medium and η - its viscosity 
coefficient.; u (y,t) - absolute displacement at depth y and time t .  

Considering the boundary conditions (Figure 5.3):       
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the stationary response is: 
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For the boundary conditions: 
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the solution will be: 
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the stationary response becomes:  
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The base to surface amplification function (Figure 5.4) is: 
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The maximum value of F (ω) is achieved for: 
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from equation 5.16 , 
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H
G , and β − the critical damping. 

For a small β, 4β2 ≈ 0, the graphical representation is shown in Figure 5.4.  

The conclusions are: 

1. For 
f

V
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s == λ4 , where λs - wave length, 
y

V
f s

o 4
= at a depth y  

The seismic movement lacks the frequencyof or the spectral response has a valley at the 

frequency of . 

2. In a homogenous medium, the seismic movements decrease with depth down to

== max
max

;
4

f
f

V
z s maximum frequency contained in the seismic movement. 

This depth of z is termed the one-quarter wavelength from the surface (Joyner et al., 1981; Day, 
1996; Boore, 2003). 

 

5.2.2.2 Use of Microtremors to Obtain Elastic Site Period 
 

Researchers have paid attention to microtremors since early days (Omori,1908). However, an 
engineering application for them was not proposed until Kanai and Tanaka (1961). They pointed 
out that microtremors are propagated through multiple reflections of SH waves in parallel subsoil 
layers. Ohta et al. (1978) determined the predominant ground period in Hachinohe, Japan, using 
both microtremors and strong ground motions, and obtained the same value (2.5 s), the reason for 
which they attributed to the presence of deep alluvial deposits. Masaki et al.(1988) demonstrated 
that the predominant periods at several sites in Mexico City, obtained using microtremors, were in 
good agreement with the values obtained through measured strong ground motions at the same 
sites during the Michoacan earthquake of 1985 near Mexico City by Singh et al. (1988). The 
amplification factor in the lakebed zone in this case was 8-50 times to that of the hill area. 
Yamanaka et al. (1994) pointed out that simultaneous observation of long period microtremors 
was useful for evaluating the amplification due to deep soil deposits. Seht and Wohlenberg (1999) 
found microtremor measurements can be used to determine the thickness of soft soil layers and 
suggested Nakamura’s technique (1989) as the most suitable method. 
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Nakamura (1989) assumed that only the horizontal component of a microtremor is influenced by 
the subsoil and the spectral characteristics of the source motion are maintained in the vertical 
component (Figure 5.5). The amplification of the ground motion due to site effects is expressed 
here as the spectral relationship (SR) between the horizontal components of the surface ground 
motion (HS) and the horizontal component of the base ground motion (HB): 

34 =
��

�5
 5.17 

Other simplifications assumed by this technique are:  

• Out of the various types of waves present in a microtremor, Raleigh waves are essentially the 
ones that propagate through the soft subsoil. 

• The effect on Rayleigh wave (ERW) travelling through the subsoil is given by the ratio of the 
vertical microtremor component at the surface (Vs) and the base (VB). 

647 =
�

5
                                                                                                                                                       5.18 

• For a frequency range of 0.2-20 Hz, the spectral relationship between the horizontal and 
vertical components of the microtremor at the rigid base is close to unity. 

�5

5
= 1                                                                                                                                                            5.19 

Under these conditions, the spectral ratio between the horizontal and vertical components of the 
microtremor recorded at the surface of a soft soil layer eliminates the effects of the Rayleigh waves 
(ERW), and shows only the subsoil effects on the microtremor propagation (Bour et al. 1998): 
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Thus, a Fourier analysis of the microtremor spectrum at the surface allows computing the mean 
period of the soil (Tm) (Rathje et al., 2004): 

�< =
∑	=��>	

?
@�

�

∑	=��>  for 0.25 Hz ≤ fi ≤ 20 Hz, with Δf ≤ 0.05 Hz 5.21 

where Ci is the Fourier coefficient (H/V ratio for this analysis); fi is the discrete frequency 
corresponding to the Ci; and Δf is the frequency interval.  

Green et al. (2011) evaluated five commonly used definitions for the characteristic period:  

• mean period (Tm);  

• average spectral period (Tavg);  

• smoothed spectral period (To);  

• median spectral velocity-acceleration period (TV/A50); and  

• peak ground velocity-acceleration period (Tv/a).  

These characteristic period definitions were assessed by computing the amplification of earthquake 
ground motions propagated up through shallow soil profiles (e.g., backfill of retaining walls) and 
deeper soil profiles. The results showed that characterizing an earthquake ground motion by a 
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single period, regardless of how it is quantified, is tenuous. However, in the case of dynamic site 
response, they found that To and Tm are the most suitable definitions to characterize the spectrum.  

The evaluation by Green et al (2011) reinforces using Tm (or mean spectral period) in the process 
of estimating the elastic site period from microtremor measurements and for characterizing 
frequency content from input rock outcrop motions. 

Equation 5.21 yields the weighted average of the period (i.e., 1/ fi) within the range of 0.05 to 4 
sec (or 0.25 to 20 Hz), with the weighting based on the squared Fourier amplitudes. An example 
of an H/V spectrum for two horizontal orthogonal components for a soft soil site is presented in 
Figure 5.6. As seen in the figure, the site soil has an elastic period (Te) between 1.85 to 2 s. 

Although Nakamura’s simplified assumptions seem somewhat questionable (Kudo, 1995), various 
sets of experimental data (Lachet and Bard, 1994; Duval et al., 1994; Duval et al., 1995; Kudo, 
1995; Gittermanet et al., 1996) confirmed that these H/V ratios are much more stable than the raw 
noise spectra. Furthermore, on soft soil sites, they usually exhibit a clear peak that is well correlated 
with the fundamental resonant frequency (Lermo et al, 1988). 

The ability of the H/V ratio, from microtremor measurements, to reveal the resonance frequencies 
becomes a function of the velocity contrast between soil profile layers. The amplification 
amplitude is comparable only when the soil layering is horizontal and there are no lateral 
geometrical variations. The presence of lateral geometrical boundaries could cause inward 
propagating surface waves, which may affect the vertical component of the motion and hence the 
calculations of the Nakamura (H/V) method of determining Te (Lermo et. al, 1988). 

Egas and Baratau (2003) and Matute and Delgado (2004) performed important environmental 
vibration measurements at various sites of the city of Guayaquil. Even though in situ measurements 
were well-collected, data were not processed using Nakamura method. Hence, the data were 
interpreted using Nakamura process. 

 

5.2.3 Characterizing Soft Soils under Strong Earthquake Motions - Inelastic Site 
Period 

 

Geophysical methods induce very low shear strains in the soil and their site period estimations 
(Telastic, small strain site period) do not predominate at higher levels of earthquake shaking. At 
stronger shaking, the “softened soil” (inelastic) site period (Ts) becomes a complex function of 
interactions between excitation motions and site properties (e.g. stratigraphy, nonlinearity of 
properties, etc.). 

SEAOC (1977) recognizes this and recommends a general relationship between the site period and 
the elastic site period for regions of high and low seismicity, as follows: 

Ts = 1.5 Te, for high seismicity regions  5.22 

Ts= 1.25Te, for low seismicity regions 5.23 

where Te is the elastic site period and Ts is the inelastic site period.  
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Lam and Wilson (1999) presented a period-shift factor (Ts/Te) that depends on the soil plasticity 
and the rock response spectral acceleration at the initial or elastic site period (SarockTi), as follows 
(in effect Ti = Te): 
A�

AB
= 1.05 + 0.13F GHIJA� (cohesive soils) 5.24 

A�

AB
= 1.30 + 0.13F GHIJA�  (cohesionless soils) 5.25 

Seed et al. (2001) related the period-shift factor to the PGArock (Peak Ground Acceleration at rock 
site), as follows in equation 5.26.  However, this equation it is not recommended for soft soils: 
A�

AB
= 1 +

KLMNOPQ

�
 RH 1 +

KLMNOPQ

S
 5.26 

Tsang et al. (2006) considered a heuristic model that used an analogy of a building shear-frame to 
present the seismic response behavior of a soil column, for homogeneous soil sediment overlying 
bedrock. They used equivalent linear 1-D dynamic response analyses (e.g. SHAKE) to evaluate 
the effects on the period-shift factor by shear wave velocity of the soil and bedrock, soil plasticity 
and soil and radiation damping: 
A�

AB
= 1 + TUVWX 5.27 

where Rγ - the ratio between the effective shear strain and the maximum shear strain (vary from 
0.5 to 0.70);  

λ - a reduction factor which quantifies the effects of radiation damping on soil surface motion that 
depends on the impedance contrast ratio and soil damping ratio;  

ψ - a dimensionless spectral parameter that depends on the spectral velocity at Ts for rock condition 
and the shear wave velocity of the soil;  

and µ - a plasticity factor (for PI of 0 µ = 1.6, for PI of 50 µ = 0.2). 

Recently, the Manual of Civil Structures (MOC, 2008), a design code in Mexico, proposed using 
an elastic acceleration design spectrum that considers the nonlinear effects on soil spectral 
amplifications. This is detailed discussed in Chapter 6. 

As shown in Chapter 2, 80% of the urban area of Guayaquil sits on soft soils (deltaic-estuarine and 
alluvial valley deposition environments), where high plasticity clays predominate. Soils with a 
higher plasticity index tend to develop a microstructure that responds linearly to shear strains up 
to a higher level. In other words, the threshold level of cyclic shear strains at the onset of non-
linear-stress-strain (modulus degradation) behavior would increase with soil plasticity index 
(Vucetic, 1994). 

However, in the case of dynamic response analysis of soils, elastic or linear behavior of soil may 
not extend to this higher threshold because dynamic response is coupled with a range of 
frequencies of the incident seismic waves. The superposition of multiply reflected seismic waves 
within the soil layers could cause interferences of wave components upon the soil microstructure, 
initiating nonlinear responses. Finally, increasing the intensity of shaking would increase the soil 
vibration period and its energy absorption characteristics and causing an increase in the damping 
ratio (Kramer, 1996). 
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5.2.4 Seismic Zonation 

 

Contemporary seismic codes (IBC 2003, UBC97, EC8), as well as NEC (2011), have largely 
accepted the significant role of site effects and attempt to incorporate their influence, either by 
means of a constant amplification factor exclusively dependent on the soil class or through 
additional parameters like the shaking intensity, near fault conditions, etc.  

The average shear wave velocity over the uppermost 30m of depth (Vs,30) is generally considered 
to be a reasonable parameter in this aspect. However, classifying sites exclusively on VS,30 is too 
simplified and could potentially lead to erroneous results, especially in deep soil formations or 
when abrupt stiffness changes occur between the soil layer at 30m and the deeper bedrock (Seed 
et. al, 1991; Borcherdt, 1994; Martin and Dobry, 1994; Dickenson and Seed, 1995; Dobry et. al, 
2000; Rodriguez-Marek et. al, 2001; Pitilakis et. al, 2001).  

The elastic site period is a potentially viable parameter for site classification in areas where distinct 
interfaces of high impedance contrast exist between the bedrock and the overlying soil sediments 
(Pitilakis, 2004)—like in the case of Guayaquil subsoil.  

The impedance ratio between the subsoil and the half-space is calculated as: 

Y =
Z�∗�∗

ZN∗�N
 5.28 

where ρr and Vsr are the density and the average shear velocity, respectively, of the geomaterial at 
the depth where half-space is reached, while ρs is the average soil density and Vs* as calculated 
from equation 5.1. 

 

5.2.4.1 Seismic Microzonation 
 

Seismic microzonation of large urban areas has gained considerable importance in earthquake 
disaster mitigation planning in recent years (Pitilakis, 2004). In a broad sense, microzonation 
involves a detailed description of earthquake hazard within a particular locality. In contrast, 
seismic zoning maps represent an average hazard over a large area.  

Seismic microzonation estimates the expected intensity of shaking at the bedrock level and the 
possible spectral amplification of the surface motion due to site characteristics along with the 
predominant elastic site period (TC4, 1993; Shrikhande and Basu, 2004). Seismic microzonation 
has many uses: it can provide input for seismic design and land use management; it also provides 
the basis for estimating and mapping the potential damage to buildings (Finn, et al., 2004). 

 

5.2.4.2 Previous attempts at seismic zonation in Guayaquil 
 

The project RADIUS (1999) made the first ever attempt at seismic zonation in Guayaquil. An 
attempt to update that information was made through the Earthquake-Resistant Structural Design 
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Manual for Guayaquil (Manual DSREG, 2001) (Figure 5.7). This zonation is very general and 
does not consider the different sediment depositional environments that created the city subsoil. 
No division is made between the deltaic-estuarine soils that cover a large part of the city and the 
alluvial deposits of the northern area. Especially worrisome is its inability to consider the situations 
with high impedance contrast between the firm base and shallow alluvial clay deposits, which may 
give rise to greater amplification of short period motions, making the designer on the risky side. 

This effect has been studied by Pitilakis (2003) who arrived at high spectral amplification values 
for soil layers of small thickness (5-20m) and low stiffness (Vs = 150 -300 m/s) overlying 
formations of high stiffness (Vs≥ 800 m/s) and short periods (less than 0.5 s). 

Lara (1996) presented iso-period curves for the Western, Central and Southern parts of the city, 
estimating those elastic subsoil periods using the measurements made during the small earthquake 
event of 1980 (Figure 5.8). In the downtown area, the elastic period varies from 0.8 to 1.0 sec, 
which increases towards the west reaching 1.6 sec at the edge of the estuary. Again, the lack of a 
detailed geotechnical zonation has affected this presentation as no differentiation is made among 
alluvial and deltaic-estuarine deposition environments.  

Another important step towards seismic zonation of Guayaquil was the definition of elastic 
structural period of city buildings by La Tegola and Mera (1995) through the equation: 

Tbuilding= 0.085 N 5.27 

where Tbuilding- the mean elastic (first mode) vibration period of buildings in seconds (obtained 
through measurements of environmental vibrations of thirty-three framed structures with masonry 
walls in the city) and N - the number of floors. 
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5.3 Spatial variation of the elastic site period of Guayaquil subsoil 
 

Since microtremor vibrations can be expected to generate elastic responses even from soft soils, a 
series of measurements were conducted to cover the whole city of Guayaquil. First, the 
microtremor data from Egas and Baratau (2003) and Matute and Delgado (2004), which had 
erroneous interpretations, were re-interpreted, which provided us with 345 sites within the city. 
Next, an additional 100 sites were selected and environmental vibrations were measured to 
complete the coverage of the city. 

For these field tests, the equipment belonging to IIFIUC—a digital triaxial accelerometer (IDS-
360A); and a geophone (Mark Products L-4D)—were used. 

The measured and reinterpreted environmental vibration spectra were used to estimate Te values 
with Nakamura's method (1989), which were then calibrated against the shear wave velocities 
measured by the SASW technique, described in Chapter 2. 

The results from the complementary geotechnical exploration campaign from fourteen sites 
(strategically located around the city, to cover all possible types of soil) were used to evaluate the 
relationships between the measured dynamic parameters. Comparing these parameters with 
corresponding geotechnical soil parameters, two dynamic response phenomena for Guayaquil soils 
were observed: 

1. For Guayaquil subsoils, the depth at which Vs reaches a value of 700 m/s (estimated assuming 
a depth corresponding to a quarter-wavelength, Te/4 = Hhalf-space/Vs*) can generally be considered 
as a firm base, Cayo Formation geomaterial as described in Chapter 2, or the beginning of the half-
space (see Chapter 4 for details).  

2. In alluvial and deltaic estuarine deposition zones, especially those containing deep dense sands 
and gravels, the Vs measured is generally greater than or equal to 300 m/s at the depths where SPT 
N60 ≥ 60 (Figure 5.9). In Guayaquil, such a layer is considered sufficiently stable for installing 
deep foundations. Therefore, an alternate means of averaging the Vs was proposed, an equivalent 
shear wave velocity (Vseq), which is calculated as: 

�[\] =
∑	
�∗���

����
 5.28 

where Η300 is the soil depth where Vs of 300 m/s was reached, down to which the averaging is 
extended. Vsi and hi are the shear wave velocity and thickness, respectively, for soil layer i. 

To investigate the impact this local subsoil condition would have on dynamic soil response, Te 
parameter was introduced: 

Te2 = 4 H300 /�[\] 5.29 

Table 5.1 shows the results obtained at fourteen sites of complementary geotechnical exploration 
campaign that represent the geotechnical zones defined in Chapter 2. For each site, it shows the 
values of all five parameters discussed above for Te (see subsection 5.2.2) the depths at which Vs 
reaches 300 m/s and 700 m/s and the average values of Vs under all three forms mentioned above 
(see subsection 5.2.2). In addition, it shows the highest H/V value, the impedance ratio and the 
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NEHRP classification (based on shear wave velocity and considering special soil conditions) for 
each site. 

The following observations can be made from the results shown in Table 5.1:  

1. The impedance ratio for the deltaic-estuarine deposits varies from 0.22 to 0.35, with a mean of 
0.27. 

2. For Te values between 0.5 and 1.2 seconds, the values provided by all five methods have the 
same order of magnitude.  

3. In zone D5 (shallow alluvial lacustrine deposits overlying rocks of the Cayo formation) at the 
site GYE-11N, the highest elastic spectral amplification ratio (7) and the lowest impedance ratio 
(0.15) were observed, but very low elastic site periods (0.10 - 0.11 s). This site has a thin (4-5m) 
layer of soft soil overlying a rock base and thus even short period motions are highly amplified 
(the reasons are given in a subsequent section of this chapter). An extremely high Vs30 value can 
also be observed, compared to the other two forms of averaging Vs. By forcing the averaging of 
Vs profile down to a depth of 30m, the effect of thin soft soil is totally annulled. Although this site 
may have an unusually thin soft soil layer, the error in using Vs30 in situations where shallow soft 
soils overlying a strong base material becomes quite evident.  

As seen from Table 5.1, for dynamic evaluation purposes, geotechnical zone D3 (deltaic-estuarine 
deposits) was divided into D3a and D3b (see Chapter 2). The southwestern part of D3 shows a 
higher elastic period (over 1.7s) than the northwestern part (less than 1.3s) because of the greater 
depth of the clay layer in the first, even though both areas show the same geomechanical 
characteristics. 

In Figure 5.10, elastic site periods (Te) obtained through various definitions above are compared. 
Figure 5.10a shows that the elastic periods estimated using the Vs30 approach (Te4) do not increase 
beyond 1 second and also show quite a scatter for periods less than 0.5s. Thus, it is recommended 
using the Vs30 approach only at sites with Te values between 0.5s and 1.0s. Boore et al. (2011) also 
came to similar conclusions. 

Figure 5.10b shows the variation of four different elastic periods normalized using data from 
SHAKE analyses (Te5). The band of deviation of ± 20% compared to Te5 is also shown. Beyond a 
Te value of 0.5s, all the definitions of Te fall within the 20% band, except that defined using Vs30. 
For sites with Te less than 0.5s, only Te1 (averaging Vs down to half space) seems to agree with 
Te5. 

Figure 5.11a and Table 5.1 show that in many cases, Vs30 and Vseq parameters heavily 
underestimate the Vs* average velocity, by 50%. The data from Table 5.1 indicates that most of 
those sites are of deep soft soil sites with low impedance ratio. Thus, even though Vs30 and Vseq 

are at times convenient to use, one needs to use caution in their application.  

Figure 5.11b shows that the (microtremor-based) H/V amplification ratio of soil increases when 
the impedance ratio decreases, which has been noted by other researchers as well (Joyner and 
Fumal, 1984; Borcherdt et al., 1991). This behavior is consistent with the theory of elastic 
vibrations in continuous media. 
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Figure 5.12 shows the variation of the depth to half-space and the depth to stiff material (Vs ≥ 300 
m/s) with the elastic site period. The trends show fairly good correlations, and thus, they can be 
used to estimate these depths at whatever other locality if the elastic site period is known. This 
curve which relates Te and half-space depth is based on sites where a in situ elastic period has been 
previous measured and sites where site response analyses have been conducted, As explained in 
Chapter 4. 

For the city of Guayaquil, an iso-period map was developed (Figure 5.13) using microtremor 
measurement based elastic site period (interpolated to cover the whole area through ordinary 
Kriging) and calibrated against the Te from the quarter wavelength approach (calibration consisted 
of applying a correction factor obtained from Figure 5.10b).  

To evaluate the predictive capacity of the elastic period map (Figure 5.13), two seismic stations 
were chosen where a low intensity event (PGA < 0.004g) was registered: TM station in the 
downtown (Deltaic estuarine deposits at geotechnical zone D1) and UCSG station at Chongon 
Colonche Hills (soft sedimentary rocks of the Cayo formation in geotechnical zone D7). Figure 
5.14a shows the normalized response spectra for either station. The periods at which the peak 
intensities were recorded are compared with the predicted value obtained from the map (Figure 
5.14b). As can be observed, the spectral peaks occur at periods fairly close to the predicted values. 
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Boreholes 

ID #

SASW 

site ID #

Location description 

(Geotechnical Zone)

Te 1 
(sec)

Te 2 
(sec)

Te 3 
(sec)

Te 4 
(sec)

Te 5 
(sec)

Depth @ 
Vs300 

=300m/s 
(m)

Depth @  
half space 

>700m/s (m)

Vs eq        [Σ 
(hi/Vsi) / H300], 

m/s

Vs* 
[Σ (hi*Vsi)/Σ

hi], m/s @ 
half-space

Vs 30m 
(m/s)

H/V
α, 

Impedan-
ce ratio

Clas. 
NEHRP

Clas. NEC 
(2011)

GYE-05S 213ECU La Pradera-2 (geo zone D1) 0.80 0.69 0.76 0.83 0.83 30 65 172.0 325 144 3 0.35 F F

GYE-06S 214ECU
Corner Perimetral Ave & 25 of July Ave, 

SOPEÑA (geo zone D1)
1.08 0.84 0.82 1.02 1.00 34 65 161.0 241 118 7 0.26 F F

GYE-07C 216ECU Estadio Ramon Unamuno (geo zone D1)1.24 1.17 1.21 1.06 1.21 50 65 170.0 209 113 7.4 0.22 F F

GYE-04S 212ECU Municipal Park Stalla Maris, GUASMO 
ESTE (geo zone D2)

0.56 0.68 0.69 0.54 0.53 35 45 203.0 318.5 224 4 0.35 F F

GYE-01N 209ECU Kennedy Baseball Field (geo zone D3a) 1.14 1.15 1.28 1.09 1.14 49 75 171 264 110 3.8 0.25 F F

GYE-09N 221ECU Federacion de Deportiva del Guayas, 
Miraflores (geo zone D3a)

1.10 1.16 0.99 0.98 1.24 33 75 114.0 272 123 7.5 0.26 F F

GYE- 02CH 210ECU Guayaquil Yacht Club, Puerto Azul (geo 
zone D3b)

1.83 1.87 1.88 1.13 1.65 86 125 182.4 273 106 6 0.23 F F

GYE-03S 211ECU Municipal Hospital of Isla Trinitaria (geo 
zone D3b)

1.78 1.48 1.52 0.82 1.52 82 125 221.7 281 146 4.4 0.24 F F

GYE-08N 217ECU
Nueva Terminal Internacional, Antiguo 

Jardin de la Salsa (geo zone D4)
0.81 0.56 0.68 0.66 0.71 40 70 285.2 342 183 5.6 0.37 D D

GYE-10N 218ECU La Garzota District (geo zone D4) 0.98 0.79 0.87 0.84 0.86 34 75 172.1 307 143 3.5 0.29 E E

GYE-13N 219ECU Duale River Site, Rivera de los Vergeles 
(geo zone D4)

1.24 1.22 0.83 0.86 1.10 68 70 222.2 221 140 4 0.24 E E

GYE-12P 220ECU
Ciudadela 2 de Julio (at Ave. Daule), 

(geo zone D5) 0.37 0.22 0.60 0.44 0.32 11 27 204.0 291 272 4 0.32 D F

GYE-11N 222ECU
La Prosperina (Cooperativa Santa 

Cecilia), (geo zone D5)
0.10 0.11 0.45 0.21 0.11 4 5 142.0 145 561 7 0.15 C F

GYE-14CH 215ECU Chongon ( JP camp), (geo zone D6) 0.39 0.09 0.05 0.33 0.36 7 40 300.0 398 359 2.5 0.43 C C

 

Table 5.1 Elastic Dynamic parameters from selected sites for each geotechnical zone at 
Guayaquil City 
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5.4 Influence of Ground Motion Characteristics on the Inelastic Site 
Period 
 

In this section, the inelastic response of Guayaquil subsoil is analyzed. Using the dynamic response 
results from soil samples (discussed at length in Chapter 4), an attempt is made to understand the 
influence of the input ground motion intensity on the degradation of the rigidity of the soil structure 
and hence on the inelastic site period. At the end of this section, regression models are provided to 
help obtain the period-shift at a site with a minimum number of easily determined parameters.  

 

5.4.1 Ground Motion Characteristics 

 

Seismic demand is represented in design/analysis procedures for structures as either a series of 
parameters (i.e., intensity measures or IMs) or as a suite of time histories. Time history analyses 
provide the most direct and physically meaningful insights into the dynamic response of structures, 
and are becoming more common as computational speeds increase. The type of IMs that are used 
to represent earthquakes are: the amplitude, the frequency content and the duration characteristics 
captured by accelerograms.  

As described on Chapter 4, a suite of rock strong motions that are seismologically compatible were 
considered to be representative of the seismic hazard of the city of Guayaquil for a 475-year return 
period. Both Near Fault (NF) rock motions that represent crustal faults near the city and Far Field 
(FF) rock motions that represent subduction events were considered. Altogether, fifty input 
motions (25 for NF and 25 for FF) were modeled. 

The rock motions were characterized by the peak ground acceleration (PGA) as an amplitude 
parameter, the mean period (Tm) as a frequency content parameter and the Arias Intensity (Ia, 
measurement of the energy in the accelerogram) as a duration parameter. All three parameters 
were related in Figure 5.15 for NF and FF selected rock motions and their values range from: 
PGArock, 0.09 to 0.63g; Tm, 0.21 to 1.72 sec; and Ia, 23 to 507 cm/s. As explained in Chapter 4 and 
6, the seismic design PGArock for Guayaquil is 0.34g. 

 

5.4.2 Variation of the Inelastic Site period for Guayaquil Geotechnical zones 

 

Out of the complete set of results of dynamic site response analyses presented on Chapter 4, from 
50 scaled input ground motions; 25 near-fault (identified as motion I – MI or NF) and 25 far field 
(MII or FF) ground motions, and for soil model SM1 or BSF, pyrite cemented clay model 
(structure-induced overconsolidated clay) and a normally consolidated clay, soil model SM2 or 
TI, Table 5.2 presents a summary of the expected values of the ratio between the inelastic and 
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elastic period (Tsite/Telastic), where Tsite corresponds to the inelastic site period for a specific 
combination of IM parameters and Telastic used here is the Te1 (considering full depth to the half-
space). The geotechnical sites represented are: geotechnical zones D1 to D3b - deltaic estuarine 
deposits; D4 - alluvial valley deposits; D5 - Alluvial-Lacustrine deposits; and D6 - Colluvial 
deposits (as described in Chapter 2). 

A value of Tsite/Telastic (period-shift factor) greater than 1 represents an inelastic behavior of the soil 
deposit. 

Table 5.2 shows that even at the lowest level of PGArock = 0.09g (the soils of all geotechnical zones 
except D6), a period-shift of some 7-10% occurred. That is, deltaic-lacustrine, alluvial and shallow 
lacustrine deposits all experience stiffness degradation at even low cyclic movements. One can 
also observe that the median and maximum values of period shift do not show much of a difference 
among them. To explain these results, it is important to analyze the behavior of the period-shift 
under different levels of input motion intensity and frequency content.  

 

Table 5.2Summary of the results from the influence of geotechnical site and input Ground 
Motion characteristics on the ratio between the inelastic and elastic period 

 
 

In doing a statistical evaluation of the correlation that exists between the independent variables 
PGArock, Ia, Te/Tm in the estimation of the dependent variable Ts/Te, geotechnical zone D3a was 
selected for the analyses presented in Figure 5.16. It can be observed in Figure 5.16 that the 
variables PGArock and Te/Tm have a similar correlation coefficient, 0.61, but with a different sign 
(showing opposite tendencies) when being evaluated by the dependent variable Ts/Te. The variable 
Ia has a minor correlation coefficient, 0.46, over Ts/Te.  As for doing a lineal regression analysis, 
the inclusion of the variable Ia does not produce a better estimation of the regression model, 
yielding R2 values of 0.77 if the three independent variables (PGArock, Ia, Te/Tm) are considered 
and an R2 of 0.80 if it is analyzed with two variables (PGArock, Te/Tm). This tendency is also 
observed for the other geotechnical zones analyzed. It is important to mention that the yielded 
statistical results comply with the consideration of the family of Near Fault (NF or MI) and Far 
Field (FF or MII) rock motions evaluated for this investigation. Figure 5.16 shows a clear tendency 
for incrementing Ts/Te with the increment of Ia up to an Ia value of 200 cm/sec, there being three 
Near Fault rock motions with Ia greater than 400 cm/sec (as shown in Figure 5.15) where the 

D2 D3a D3b D4 D5 D6

Range of Telastic (sec) 0.8 - 0.9 1.05 - 1.25 0.55 - 0.75 1.0 - 1.15 1.75 - 1.85 0.80 - 1.25 0.30 - 0.40 0.10 - 0.40

N of cases 400 400 300 700 500 500 400 100

Minimum 1.08 1.08 1.07 1.07 1.09 1.10 1.09 1.00

Maximum 2.24 2.81 2.00 2.29 2.36 3.27 2.81 2.46

Median 1.31 1.47 1.32 1.37 1.44 1.41 1.41 1.33

Mean 1.34 1.50 1.33 1.40 1.49 1.51 1.45 1.38

Standard Dev 0.18 0.26 0.15 0.19 0.23 0.34 0.27 0.23

COV 0.14 0.18 0.11 0.14 0.16 0.22 0.19 0.17

Tsite/Telastic , for PGArock ≥ 0.09g

D1
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tendency changes, generating an interruption in the correlation between Ia and Ts/Tm. For all these 
reasons, the independent variables PGArock and Te/Tm are considered in the following statistical 
regression evaluations.  

Figure 5.17 summarizes all the dynamic responses presented in Chapter 4 for deltaic-estuarine (D1 
to D3) and alluvial deposition zones (D4). Figure 5.17d shows that when the mean period of the 
input motion (Tm) gets closer to elastic site period (Te) (or when Te/Tm gets closer to unity), soil 
amplification (indicated by PGAsoil) increases greatly (or resonance could occur). Figure 5.17b 
confirms this, showing a great increase in Tsite/Te (or period-shift), which means the subsoil would 
lose its rigidity heavily as Te/Tm gets closer to unity. On the other hand, when the seismic demand 
(or PGArock) increases, the period-shift tends to increase greatly (Figure 5.17a). In summary, the 
period-shift increases with an increase in seismic demand (PGArock) and decreases with the 
frequency content (Te/Tm). 

Figure 5.17c shows the variation of the soil amplification factor (ratio between PGAsoil/PGArock) 
with the input ground motion intensity, PGArock. The three curves (trends) drawn over the data 
meet the line of unit amplification ratio at PGArock values of 0.3g, 0.55g and 0.8g. As described in 
detail in Chapter 4, the middle and upper curves envelop the data from deltaic-estuarine soils (D1, 
D2 and D3a) and show the effect of cementation in these clayey deposits. The samples from D3b 
also contain clay matrix-cementation. However, the greater depth to the half space (see Table 5.1) 
at this point, compared to that at D3a, makes the level of soil amplification much smaller, in fact, 
similar to that at zone D4. Thus, to represent these two zones, the use of middle and lower curves 
is recommended.  

Figure 5.18 shows similar relationships for alluvial-lacustrine clay (zone D5) overlying a rock 
formation (with high impedance contrast and low elastic site period) and for shallow colluvial soils 
(zone D6) of low elastic site period also overlying a rock formation. These deposits do not show 
nonlinear trend curves (figure 5.18c) bending over as seen in Figure 5.17c for soft soil deposits. In 
this case, the amplification factor for both geotechnical zones is almost linear, varying between 1 
to 2, and an average of 1.5 is recommended. In Figure 5.18a, a similar linear trend is observed for 
the period-shift factor (Ts/Te) varying with PGArock. In addition, from Figure 5.18b, it can be seen 
that the period-shift factor increases when the ratio of Te/Tm is near 0.5. This implies that for Far 
Field input motions at twice the elastic period, the energy is trapped in those shallow soils, leading 
to an increase in the period-shift. 

Based on these observed trends, an empirical correlation was developed to estimate the period-
shift factor (Ts/Te) for each geotechnical zone taking into consideration the effect of the intensity 
(PGArock) and frequency content (Te/Tm) of the input ground motion (the influence of Ia on period 
shift is insignificant as Figure 5.16 shows): 

A��_B

AB`a�_�P
= Y + bcdefghi − k

AB`a�_�P

Al
 5.30 

To estimate the expected values of the empirical factors α, β and χ for each geotechnical zone, the 
Least Median of Squares Coefficient method was used. For geotechnical zone D1 (deltaic-
estuarine deposits in the Downtown and South-East of Guayaquil City), Figure 5.19 shows the 
data considered for the model, elastic site period range for each evaluated site and its dynamic 
response results for NF (MI) and FF (MII) input ground motions. Figure 5.20 shows a strong 
correlation among the three variables. In this case, the range of Te for this geotechnical zone was 
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divided into two in order to obtain better correlations for each case. The plots of period-shift show 
that the highest values occur at greater intensities of motion and when the frequency content is 
near unity. 

Similarly, the data considered for the model and the correlation relationships for geotechnical zone 
D2 (deltaic-estuarine deposits, southern Guayaquil area) are shown in Figures 5.21 and 5.22; for 
zone D3a (deltaic-estuarine deposits, northern Guayaquil area) in Figures 5.23 and 5.24; for zone 
D3b (deltaic-estuarine deposits, West-Central Guayaquil) in Figures 5.25 and 5.26; for zone D4 
(alluvial deposits, northern Guayaquil area) in Figures 5.27 and 5.28; for zone D5 (shallow 
lacustrine deposits, northwestern Guayaquil) in Figures 5.29 and 5.30; and for zone D6 (shallow 
residual soil and colluvial deposits, near rock sites, western Guayaquil) in Figures 5.31 and 5.32. 

Table 5.3 summarizes the empirical factors that relate intensity and frequency content of the input 
ground motion for PGArock ≥ 0.09g, which are recommended for use with equation 5.30 to estimate 
the period-shift for a specific site. Thus, if the expected range of the mean period and the intensity 
of the ground motion is known, for a particular elastic site period (picked from Figure 5.13 for a 
given geotechnical zone) the inelastic site period can be estimated. 

 

Table 5.3 Summary of estimated empirical factors for PGArock≥0.09g, for each 
geotechnical zone that relates intensity and frequency content of the input ground motion 

 
 

 

 

 

 

 

 

Telastic (sec) α β χ ≥Telastic/Tm R
2

Std error of estimate

1.05 - 1.25 1.44 0.78 0.08 0.45 0.84 0.075

0.8 - 0.9 1.18 0.66 0.05 0.45 0.80 0.057

D2 0.55 - 0.75 1.29 0.67 0.11 0.3 0.87 0.041

D3a 1.0 -1.15 1.35 0.61 0.07 0.5 0.80 0.060

D3b 1.75 - 1.85 1.50 0.38 0.054 1.012 0.80 0.096

D4 0.80 - 1.25 1.28 0.46 0.04 0.48 0.70 0.120

D5 0.30 -0.40 1.09 1.25 0.06 0.18 0.88 0.067

D6 0.10 - 0.40 1.06 1.11 0.05 0.06 0.86 0.082

Least Median of Squares (LMS) Coefficients

D1
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Table 5.4 Summary of estimated empirical factors for PGArock ≥0.09g, for each 
geotechnical zone when only the intensity of the input ground motion is known 

 
 

If the frequency content of the input ground motion is not known, the regression model of equation 
5.30 can still be used to estimate the period-shift of a selected site using the top portion of the 
Table 5.4. However, the predictive capability of the regression model decreases significantly 
(lower R2 values) for areas with elastic site period greater than 0.5 s (zones from D1 to D4). For 
sites of shallow soil deposits with low elastic site periods (zones D5 to D6), this has little, if any, 
effect (R2 values remain almost the same).  

Making α and β equal to unity and χ equal to zero in equation 5.30, one obtains a relationship for 
period-shift somewhat similar to that proposed by Seed et. al (2001) or equation 5.24. The bottom 
part of Table 5.4 shows that, in that case, the predictive capability of equation 5.24 is still lower, 
especially for soft soil deposits with elastic period higher than 0.5s. Thus, as a corollary, it would 
not recommended use equation 5.24 proposed by Seed et al. (2001) for soft soils. The same table 
shows that, for shallow clay deposits and residual soils (zones D5 and D6), the R2 values hardly 
change. So the validity of equation 5.24 for such situations is confirmed. 

To develop a design response spectrum or to estimate the peak ground acceleration at the surface 
(amplification ratio, PGAsoil/PGArock) and the inelastic site period (period-shift, Ts/Te) for a 

Least Median of Squares (LMS) Coefficients

Telastic (sec) α β χ R
2

Std error of estimate

1.05 - 1.25 1.02 1.71 0 0.27 0.18

0.8 - 0.9 1.06 0.82 0 0.50 0.09

D2 0.55 - 0.75 1.06 0.82 0 0.35 0.10

D3a 1.0 -1.15 1.06 1.05 0 0.15 0.12

D3b 1.75 - 1.85 1.06 1.21 0 0.42 0.16

D4 0.80 - 1.25 1.14 0.75 0 0.45 0.15

D5 0.30 -0.40 1.00 1.72 0 0.86 0.09

D6 0.10 - 0.40 1.05 1.15 0 0.84 0.09

Telastic (sec) α β χ R
2 Std error of estimate

1.05 - 1.25 1.00 1.00 0 0.36 0.32

0.8 - 0.9 1.00 1.00 0 0.49 0.15

D2 0.55 - 0.75 1.00 1.00 0 0.46 0.13

D3a 1.0 -1.15 1.00 1.00 0 0.37 0.20

D3b 1.75 - 1.85 1.00 1.00 0 0.19 0.29

D4 0.80 - 1.25 1.00 1.00 0 0.11 0.37

D5 0.30 -0.40 1.00 1.00 0 0.73 0.26

D6 0.10 - 0.40 1.00 1.00 0 0.76 0.18

D1

D1
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specific site in the city of Guayaquil, the values given in Table 5.5 (for the expected design seismic 
event of PGArock =0.34g) can be used. To allow for the uncertainty of the dynamic response, it is 
recommended to consider the median plus one standard deviation (M+1σ) value from Table 5.5 
for each geotechnical zone.  

Table 5.5 shows that the site D3b shows the highest period-shift (1.71), although it has the lowest 
amplification ratio (1.0). The reason can be attributed to the large amount of energy absorbed by 
the degrading soil structure under long period cyclic motions. Considering the soil as an inelastic 
system and assuming that for higher oscillation periods (over 1 sec) the relative velocity of the 
system is a constant (as explained by Argudo and Yela, 1994), the derive energy absorption (E) 
equation is: 

6 ≈ −nop 	R� q or
st

�

p 	R�!R; � ≥ 1[�I 5.31 

where Ẍb(t) - input acceleration, M - mass and Ẋ (t) - relative velocity of the system 

The energy absorbed in this case is directly related to area of the histogram of the input 
acceleration. This means that the greater the period and longer the duration of the input motion, 
the greater is the energy absorbed. This becomes especially true under Far Field motions applied 
to soft soils, as used in this research. Because of the nonlinearity of the soil structure at this stage, 
this energy absorbed is not manifested as an amplified surface motion.  

On the other hand, Table 5.5 shows that deltaic-estuarine soils (D1 to D3) produce greater 
amplifications compared to alluvial soils (D4) but not so high of a period-shift. The pyrite-
cementation of the clays in the first soil group may explain that phenomena. The greatest dynamic 
amplification is shown by the shallow lacustrine soils (D5). Their low impedance ratio at shallow 
depths (soft soils over hard rock base) produces this high amplification at predominantly short 
period motions.  

 

Table 5.5 Recommended values of period-shift and amplification factor for the expected 
peak ground acceleration at PGArock of 0.34g. 

 
  

Expected PGA rock = 0.34g  for 10% PE in 50 years

Min Max Median Mean COV

Median 
+ 1 σ Min Max Median Mean COV

Median 
+ 1 σ

D1 1.19 2.06 1.35 1.44 0.15 1.55 0.59 1.58 0.96 1.02 0.24 1.19 0.80 - 1.25
D2 1.18 1.50 1.33 1.34 0.07 1.43 0.98 1.70 1.24 1.32 0.16 1.44 0.55 - 0.75
D3a 1.21 1.59 1.38 1.39 0.07 1.47 0.65 1.90 1.07 1.15 0.28 1.361.0 - 1.15
D3b 1.24 2.24 1.46 1.54 0.17 1.71 0.38 1.35 0.82 0.84 0.22 1.001.75 -1.85

D4 1.20 2.13 1.41 1.49 0.16 1.63 0.49 1.51 0.89 0.88 0.30 1.16 0.80 -1.25

D5 1.24 1.62 1.49 1.44 0.08 1.60 0.56 2.23 1.45 1.50 0.26 1.83 0.30 -0.40

D6 1.23 1.50 1.41 1.41 0.07 1.51 1.07 1.63 1.40 1.42 0.14 1.60 0.10 -0.40

Tsite/Telastic @ PGArock =0.34g

Geotechnical 
zone

PGA soil /PGArock @ PGArock = 0.34g
Range of 
analyses, 

Telastic (sec)
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5.5 Seismic Zonation of the City of Guayaquil 
 

The previous attempts at seismic zoning of the city suffered from the lack of a detailed subsoil 
mapping to begin with. That limitation was overcome with the extensive geotechnical zoning map 
presented in the Chapter 2 of this study. In this section, a map of maximum permissible number of 
building floors to prevent resonance under frequent earthquake conditions (elastic response) is 
developed using the iso-period Te curves presented earlier in this Chapter. This is then extended to 
design seismic events (which may develop inelastic behavior of soils in certain zones) using a 
practical indexing procedure so that the planners can estimate the seismic risk that they face. 
Finally, using a simple tool that combines the microtremor measurement information with those 
of borehole exploration and SASW test data, the geotechnical database (presented in Chapter 2) is 
extended to cover the whole city through a series of geotechnical cross sections. 

 

5.5.1 Seismic demand for Buildings at the City of Guayaquil for Elastic Soil Behavior 

 

According to current practice, one of the most important design aspects of structural dynamics is 
the spectral demand (or the free field design spectral response) within the range of movement that 
the structure may undergo during its design life time. In this situation, if it is considered that the 
resonance would occur when the vibration period of the soil coincides with the fundamental period 
of the structure, then the highest elastic spectral demand is obtained. 

By equating Tbuilding of equation 5.27 proposed by La Tegola and Mera (1995) to Te, the site elastic 
period for any given site in the city (defined in Figure 5.13), the number of building floors that 
would have the highest spectral demand is estimated, (Sa/PGA)max, under a frequent earthquake 
(e.g. elastic behavior of the structure). This information is presented as a preliminary vulnerability 
map in Figure 5.33.  

However, during a design seismic event (of a 475-year return period) as expected the buildings 
would behave inelastically, thus increasing its structural period. Furthermore, for certain soils (as 
shown in Table 5.5), the soil also would behave nonlinearly and increase its vibration period and 
energy absorption through deformation. To take into account this nonlinear behavior, a building 
seismic risk evaluation procedure was developed, which is presented in the next subsection. 

 

5.5.2 Procedure for a Preliminary Risk Assessment for Buildings during a Seismic 
Design Event 

 

With the help of the World Bank, the city of Guayaquil is in the process of establishing a 
construction permit evaluation system, for which a simple algorithm was needed to assess the 
seismic risk of a building. Using the information generated by this study, a procedure associated 
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with the dynamic site response was developed that allows for including such a parameter in the 
construction risk matrix. This does not replace the rigorous seismic studies needed for a building 
(e.g. PEER methodology – Moehle and Deierlin, 2004), yet it will aid the engineers in making 
relevant preliminary (first instance) assessments of the seismic risk at a particular site, at the 
planning stage.  

The variable Unified Spectral Index (USI) defines a building's risk associated with the seismic 
demand. It is normalized with respect to the maximum design spectral acceleration value, and is 
related to the specific period of the building and the elastic period and inelastic behavior of the 
subsoil. The process is as follows: 

1. With the building location the geotechnical zone (D) is identified and, through Figure 5.13, the 
elastic period of the soil (Te) for that location is determined. 

2. Given the number of floors the building would have, the value of Tbuilding is obtained from 
equation 5.27. 

3. Given Te and D, the inelastic period (Ts) for the design seismic event can be obtained from Table 
5.5 (median plus one standard deviation value is recommended). 

4. The period at which the maximum design spectral acceleration is reached (To) is conservatively 
assumed as equal to 0.2 Te (this value considers not only the peak response of the first soil period, 
but also that of the second, ≈Ts/3). 

5. The spectral ordinate normalized using maximum design acceleration (Sa ) is calculated using 
the following equations, developed from the results presented in Chapters 4 and 6: 

USI = Sa(a)= (0.47 + 0.53 * Tbuilding/To)  when 0≤ Tbuilding<To                                  5.32 

USI = Sa(b) = 1     when To< Tbuilding≤Ts                                5.33 

USI = Sa(c)=Ts/Tbuilding    when Tbuilding>Ts                                       5.34 

Hanzen, A. (2012) defined the seismic risk category of a building in a city once its USI value is 
known. A USI < 0.56 is classified as low risk building while USI > 0.70 is considered as high risk. 
However, this classification may vary with the criteria of the evaluator. 

As an example of this procedure: if a twelve-story building is planned to be built in geotechnical 
zone D7 (shallow residual soils and rock formations) of Guayaquil (which has an elastic period of 
0.25s), its USI value will be 0.22, making the structure fall under a category of low seismic risk. 
However, if the same building is to be built in zone D1 (deltaic-estuarine deposits) (which has an 
elastic period of 1.1s), its USI value of 1.0 makes the building fall under high seismic risk category. 
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5.5.3 Development of a series of geotechnical soil profiles for the city of Guayaquil 

 

The geotechnical database presented in Chapter 2, although it included a large number of borehole 
exploration data, did not cover the extent of the city sufficiently to be able to present a city-wide 
geotechnical subsoil profile. The campaign of new microtremor measurements and the 
reinterpretation of previous measurements provided us with 445 locations, completely covering 
the current and prospective urban development areas of the city (As shown in chapter 2). 

As mentioned in section 5.3, elastic site period (Te) measured through microtremors and calibrated 
using SASW measurements allowed us to establish a map of elastic site period values covering 
the complete area of the city (Figure 5.13). Furthermore, the existence of geomaterial layers of 
sufficient stiffness and strength (N60> 60) at depths where values of Vs> 300 m/s were registered. 
Since the geomaterial layers of such strength and stiffness are of great importance for building 
construction in this city, to extrapolate this information over the complete city area it would be 
necessary to use the good proposed correlation between Te and the depth at which Vs = 300 m/s is 
reached (Figure 5.12). The map of Guayaquil presented in Figure 5.34 shows iso-depth curves at 
which Vs = 300 m/s is reached in its subsoil. 

In Figure 5.34, it is observed that such a stiff layer is reached in the downtown area at depths of 
30-45m, which is confirmed by the information that many high-rise buildings in the zone have 
their deep foundations extended down to those depths. Although the versatility of this map is 
affirmed by this corroboration, the recommendation is to use this information only to aid in the 
process of construction planning, not at the design stage. 

Figure 5.34 provides us with an important tool to extend the geotechnical database to cover the 
whole area of the city and to produce very practical information for the planning engineer. Thus, 
a series of geotechnical cross-sections crisscrossing the city were produced (Figure 5.35), 
anchoring them with borehole exploration data and complementing this with information from the 
geological map, SASW testing and microtremor measurements. The geotechnical profiles along 
the cross-sections are shown in Figures 5.36 (sections 1-1', 2-2' and 3-3'), 5.37 (4-4' and 5-5') and 
5.38 (6-6' and 7-7'). The geomaterials present in the profiles down to the depths corresponding to 
Vs = 300 m/s are named in general terms as: quaternary fine-grained, coarse-grained, weathered 
and highly weathered soft rock  The vertical and horizontal scales differ in each cross-section, 
mainly to fit it to the page size. 
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5.6 Summary and conclusions 
 

This study compiles the geological-geotechnical and seismic characteristics of the Guayaquil soils, 
showing a seismic zonation map. The principal scope of this section is to identify the most 
vulnerable areas of Guayaquil associated with the assessment for building during a seismic design 
event. An elastic iso-period map is proposed. Within this study, the estimation where the number 
of building floors would have the highest spectral demand was studied. This information is 
presented as a preliminary vulnerability map. A procedure to obtain an inelastic period was also 
included. Finally, a procedure to estimate a preliminary risk assessment for the whole city is 
explained. 
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Figure 5.1.a Damage Intensity for heavy damage zone in Mexico City during the September 19, 
1985 earthquake in relation to estimated building period in Mexico City (after Seed and Sun, 

1989) 

 

Figure 5.1.b Acceleration response spectra for ground motion recorded at SCT site in Mexico 
City during the September 19, 1985 earthquake (after Seed, et al., 1988) 
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Figure 5.2 Rupture zones and asperity extension of the Ecuador-Colombia major earthquakes of 
the last century (PDE-USGS). These earthquakes belong to the two seismicity cycles identified 

by Mendoza and Dewey (1984). Epicenters are represented by the stars 
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Figure 5.3 Schematic illustration of a homogeneous soil with a harmonic excitation at the base 
and the stress-strain relationship for a Kelvin-Voigt solid in shear 

 

 

 

Figure 5.4 Graphical representation of the normalized dynamic response of a homogeneous 
deposit 
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Figure 5.5 Illustration of the simple model assumed for the interpretation of microtremor H/V 
ratio as defined by Nakamura (1989) 

 

 

 

Figure 5.6 Fourier spectral result of a microtremor amplified by a soft soil site witha natural 
frequency of 0.5-0.6 Hz (based on Nakamura method); Heo - East-West and Hns - North South 

horizontal components of the spectrum 
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Figure 5.7 Comparison of the geotechnical zones proposed from RADIUS project (1999) and 
the seismic zonation in the Manual DESRG (2001) for Guayaquil (Ca is the PGA soil and Cv is a 

long spectral period coefficient) 
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Figure 5.8 Estimated elastic soil periods (after Lara, 1996) 
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Figure 5.9 Log plot of Vs against N60 for Guayaquil deep sands 
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Figure 5.10 Comparison among elastic site periods (Te) from various definitions 
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Figure 5.11 Variation of the shear-wave velocity and the dynamic amplification factor from H/V 
method with the impedance ratio 
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Figure 5.12 Variation of the depth to half-space and to stiff material (Vs> 300 m/s) with the 
elastic site period 
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Figure 5.13 Variation of the elastic site period of the city of Guayaquil 
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Figure 5.14.a  Comparison of the estimated elastic site period from Guayaquil  elastic site period 
Map and a Normalized response spectra from two low intensity seismic events at  Torres de la 

Merced (TM) station, geotechnical zone D1 (Downtown) and at the Catholic University of 
Guayaquil (UCSG) station, geotechnical zone D7 ( Cayo Formation outcrop) 
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Figure 5.14.b Location of UCSG and TM station on the elastic Iso-period map of Guayaquil 
City 
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Figure 5.15 The selected and scaled rock strong motions, 25 GM for NF event and 25 GM for 
FF event, considered on the dynamic analyses 
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Figure 5.16 Statistical evaluation on the influence of Peak Ground Acceleration at rock (input 
motion) PGA, Arias Intensity  (input motion) Ia,  and  the ratio of Elastic site period and mean 
period of the input motion ratio, Te/Tm,  on period-shift (inelastic period/elastic period, Ts/Te) 

values from Geotechnical zone D3a (Deltaic  estuarine deposits) 
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 Figure 5.17 Variation of the amplification factor and the period-shift factor for deltaic estuarine and 
alluvial valley deposits of the City of Guayaquil 
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 Figure 5.18 Variation of the amplification factor and the period-shift factor for Alluvial-Lacustrine and 
Colluvial deposits of the City of Guayaquil (data points filled with colors represent Near-Field motions 

and the others, Far-Field motions) 
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Figure 5.19  Variation of the amplification factor and the period-shift factor for geotechnical zone D1 



  
 

5
53

 

 

 

1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.0

Tsite/Telastic, Telastic = 0.8 - 0.9 secGeotech zone D1, Telastic = 0.8-0.9 sec Geotech zone D1, Telastic = 1.05-1.25 sec 

PGA rock (`g) 

T
 e

la
st

ic
 /

 T
m

  

Tsite / Telastic  

PGA rock (`g) 

for PGArock         0.09g 

     Telastic/Tm  0.45 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

Telastic (sec) α β χ R
2 Std error of estimate

1.05 - 1.25 1.437 0.776 0.083 0.84 0.075

0.8 - 0.9 1.18 0.66 0.046 0.8 0.057

Least Median of Squares (LMS) Coefficients

Figure 5.20 Model results for the estimation of the period-shift for geotechnical zone D1 
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Figure 5.21 Variation of the amplification factor and the period-shift factor for geotechnical zone D2 
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Figure 5.22 Model results for the estimation of the period-shift for geotechnical zone D2 
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Figure 5.23 Variation of the amplification factord the period-shift factor for geotechnical zone D3a 
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Figure 5.24 Model results for the estimation of the period-shift for geotechnical zone D3a 
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Figure 5.25 Variation of the amplification factor and the period-shift factor for geotechnical zone D3b 
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Figure 5.26 Model results for the estimation of the period-shift for geotechnical zone D3b 
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Figure 5.27 Variation of the amplification factor and the period-shift factor for geotechnical zone D4 
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Figure 5.28 Model results for the estimation of the period-shift for geotechnical zone D4 
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Figure 5.29 Variation of the amplification factor and the period-shift factor for geotechnical zone D5 
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Figure 5.30 Model results for the estimation of the period-shift for geotechnical zone D5 



  
 

5
64

 

 

 
 Figure 5.31 Variation of the amplification factor and the period-shift factor for geotechnical zone D6 
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Figure 5.32 Model results for the estimation of the period-shift for geotechnical zone D6 
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Figure 5.33 Spatial variation of the number of building stories where its fundamental period 
match the elastic site period 
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Figure 5.34 Spatial variation of estimated depth (in meters) for geomaterials, granular soils, with 
shear-wave velocity greater than 300m/s 
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Figure 5.35 Locations of the estimated geotechnical cross-sections on the map of thespatial 
variation of estimated depth (in meters) for geomaterials, granular soils, with shear-wave 

velocity greater than 300m/s 



  
 

5
69

 

 

 

 

Figure 5.36 Estimated geotechnical cross-section 1-1', 2-2' and 3-3' until the geomaterial of  
Vs>300 m/s was reached , Horizontal and Vertical scale ratio is market on each cross-section 
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Figure 5.37 Estimated geotechnical cross-section 4-4' and 5-5' until the geomaterial of  
Vs>300 m/s was reached, Horizontal and Vertical scale ratio is market on each cross-

section 
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Figure 5.38  Estimated geotechnical cross-section 6-6' and 7-7' until the geomaterial of  Vs>300 
m/s was reached, Horizontal and Vertical scale ratio is market on each cross-section 
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6. DESIGN ELASTIC RESPONSE SPECTRA 
AND INELASTIC RESPONSE 
PARAMETERS FOR SDOF SYSTEMS IN 
GUAYAQUIL  

 

6.1 Introduction 

 

The characteristics of local ground condition on earthquake ground motions, which is described as 
“site effects,” are captured in most modern seismic code provisions. The selection of appropriate 
elastic response spectra according to the soil category and the seismic intensity is the most 
straightforward way to account for site effects for specific engineering projects and for a general 
purpose microzoning study (Pitilakis et al., 2004). Even though different approaches exist for 
classifying soil sites, the average value of shear wave velocity over the top 30 m of soil (Vs30) is 
often used to classify sites. However, soil classifications based exclusively on VS30 value (e.g., 
Ecuadorian Construction Norms NEC, 2011) can be overly simplistic and can potentially lead to 
erroneous results, especially, in cases of deep soil formations or abrupt stiffness changes between 
soil layers (like the shallow alluvial lacustrine deposits overlying bedrock, in northwest 
Guayaquil). Chapter 5 showed that in averaging Vs profile at a site with an elastic site period larger 
than 1 s, the effects of thin soft soil are not captured (and an extensive area of deltaic estuarine and 
alluvial deposits of Guayaquil has this characteristic).  

Recent studies for many soil types have shown that, for a low to medium intensity shaking (e.g. 
less than 0.2g), a linear approach for assessing site amplification could be satisfactory (Pitilakis et 
al., 2004). Such an approach ignores the soil nonlinearity, which might be important in the case of 
strong ground shaking. These shortcomings are taken into consideration in the recommend 
procedure for estimating the elastic design spectra for Guayaquil, presented in this chapter. This 
procedure considers important seismic site response parameters like: impedance ratio between 
surface and underlying deposits, soil type and the stratigraphy, site vibration characteristics (elastic 
and nonlinear), material damping, and the intensity of input ground motion (cyclic nonlinear 
behavior of soils).  
The current Ecuadorian Construction Norms (NEC, 2011) emphasize the need for seismic 
microzonation studies (see Chapter 2) for cities with more than 100,000 people. Certainly, 
Guayaquil qualifies under this regulation. Moreover, NEC (2011) indicates that dynamic response 
analysis should be undertaken for soil profiles that qualify as type F, which covers a greater part 
of Guayaquil subsoil. Such considerations are part of the procedure presented in this chapter.  
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Structural damage during strong earthquakes depends mainly upon the characteristics of the 
ground motion and structure. For the structure, characteristics such as stiffness, strength, 
configuration, and energy absorption and dissipation capacity are important. The latter 
characteristic is related to their inelastic behavior. The inelastic response is affected by global 
dynamic characteristics (e.g., period and damping), material properties like yield strength and 
ductility, redundancy, and also the detailing of structural elements. Usually, for regional seismic 
risk studies simplified single degree of freedom (SDOF) systems are used to represent global 
response characteristics of a structure. By adopting an appropriate hysteresis model, SDOF 
systems should be able to represent the degree of damage sustained by a structure during cyclic 
loading. Current seismic design codes (e.g., NEC, 2011) consider the effects of energy dissipation 
through inelastic deformation using an empirical factor (a strength reduction factor constant 
through the entire elastic design spectra) to modify the base shear force. The dynamic nonlinear 
analysis of SDOF systems in this chapter will demonstrate the effects of input ground motion 
characteristics and site conditions on non-cumulative and cumulative damage indices. As a result, 
new recommendations for estimating inelastic response parameters for SDOF systems located in 
different Guayaquil geotechnical zones are presented. 

 

6.2 Literature Review 

 

6.2.1 Elastic Design Spectra and Inelastic Demand Parameters for an SDOF System 

 

6.2.1.1 Elastic Design Spectra 

 

Seismic design is an attempt to assure that the strength and deformation capacities of structures 
exceed by an adequate margin of safety the demands imposed during severe earthquakes. The basic 
capacity parameters of structures are the strength and ductility (maximum deformation past the 
yield deformation) of individual elements which, when assembled as a complete structure, should 
define its strength and ductility capacities.  

A demand parameter is defined here as a quantity that relates seismic input (ground motion) to the 
structural response. Propagating the surface (free-field) ground motion through a linear or 
nonlinear structural filter one obtains the response quantity. A demand parameter that is frequently 
considered in structural practice is the spectral acceleration (Sa), which is used as a strength 
demand for an elastic single degree of freedom (SDOF) system. Considering that most structures 
behave inelastically during a major earthquake, it is evident that this parameter alone is insufficient 
in describing seismic demands. Other demand parameters include, but are not limited to: ductility, 
inelastic strength (e.g. the strength required of an inelastic system in order to limit the ductility 
ratio to a target value), and cumulative damage parameters (such as the hysteretic energy). 
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Numerous records on ‘soft’ soils have produced response spectra with a sharp (rather than flat) 
shape with well-defined peaks around site fundamental period (the resonance between the soil 
deposit and the excitation) (Ziotopoulou and Gazetas, 2010) as shown in Figure 6.1. According to 
Ziotopoulou and Gazetas (2010):  

“ It is well known how important soil effects are on the intensity and frequency content of 
ground motions....In civil engineering practice, these effects are often computed 
theoretically (wave propagation analysis assuming equivalent linear or nonlinear soil 
behavior). Yet, seismic codes have universally faced the problem of soil amplification in a 
purely empirical and (unavoidably) oversimplified way:   

• The soil deposits are classified in a few broad categories, each of which encompasses a 
wide range of soil layer stiffness and thickness down to bedrock.    

• The response spectra Sa (T) from numerous worldwide accelerograms recorded on top of 
soils belonging to each category were statistically processed. The shape of the design 
spectrum for the particular soil category was based on the average of the normalized 
spectrum, Sa(T)/PGA, for each period T, after some “conservative smoothing”... (p. 79; 
see also Seed et al., 1976).”  

This effect was observed in dynamic response site analysis performed in this research for each 
input ground motion (25 near-fault and 25 far field motions) in soft soils of Guayaquil. However, 
since the normalized spectral value depends on the soil type and the intensity of the earthquake, 
the plateau zone of the spectrum (where the maximum spectral demands are generated) was 
preferred to obtain a specific design spectrum for each site of interest (Ziotopoulou and Gazetas, 
2010). They proposed an analysis procedure for soft soils based on a Bi-Normalized Spectrum 
(BNS), which means that “each and every individual acceleration response spectrum is doubly 
normalized: the ordinate, Sa, with respect to the peak ground acceleration [PGA]; the abscissa, 
T, with respect to the predominant period Tp of the spectrum. The average of the individual 
‘Sa/PGA: T/Tp’ spectra exhibited indeed a sharp peak, at T/Tp = 1...” (p. 81). Although this method 
is promising, the imprecise definition of the ground motion peak period (Tp) and the profound 
difficulty in predicting Tp remain serious obstacles in adopting it at present. Empirical support 
from recorded motions must be (statistically) significant to arrive at a robust design spectrum. 

There are a large quantity of methods for determining elastic design spectra, however, those 
proposed by Seed et al. (1997, 2001) for the soft soils in San Francisco Bay and those proposed 
by Tena et al. (2009) for Mexico are considered to have similar approaches to characterizing soft 
soils as those for the soft soils Guayaquil City. These methods are analyzed in this chapter.  
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6.2.1.2 Design Response Spectra from Seed et al. (1997; 2001) 

 

A comprehensive study of the effects of soft and deep soil on site response was presented for the 
Loma Prieta Earthquake of October 17, 1989 and other earthquake scenarios by Seed et al. (1997) 
– which incorporated the results from Ph.D. dissertations of Chang (1996) and Dickenson (1994). 
Moreover, empirical data, results of back analyses of various strong motions and analyses of site 
responses to various design levels of shaking were combined to develop recommendations for site 
classification, predicting site-dependent amplification, and site-dependent elastic design spectra.  

Table 6.1 presents a slightly modified and updated version of the recommendations purposed by 
Seed et al. (1997). (Modifications of suggested site classifications are minor, the principal 
difference being that recommended response spectral shapes of Figure 6.2b show the mean values 
from Figure 6.2a, rather than mean plus one-half standard deviation.) Table 6.1 also presents a site 
classification system for site response evaluation. Similar, but simplified systems are currently 
used in ASCE 7-10 (2010) and NEC (2011) seismic code provisions.  

This empirical procedure uses the following steps:  

(1) calculate the PGA value at a rock site (competent rock),  

(2) select the site characteristic based on Table 6.1, and  

(3) estimate mean Peak Ground Acceleration at the soil site (PGAsoil) using Figure 6.3; 

The ordinate values (from the selected site) of the normalized response spectra (Sa/PGA) from 
Figure 6.2b have to be multiplied by the estimated PGAsoil to obtain the mean elastic design spectra 
(for 5% of structural damping) of a selected site. 

Table 6.2 shows tabulated data of the amplification factor varying with the PGArock and soil 
classification (Dickenson, 1994). Table 6.3 shows the site coefficient factor—similar to the 
amplification factor—from ASCE-7 (2010). If PGArock of 0.32g is selected—for example, 
representing the expected PGA at a hard rock site, with 10% probability of exceedance (PE) within 
50 years for the city of Guayaquil (NEC, 2011; see Chapter 4 for details)—both tables show an 
amplification factor of 1.2 for type E soft soil. In Guayaquil, considering the definitions of soil 
type E (Seed et al., 2001; ASCE-7, 2010; NEC, 2001), only the alluvial deposits from geotechnical 
zone D4 in the northern area of the city fall under this category. Deltaic estuarine geotechnical 
zone soils will have a different dynamic response.  

As suggested by Seed et al. (2001):  

“A major drawback of this procedure and in any system for estimation of likely site 
response based on “averaging” of calculated and/or observed values for “similar” sites, 
is the failure to recognize the fact that “similar” sites are not the same. Each individual 
site has its own characteristics and will interact with incoming strong motions in its own 
way. By averaging the response performance of a “group” of sites (and for a suite of 
varying input or incoming motions), the individual peaks in a spectral response are 
statistically leveled, reducing the individual site response to the “average” across the 
group...” (p. 40) 
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To address this issue, the procedure proposed in this research evaluates site-specific design 
response spectra, introducing into the model vibration characteristics of the specific site (elastic 
and inelastic site period) and an amplification factor for each geotechnical zone. 

 

Table 6.1 Proposed Site Classification Systems for Seismic Site Response (after Seed et al., 
2001) 
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Table 6.2 Amplification Factor (Fa =PGAsoil/PGArock), after Dickenson (1994) 

 

 
 

Table 6.3 Site Coefficient (FaPGA =PGAsoil/PGArock), after ASCE-7 (2010) 

 
First-order estimates of the mean plus one standard deviation values for the procedure from Seed 
et al. (2001) can be obtained by simply multiplying the resulting values (both PGAsoil and all 
spectral values, Sa) by about 1.3. For deltaic estuarine geotechnical zones of Guayaquil (D1, D2 
and D3a), this empirical factor would take care of the influence of the depth of soft-soil deposit 
and the cyclic behavior of the clays cemented with pyrite (explained in Chapter 3) on dynamic 
amplification . However, applying this factor also on normalized spectral values from Figure 6.2b 
would be conservative (such issues will be evaluated later in this chapter). 

Comparing the soil amplifications proposed by Seed et al. (1997; 2001), Idriss (1991), NEC 
(2011), and ASCE-7 (2010) for soft soil sites (Type E) with soft soil site amplification 
measurements of the earthquakes in Mexico City (1985) and in Loma Prieta (1989), Figure 6.4 



 

  

578 

 

shows how the tendencies exhibit a similar behavior. This behavior of soil type E will be compared 
to the dynamic responses and tendencies found in deltaic lacustrine and alluvial deposits of 
Guayaquil. 

6.2.1.3 Design Response Spectra for Model Building Code of Mexico 

 

Tena et al. (2009) described the new version of the Manual of Civil Structures (MOC) that was 
presented in 2008: 

“ In the MOC-2008 code, seismic hazard in Mexico is defined as a continuum function 
where peak accelerations in rock are defined. These peak accelerations are associated with 
return periods that...were obtained using an optimization design criterion to define the 
seismic coefficients for the plateaus of the elastic design spectra for standard occupancy 
structures... (p. 870).”  

The procedure defines the elastic acceleration design spectrum of a given site for a maximum 
credible earthquake (MCE) in relation to the collapse-prevention performance level (e.g. Vision 
2000 approach, FEMA and EERI, 2000). This differs from the Ecuadorian perspective (NEC, 
2011), where ordinary structures are designed for rare events (with a return period of 475 years).  

The steps for estimating site amplification parameters based on collapse prevention, as proposed 
by Tena et al. (2009) are (from pp.40-41): 

1. Assess the expected peak acceleration in the bedrock ar0 (cm2/s). 

2. Compute the distance factor as Fd = ar
0/400 ≤1, which is equal to unity near the 

subduction earthquake source. This parameter not only expresses the seismic wave 
attenuation with distance, but also the filtering of high-frequency components of the 
earthquake excitation. 

3. From geotechnical information of the soil profile, compute the dominant site period Ts 
(actually referring to the elastic site period). With Ts known, the effective shear-wave 
velocity Vs=4Hs /Ts is computed over a depth Hs of at least 30 m. 

4. Assuming linear behavior of the soil formation, site-response factor Fs and structural 
amplification (Fr) factors are then obtained  

The Fs is based on the theoretical results shown in Figure 6.5 for the ratio of peak accelerations 
measured at the surface and at the base of the soil deposit (e.g. amplification ratio PGAsoil/PGArock). 
Tena et al. (2009) performed dynamic analyses using ground motion as the input and the power 
spectrum of the MCE, and applied random vibration theory to predict peak responses.  

It is important to note that the tectonic seismicity in Mexico is primarily determined by the 
subduction zone between the Cocos and Caribbean plate, unlike in Ecuador where three complex 
tectonic environments intervene (Alvarez, 2005):  

(1) Active megathrust of the South America subduction zone (South America plate overrides the 
actively subducting Nazca plate), 
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(2) Dolores-Guayaquil megashear zone, which is a complex fault system where the North Andes 
Block moves towards north-northeast, relative to the South American Plate (Pennington, 1981) 
and  

(3) An intraplate region where crustal faults are also found, mostly perpendicular to the Dolores-
Guayaquil megashear zone (Pennington, 1981 and Alvarez, 2005).  

It is difficult to apply the methodology proposed by Tena et al. (2009) to Guayaquil, considering 
its tectonic environments. However, it is possible to evaluate this methodology in conceptual 
terms. In Figure 6.5, for an impedance ratio of 0.25 (similar to some soft-soil zones en Guayaquil) 
and a PGArock value of 0.15g (for an expected far-field ground motion in Guayaquil), if Fd is 0.36 
and Ts is 1 s (representative elastic site period for an area from geotechnical zone D4, alluvial 
deposits from the northern area of Guayaquil City), then Fs would be around 1.35. A similar site 
amplification factor will be expected for geotechnical zone D4 (alluvial deposits). The procedure 
considers the effect of the frequency and intensity content of the input ground motion in the 
resulting value of site vibration (e.g. nonlinear cyclic behavior) to estimate the dynamic site 
response. Conceptually, this procedure is similar to the procedure that will be proposed for 
Guayaquil later in this chapter.  

The shape of the elastic design response spectra is defined in Figure 6.6. The procedure by Tena 
et al. (2009) also considers the influence of the elastic (Ts) and inelastic periods of the site (using 
Ts and 1/ FTnl). FT

nl expresses the site period shift that is dependent on the level of shaking and is 
equal to unity for linear elastic strains. The definition of the control periods Ta, Tb and Tc are 
presented on Figure 6.6, that define the plateau of the design response spectra. The approaches for 
estimating the control periods are similar to the method developed for estimating the elastic design 
spectra for Guayaquil soils. 

 

6.2.2 Inelastic Demand Parameters for a SDOF System 

 

Seismic demands represent the requirement imposed by the ground motions (affected by site 
dynamic response) on relevant structural performance parameters. For a design approach based on 
structural capacity, it was opted to absorb and dissipate earthquake energy through inelastic action 
(or structural damage).   

The estimation of seismic demands can be accomplished using a variety of available procedures. 
The primary goal is to determine forces and deformations both at the local and global level when 
a structure is subjected to seismic loads. In structural practice, there are four available methods to 
analyze a mathematical model of a building structure. They may be placed into two categories 
depending on the treatment of the response (linear or nonlinear method of analysis), or the 
treatment of the loads (static and dynamic application of the seismic loads). 

During a preliminary design stage, a SDOF (single degree of freedom) system could be considered 
as a simple model of an idealized building structure. Moreover, the global behavior of a MDOF 
(multi degree of freedom) system, such as 3D structure, can be analyzed using an equivalent SDOF 
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system assuming that the building responds basically in the first mode shape, φ  (normalized with 
unitary value at the roof), so that the displacement of the building floor can be computed.  

The simplest dynamic analysis method is based on a linear model of the structure, which permits 
use of vibration properties, frequencies and mode shapes, and simplification of the solution with a 
modal representation of the dynamic response. An estimate of the maximum structural response 
can be obtained with response spectrum analysis, or the maximum can be computed by response 
history analyses with a specific ground motion records (Chopra, 2001). Strength and stiffness of 
critical structural members are selected to satisfy the seismic demands.  

One of the static nonlinear analyses procedures is the so-called pushover analysis. This analysis is 
performed for MDOF systems to estimate their capacity to resist a seismic demand beyond the 
elastic limit. In this analysis, a lateral force distribution is imposed to a structure. These forces are 
increased in a proportional manner until either the structure becomes unstable or a specified limit 
condition is reached. As result, a simple representation of the capacity curve is obtained; the plastic 
mechanism and sequence of hinge formation; lateral load and displacement capacity of a structure; 
and the ductility and plastic rotation demand (Naeim, 2001). 

There are several types of hysteretic models commonly used to represent the inelastic behavior of 
a structure, such as; elasto-perfectly-plastic (EPP), strength degradation, stiffness degradation, 
pinching models, and so on. Among these models, the EPP model is consider in this study. The 
characteristics parameters of each hysteretic model are describe by Kunnath et al. (1990) in detail. 
The EPP model is commonly used to represent the behavior of structural elements that exhibit 
insignificant strength or stiffness degradation. The limitations of the EPP model take place when 
the structure experience strength deterioration or P-∆ effects. Strength deterioration (or loss in 
strength with monotonic or cyclic inelastic deformation) is associated with high shear or spalling 
in R/C elements, high shear in wood walls, brace buckling in braced steel frames, as well as 
bidirectional motion and geometric nonlinearities. P-∆ effects are the consequence of sondary 
moments resulting from excessive lateral displacements. The resulting geometric nonlinearities 
reduce the effective post-yield stiffness of a structure, and can result in substantially increased 
deformation demands and collapse of the structural system. 

As suggested by Fajfar and Krawinkler (2002):  

“Seismic [inelastic] demands represent the requirements imposed by ground motions on 
relevant structural performance parameters. In a local domain this could be the demand 
on the axial load of a column or the rotation of a plastic hinge on a beam, etc. Thus, the 
localized demands depend on many local and global response characteristics of structures, 
which cannot be considered in detail in a study that is concerned with a global evaluation 
of seismic demands. In this study, only SDOF systems...are used as structural models...” 
(p. 34)  

Adding to this, as explained by Miranda and Bertero (1994):  

“An adequate design is accomplished when a structure is dimensioned and detailed in such 
a way that the local (story and member) ductility demands are smaller than their 
corresponding capacities. Thus, during the preliminary design of a structure, there is a 
need to estimate the lateral strength (lateral load capacity, Vy) of the structure that it is 
required in order to limit the global (structure) displacement ductility demand to a certain 
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pre-determined value, which results in the adequate control of local ductility demands...” 
(p. 358)  

The time history of the response of a nonlinear SDOF system to earthquake ground motions is 
given by the solution to the differential equation in Figure 6.7 (its schematic representation for an 
elastic-perfectly-plastic (EPP) system is shown there). In this equation, mai + Cvi + Qi = -magi; 
where ai and vi are the relative acceleration and velocity with respect to the ground; C the viscous 
damping coefficient; Qi the restoring force, equal to Kodi for an elastic system (di is relative 
displacement and Ko is system stiffness); and agi the ground acceleration. For an inelastic analysis 
of SDOF systems, it is convenient to rewrite the differential equation of motion, from Figure 6.7, 
dividing it by the mass (m) and normalize it by the yield displacement (dy) such that (Mahin and 
Bertero, 1981): 

 µ = di/dy (displacement ductility ratio)  6.1 

A schematic representation of dy is illustrated by Teran-Gilmore and Jirsa, 2005 in Figure 6.8 

The normalized equation of motion is, 

��� + 2����� + 	

�� = − �

� ��� 6.2 

where:  ��� = �

� and �� = 	

� = 	
��� 

Defining: 

  �� = 	

	  (normalized restoring force) 6.3 

� = 	
�.��� (strength coefficient, that is used to vary the system yield strength in the analysis) 6.4 

  �� = �!

 ��� (normalized ground acceleration)  6.5 

Where PGA is the Peak Ground Acceleration (agmax)      
  

From equation 6.2, 

  ��� + 2����� + �"�� = −�" #�
$%  ��   6.6 

This equation is solvable for µ in terms of the parameters ξ (damping of the system), ω (angular 
frequency of the system), and η, for a given Agi. Only the last term of equation 6.6 represent an 
inelastic spectrum. Furthermore, η relates the yield strength of the structure Qy (or Vy) to a simple 
measure of earthquake strength PGA. For practical purposes, η can be related to the seismic 
coefficient at yield: 

� = &'
#(

! %��� = &
���/�  6.7 

where: Qy = Vyield (base shear at yield)= Cy.W 

W is the weight of the structure, and Cy is the seismic coefficient at yield. 



 

  

582 

 

Thus,  η can be related to the spectral acceleration or base shear coefficient of a structure (see 
Figure 6.9). All the parameters discussed above were studied for bi-linear systems (e.g. EPP 
systems), as shown in Figure 6.10, and some of the terms, illustrated in Figure 6.9, are:  

Ve - elastic strength demand. This parameter defines the yield strength required of the structural 
system to respond elastically to a ground motion. For SDOF systems, the elastic acceleration 
response spectra provide the needed information on this parameter. 

µ  -  ductility demand. This parameter is defined as the ratio between maximum deformation and 
yield deformation, for a system with yield strength smaller than the elastic strength demand. 

Vy - inelastic strength demand. This parameter defines the yield strength required of an inelastic 
system to limit the ductility demand to a value of µ. This parameter defines the reduction in 
elastic strength that will result in a ductility demand of µ, Rµ = Ve/Vy. 

Vd - design strength demand. This parameter defines the design strength that considers 
overstrength and ductility (which improves the capability of the structure to absorb and 
dissipate energy) of the system.  

γ -  displacement amplification factor. This parameter defines the ratio between the peak inelastic 
displacem ent (dmax) or maximum deformation (∆max) and maximum elastic 
deformation of the system (maximum elastic spectral displacement, Sdelastic) with the same T 
(structural period) and ξ (see Section 6.2.2.1 for further analysis).  

dmax = µdy = µQy/K 

         =µ(Qelastic/Rµ)/K 

         = (µ/Rµ)(Saelastic .m)/K 

where K is the initial stiffness of the system 

Defining, γ = dmax/Sdelastic                6.8a 

then,  γ = µ/Rµ 6.8b 

Thus, if a mathematical expression could be developed to define Rµ as a function of µ [Rµ = f (µ,T, 
input ground motion characteristics)], the maximum displacement can be estimated using equation 
6.8b.   

Elnashi and Mwafy (2002) found that the contribution to overstrength, Ω = +
,-  (Figure 6.9), 

exceeds by a factor of 2 from three sources, including: (1) the difference between the mean and 
characteristic values of material strength, (2) employing the elastic period in the design instead of 
the degraded period, and (3) designing the columns in biaxial bending when analyzed under 
unidirectional seismic excitation. According to Elnashi and Mwafy (2002):  

A precise estimation of overstrength is difficult to make since many factors contributing to 
it involve uncertainties. The actual strength of materials, confinement effects, the 
contribution of nonstructural elements and the participation of some structural elements 
such as reinforced-concrete slabs are factors leading to high uncertainties (Humar and 
Ragozar, 1996). However, not all factors contributing to overstrength are favourable. 
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Flexural overstrength in the beams of moment-resisting frames may contribute to the 
collapse of stories or brittle shear failure in beams. Nonstructural elements also may cause 
shear failure in columns or soft story failure (Park, 1996). Moreover, the overstrength 
factor varies widely according to the period of the structure, the design intensity level, the 
structural system and the ductility level assumed in the design. 

Contribution of nonstructural elements should produce higher capacity and hence higher 
overstrength. If overstrength is not accurately evaluated by means of inelastic analysis, a 
lower bound may be utilized. A conservative overstrength factor of 2.0 is suggested for 
medium period RC buildings designed and detailed [for modern codes; e.g. NEC, 2011]. 
This limit can be applied to low-rise buildings since they usually possess higher 
overstrength than do medium-rise buildings... (pp. 330, 349, Elnashi and Mwafy, 2002).  

Seismic codes (e.g. NEC, 2011) define the overall force reduction factor R = Rµ.Ω = Ve/Vd (see 
Figure 6.9). The analyses and results from this chapter are focused on the ductility strength 
reduction factor (Rµ) only, based on the equations suggested by Mahin and Bertero (1981), 
Bozorgonia and Bertero (2003), and Teran-Gilmore and Jirga (2005). 

Bozorgnia and Bertero (2003): “Maximum displacement ductility [µ] alone does not necessarily 
reveal information on the cumulative effects of the number of cycles of inelastic deformation and 
dissipation of total energy demanded by the earthquake (Mahin and Bertero, 1981)”. Also, Kratzig 
and Meskouris (1997) have indicated that maximum deformation ductility is not a suitable measure 
for a description of damage. Hence, other structural response parameters such as the cumulative 
ductility and hysteretic energy dissipation have also been used. Seismic input energy to a structural 
system (EI) is balanced by (Uang and Bertero, 1990; Bertero and Uang, 1992): 

EI = EH+EK+ES+Eξ                                                                                                      6.9a 

where EH , EK , ES and Eξ are the nonrecoverable dissipated hysteretic energy, kinetic energy, 
recoverable elastic strain energy, and dissipated viscous damping energy, respectively. Hysteretic 
energy (EH or EHµ) comprises cumulative effects of repeated cycles of inelastic response and is 
usually associated with structural damage. If the response of the structure remains elastic, EH will 
be zero by definition. 

Moreover, Bozorgnia and Bertero (2003) propose a model that uses damage indices to quantify 
structural performance and damage limit. Damage indices are mathematical expressions that are 
used to predict the failure of a structure or structural member under a given loading history. 
Working with damage indices presents some difficulties such as determining both the calibration 
constants for a particular member (e.g., α in the Bozorgnia and Bertero model) and the 
computational complexity of some indices. However, they are perfectly suited for a performance 
evaluation and constitute a tremendous aid in retrofitting decisions and in performance based 
design for new structures.  

A large number of damage indices have been proposed in the literature. Non-cumulative indices 
relate the state of damage to instantaneous and peak response quantities such as displacement, 
ductility, rotation, drift, or other physical quantity (like stiffness), and do not account for cyclic 
loading effects. Cumulative indices, on the other hand, include part or all of the loading history to 
predict the capacity reduction due to cyclic repetitive loading. Such indices are computed 
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cumulatively using various measures such as energy, total or plastic deformation, or a combination 
of these. An example of a non-cumulative damage index is the displacement ductility ratio. The 
Energy index, the Park and Ang damage index (1985), cumulative ductility (Mahin and Lin, 1983), 
and the Bozorgnia and Bertero damage index (2003) fall into the class of cumulative damage 
indices. 

The Bozorgnia and Bertero damage index, which will be used later in this research, is formulated 
as follows: 

DI = [(1-α) (µ-µe) / (µmon-1)] + α(EH/EHmon)              6.9b 

where:  

µ = the displacement ductility demanded by earthquake ground motion = dmax/dy and 

µe = delastic/dy (maximum elastic portion of deformation/ yield deformation).  

In addition, µmon=dmon/dy = monotonic ductility capacity,  

dmon = maximum deformation capacity of the system under monotonically increasing lateral 
deformation (e.g. pushover analysis up to failure), 

 EHmon is the hysteretic energy capacity of the system under monotonically increasing deformation, 
and empirical coefficient α varies between 0≤α≤1  

µe = 1 for inelastic behavior;  

µe = µ if the response remains elastic (µ ≤1)  

Then, EH =0, so DI =0.  

Under monotonically increasing lateral deformation, if the demand on displacement dmax reaches 
the displacement capacity dmon (e.g., an indication of failure), DI = 1.  

For a first order approximation of the damage index on new structures, Bozorgnia and Bertero 
(2003) recommend a value of α = 0.3.   

For this research, an EPP model is used to evaluate the cyclic response of SDOF systems. EPP 
systems dissipate energy hysteretically only when the full yield capacity is reached. Figure 6.10 
shows the hysteretic behavior of a SDOF system with an EPP model subjected to an earthquake 
excitation. 

Teran-Gilmore and Jirsa (2005): “The plastic energy, EHμ, can be interpreted physically by 
considering that it is equal to the total area under all the hysteresis loops a structure undergoes 
during the ground motion”(Figure 6.8). Although EHμ provides a rough idea of the cumulative 
plastic deformations demands, this response parameter by itself does not provide enough 
information to assess structural performance so it is expressed as Normalized Plastic Energy, NEH:  

./0 = 123
4�  6.10 

For an EPP system subjected to a single plastic excursion (Figure 6.8):  

/56 = 7�8 − ��9:� = ;�<
� − 1> ��:� = ?�8 − 1@��:�   6.11 
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where dc is the cyclic displacement (yield + plastic displacement) and µc = dc/dy, is the cyclic 
ductility. The NEH for the plastic excursion is a direct measure of the amplitude of the plastic 
displacement: 

./0 = 123
4� =  �8 − 1  6.12 

For an EPP system subjected to multiple plastic excursions, NEH is the sum of all plastic 
displacements reached in the different cycles, normalized by dy, in such way that 

./0 = ∑ ?�<
B�@CDE<
FG
� = ∑ ?�8�HIJ8�K� − 1@  6.13 

where dci and μci are the cyclic displacement and ductility, respectively, associated with the ith 
excursion, and Nexc is the total number of plastic excursions during the ground motion. Note that 
NEH is a direct measure of the cumulative plastic displacement demands. For a system with 
degrading hysteretic behavior, NEH could be defined to include all plastic excursions for which 
the capacity does not degrade to a value less than a specified fraction of Fy (say 0.75) [as shown 
in Figure 6.8]. Such a definition allows for a rational evaluation of structural damage in reinforced 
concrete structures. 

Several researchers have used NEH to develop recommendations for the design and detailing of 
ductile reinforced concrete elements (Gosain et al., 1977, Scribner and Wight, 1980, Darwin and 
Nmai, 1985). Krawinkler and Nassar (1992) formulated a design methodology that explicitly 
considers the effect of plastic cycling through NEH (pp. 806-808). The influence of the input 
ground motion characteristics and site condition on NEH is evaluated in this study. 

 

6.2.2.1 Influence of Input Ground Motion and Local Soil Conditions on the Inelastic Demand 
Parameters of a SDOF System 

 

• Strength Reduction Factor 

The strength reduction factor (Rµ) is the ratio of the elastic strength demand imposed on an SDOF 
system to the inelastic strength demand for a specific target ductility ratio, µ. Thus, it is the ratio 
of spectral ordinates of the elastic and inelastic strength demand spectra. It can be thought of as an 
effectiveness factor that shows the level to which the yield capacity of a given SDOF system can 
be reduced, allowing the system to behave inelastically within the limits of predefined ductility 
ratio. Krawinkler and Nassar (1992) showed that the strength reduction factor depends strongly on 
the target ductility ratio µ, the period T, and to a much lesser degree on the strain hardening and 
the hysteresis model.  
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Miranda and Bertero (1994): Those recommendations were based on elastic and inelastic 
response spectra of the NS component of the El Centro, California earthquake of May 18, 1940, 
the response on simple systems to pulse-type excitations, and two other recorded ground motions. 

To construct an inelastic spectra form elastic spectra the procedure recommends by Miranda and 
Bertero (1994) considers three important aspects: 

1. For low-frequency and medium-frequency spectral regions, an elastic system and an inelastic 
system have approximately the same maximum displacement. 

2. For extremely high-frequency region (near T=0), an elastic system and an inelastic system 
have the same force and 

3. For the moderately high-frequency region, the principle of conservation of energies can be 
used by which the monotonic load-deformation diagram of the elastic system up to the 
maximum deformation is the same as that of an elastic-perfectly plastic system subjected to 
the same excitation 

The procedure consisted of the reduction of the elastic spectra by different factors for each spectral 
region consistent with the Newmark and Hall (1973) procedure is given by: 

For 0 ≤ N < PQ
�R ; Rµ =1  6.14 

For 
PQ
�R ≤ N < PQ

S  ; Rµ =T2� − 1 UPQ
SPV".W�XYZ�U G

√�3\GV
 6.15 

For 
PQ
S ≤ N < NY] ; Rµ =T2� − 1 6.16 

For NY] ≤ N < NY ; Rµ =
P6
PQ  6.17 

For ≥ NY ; Rµ =� 6.18 

where the control periods Tl and T'l are given by 

TY = 2π ∅Db,
∅Dc� 6.19 

NY] = NY 6
T"6B�                                 6.20 

where A and V are the maximum ground acceleration and velocity, respectively; ϕea and ϕev are 
amplification factors that applied to the maximum ground motion parameters give the ordinates of 
the elastic design spectrum in the acceleration and velocity spectral regions, respectively. 

Based on 15 ground motions recorded on alluvium (stiff) and rock sites at western United States, 
Nassar and Krawinkler (1991) considered the response of SDOF nonlinear systems. Due to the 
stiffness of the soil deposit, the site conditions effects were not explicitly studied. However, the 
response of mean strength reduction factors to the epicentral distance (duration and frequency 
content of the input ground motion) as well as structural system parameters such as natural period, 
yield level, strain-hardening ratio and the type of inelastic material behavior (i.e. bilinear versus 
stiffness degrading) was evaluated. The study determined that epicentral distance and stiffness 
degradation have a small effect on strength reduction factors. 
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The following expression for strength reduction factor was proposed by Nassar and Krawinkler 
(1991): 

R6 = ef?� − 1@ + 1g�/8 6.21 

where 

 f?N, i@ = Pc
�jPc + k

P  6.22 

α is the post-yield stiffness as percentage of the initial stiffness of the system, and the parameters 
a and b are given in Table 6.4. 

To examine the effect of local site conditions on strength reduction factor, a group of 124 ground 
motions recorded on a wide range of soil conditions during various earthquakes were considered 
by Miranda and Bertero (1994). The ground motions were classified into three groups: ground 
motions recorded on rock; on alluvium; and, on very soft soils (low shear wave velocity). Strength 
reduction factors were calculated for 5% damped bilinear SDOF systems experiencing 
displacement ductility ratios between 2 and 6. Furthermore, the investigation considered the 
influence of magnitude and epicentral distance (which relates the frequency content, duration and 
intensity of the input ground motion on the strength reduction factors).  

Based on the results presented by Miranda and Bertero (1994), the mean strength reduction factors 
are given by the following simplified equations: 

R6 = 6B�
l + 1 ≥ 1  6.23 

where Φ is a function of µ, T and the soil conditions at the site, and is given by 

For rock sites: Φ = 1 + �
�RPB6P − �

"P nop q− X
" #rsN − X

W%"t  6.24 

For alluvium sites: Φ = 1 + �
�"PB6P − "

WP nop q−2 #rsN − �
W%"t  6.25 

For soft soil sites: Φ = 1 + P!
XP − XP!

SP nop u−3 ;rs P
P! − �

S>"w  6.26 

where Tg is defined by Miranda and Bertero (1994) as the predominant period of the ground motion 
at which the relative velocity of a 5% damped linear elastic system is maximum throughout the 
entirely period range. 
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Table 6.4 Values for a and b from Nassar and Krawinkler (1991) method (from Miranda 
and Bertero, 1994: 366) 

 
Analyzing the different soil conditions, Miranda and Bertero (1994) concluded that local site 
effects largely influence on the reductions factor. Magnitude and epicentral distance have a 
negligible effect. 

However, it was not clear how they addressed during the nonlinear analyses the influence of the 
characteristics of input ground motions. Using nonlinear spectral analyses for SDOF systems, the 
results from this chapter will show the strong influence on the characteristics of the input ground 
motions, near-fault and far field motions, on the variation of the Rµ with the structural period   

• Displacement Amplification Factor 

Deformation-based (Calvi and Kingsley, 1995; Kowalsky et al., 1995; Priestley et al., 1996) or 
deformation-controlled (Panagiotakos and Fardis, 1999) procedures have been proposed as an 
alternative procedure for seismic design of bridges and buildings. These approaches consider the 
displacement spectra expressed as spectral ordinates versus effective period (period at maximum 
displacement) to quantify the demand imposed on structural systems. To estimate the inelastic 
displacement response spectra, the elastic displacement spectra could be obtained and multiply it 
by its displacement amplification factor, γ. The procedure to estimate the displacement 
amplification factor based on Miranda and Ruiz-Garcia (2002) methodology is show in this 
section. 

Miranda and Ruiz-Garcia (2002): Performance-based design is the state of art of design criteria 
to predict the seismic performance of most of structures. In particular, for structures which 
experience inelastic deformations or non-linear behavior, this type of analyses estimate the lateral 
displacement demands in structures with a better prediction. 

Severe earthquake ground motion induces inelastic deformations for most of the structures. For 
preliminary structural analyses, the seismic demands are specified using design linear elastic 
response spectra which represent the maximum response of linear elastic single-degree-of-freedom 
(SDOF). This approximate method is considered useful for practical proposes. However, if time-
history records are available, maximum displacement demands must be computed using this 
method instead of a linear response from SDOF.  

The inelastic displacement ratio, γ , is defined as the maximum lateral displacement demand 
(named as C in Miranda, 2000). Equation 6.27 limits this value depending from the period. 

γ = µ, T<Ta = 1/33 [T in s]              6.27a 

γ = 6
?"6B�@y , Ta≤T<Tb = 0.125                        6.27b 

α a b
0 1 0.42

0.02 1 0.37
0.1 0.8 0.29
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γ = 6
T"6B� , Tb≤T<T'c                        6.27c 

γ = P<
P , T'c ≤T<Tc                                                                                                                                                            6.27d 

γ = 1, T≥Tc                         6.27e 

where  

z = {|} ?P Pc~ @
"{|} ?P� Pc~ @                            6.28 

N8] = T"6B�
6 N8                             6.29 

Tc - corner period, Tc = Sv,max.2π/Sa,max , defines the end of the acceleration sensitive region on the 
elastic spectra, where Sv,max and Sa,max are the maximum spectral velocity and acceleration, 
respectively.  

Miranda (2000) proposed other equation with a simplified expression to compute γ 

γ = U1 + #�
6 − 1% exp ?−12N�BR.�@VB�

                         6.30 

In addition, both Newmark and Hall’s and Miranda's methods have adequate limiting values of the 
displacement [amplification] factors, namely γ = µ as T →0 and γ = 1 as T→∞. In this study, the 
variation of the inelastic displacement ratio for different displacement ductility ratios, site 
conditions and input ground motion characteristics are analyzed, showing a strong effect of the 
input ground motion characteristics on the value of γ for short spectral periods. 

6.2.2.2 BISPEC 

 

Bispec is an interactive software that facilitates the process of computing various types of linear 
and nonlinear spectral analyses for SDOF systems. The elastic acceleration response spectrum of 
a ground motion is computed from the relationship between the natural period of vibration, 
structural damping of a SDOF system and the maximum absolute acceleration that it experiences 
under a ground motion (Hachem, 2000). 

The computation of the nonlinear spectrum in Bispec is performed as a linear spectrum to systems 
that behave nonlinearly with different hysteretic models. Diverse methods of selecting the yield 
strength (Cy) of the systems lead to several types of nonlinear spectra, such as; constant strength 
and constant ductility spectra. A constant strength spectrum is obtained when the system’s strength 
is constant regardless of the natural period. Different definitions of the strength (absolute or 
relative to a spectrum or to elastic response), lead to several variations on the constant strength 
spectrum, such as the constant Rµ spectra (Hachem, 2000). 

The linear demand can be either the linear spectrum of the same earthquake or some idealized 
linear spectrum (e.g. design spectrum). The constant ductility spectrum is obtained by solving for 
the yield strength that results in a target ductility demand under the given ground motion. The 
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software also consider the cumulative damage model from Borzorgnia and Bertero (2003), as 
result, a constant damage spectra can be computed by solving for the yield strength that results in 
a target value for a damage index (Hachem,2000). 

 

6.2.3 Ecuadorian Construction Norms (2011) 

 

After a 10-year lapse, the Ecuadorian Construction Norms was updated (NEC 2011), from the 
original Construction Code (Código Ecuatoriano de Construcción, CEC, 2001). Here its Chapter 
2, which details the selection process of structural design parameters under various levels of 
seismic hazards, will be summarized.   

NEC (2011) defines six types of soil profiles. The parameters used in this classification are those 
that correspond to the top 30 m of the profile for soil types A (subsoil with Vs30 ≥1500m/s) to E 
(subsoil with Vs30 < 180m/s). Soil type F is like the deltaic estuarine deposits of Guayaquil and 
requires special test procedures to define design parameters. 

The acceleration and displacement elastic response spectra are expressed for different level of 
seismic hazard ‘Z’, as seen in Figure 6.11a and 6.11b, respectively. The value of seismic level ‘Z’ 
is presented in a map of Ecuador, as shown in Figure 6.12, which represents the design peak ground 
acceleration at a rock site expressed in terms of g. The value of the coefficient Fa represents the 
site amplification factor, (PGAsoil/PGArock), taking into account the site effects (inelastic dynamic 
site response) and it is shown in Table 6.5. Table 6.6 shows the values of the coefficient Fd, which 
modifies the control periods of the spectrum. Table 6.7 shows the values of the coefficient Fs, 
which considers the nonlinear behavior of soils, the degradation of the site period (that is dependent 
on the intensity and frequency content of the seismic load) and relative displacements of the soil, 
for the acceleration and displacement spectra. 

  

Table 6.5 Variation of Fa (amplification coefficient) with Z and Site condition, NEC (2011) 

 

 

  

Seismic zone I II III IV V VI

Z value 
(expected 

PGA rock, ´g)
0.15 0.25 0.30 0.35 0.40 ≥0.5

A 0.9 0.9 0.9 0.9 0.9 0.9
B 1 1 1 1 1 1
C 1.4 1.3 1.25 1.23 1.2 1.18
D 1.6 1.4 1.3 1.25 1.2 1.12
E 1.8 1.5 1.39 1.26 1.14 0.97
F see note see note see note see note see note see note

Site condition
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Table 6.6 Variation of Fd (period control coefficient) with Z and Site condition, NEC (2011) 

 

 

Table 6.7 Variation of Fs (site period-shift coefficient) with Z and Site condition, NEC 
(2011) 

 

Note: Site-specific geotechnical investigation and dynamics site response analyses are strongly 
recommended for these conditions. There are six classes of F soils: 

F1: Sites likely to suffer ground failure due either a potential modes of ground instability or 
significant presence of liquefiable soils, sensitive soils, dispersive soils or weak cemented soils.  

F2: Highly/Very highly organic and/or peaty soils (H > 3 m) 

F3: Very high plasticity clays (Hclay > 30 m with PI > 75%) 

F4: Very deep soft or medium clays (H > 30 m) 

F5: High impedance contrast within 30 m including soft soil/rock contacts and high shear velocity 
variations 

F6: Uncontrolled engineering earth fill 

 

The equations that define the elastic acceleration design spectrum are shown below (NEC, 2011; 
translation by the author): 

Sa = ZFa , T = 0                  6.31 

Fd
Seismic zone I II III IV V VI

Z value 
(expected 

PGA rock, ´g)
0.15 0.25 0.30 0.35 0.40 ≥0.5

A 0.9 0.9 0.9 0.9 0.9 0.9
B 1 1 1 1 1 1
C 1.6 1.5 1.4 1.35 1.3 1.25
D 1.9 1.7 1.6 1.5 1.4 1.3
E 2.1 1.75 1.7 1.65 1.6 1.5
F see note see note see note see note see note see note

Site condition

Fs
Seismic zone I II III IV V VI

Z value 
(expected 

PGA rock, ´g)
0.15 0.25 0.30 0.35 0.40 ≥0.5

A 0.75 0.75 0.75 0.75 0.75 0.75
B 0.75 0.75 0.75 0.75 0.75 0.75
C 1 1.1 1.2 1.25 1.3 1.45
D 1.2 1.25 1.3 1.4 1.5 1.65
E 1.5 1.6 1.7 1.8 1.9 2
F see note see note see note see note see note see note

Site condition
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Sa =  �:� U1 + ?� − 1@ P
P�V , T ≤ To                6.32 

Sa = ηΖFa ,  To≤T≤Tc                            6.33 

Sa = ηΖFa #P<
P %�

,  T>Tc   6.34 

where η - the spectral amplification of acceleration (Sa/Z, in rock), which varies depending on the 
location: η = 1.8 (Coastal provinces, except Esmeraldas), 2.48 (Mountainous provinces, 
Esmeraldas y Galápagos), 2.6 (Western provinces). For Guayaquil η = 1.8.  The exponent r =1, 
for site type A, B, or C and r =1.5, for site type D or E.  

The control periods are defined as: 

NZ = 0.10:� 4-
4c                   6.35 

N8 = 0.55:�  4-
4c                 6.36 

The equations that define the elastic displacement design spectrum are shown below: 

Sd =  0.38�:�N" U0.4 + 0.6 P
P�V , 0≤T ≤ To               6.37 

Sd = 0.38ΖFaT2
 ,  To<T≤Tc                     6.38 

Sd = 0.38ΖFdT,  Tc<T≤TL                 6.39 

Sd = 0.38ΖFdTL,  T>TL                     6.40 

TL = 2.4Fd                   6.41 

 

The elastic design spectrum presented by NEC (2011) will be compared with the results described 
in this chapter for selected geotechnical zones in the City of Guayaquil.   

 

6.3 A design procedure to obtain elastic response spectra for 
Guayaquil 

 

6.3.1 Input Rock Motion 

 

The results of the Probabilistic Seismic Hazard Analysis (PSHA), carried out by the National 
Geophysical Institute (IGN, Yepes, 2011) of Ecuador, based on the methodology of the Global 
Earthquake Model (http://www.globalquakemodel.org/), which are also presented in the Ecuadorian 
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Construction Norm (NEC, 2011), are utilized in this study. Figure 6.13 shows the seismic hazard 
of Guayaquil City for soft and hard rock site conditions, site B and A, respectively (Peak Ground 
Acceleration, PGA from different return periods) based on NEC (2011) information shown on 
Table 6.8. 

 

Table 6.8 Probabilistic ground motion values for Guayaquil City for hard and soft rock site 
condition based on NEC (2011) 

 
 
Figure 6.14 shows the peak horizontal bedrock accelerations with 10% probability of exceedance 
(PE) over various exposure times for some areas in North America (modified from NEHRP, 1993) 
and Guayaquil City based on NEC (2011) information, presented on Table 6.8. It can be seen that 
Guayaquil’s seismic hazard has the same trend of that found in Seattle.  

Table 6.9 shows a summary of estimated PGA for hard rock site conditions for a return period of 
475 years (10% PE in 50 yr) from various authors. It can be seen that expected PGA would be 
from 0.30 to 0.37g. 

  

70% PE in 50yr 50% PE in 50yr 10% PE in 50yr 5% PE in 50yr 2% PE in 50yr
υ (eq/yr) 0.0241 0.0139 0.0021 0.0010 0.0004

Tr (years) 42 72 475 975 2475
PGA (g) rock site A 0.14 0.198 0.342 0.44 0.58
PGA (g) rock site B 0.156 0.220 0.380 0.489 0.644

Exposure Time in yrs for 10% PE 4 8 50 103 261
From PGA rock A map ( 0.32 - 0.37g)  @ Guayaquil, Tr = 475 yrs
From PGA rock B map ( 0.36 - 0.41g)  @ Guayaquil, Tr = 475 yrs
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Table 6.9 Summary of estimated hard rock PGA for 10% PE over 50 years from different 
agencies and References for Guayaquil City 

 
Based on the PSHA results from IGN, Figure 6.15 shows a spatial variation of the expected PGA 
for soft rock conditions (site type B from NEC, 2011) for Guayaquil City for a return period (Tr) 
of 475 yrs. The expected PGA varies from 0.36 to 0.41 g. Applying the suggested deamplification 
factor PGAhard rock/PGAsoft rock of 0.9 (NEC, 2011), the estimated PGA for hard rock condition 
varies from 0.32 to 0.37 g.  For this research, an expected PGA of 0.34 g for hard rock condition 
was considered as representative for the input rock peak ground acceleration for 10% PE in 50 
years. NEC (2011) suggested an occupancy importance factor that ranges from 1 to 1.5. To 
compare the importance factor of 1.5 (for essential and hazardous facilities) with the spectral ratio 
between Sa (g) for 2% probability of being exceeded in 50 years (2,500 year return period), 
regarded as a maximum considered earthquake, and Sa(g) for 10% probability of being exceeded 
in 50 years (a design earthquake), Figure 6.16 shows the ratio Sa(2500yr)/Sa(475yr) that varies from 
1.45 to 1.75 with a mean of 1.65. This mean ratio is 10% higher than the importance factor of 1.5 
from the NEC (2011). As a result, for essential and hazardous facilities that will be evaluated with 
an importance factor of 1.5, it would have a slightly higher probability of exceedance than 2% in 
50 years.  

However, this factor is for rock conditions and does not consider the nonlinear effects of soft soil 
during intense shaking motions. The URS Corporation (URS, 2007) performed a probabilistic 
seismic hazard analysis for a project in Guayaquil City, where the author had the opportunity to 
participate as an external consulting engineer. This study presented a uniform hazard spectrum 
(UHS) from hard rock conditions for a return period (Tr) of 475 years. Also, URS (2007) presented 
a desaggregation of the spectral ordinates from the UHS, for spectral periods; T=0 (PGA), T=1, 
1.5 and 2 s. 

Agency/Reference
PGA @ hard rock in g’s   

(10% PE in 50 yrs)

URS Corporation, 2006 0.35

UCSG (Alvarez & Vera-Grunauer), 2005 0.27

US Geological Survey 0.25  ~ 0.33
Ecuadorian Construction Code, CEC, 

2003
0.30

Draft Seismo-resistant Design Manual of 
Guayaquil canton - UCSG, 2001

0.30

CISMID, PERU  (Alva J y Castillo J, 
1993)

0.34

ESPOL (Lara, O y Lindao, P, 1992) 0.30 (0.25 – 0.35)

Ecuadorian Construction Norm 
(NEC,2011)

From design Map 0.40, 
from PSHA: Hard Rock 
(0.32–0.37), Soft Rock  

(0.36-0.41)
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The peak acceleration hazard, Peak Ground Acceleration (PGA), is controlled by near faults from 
Guayaquil City, with a moment magnitude, Mw= 6.8 and a distance R= 5km (mean + 0.2 epsilon). 
Epsilon is the difference between the logarithm of the ground motion amplitude and the mean 
logarithm of ground motion (for that of M and R) measured in units of the standard deviation (σ) 
of the logarithm of the ground motion. Near-fault motions were described as near field motions, 
presented in detailed in Chapter 4. At longer periods (e.g. 1.0 s spectral acceleration), the 
subduction zone controls the hazard from earthquakes contribution of Mw=8 (mean+0.2epsilon) 
and R=100-200km. This event is generated from the subduction mechanism between the Nazca 
and South American Plates. Subduction motions were described as far field motions, presented in 
detail in Chapter 4. 

Figure 6.17 shows the comparison between design response spectrum for soft rock condition from 
the NEC (2011), the UHS for hard rock conditions from URS (2007), and the median input rock 
motions considered for near-fault and far field scenarios from this research for Guayaquil City. It 
can be observed in Figure 6.17 that the UHS from URS (2007) has values similar to the spectral 
ordinates of the design response spectrum from NEC (2011), even though the PGA value is 0.40 
and 0.32 for the UHS from the NEC and URS, respectively. The median of near-fault (NF) and far 
field (FF) motions follow the UHS from URS (2007) and design spectrum from NEC (2011). In 
terms of the hazard spectrum, these two sources overlap beyond periods of 1 s, but the intensity, 
frequency content, and the duration of each are different and treating them as such is quite 
important in estimating the dynamic response of the soils. The median ground motion 
characteristics were shown for NF and FF input rock motions in Figure 6.17. Detailed evaluation 
of earthquake characterization for NF and FF motions was described in Chapter 4. 

 

6.3.2 Site Amplification Factor 

 

In Chapter 4, the results of dynamic site response analyses: equivalent-linear (total stress) and 
nonlinear (total and effective stress) were presented. In this section, the mean of these results is 
presented for each estuarine deltaic and alluvial geotechnical zones for Guayaquil City. In addition, 
the Coefficient of Variation (COV = σ/mean) from PGAsoil is also estimated to evaluate the 
variability of the dynamic site response for different subsoil profiles for each selected input ground 
motion within each geotechnical zones. The site amplification factor was defined as the ratio 
between PGAsoil and PGArock. When the ratio is equal to one, no amplification is expected. Values 
lower than one is related to a deamplification effect due to the soil nonlinear cyclic behavior.  

Figure 6.18 shows the comparison between soil amplification tendencies for soil type E (from 
Figure 6.4) and results (mean) from total stress dynamic response analyses performed for alluvial 
deposits (geotechnical Zone D4) for Guayaquil City. Profile characteristics considered for 
geotechnical zone D4 are presented on Table 6.10. 

The estimated trends for the mean results for the alluvial deposits for Guayaquil City, as shown in 
Figure 6.18, are lower to the soft soil amplification trend of Seed et al. (1997), NEC (2011) and 
ASCE 7 (2010) values.  
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Table 6.10 Summary of elastic site period, thickness of high plasticity clayey and silty soils 
within the soil profile, and estimated half-space depth from site profiles considered for the 

complete set results of dynamic site response analyses 

 
∇ Verified from deep boreholes and calibrated from recorded ground motions. 

 

Including the total stress dynamic site response analyses from estuarine deltaic deposits (presented 
on Table 6.10) from geotechnical zones D1, D2, D3a and D3b in the results shown for soil 
amplification for alluvial deposits, it can be seen in Figure 6.19a that estuarine deltaic deposits D1, 
D2 and D3a have a higher amplification ratio than alluvial deposits. However, deeper soft estuarine 
deltaic deposits, D3b, follow the lower estimated trend for alluvial deposits. The data results from 
D3b considered the influence of the effective confining stress on the modulus reduction and 
damping curves for both clay and sand layers.  

Figure 6.19a also shows the results achieved by Argudo and Yela (1993) from an equivalent-linear 
analyses for estuarine deltaic zone D1 sites. Even though Argudo and Yela (1993) estimated the 
shear wave velocity profiles and the estimation of the half-space for the evaluated sites that were 
appropriate, they did not consider, at that time, the effect of the pyrite cementation on the clay 
structure and its effect on the cyclic behavior of Guayaquil clay – a detailed evaluation of which 
was presented in Chapter 3 and 4. This effect do not appear to be reflected from the mean values 
(Figure 6.19a) and the reported values from Argudo and Yela (1993). However, to evaluated the 
spatial variability of site response within each geotechnical zone, the Coefficient of Variation 
(COV = σ/mean) from PGAsoil for total stress (TS) dynamic response analyses was computed for 
estuarine deltaic and alluvial deposits for Guayaquil City (as shown in Figure 6.19b). 

Chang (1996) suggested a trend range from recorded and calculated, nonlinear total stress dynamic 
site response analyses for deep stiff soil profiles. The suggested lower range follows the same trend 
obtained in this research for alluvial and estuarine deltaic soft soils obtained from total stress 
dynamic site response analyses. The site amplification ratio (PGAsoil/PGArock) was also computed 
for the mean values from total stress (TS) dynamic response analyses for estuarine deltaic and 
alluvial deposits for Guayaquil City, as shown in Figure 6.19c. 

Based on the results presented in Chapter 4, for shallow lacustrine soil that overlay rock formation 
(geotechnical zone D5), the amplification ratio was almost linear with increasing PGArock from 1.3 
to 2. Furthermore, for shallow colluvial and residual soil (geotechnical zone D6), the amplification 
ratio has a similar trend to soils from geotechnical zone D5, but with an estimated range from 1.1 
to 1.8. Seed et al., (1997) suggested a similar trend for comparable geotechnical site conditions 

Different 
sites

BSF2 ERU 

Elastic site period (s) 0.80 - 1.25 0.55 - 0.75 1.10 - 1.15 1.20 - 1.40 1.40 - 1.60 1.75 - 1.85 0.80 - 1.25 0.32 - 0.37 0.10 - 0.39

Fine grained soils (CH/MH) 
thickness (m)

12 - 38 18 - 25 18 - 34 30 35 15 - 40 12 - 25 2 - 8 ---

Estimated half-space depth 
@ Vs≥700 m/s (m)

50 - 95 35 - 50 70 - 85 88 - 115 (100∇)
110 - 140    

(145∇)
160 - 175 50 - 95 20 - 30 < 25 m

D1                               
(Estuarine 

Deltaic 
deposits)

D2                               
(Estuarine 

Deltaic 
deposits)

Geotechnical zone

D3a                                                                                                                                                                                                                                                             
(Estuarine Deltaic deposits)                                                                                

D3b                               
(Estuarine 

Deltaic 
deposits)

D4                               
(Alluvial 
deposits)

D5                               
(Shallow 
lacustrine 
deposits)

D5                               
(Shallow 

coluvial/Resi-
dual deposits)
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(site AB), almost linear with PGArock (see Figure 6.3), however the suggested amplification ratio 
were lower than was found in this research, from 1.3 to 1.4 (see Table 6.2). Shallow lacustrine soil 
overlaying rock from geotechnical zone D5 could transmit high energy (the upper range of the 
amplification ratio of 2) to short period buildings, even for strong shaking motions. As a result, 
the recommendations by Seed et al. (1997; 2001) are unconservative for D5 and D6 site conditions.  

 

6.3.3 Normalized Elastic Response Spectrum 

 

Based on the results from dynamic site response analyses for selected soil profiles from 
geotechnical zones D1, D2, D3a, D3b, D4, D5 and D6, the median normalized response spectra 
(Sa/PGA) for 5% structural damping and input rock motions for both near-fault (NF) and far field 
(FF) are shown in Figure 6.20. These normalized spectra correspond to an elastic structural 
behavior (e.g. displacement ductility ratio, µ, equal to one). 

Comparing the mean normalized spectra suggested by Seed et al. (2001) from Figure 6.2b with 
the median normalized spectra for Guayaquil soil deposits shown in Figure 6.20, various aspects 
can be observed:  

• Normalized spectra shape and its ordinates strongly depend on the input rock motion 
characteristics (intensity, frequency content, and duration). 

• The peak normalized response spectrum value for zones D5 and D6 (which is 2.3) is slightly 
lower than the peak of median input NF rock motions (which is 2.48). The elastic period where 
the D5 and D6 peak normalized spectrum value occurs is slightly larger than that for median 
NF rock motions. Under NF motions, the median normalized response spectrum for 
geotechnical zones D5 and D6 is comparable (has similar spectral shape) to that for the site 
condition AB, from Seed et al. (2001) in Figure 6.2b. 

• Under FF events, the peak normalized spectrum is 2.6 for zones D5 and D6. It can be seen that 
such zones filter out low frequency (long period) energy from the input rock motions. 

• A single normalized spectrum was calculated for estuarine deltaic zones D1 and D3a and 
alluvial zone D4 because they all have similar shapes. For very deep, soft soil condition in 
estuarine deltaic zone D3b and for estuarine deltaic zone D2 (with a low elastic site period) 
separate normalized spectrums were calculated. 

• Under FF input rock motions, very deep soft soil from zone D3b doubles the amplification of 
the normalized spectral response observed for zones D1, D3a, and D4, at a spectral structural 
period of 2.4 s.  

• Even though geotechnical zones D1, D3a, D4, and D3b can be considered as type F according 
to the characterizations from Seed et al. (2001) and NEC (2011), the normalized spectrum 
could be compared, as a first approximation, with the one suggested by Seed et al (2001) for 
soil type E. For geotechnical zones D1, D3a, D3b and D4, the peak value of the median 
normalized spectrum under NF motions is 2.1 and under FF motions, 2.4. In comparison, the 
peak value of the mean normalized spectrum, suggested by Seed et al. (2001) for type E soil, 
was 2.6.  
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Figure 6.21 shows all the results of dynamic site response analysis (for which a detailed 
explanation was presented in Chapter 4) computed for characteristic profiles at each geotechnical 
zone. For design purposes, a design normalized spectral value under NF motions (=2.1) and under 
FF motions (=2.4) that represent the mean of all the responses in either case can be select. 

 

6.3.4 Procedure to Develop a Design Site Response Spectrum for Guayaquil City  

 

Based on a comprehensive investigation detailed in Chapters 2, 3, 4, and 5, a design procedure is 
propose for estimating the mean site response spectrum under Guayaquil soil conditions, for any 
building or seismic retrofitting project: 

1. As a first step, using the geographical location of the project, the elastic site period Te or Telastic 
is estimated based on Figure 6.22a and the geotechnical zone of the subsoil (Dx) is identified 
based on Figure 6.22b. These two parameters characterize the dynamic site behavior. 
Geotechnical zone D3 is divided into D3a and D3b, representing deposits with elastic site 
period Te < 1.6 s and Te ≥1.6 s, respectively. Thus, to properly identify the dynamic site 
parameters, the Te value from Figure 6.22a should be considered as the middle value from the 
elastic period range obtained for a specific site location from Figure 6.22a. 

 
2. Based on the geotechnical zone, the inelastic period ratio (Tsite/Telastic) is obtained from Table 

6.11 (design). Table 6.11 shows the summary of the estimated values for the inelastic site 
period and the amplification factor for each geotechnical zone for the design input hard rock 
motion with a PGA of 0.34 g, which represents the seismic demand with 10% probability of 
exceedance in 50 years for Guayaquil.   

 

To develop the design displacement spectrum, the corner period Tc (linear displacement increases 
up to the corner period) has to be defined, which is equal to the inelastic site period, Ts, times a 
factor β in this procedure. Table 6.12 shows the corner period values calculated from dynamic site 
response analysis (see Chapter 4), the estimated design plateau displacement spectral value and 
the design PGA at free surface for each geotechnical zone.   

 

3. Inelastic site period is estimated from the following expression, using the selected value of 
Tsite/Telastic from step 2: 

            Tsite = Ts= Te [Tsite/Telastic (Design)]  6.42 

4. Peak ground acceleration is defined by PGAsoil (Design) = 0.34g (PGAsoil/PGArock) presented 
in Table 6.12. 

5. The period at the beginning of the acceleration spectrum plateau as is defined by To = 0.2 Te, 
where Te is the elastic site period, obtained either by field measurements like Nakamura’s 
procedure (micro-trepidations) or shear wave velocities profile, or through the iso-elastic 
period map from Figure 6.22a. 

6. The design long spectral period is defined by TL= 1.5Tc. 
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7. The design site acceleration (in ‘g) and displacement response spectrum (in m) for 5% 
structural damping are defined based on Figure 6.23. 

 

Table 6.11 Summary of the estimated values for the inelastic site period and the 
amplification factor for each geotechnical zone for the design input hard rock motion, 
which represents the seismic demand of 10% probability of exceedance in 50 years for 

Guayaquil City 

   
 

  

Expected PGA rock = 0.34g  for 10% PE in 50 years

Design Design

D1 1.46 1.05 0.80 - 1.25

D2 1.40 1.32 0.55 - 0.75

D3a (Te= 1.0- 1.2s) 1.45 1.15 1- 1.2

D3a (Te =1.2- 1.4s) 1.48 1.25 1.2 -1.4

D3a (Te =1.4- 1.6s) 1.50 1.35 1.4 -1.6

D3b 1.65 0.90 1.75 -1.85

D4 1.50 0.95 0.80 -1.25

D5 1.45 1.50 0.30 -0.40
D6 1.41 1.42 0.10 -0.40

Tsite/Telastic 

Geotechnical zone

PGA soil /PGArock Range of 
analyses, 

Telastic 
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Table 6.12 Summary of the estimated design plateau displacement spectral value and the 
design PGA at free surface for each geotechnical zone 

 
 

For design site acceleration response spectrum expressions: 

 
Sa(a) = PGAsoil Ca × [0.47 + 0.53 (T/To)]                        if  T < To             6.43 
Sa(b) = PGAsoil Ca                                                           if  To ≤ T ≤ Te  6.44 
Sa(c) = PGAsoil Ca × (Te/T)χ                                               if  Te ≤ T ≤ Tc

 6.45 
Sa(d) = Sa(T=Tc) × (Tc/T) ρTs                                             if  Tc ≤ T ≤ TL

 6.46 
Sa(e) = Sa(T=TL) × (TL/T)1.5ρTs                                          if  TL < T 6.47 
 

where: χ = 0.70 and ρ =2.8 for geotechnical zones D5 and D6, and χ = 0.50 and ρ =1.0 for 
geotechnical zones D1, D2, D3a, D3b and D4; Ca = (Sa/PGA)design = 2.1 for expected hard rock 
PGA of 0.34g for Guayaquil City. 

Tc = βTs  6.48 

where: β = 1 when Telastic > 0.4 s and β = 3 when Telastic ≤ 0.4 s (the value of β is based on the 
results from dynamic analyses presented in chapter 4, the expected range of  the corner period, Tc, 
for each geotechnical zones are shown on Table 6.12). 

 

For design site displacement response spectrum expressions: 
 
Sd(f) = ψ Sd(max) × (T/Te)α                                              if  0 ≤ T ≤ Te   6.49 
Sd(g) = Sd(max) × [ψ + (1-ψ) (T/Tc)2α]                            if  Te ≤ T ≤ Tc     6.50 

Geotechnical
PGAsoil (g)

ZONE Design Design
D1 0.4 0.36

D2 0.3 0.45

D3a (Te =1- 1.2s) 0.4 0.39

D3a (Te =1.2- 1.4s) 0.45 0.43

D3a (Te =1.4- 1.6s) 0.65 0.46

D3b (Te > 1.6s) 0.75 0.31

D4 0.35 0.32
D5 0.2 0.51
D6 0.15 0.48

Sdmax (m)  

@ Tc to 5 s

PGA rock = 0.34g (10% PE in 50 years)
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Sd(h) =Sd(max)                                                                                                if  Tc < T    6.51 
 

where: α = 1 and ψ =0.4 for geotechnical zones D5 and D6, and α = 1.8 and ψ =0.70 for 
geotechnical zones D1, D2, D3a, D3b and D4; Sd(max) is selected from Table 6.12. For geotechnical 
zone D7 the procedure from NEC (2011) is recommended to estimate the design response 
spectrum. 

Although, another approach to estimate a displacement response spectra is from converting the 
absolute design acceleration response spectra (Sa) to Sd = Sa*g*(T/2π)2 , for design purpose, a 
spectral displacement cap (Sd(max) from Table 6.12) was considered for periods larger than Tc, 
based on the results from nonlinear, total and effective stress, dynamic site response analyses 
(presented in chapter 4). 

 

6.3.5 Proposed Design Site Elastic Spectrum for Guayaquil and Ecuadorian 
Construction Norms (2011) 

 

To evaluate the procedure presented on section 6.3.4, selected sites in Guayaquil city are 
considered to compare the estimated design elastic spectrum from the proposed methodology with  
NEC procedure (2011). The alluvial subsoil of geotechnical zone D4 fits into soil type E of NEC 
(2011). In Figure 6.24 the acceleration and displacement design site response spectrum for two 
sites with elastic site periods of 1 and 1.4 s from geotechnical zone D4, are compared with the 
suggested design spectrum from NEC (2011) for soil type E. In the same figure, Seed et al. (2001) 
acceleration design spectrum and Caltrans (2006) response spectrum (input rock motion of Mw = 
6.5 and PGArock of 0.30g) for the same soil type E are also shown. Caltrans (2006) definition for 
site type E is similar to NEC (2011) for site type E. 

Figure 6.24 shows that Seed et al. (2001) acceleration response spectrum plateau is higher than the 
others. This overestimation could be influenced by the profiles of sites E considered on Seed’s 
model (e.g. site condition E3: very high plasticity clays, PI >75%, Hclay >10m, Vs < 244m/s, Table 
6.1). The spectra plateau from the proposed methodology are lower than NEC (2011). Caltrans 
(2006) response spectrum had lower spectral acceleration values for periods larger than 1 s. In the 
displacement spectrum, the site with an elastic site period of 1.4 s closely follows NEC (2011) 
values up to 1.0 s. However, for a site with an elastic site period of 1 s estimated higher spectral 
displacement values up to the corner period estimated for the site. 

Figure 6.25 shows the design acceleration and displacement response spectrum for two sites with 
estuarine deltaic deposits, located at geotechnical zones D3a (site with Te = 1.4 s) and D3b (site 
with Te = 1.7 s), with Seed et al. (2001) and NEC (2011) site E design spectra, shown for 
comparison. It can be seen that Seed et al. (2001) spectrum plateau is slightly higher than D3a site 
with Te =1.4s. Deep soft clay deposits from zone D3b predict higher spectral displacement for 
periods larger than 2.5 s. The acceleration spectral values for the site with an elastic site period of 
1.4 s, from geotechnical zone D3a, are higher than NEC (2011) spectral values. 
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Based on the results presented on chapter 2 and 4, shallow lacustrine clay overlying Cayo rock 
formation has a site condition defined as F5 by NEC (2011). However, if one uses its Vs30 values 
(between 250 and 570 m/s) to classify the soil, a D5 site should fall within soil types C and D 
according to the same NEC definition. Figure 6.26 compares the expected design spectrum for a 
D5 zone site with an elastic site period of 0.3 s with those of NEC (2011) and Caltrans (2006) for 
soil types C and D. The acceleration design spectrum of zone D5 trapped a lot of energy at higher 
frequencies (short period range).  

Figure 6.27 compares the computed site response spectra from equivalent-linear and nonlinear 
total and effective stress dynamic analyses (presented previously in Chapter 4) and the design 
response spectrum for the same site (zone D3a) with an elastic site period of 1.4s (based on elastic 
period map). The proposed design response spectrum for the evaluated site has the shape and 
spectral values comparable to both acceleration and displacement computed response spectra. As 
mentioned before, another approach to estimate a displacement response spectra is from converting 
the absolute design acceleration response spectra (Sa) to Sd = Sa*g*(T/2π)2, as shown in Figure 
6.27  with black dashed line. Finally, this procedure is recommended to estimate the seismic hazard 
in Guayaquil for earthquake events with 10% probability of exceedance in 50 years.  

If the variation of the dynamic site response want to be evaluated within a geotechnical zone, the 
mean + 1σ values for period-shift factor (Tsite/Telastic) and PGAsoil/PGArock, can be obtained from 
Table 5.5, as shown in Chapter 5 (or selecting a proper COV from Figure 6.19b, adding to the 
mean value from Figure 6.19a). With these selected values, an estimation of the mean 
+1σ acceleration design acceleration spectrum can be computed following the same procedure 
described before. 

 

6.4 Influence of Soil Condition and Input Ground Motion on the 
Inelastic Demand Parameters for SDOF systems 
 

Two earthquake events control the selected Uniform Hazard Spectrum (for 10% Probability of 
Exceedence in 50 years): 1) motions from faults near Guayaquil with a moment magnitude of Mw= 
6.8 and a distance R= 5 km (with a epsilon of 0.2) control for low spectral periods (T <1 s), and 2) 
the subduction zone motions with Mw= 8 and R= 100 to 200 km (with a epsilon of 0.2) control for 
higher spectral periods (T ≥1 s). Figure 6.28 schematically represents a cross section (W-E 
direction) of the Ecuadorian seismic tectonic environment (modified from Graindorge et al., 2004 
and DGGM, 1982), which also shows the locations of the two governing earthquake events. 

From the available seismological database, ground motions at rock outcrops were carefully 
selected and scaled, as described in Chapter 4. Twenty-five NF ground motions with a median that 
follows the UHS for T < 1s and 25 FF ground motions with a median that follows the UHS for 
spectral periods T ≥ 1s were used in this research.  

The rock outcrop motions were converted to within-motions at the base of the soil-column 
(detailed explanation in Chapter 4). Soil profiles that were representative of each geotechnical 
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zone were considered for equivalent-linear and nonlinear dynamic site response analysis using two 
clay models: 1) SM1 (GYE-BSF clay) representing structure-induced naturally cemented clay; and 
2) SM2 (GYE-TI clay) representing normally consolidated clay. Each profile has these clays in 
various thicknesses and at various stratigraphic depths according to its location. A free-field 
ground surface motion was calculated for each input rock motion and soil profile, as shown 
schematically in Figure 6.28. 

Structural nonlinear analyses were performed with the software Bispec (Hachem, 2000) using the 
calculated free-field surface motions. In this section, it was considered a system with an elastic-
perfectly-plastic (EPP) bilinear model, which was shown in Figure 6.10. The influence of the input 
rock motion and the soil condition (site stratigraphy and soil cyclic behavior) on the inelastic 
demand parameters of SDOF systems was investigated. 

Inelastic demand parameters of SDOF systems, used in this research, are related to damage indices, 
mathematical expressions used to predict the failure of a structure or structural member under a 
given loading history (Bozorgnia and Bertero, 2003). Non-cumulative indices (e.g. displacement 
ductility ratio, µ) relate the state of damage to instantaneous and peak response quantities such as 
displacement, ductility, rotation, drift, or other physical quantity (like stiffness) and do not account 
for cyclic loading effects. Cumulative indices include a part or all of the loading history to predict 
the capacity reduction due to cyclic repetitive loading.  

  

 

6.4.1 Inelastic Demand Parameters and Non-Cumulative Damage Indices  

 

Assuming that no significant inelastic displacement reversal occurs (e.g. from pulse-like motions), 
the maximum displacement ductility ratio (displacement ductility ratio, µ) is considered as a non-
cumulative index. Most of the new reinforced concrete structures in Guayaquil follow the seismic 
design requirements for ductile behavior recommended in the ACI (American Concrete Institute) 
standards and probably, may develop a displacement ductility ratio of 4 or more. The older 
reinforced concrete structures of Guayaquil may have a displacement ductility ratio of 2 or less. 
Below, it is investigate how and when this structural index affects various inelastic demand 
parameters of SDOF systems under different earthquake motions and at different soil types. 
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6.4.1.1 Strength Coefficient Demand (η) 

 

The variation of the strength coefficient demand (i.e., equation 6.7) with spectral period for 
constant values of displacement ductility ratio for soil sites from geotechnical zone D1 (deltaic 
estuarine deposits) is shown in Figure 6.29 (µ = 1, 2) and Figure 6.30 (µ = 4, 6). Similarly, the 
variations of that parameter for sites from geotechnical zone D2 (deltaic estuarine deposits) are 
shown in Figures 6.31 and 6.32. Figures 6.33 and 6.34 show the variations of the strength 
coefficient demand for soil sites from geotechnical zone D3a (deltaic estuarine deposits). Figures 
6.35 and 6.36 show the variations of the strength coefficient demand for soil sites from 
geotechnical zone D3b (deep deltaic estuarine deposits). Figures 6.37 and 6.38 show the variations 
of the strength coefficient demand for soil sites from geotechnical zone D4 (alluvial deposits). 
Figures 6.39 and 6.40 show the variations of the strength coefficient demand for soil sites from 
geotechnical zone D5 (alluvial-lacustrine deposits). Figures 6.41 and 6.42 show the variations of 
the strength coefficient demand for soil sites from geotechnical zone D6 (shallow 
colluvium/residual deposits). 

As a first estimation, Cy (yield coefficient) is equivalent to PGAsoil  x η (i.e., strength coefficient 
demand). At the selected geotechnical zone, to obtain PGAsoil, both near-fault (PGArock of 0.34 g) 
and far field (PGArock of 0.17 g) seismic scenarios need to be considered.by using Figure 6.19a and 
Figure 6.19b. For a selected spectral period and a ductility ratio, the parameter η can be obtained 
from the upper curves of Figure 6.29 to 6.42. The best estimation of Cy is the highest value 
computed from the previous procedure. 

As an example, for a zone D3a (soft soil deposits from deltaic estuarine environment), the values 
of PGAsoil are 0.50 g and 0.33 g for NF and FF events, respectively. Using Figure 6.34 and ductility 
ratio µ = 4, for a spectral period of 1 s, η is 0.60 for NF and 0.85 for FF events. As result, from 
equation 6.7, Cy is 0.30 for NF event and 0.28 for FF event. The Cy selected should be equal to 
0.30. On the contrary, for a zone D6 (shallow dense colluvium deposits) considering an 
amplification factor of 1.5, as describe on chapter 5, the values of PGAsoil are 0.51 g and 0.25 g 
for NF and FF events, respectively. For the same spectral period and ductility ratio as before, using 
Figure 6.42, η is 0.30 for NF and 0.35 for FF events. From equation 6.7, Cy is 0.15 for NF event 
and 0.09 for FF event. In both cases, the NF event control the demand. These examples show the 
effect of the site condition on the yield strength demand for a SDOF system.  

  

 

6.4.1.2 Strength Reduction Factor (Rµ) 

 

At higher values of Rµ, the structure has a reduced capacity for lateral resistance and an increased 
demand for inelastic deformation, which increases the likelihood that it will suffer structural 
damage. The cost of the structure also will be affected by this strength reduction factor (Rµ). If the 
structural elements of a structure have been designed with a weak force (low design lateral force), 
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to dissipate energy, the structure would experience more damage and longer downtimes are 
expected.  

Two opposing site conditions are selected to evaluate the influence of the soil dynamic response 
on the variation of the strength reduction factor with the spectral period. Figure 6.43 shows the 
response from the estuarine deltaic deposits (geotechnical zone D3a), and Figure 6.45 shows the 
response from the shallow colluvium/residual deposits (geotechnical zone D6) – both for constant 
displacement ductility ratios of 2 and 4. The strength reduction factor varies significantly with the 
spectral period for the soft soil site (geotechnical zone D3a). There is less variation in Rµ for the 
shallow, dense soil site (geotechnical zone D6). The coefficient of variation (COV) of the strength 
reduction factor for earthquake motions were computed for estuarine deltaic and shallow 
colluvium/residual deposits – as shown in Figure 6.44 and 6.46, respectively. Relatively large 
variations in COV were found for estuarine deltaic deposits, and COV was more stable for the 
shallow colluvium/residual deposits. 

The relationships among the strength reduction factor with displacement ductility ratio (under 
constant values of 2, 4 and 6), input rock motion (NF and FF), and soil site condition (all 
geotechnical zones of Guayaquil) are presented in Figure 6.47 for spectral periods of 0.5 and 1 s, 
and in Figure 6.48 for spectral periods of 2 and 3 s. Figures 6.47 and 6.48 show that, in all 
geotechnical zones and for all displacement ductility ratios, the computed median strength 
reduction factor values under FF motions were lower, implying that seismic demands under FF 
earthquake motions at longer periods were larger, even though their median site PGA was lower 
than that of the NF motions.  

These results show that strength reduction factor depends not only on the site condition and 
spectral period, but also (quite strongly) on input rock motion characteristics. This finding 
contradicts the conclusion by Miranda and Betero (1994) that magnitude and epicentral distance 
of a motion had negligible effect on mean strength reduction factors.  

Thus, the strength reduction factor for an EPP hysteretic model should be expressed as 

Rµ = Rµ (T, µi, Soil Type, Input Rock Motion Characteristics)            6.52 

It is important to mention that hysteretic behaviors other than that of EPP model and also the soil 
structure interaction may affect the strength reduction factor. At a constant displacement ductility 
ratio of 4 (for new reinforced concrete buildings in Guayaquil), the variation of median strength 
reduction factor with spectral period at each geotechnical zone (see Table 6.10 for the 
characteristics of considered sites) is shown in Figure 6.49. It can be observed that under NF 
motions, as the soil stiffness of a site decrease, the spectral period at which the strength reduction 
factor peaks tends to increase.  

 

6.4.1.3 Displacement Amplification Factor (γ) 
 

Figure 6.50 shows the relationships between the displacement amplification factor and 
displacement ductility ratio, input rock motion (NF and FF) and soil site condition (geotechnical 
zones) for spectral periods 0.2 and 0.5 s. Figure 6.51 shows the same relationships for spectral 
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periods 1 and 2 s. From the analyses results, it can be seen that most of the inelastic displacement 
demand occurs at spectral periods lower than 1.0 s. 

In Figure 6.50, for spectral period of 0.2 s, the displacement amplification factor (γ) tends to 
increase almost linearly with increasing displacement ductility ratio. Under softer site conditions 
and at higher elastic site periods, this tendency occurs at higher rates. At a displacement ductility 
ratio of 6 and under NF ground motions, the ratio γ (deep soft soil - zone D3b)/ γ (shallow stiffer 
soil - zones D5 and D6) was 1.68, and under FF motions, 1.83. That means far field motions under 
soft soil conditions increase the inelastic displacement demand of an SDOF system at spectral 
periods higher than 0.5 s.  

Figure 6.52 shows the variation of the median displacement amplification factor with spectral 
period for constant displacement ductility ratio of 4 from the geotechnical zones in Guayaquil City. 
To estimate the inelastic design displacement spectrum for each geotechnical zone, first the elastic 
design displacement spectrum had to be estimated based on the procedure presented on Section 
6.3.4. Multiplying the elastic spectral ordinates (Sd) by the displacement amplification factor (γ) 
for each spectral period from Figure 6.52, the inelastic design spectral displacement (dmax) is 
obtained, from equation 6.8a, for µ of 4 as a preliminary assessment.  

 

6.4.2 Inelastic Demand Parameters and Cumulative Damage Indices  

 

6.4.2.1 Normalized Plastic Energy (NEH) 

 

For an elasto-perfectly-plastic (EPP) system subjected to multiple plastic excursions, NEH is the 
sum of all plastic displacements reached under different cycles of motion, normalized thorough its 
yield displacement. A large NEH value represents cumulative plastic damage of a structure. Figure 
6.53 shows the relationship of median NEH with displacement ductility ratio, input rock motion 
(NF/FF), and site soil conditions (estuarine deltaic zones D3a and D3b and shallow 
colluvium/residual deposits D6) for spectral periods 0.5 and 1 s. Similar relationships but for 
spectral periods 2 and 3 s are shown in Figure 6.54.  

The median values of elastic spectral accelerations for NF and FF input rock motions matched at 
and beyond spectral period of 1 s, as shown in Figure 6.17, despite them having different 
seismological characteristics (PGA, frequency content and duration). However, as seen in Figure 
6.53 at the spectral period of 1 s and displacement ductility ratio of 6, in stiffer soils of zone D6, 
FF motions produce significantly more plastic energy to the SDOF system than NF motions. In 
deep soft soil of zone D3b, FF motions also produce more plastic energy. Thus, much larger 
inelastic displacement reversals occur under FF motions than NF motions, despite having the same 
median spectral acceleration rock motion at 1 s spectral period. At greater spectral periods, like T 
= 3 s, deep soft soil site produces more plastic energy to the system than stiffer soil sites, as seen 
in Figure 6.54. Thus, for the scenarios explored in this study, the far field motions are potentially 
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more damaging than near field motions, even at the same hazard level, in terms of structural 
damage potential, for structures in Guayaquil with fundamental period ≥ 0.5 s. 

 

6.4.2.2 Damage Spectrum  

 

To evaluate the damage potential of an SDOF system with an EPP model under different subsoil 
and ground motion conditions, the damage index (DI) (i.e., equation 6.9b) from Bozorgnia and 
Bertero (2003) damage spectrum model is considered in this section. Park and Ang (1985) 
suggested an interpretation of the damage index values for different post-event-status of a 
structure, as shown in Table 6.13. A DI value between 0.8 and 1 will be considered acceptable for 
conventional structures, because the design philosophy of Ecuadorian Construction Norm (NEC, 
2011) for such structures is to ensure a collapse prevention condition after an earthquake event. 
Based on Equation 6.9b, DI = [(1-α) (µ-µe) / (µmon-1)] + α(EH/EHmon), the larger the supplied 
deformation ductility (represented by µmon, computed using pushover analysis) and resilience 
(represented by EHmon) are, the smaller the DI at a selected spectral period. Conversely, the larger 
the demanded plastic deformation (µ -1) and resilience (EH) are, the larger the DI.  

 

Table 6.13 Interpretation of damage index, DI (Park and Ang, 1985) 

 

 

As a first approximation of the structural damage, for a structure with a monotonic ductility 
capacity ratio (µmon) of 4 and α of 0.3 (as suggested by Bozorgnia and Bertero, 2003), the strength 
reduction factor and yield strength demand can be estimated as follows: 

�6 = �D
��cE ?4.34�� + �I − 0.434./0@              6.53a 

�6 = �
� ?4.34�� + �I − 0.434./0@             6.53b 

�� = 4
' = 15

�' ? �
".X"6j�R��B".X"6D)                6.54 

From equation 6.53b and 6.54, it can be seen that the strength reduction factor is not as sensitive 
as yield strength to changes in plastic energy demand (NEH= EH/dyFy). The effects of the site soil 
condition and the input ground motion on the damage spectrum were evaluated using site D3a-3 

Degree of 
damage

Damage index
State of 
structure

Minor 0.0 - 0.2 Serviceable
Moderate 0.2 - 0.5 Repairable

Severe 0.5 - 1.0 Irreparable

Collapse > 1.0
Loss of storey 

or buildings
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(estuarine deltaic deposits) and site 215 ECU from zone D6 (shallow colluvium/ Residual deposits) 
(details in Table 6.14) and NF and FF motions. The use of site D3a-3 also allowed an evaluation 
of the influence of naturally cemented Guayaquil clay on the damage spectrum. 

 

Table 6.14 General description of site D3a-3 and 215 ECU 

 

 

To better understand how structural damage spectrum behave under different subsoil conditions, 
median elastic acceleration response spectra (elastic demand for the SDOF systems) for two sites 
(D3a-3 defined as type F and 215ECU as type C, as shown in Table 6.14) are plotted in Figures 
6.55 and 6.56, respectively. In deep soft soil site (type F), Figure 6.55 shows that soil model SM1 
(GYE-BSF, structure-induced overconsolidated clay) amplifies the spectral acceleration (that 
feeds the SDOF systems) 10 to 15% more than the model SM2 (GYE-TI, normally consolidated 
clay) under NF and FF input rock motions at spectral periods up to 1.45 s.  

Figure 6.57 shows the variation of the strength reduction factor, Rµ, with spectral period for a range 
of DI and µmon values for two clay models: SM1, structure-induced overconsolidated (BSF) clay 
and; SM2, normally consolidated (TI) clay from site D3a-3. Hardly any difference in the strength 
reduction factor was found between soil models SM1 and SM2.  

Figure 6.58 shows the variation of the yield strength demand with the spectral period with same 
set of variables as in Figure 6.57. The differences in Cy response between the two clay models are 
more pronounced for low µmon values and decrease as µmon increases, which confirms the 
observation regarding the equations 6.53b and 6.54. Cy is sensitive to more plastic energy 
demanded by naturally cemented clay compared to normally consolidated clay. The relative 
increment in Cy varied from 10 to 16% for µmon = 4 and DI ≥ 0.8 under NF and FF motions. For 
DI ≤0.6, this relative increment varied from 20% for NF motions and 30% for FF motions.  

These observations confirm that naturally cemented clay deposits exacerbate the site amplification 
of earthquake motions and produce more structural damage than normally consolidated clay 
deposits.  Ignoring this post-depositional effect on subsoil clay structure would underestimate the 
seismic strength demand from 10 to 30% for a SDOF system with an EPP model and monotonic 
ductility ratio of 4. 

Site Name
Geotechnical 

Zone
Site Description

Elastic site 
period   (Te, 

sec)

Vs30m 

(m/sec)

ASCE-7 / 
NEC-2011 

Site 
classification

D3a-3
Estuarine 

Deltaic soil 
(D3a)

Deep soft clay (Hclay=31m) 

overlaying dense sand
1.01 110 F

Site 215 
ECU

Colluvium/ 
Residual soil 

(D6)

Shallow dense sandy gravel 
overlaying highly weathered 

rock
0.36 360 C
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Figure 6.59 shows comparisons between computed median strength reduction factor �6 from 
constant displacement ductility approach using clay models SM1 and SM2, the Miranda and 
Bertero (1994) model for soft soils, and the computed strength reduction factor from damage 
spectrum approach using clay models SM1 and SM2, DI values of 1 (collapse) and 0.8 (near 
collapse) at constant µ of 2 and 4. Figure 6.60 shows the same graph but for constant µ = 6. The 
differences between the values of �6 computed using constant displacement ductility approach 
and those using damage spectrum approach increase as the value of µ of the SDOF system 
increases.  

Ecuadorian Construction Norms (NEC, 2011) specifies an overall force reduction factor R of 6, 
constant over the entire spectral period range, for special reinforced concrete moment frames 
(ductile moment-resisting frame system). Although an overstrength reduction factor is not 
considered in an explicit way there, conservatively, a value between 1.5 and 2 (as suggested by 
Elnashai and Mwafy, 2002) can be used, making the strength reduction factor Rµ take a value 
ranging from 4 to 3.  

In Figure 6.59, it can be observe for µ = 4 and for DI from 1 to 0.8, similar to what is expected for 
conventional structures in NEC (2011), that Rµ varies from 3.2 to 3.5 under NF motions for spectral 
periods larger than 1.2 s. However, for the same conditions under FF motions, Rµ varies from 2.8 
to 3.2. If a structure has µ = 6, the maximum expected Rµ varies from 4 to 4.5 under NF motions 
and from 3.5 to 4 under FF motions for DI = 1 to 0.8 at spectral periods larger than 1.2 s. Thus, 
based on the collapse prevention philosophy of NEC (2011), it should not consider values of 
Rµ greater than 4.  

Comparisons between median yield strength demand Cy computed using clay models SM1 and 
SM2 from constant displacement ductility approach and damage spectrum approach, using DI = 1 
(collapse system) and 0.8 (near collapse) and µmon = µ, for constant µ values of 2, 4 and 6, are 
presented in Figures 6.61 and 6.62. It can observe that under NF motions near the elastic site period 
(Te = 1.0 s), Cy values computed using damage spectrum (as a cumulative damage index) are 1.5 
to 1.7 times higher than those computed using constant displacement ductility approach (as a non-
cumulative damage index). In addition, the Cy values are greater (the effect of the cyclic 
displacement demand more pronounced) under FF motions at the spectral period range 0.6 to 1.4 
s (in which NF and FF spectral acceleration values were on the same magnitude, as shown in 
Figure 6.55). At this spectral period range, for all µ values, Cy values computed using damage 
spectrum approach are 2 to 3.5 times higher than those computed using constant displacement 
ductility approach.  

Figure 6.63 compares the computed median strength reduction factor Rµ for site 215 ECU (type C 
stiff soil), that from Miranda and Bertero (1994) model for rock sites and alluvium sites, and that 
computed using DI = 1 (collapse) and 0.8 (near collapse), for constant µ of 2 and 4. Figure 6.64 
plots the same but for µ = 6. The Rµ values from Miranda and Bertero (1994) model for rock sites 
closely follow the values computed for site 215ECU under NF motions. However, the values under 
FF motions do not behave as such. Rµ values under FF motions are lower than those under NF 
motions for spectral periods from 0.3 to 2 s. This effect becomes more noticeable as µ increases. 
Thus, even for stiff soil conditions, the variation of Rµ with spectral period is influenced by input 
ground motion characteristics.  
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Figure 6.65 compares between median strength demand Cy computed for site 215ECU and that 
computed using DI = 1 (collapse) and 0.8 (near collapse), for constant µ of 2 and 4, and Figure 
6.66 for µ = 6. It can be seen that for all ductility ratio values, Cy values computed using DI values 
are 1.5 to 2.0 times higher at spectral period range of 0.2 to 1.4 s, under NF motions.  

Even though, the strength demand increments shows the effect of the plastic energy that were also 
more intense in NF motion than FF motion for stiff sites like 215 ECU at lower spectral periods, 
and the contrary at higher spectral periods, the magnitude of the increment were much lower than 
for deep soft site D3a-3. This behavior can be explained because soft soil sites experience larger 
cyclic deformation than stiff soil sites, changing the input motion characteristic at the free surface 
to be imposed to the SDOF system. 

 

6.4.2.3 Effects of Input Ground Motion Characteristics on Damage Spectrum  

 

In the previous sub-section, the influence of ground motions on the damage spectrum variables 
was evaluated through medians of NF and FF motions. The characteristics of ground motions that 
influence significantly the damage spectrum were explored further. Basic characteristics that 
define a ground motion (see Chapter 4 for details) are the intensity (e.g. PGA), frequency content 
(e.g. Tm, mean period), and input energy (e.g. Ia). To model the effect of the frequency content on 
the dynamic site response, the ratio between Tsite (inelastic site period) and Tm (mean period of 
input rock motion) is used. In addition, the ratio between Tsite and Telastic (a nonlinear response 
parameter acting as a proxy for damage due to imposed cyclic shear strain) is also used. 

The variation of the strength demand Cy with PGA, Ia, Tsite/Tm, and Tsite/Telastic at the spectral period 
= 1 s (characteristic of medium tall buildings in Guayaquil) and DI = 0.8 (near collapse), for µmon 
= 2, 4, and 6, is presented for site 215ECU (zone D6, stiff soil) in Figure 6.67 and for site D3a-3 
(zone D3a, deep soft soil) in Figure 6.68 (red dashed lines in the figures represent interpreted 
trends). 

A structure with a low monotonic ductility ratio (µmon) needs to be designed for a high level of 
strength demand (yield coefficient) to be compared with other structures of greater monotonic 
ductility ratio. Figure 6.67 confirms this fact: structures with µmon of 2 will need a higher strength 
demand than others having higher values of µmon. In the plot of Cy against Ia, the strength demand 
Cy increases at a faster rate after reaching a threshold value of Arias intensity (90 to 100 cm/s). 
The trends between strength damage demand and input motion characteristic parameters are fairly 
well defined at both stiff and deep soft soil sites. As the input motion characteristic parameter 
increases, the strength damage demand increase as well. However, for soft soil site (Figure 6.68) 
the soil-induced nonlinearity modifies the  PGA – Cy and Tsite/Telastic – Cy trends for high intensity 
input ground motion, showing a clear bend over trend. 

To understand further how nonlinear dynamic site response affects the damage spectrum, the 
variation of Cy with PGA, Ia, Tsite/Tm, and Tsite/Telastic for DI = 0.8 and monotonic ductility ratio = 
4 at the same two soil sites D3a-3 and 215ECU, is plotted in Figure 6.69 for spectral periods 0.5 
and 1.0 s and in Figure 6.70 for periods 1.5 and 2.0 s. From Figure 6.69, when the structure period 
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(0.5 s) is close to the inelastic site period at site 215ECU, dynamic resonance occurs and the 
strength demand at this stiff soil site is similar to the strength demand at the soft soil site, from 
PGA – Cy,  Ia – Cy,  and Tsite/Telastic – Cy  plots. When the opposite occurs, as is the case from Figure 
6.70, for a structure period (1.5 s) that it is close to the inelastic site period at site D3a-3, the 
strength demand on a structure built over deep soft soil conditions increases much more than on a 
stiff site.  

 

6.5 Inelastic Design Spectrum Recommendation 
 

Instead of specifying a constant Rµ for the entire spectral range, as suggested by NEC (2011), a 
unique design normalized median strength reduction factor Rµ for each geotechnical zone in 
Guayaquil (with peaks at different spectral values) is proposed based on the results presented 
previously in this section (see Figure 6.71). 

An overstrength factor has to be estimated to develop the inelastic site design spectrum with an 
overall strength ductility factor by modifying the elastic site design response spectrum obtained 
from the methodology presented in section 6.3.4. Conservative values ranging from 1.5 to 2 (see 
Elnashai and Mwafy, 2002) are recommended. These values are then multiplied by the Rµ trend 
presented in Figure 6.71. The peak normalized strength reduction factor occurs at the inelastic site 
period, calculated using the same procedure of section 6.3.4. 

For a preliminary seismic design of reinforced concrete moment-resistant frames using NEC 
(2011) procedures, Rµ ≤3 is recommended for structures with monotonic ductility ratio capacity 
of 4, to consider the development of cyclic deformation during earthquake motions. With an 
overstrength factor of 2, the overall strength reduction factor (R = Rµ.Ω) will be 6, as recommended 
by NEC (2011), but its variation with spectral period should be considered for Guayaquil zones as 
depicted in Figure 6.71. 

For a given target ductility, the strength reduction factor can exhibit large variations under different 
ground motions as observed through this research. Consequently, simply using median strength 
reduction factors may not provide the desired level of conservatism in structural designs. In such 
a situation, additional lateral strength capacity may be needed to avoid displacement ductility 
demands exceeding a specified limit. Thus, probabilistic approach would be needed. 

 

6.6 Summary and Conclusions 

 
In this chapter, a procedure to develop a design (elastic) site response spectrum for Guayaquil city 
is proposed for each geotechnical zone. The procedure consider the influence of the dynamic 
characteristics of a site (e.g. elastic site period and period-shift ratio) on its spectral demand. The 
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design spectral parameters were obtained from an extensive set of dynamic site response analyses 
from both equivalent-linear and nonlinear (total and effective stress) approach. The influence of 
inelastic structural parameters such as strength coefficient demand, strength reduction factor and 
displacement amplification factor were evaluated for the response of SDOF systems. This 
represents an actualization of the seismic hazard of Guayaquil City from the current procedure 
included in the Construction Ecuadorian Norm (2011). As an additional contribution, 
recommendations were given to estimate a structural inelastic design spectrum. 
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Figure 6.1 Sketch illustrating the derivation of code spectra from the average (for each specific 
period) of the Sa/PGA values of all recorded spectra (after Ziotopoulou and Gazetas, 2010) 
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Figure 6.2 Normalized design response spectra, proposed by Seed et al. (1997) showing the 
mean plus one-half standard deviation value (a) and Seed et al. (2001) showing the mean value 

(b) 
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Figure 6.3 PGA soil (maximum acceleration) versus PGA rock (maximum acceleration on 
competent rock) for defined site classes in Table 6.1 (after Seed et al., 1997) 
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Figure 6.4 Comparison between several soil amplification trends for soft soils type E 
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Figure 6.5 Contours of Fs derived from free-field ground response analyses (dashed line) and by 
linear interpolation of evaluated data (solid line), after Tena et al. (2009) 
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Figure 6.6 Schematic representations of the elastic design spectra and its period control (after 
Tena et al., 2009) 

 

Figure 6.7 Schematic representation of an EPP system for nonlinear response and the equation 
of motion for a SDOF system 
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Figure 6.8 Schematic representation of a EPP system and the plastic energy concept (modified 
from Teran-Gilmore and Jirsa, 2005) 

 

Figure 6.9 The relationships between force reduction factor (R), structural overstrength (Ω), and 
the ductility reduction factor (Rµ)  (modified from Elnashai and Mwafy, 2002) 
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Figure 6.10 Hysteretic behavior of a SDOF system with an EPP model subjected to an 
earthquake excitation 
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Figure 6.11 Schematic representations of the acceleration and displacement elastic design 
spectra from NEC (2011) 
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Figure 6.12 Seismic design parameter ´Z´ for Ecuador, after NEC (2011) 

 

 

 

 

 

 

 

 



  
 

6
27

 

 

 

  

 

Figure 6.13 Seismic hazard of Guayaquil City for soft and hard rock site conditions (NEC, 2011) 
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Figure 6.14 Peak horizontal bedrock accelerations with 10% probability of exceedance over 
various exposure times for some areas in North America and Guayaquil City, Ecuador (modified 

from NEHRP, 1997) 
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Figure 6.15  Spatial variation of the PGA for Soft rock condition (site type B) for Guayaquil 
City for a return period of 475 years, from NEC (2011) 
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Figure 6.16 Ratio between the spectral acceleration values for 2%PE and 10%PE in 50 years for 
different structural period for soft rock condition at Guayaquil City (NEC, 2011) 
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Figure 6.17 Comparison between design response spectrum for soft rock condition from NEC (2011), UHS 
for hard rock condition from URS (2007), and median input rock motions considered for near field and far 

field scenarios from this research, for Guayaquil City 



  
 

6
32

 

 

PGAROCK

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

P
G

A
 S

O
IL

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Alluvial deposits, North, D4 TS (mean)
Soft Soil (Seed et al, 1997)
Soft soil, type E, NEC (2011)

Soft soil, type E, ASCE 7 (2010)

Soft Soil, Idriss (1991)
Mexico City (1985)
Loma Prieta, SF Bay area (1989)
Based on analytical Studies, after Idriss (1991)

1:11.5:12:13:1

D1 Tse=  0.8-1.25 sec

D2 Tse= 0.55-0.75 sec

D3a Tse= 1.00-1.15 sec

D3b Tse= 1.75-1.85 sec

D4 Tse= 0.8-1.25 sec

Data limit

 

Figure 6.18 Comparison between several soil amplification trends for soft soils type E and results 
(mean) from total stress (TS) dynamic response analyses performed for alluvial deposits (geotechnical 

zone D4) for Guayaquil City 
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Figure 6.19.a Comparison between suggested range for deep stiff soils (Chang, 1996), Argudo and Yela results 
(1993) for soil profiles from geotechnical zone D1, and results (mean) from total stress (TS) dynamic response 

analyses performed for estuarine deltaic nd alluvial deposits for Guayaquil City 
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Figure 6.19.b Coefficient of Variation for PGAsoil from total stress (TS) dynamic response 
analyses performed for estuarine deltaic and alluvial deposits for Guayaquil City 
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Figure 6.19.C  Mean site amplification factor,  PGAsoil / PGArock from total stress (TS) dynamic 
response analyses performed for estuarine deltaic and alluvial deposits for Guayaquil City 
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Figure 6.20 Median normalized response spectra for 5% structural damping (Sa/PGA) for 
geotechnical zones D1, D2, D3a, D3b, D4, D5, and D6 and input rock motions for both near field (NF) 

and far field (FF) for all soil profiles considered 
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Figure 6.21 Computed normalized response spectra for 5% structural damping (Sa/PGA) for geotechnical zones 
D1, D2, D3a, D3b, D4, D5, and D6 for both near field (NF) and far field (FF) events and its selected design 
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Figure 6.22.a Variation of the elastic site period of the city of Guayaquil 
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Figure 6.22.b Geotechnical zonation of Guayaquil 
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Figure 6.22.c Legend for geotechnical zonation map 
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Figure 6.23 Spectral shape and parameters definition for the design acceleration and 
displacement response spectrum 
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Figure 6.24 Comparison between expected design site response spectrum for two sites at 
geotechnical zone D4 with Caltrans (2006), Seed et al. (2001) and NEC (2011) response 

spectrum for soil type E 
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Figure 6.25 Design acceleration and displacement response spectrum for two sites with estuarine 
deltaic deposits located at geotechnical zone D3a and D3b; NEC (2011) site E, Seed et al. (2001) 

design spectrum is shown for comparison 
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Figure 6.26 Comparison between the expected design spectrum for a site with elastic site period 
of 0.3sec located at geotechnical zone D5 with NEC (2011) and Caltrans (2006) spectrum for 

both soil type C and D 
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Figure 6.27 Comparison between computed site response spectra from equivalent-linear and 
nonlinear dynamic analyses (total and effective stress) and the design elastic response spectrum 
for the same site (ERU) with an elastic site period of 1.4sec (base on elastic period map) from 

geotechnical zone D3a 
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Figure 6.28 Schematic representation of a cross section (W-E direction) from Ecuadorian seismic tectonic 
environment with the variables considered in this research to evaluate the inelastic response parameters of single 

degree of freedom systems for Guayaquil City (modified from Graindorge et al., 2004 and DGGM, 1982) 



  
 

6
47

 

 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

µ = 1 µ = 1

T (sec)
0 1 2 3 4 5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

µ = 2

0 1 2 3 4 5

µ = 2

T (sec)

η
η

NF FF

D1-1 BSF NF

D1-1 TI NF

D1-2 BSF NF

D1-2 TI NF

D1-3 BSF NF

D1-3 TI NF

D1-4 BSF NF

D1-4 TI NF

D1-5 BSF NF

D1-5 TI NF

SITE213ECU BSF NF

SITE213ECU TI NF

SITE214ECU BSF NF

SITE214ECU TI NF

SITE216ECU BSF NF

SITE216ECU TI NF

Motions MI (Near Faults) Motions MII (Far Field, Subduction)

 

Figure 6.29 Variation of the strength coefficient demand with spectral period for constant displacement 
ductility ratio of 1 and 2 for soil profiles from geotechnical zone D1 
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Figure 6.30 Variation of the strength coefficient demand with spectral period for constant 
displacement ductility ratio of 4 and 6 for soil profiles from geotechnical zone D1 
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Figure 6.31 Variation of the strength coefficient demand with spectral period for constant displacement 
ductility ratio of 1 and 2 for soil profiles from geotechnical zone D2 
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Figure 6.32 Variation of the strength coefficient demand with spectral period for constant displacement 
ductility ratio of 4 and 6 for soil profiles from geotechnical zone D2 
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 Figure 6.33 Variation of the strength coefficient demand with spectral period for constant 
displacement ductility ratio of 1 and 2 for soil profiles from geotechnical zone D3a 
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Figure 6.34 Variation of the strength coefficient demand with spectral period for constant 
displacement ductility ratio of 4 and 6 for soil profiles from geotechnical zone D3a 
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Figure 6.35 Variation of the strength coefficient demand with spectral period for constant 
displacement ductility ratio of 1 and 2 for soil profiles from geotechnical zone D3b 
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Figure 6.36 Variation of the strength coefficient demand with spectral period for constant 
displacement ductility ratio of 4 and 6 for soil profiles from geotechnical zone D3b 
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Figure 6.37 Variation of the strength coefficient demand with spectral period for constant displacement 
ductility ratio of 1 and 2 for soil profiles from geotechnical zone D4 
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Figure 6.38 Variation of the strength coefficient demand with spectral period for constant 
displacement ductility ratio of 4 and 6 for soil profiles from geotechnical zone D4 
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Figure 6.39 Variation of the strength coefficient demand with spectral period for constant 
displacement ductility ratio of 1 and 2 for soil profiles from geotechnical zone D5 
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Figure 6.40 Variation of the strength coefficient demand with spectral period for constant 
displacement ductility ratio of 4 and 6 for soil profiles from geotechnical zone D5 
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Figure 6.41 Variation of the strength coefficient demand with spectral period for constant 
displacement ductility ratio of 1 and 2 for soil profiles from geotechnical zone D6 
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Figure 6.42 Variation of the strength coefficient demand with spectral period for constant 
displacement ductility ratio of 4 and 6 for soil profiles from geotechnical zone D6 
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Figure 6.43 Variation of the strength reduction factor with spectral period for constant displacement 

ductility ratio of 2 and 4 for soil profiles from geotechnical zone D3a (estuarine deltaic deposits) 
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Figure 6.44 Coefficient of variation (COV) of the strength reduction factor from the 25 scaled 

earthquake motions for NF and FF events for geotechnical zone D3a 
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Figure 6.45 Variation of the strength reduction factor with spectral period for constant 
displacement ductility ratio of 2 and 4 for soil profiles from geotechnical zone D6 (shallow 

colluvium/residual deposits) 
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 Figure 6.46 Coefficient of variation (COV) of the strength reduction factor from the 25 
scaled earthquake motions for NF and FF events for geotechnical zone D6 
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Figure 6.47 Relationship between the strength reduction factor with displacement ductility ratio, 
input rock motion characteristics (NF/FF) and soil site conditions (geotechnical zones) for 

spectral periods of 0.5 and 1 sec 
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Figure 6.48 Relationship between the strength reduction factor with displacement ductility ratio, 
input rock motion characteristics (NF/FF) and soil site conditions (geotechnical zones) for 

spectral periods of 2.0 and 3.0 sec 
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Figure 6.49 Variation of the median strength reduction factor with spectral period for constant 
displacement ductility ratio of 4 from geotechnical zones in Guayaquil City 
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Figure 6.50  Relationship between the displacement amplification factor with displacement ductility ratio, 
input rock motion characteristics (NF/FF), and soil site conditions (geotechnical zones) for spectral periods 

of 0.2 and 0.5 sec 
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Figure 6.51 Relationship between the displacement amplification factor with displacement ductility ratio, 
input rock motion characteristics (NF/FF), and soil site conditions (geotechnical zones) for spectral periods of 

1 and 2 sec 
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Figure 6.52 Variation of the median displacement amplification factor with spectral period for 
constant displacement ductility ratio of 4 from geotechnical zones in Guayaquil City 
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Figure 6.53 Relationship between the median normalized plastic energy (NEH) with displacement ductility ratio, 
input rock motion characteristics (NF/FF), and soil site conditions (estuarine deltaic D3a and D3b and shallow 

colluvium/residual deposits D6) 
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Figure 6.54 Relationship between the median normalized plastic energy (NEH) with displacement ductility ratio, 
input rock motion characteristics (NF/FF), and soil site conditions (estuarine deltaic and shallow 

colluvium/residual deposits) for spectral periods of 2 and 3 seconds 
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Figure 6.55 Median elastic response spectra for soil model SM1 (GYE-BSF, structured-induced 
overconsolidated clay) and SM2 (GYE-TI, normally consolidated clay) from median NF and FF 

input rock motion for site D3a-3 
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Figure 6.56 Median elastic response spectra for NF and FF input rock motion for site 215 ECU 
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Figure 6.57 Variation of the strength reduction factor with spectral period for different monotonic ductility capacity 
and the influence of the structured-induced overconsolidated clay (pyrite cemented clay BSF), SM1 and normally 

consolidated clay (TI), SM2 from site D3a-3 for different damage indices 
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 Figure 6.58 Variation of the strength demand (yield demand) with spectral period for different monotonic 
ductility capacity and the influence of the structured-induced overconsolidated clay (pyrite cemented clay 

BSF), SM1 and normally consolidated clay (TI), SM2 from site D3a-3 for different damage indices. 
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Figure 6.59 Comparison between computed median strength reduction factor with clay model SM1 and SM2 from site 
D3a-3, Miranda and Bertero model for soft soils, and the computed strength reduction factor for DI of 1 (collapse system) 

and near collapse DI of 0.8 for constant ductility ratio of 2 and 4 
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Figure 6.60 Comparison between computed median strength reduction factor with clay model SM1 and SM2 
from site D3a-3, Miranda and Bertero model for soft soils, and the computed strength reduction factor for DI 

of 1 (collapse system) and near collapse DI of 0.8 for constant ductility ratio of 6 
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Figure 6.61 Comparison between computed median strength demand with clay model SM1 and 

SM2 from site D3a-3 and the computed strength reduction factor for DI of 1 (collapse system) and 
near collapse DI of 0.8 for constant ductility ratio of 2 and 4 
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Figure 6.62 Comparison between computed median strength demand with clay model SM1 and 
SM2 from site D3a-3 and the computed strength reduction factor for DI of 1 (collapse system) and 

near collapse DI of 0.8 for constant ductility ratio of 6 
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Figure 6.63 Comparison between computed median strength reduction factor for site 215 ECU, 
Miranda and Bertero model for rock and alluvium sites, and the computed strength reduction 
factor for DI of 1 (collapse system) and near collapse DI of 0.8 for constant ductility ratio of 2 

and 4 
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Figure 6.64 Comparison between computed median strength reduction factor for site 215 ECU, Miranda 
and Bertero model for rock and alluvium sites, and the computed strength reduction factor for DI of 1 

(collapse system) and near collapse DI of 0.8 for constant ductility ratio of 6 
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 Figure 6.65 Comparison between computed median strength demand from site 215 ECU and the computed 
strength reduction factor for DI of 1 (collapse system) and near collapse DI of 0.8 for constant ductility ratio 

of 2 and 4 
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Figure 6.66 Comparison between computed median strength demand from site 215 ECU and the 
computed strength reduction factor for DI of 1 (collapse system) and near collapse DI of 0.8 for constant 

ductility ratio of 6 
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 Figure 6.67 Variation of the strength demand with PGA, Ia, Tsite/Tm and Tsite/Telastic for a spectral period of 1 
sec and DI of 0.8, for different monotonic ductility ratios 2, 4 and 6, for site 215 ECU (geotechnical zone D6, 

shallow colluvium/residual deposit) 
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Figure 6.68  Variation of the strength demand with PGA,  Ia, Tsite/Tm and Tsite/Telastic for a spectral period of 1 
sec and DI of 0.8, for different monotonic ductility ratios 2, 4 and 6, for site D3a-3 (geotechnical zone D3a, 

estuarine deltaic deposits) 
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Figure 6.69 Variation of the strength demand with PGA, Ia, Tsite/Tm and Tsite/Telastic 
for a spectral period of 0.5 and 1 sec and DI of 0.8, for monotonic ductility ratio of 4, for 

site D3a-3 and 215 ECU 
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Figure 6.70 Variation of the strength demand with PGA, Ia, Tsite/Tm and Tsite/Telastic 
for a spectral period of 1.5 and 2 sec and DI of 0.8, for monotonic ductility ratio of 4, for 

site D3a-3 and 215 ECU 
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Figure 6.71 Median normalized strength reduction factor for a displacement ductility 
ratio of 4 for geotechnical zones in Guayaquil City 
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7. CONCLUSIONS  
 

7.1. Summary 

  
This research was undertaken to develop a framework for understanding the mechanical 
behavior (static and cyclic) of the estuarine deltaic, high plasticity, diatomaceous, naturally 
cemented clay in the City of Guayaquil (GYE-CLAY).  Further, it intended to analyze how 
such clays might affect the elastic and inelastic seismic demand in single-degree-of-
freedom (SDOF) systems.  

The first part of the research consists in a geotechnical characterization of the Guayaquil 
soils, which constitutes an important advancement following the recommendations of 
Project RADIUS (1998-99) and helps put into practice 2011 Ecuadorian Construction 
Norms (NEC, 2011). This characterization uses geotechnical investigations conducted 
between 2004 and 2005 in Guayaquil, in coordination with the Engineering Institute of the 
Guayaquil Catholic University (Vera Grunauer et al., 2005) and other geotechnical 
exploration studies conducted by private parties in different parts of the city, after 
evaluating them for reliability. To complement this information, additional geotechnical 
explorations were conducted at fourteen sites representing different subsoil zones of the 
city. Using this database, a geotechnical zonation map for the City of Guayaquil was 
developed.  

The geotechnical exploration program included direct and indirect methods of evaluating 
soil properties. At all soil sites, boreholes were percussion-drilled to extract samples, using 
Shelby tubes for fine soils and split-spoon sampler for coarse soils. Simultaneously, a series 
of in-situ tests, such as CPT (static and dynamic Cone Penetration Test), VST (Field Vane 
Shear Test) and SPT (Standard Penetration Test), were performed. The SPT system was 
instrumented with an AWJ rod containing two strain gauges and two accelerometers to 
measure the energy imparted during the test, and the SPT Analyzer was used to process 
these data. Indirectly, soil properties were estimated using the technique of Spectral 
Analysis of Surface Waves (SASW) at all the sites. The measured parameters, e.g., N60 

(SPT blow counts corrected for 60% of the energy imparted) for coarse soils and Su 

(Undrained Shear Strength) for fine soils, were correlated with shear wave velocities for 
each geotechnical zone. These correlations are useful to practicing engineers. In addition, 
correlations for compressibility parameters of Guayaquil clays were presented.  

The mechanical behavior of Guayaquil clay was evaluated in detail, paying particular 
attention to soil structure (i.e., the combined effects of the fabric, composition, and inter-
particle forces).  A series of laboratory tests, e.g., X-ray powder diffraction (XRD), 
Scanning Electron Microscopy (SEM), Constant Rate Strain Consolidation, Unconfined 
Compression, Miniature Torvane, Anisotropically Consolidated Undrained Triaxial 
Compresion, Direct Simple Shear, Cyclic Simple Shear, Isotropically Consolidated Cyclic 
Triaxial Compression, Laboratory Vane, and Fall Cone Test, were conducted to evaluate 
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the volume change, strength, and shear deformation characteristics of Guayaquil soils. 
Strong similarities were found with the mechanical response of Ariake clay of Japan under 
both static and cyclic loading. 

Using these mechanical properties, subsoil deposits in the estuarine deltaic zone of 
Guayaquil were then numerically modeled using Simple-DSS, SIMSoil and MKZ 
computational programs. Low-strain dynamic properties for a representative site, from 
deep estuarine deltaic deposits, were calibrate against low input ground motion recorded 
from a broadband accelerograph at free field condition. Two suites of 25 earthquake 
motions (near-field and far-field) scaled to be seismologically compatible with 
disaggregated spectral ordinates of the selected Uniform Hazard Spectrum (URS, 2007) 
were developed. Thirty-four soil sites for these analyses were selected to represent the 
spatial variability of subsoil conditions in each geotechnical zone of Guayaquil. The site 
response analyses were performed considering both equivalent-linear (SHAKE) code and 
fully nonlinear approach (DMOD-2000 code). The effects on the dynamic site response of 
unique conditions, such as the soil structure and cementation in the soft clay deposits of 
Guayaquil, were evaluated and characterized.  

An elastic site-period map for Guayaquil was developed using microtremor (environmental 
vibrations) measurements covering all the city's geotechnical zones. It was calibrated using 
in-situ shear-wave velocity measurements. The NEC (2011) emphasizes the need for 
seismic microzonation studies for cities with more than 100,000 inhabitants. Certainly, 
Guayaquil City qualifies under this regulation. Thus, a seismic zonation procedure is 
proposed for Guayaquil, based on both elastic and inelastic (nonlinear) response of the 
underlying soils to identify the appropriate seismic demand for designing buildings. 
Moreover, NEC (2011) recommends undertaking dynamic response analyses for sites with 
type F soil profiles. A large extension of Guayaquil has deltaic estuarine subsoil, containing 
soils of type F2 (peat and organic to very-organic clays, Thickness H >3 m for peat or 
organic clays), F3 (high-plasticity clays, H > 7.5 m, with plasticity index > 75), F4 (thick 
soft and stiff clay deposits, H ≥ 30 m) and F5 (soil deposits with high impedance contrast 
occurring in the upper 30 m, including soft soils overlying rock with abrupt variations of 
shear wave velocity),  as defined in NEC (2011). The results from dynamic nonlinear 
analyses for SDOF system demonstrated the difference between non-cumulative and 
cumulative damage indices and its effect on input ground motion characteristics and site 
condition, comparing deep soft soil and rigid soil conditions. As result, new 
recommendations for estimating the inelastic response parameters for Guayaquil 
geotechnical zones were presented.  

Lastly, this study does not address seismic-related slope instability, since the main 
populated zones of the city are concentrated in low plains. The city also contains certain 
zones with high liquefaction potential, which is not addressed by this study either. 
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7.2. Conclusions  

 
� Based on soil sampling results, salinity measurements, microtremors measurements, 

mapping of estuaries and the geologic zoning map, Guayaquil City was divided in 7 
geotechnical zones, where largely two types of soil deposits were identified: estuarine 
deltaic soil (zone D1, D2 and D3a and 3b) and alluvial/alluvial-lacustrine soils (zone 
D4 and D5). In addition, colluvial deposits (zone D6) and residual deposits and rock 
outcrop (zone D7) were also mapped. The majority of city is located on estuarine 
deltaic clayey soils where diatom assemblages within the soil reflect estuarine 
deposition with contributions from marine brackish and freshwater diatoms which is 
similar to Ariake clays in Japan.  
 

� Statistical analyses of common used-in-practice geotechnical parameters were 
developed for each geotechnical zone. For professional practice, some correlations to 
estimate undrained shear strength for clayey soils were proposed. These were also 
estimated for compressibility parameters. In addition, empirical correlations of shear 
wave velocity with geotechnical parameters for Guayaquil soils were given. 

 
� As a result of micro-structure analyses (fabric, composition and interparticle forces) of 

greenish gray GYE-CLAY (from geotechnical zone D3), a unique behavior within the 
D3 zone was observed. Hence, two sites were tested in this zone: a) BSF site, which 
corresponds to the northeastern, and b) TI site, which is located at the southeastern of 
the city and influenced with the actual estuaries. BSF soil samples include thinly 
interlayered sands and silts along with poorly sorted silty clay layers, and TI clay 
consists predominantly of silty clay. The matrix of the clay samples (GYE-CLAY), 
both BSF and TI samples, consists of a microporous fabric of heterogeneous clays. The 
coarser illitic clays often occur with edge-to-edge particle arrangements that suggest 
chemical flocculation in the brackish water environment of the estuary, resulting in a 
metastable structure. The diatom assemblage of the sediment is very diverse and is 
associated with significant amounts of microporosity (pore diameter <1 µm). In 
addition, marine, brackish and freshwater, diatoms are present, including a high 
proportion of planktonic (free-floating) forms and common benthic (bottom-dwelling) 
diatoms. Thus, marine diatoms reflect direct connection with the open sea, and 
freshwater diatoms reflect input from upriver as suspended sedimentary particles. 
Furthermore, the presence of diatoms in the fabric has a strong influence on the 
compression behavior of clay samples. BSF sample, which contained more diatoms 
than TI sample, has higher in situ void ratio because of the capacity of diatoms to hold 
water in their open pores. During the virgin compression regime, the pores in diatoms 
collapse and large deformations occur. 
 

� The coefficient of consolidation (Cv) may be influenced by diatoms presence. Insitu 
estimations of Cv were evaluated and a ratio between field and laboratory coefficient 
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of consolidations where obtained, Cvfield/Cvlab (NC state) from 1 to 2.5. However, for 
clay stratum with frequent intercalations of sand lenses and sand layers, its ratio 
increases up to 19. 

 
� Framboidal pyrite concretions were found within GYE-CLAY’s fabric, its organic 

component (mostly plankton) has largely decomposed and the occurrence of 
framboidal pyrite suggests that a large part of the organic matter was lost during 
bacterial reduction. The BSF clay samples showed areas of intense pyrite cementation 
that were visible with a binocular light microscope. The TI clay samples contain minor 
amounts of pyrite. Furthermore, it was found that pyrite cementation induced an 
apparent overconsolidation ratio for GYE-CLAY, with high anisotropy ratio, and a 
metastable soil structure. 

 

� From recompression CKUC test results, the normalized undrained shear strength value 
(Su/σ’v c) for BSF sample was 0.61 (for OCR = 1.85, apparent overconsolidation ratio), 
and for TI was 0.42 (for OCR = 1.07). The peak friction angles φpCKUC were 44o and 
38o for BSF and TI samples, respectively. The presence of diatoms in the fabric has a 
strong influence on the peak friction angles (from effective stress state condition). From 
DSS test results, the normalized undrained shear strength value (Su/σ’v c) for BSF 
sample was 0.38 (for OCR = 2.1, apparent overconsolidation ratio), and for TI was 0.34 
(for OCR = 1.02). The peak friction angle φpDSS  for BSF samples was 20o (sample @ 
14.5m, OCRapp = 2.70) and 28o (sample @ 23.39m, OCRapp =1.7); and for TI sample, 
it was 25o (sample @ 7.35m, OCR =1). Due to anisotropic effect, DSS peak friction 
angle was lower than reported by CKUC test. 
 

� The undrained strength anisotropy was evaluated from DSS and CKUC test results, 
where the undrained strength anisotropic ratio (normalized SuDSS/SuCKUC) was 0.62 and 
0.81 for BSF clay and TI clay, respectively. As result, BSF clay has higher anisotropy 
than TI clay sample. 

 

� GYE-CLAY from an estuarine deltaic environment has a structure similar to Ariake 
clay. Both clays have the same fabric (flocculated particle arrangement), microfossil 
diatoms, and pyrite cementation; smectite is also the prevalence mineral on both clays. 
Similar mechanical behavior was found between both clays. However, the smectite 
mineral from Guayaquil is expansive and not so in Ariake clay. 

 
� The effects of pyrite cementation was also evaluated in terms of the dynamic response 

of the Guayaquil soils. As an example, at 0.1% of cyclic shear strain within a high 
pyrite cemented BSF clay, material damping was more than 40% lower and G/Gmax 

values were approximately 15% higher with respect to what is typically expected for a 
normally consolidated clay, such as the TI clay. Cemented soils respond more linearly 
at larger induced shear strains. This can lead to more energy being propagated to the 
surface at the same level of input rock shaking, which may cause higher ground 
accelerations and larger induced deformations. . 
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� The effects of soil structure on cyclic strength were evaluated using stress-controlled 

cyclic triaxial (CTX) and cyclic simple shear (CSS) tests on both BSF and TI test 
specimens. In comparison with the TI clay, the BSF clay showed a stiffer and stronger 
(higher CRR) condition. The presence of the pyrite cementation helped to stabilize the 
excess pore water pressures developed during cyclic loading.  

 
� For the clay materials, a strain-dependent normalized shear modulus reduction and 

material damping curves were obtained. These curves are recommended to be used  
when performing seismic site response analyses for clayey soils with geotechnical 
characteristics similar to those in Guayaquil. 

 
� The ratio between the maximum cyclic shear stress (from CSS test) and static undrained 

shear strength (from DSS test), i.e., τcyc/SuDSS, was measured as 1.05 for 3% of cyclic 
shear strain and 1.4 for 9% of cyclic shear strain. 

 
� It was necessary to utilize the recompression procedure during the consolidation stage 

to preserve the structure of the cemented BSF clay. It was possible to employ the 
SHANSEP procedure during the consolidation stage to capture the response of the 
normally consolidated soil TI clay. Two BSF clay samples were sheared using a DSS 
apparatus after subjecting one to recompression consolidation and other to SHANSEP 
consolidation, to understand its nature of overconsolidation. Samples with a 
mechanical OCR would show a dilative behavior (higher normalized undrained shear 
strength and negative induced pore pressure) and those with a structure-induced OCR, 
a contractive behavior (lower normalized undrained shear strength and positive induced 
pore pressure). Recompression consolidation allowed the BSF sample to show its true 
nature, a contractive behavior. However, under SHANSEP consolidation, Guayaquil 
cemented clays like the BSF sample, lose their structure-induced OCR and may 
indicate a totally different behavior, over predicting the strength of the clay. Thus, for 
Guayaquil clays a recompression consolidation method is strongly recommended.  

 
� In Guayaquil, the uniform hazard spectrum for outcrop rock sites is clearly controlled 

by two seismic sources: the subduction zone motions or far-field events, which 
dominate longer-period and low-intensity hazard and the crustal fault motions or near 
fault events, which contribute with short-period and high intensity hazard. Thus, its 
peak ground acceleration, PGA, is controlled by near fault motions. Near-fault and far-
field sources overlap beyond periods of 1 sec. The intensity, frequency content, and the 
duration of each are different and treating them as such is important in evaluating the 
seismic response of the soil deposits. Hence, it was showed that the severity of an input 
motion cannot be characterized only from its intensity parameter (PGA), and one needs 
to consider fault characteristics, frequency content, and duration parameters.  

 
� The geotechnical characterization of two deep geotechnical boreholes strategically 

located to evaluate the dynamic properties of the Guayaquil soft clays and used to 
calibrate the proposed seismic site response analytical procedures through comparisons 
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with three surface recorded low-intensity ground motions provided valuable insights. 
The comparison validates the methodology presented in this research for the dynamic 
characterization of Guayaquil soft soil deposits.  

 

� From examining the dynamic site response results, the estuarine deltaic deposits D1, 
D2 and D3a geotechnical zones of Guayaquil have a higher amplification ratio than 
alluvial deposits D4. However, the thicker deposits of soft estuarine deltaic soils of D3b 
follow the lower estimated trend for alluvial deposits. The obtained results confirmed 
that naturally cemented clay deposits exacerbate the site amplification and produce 
more structural damage than normally consolidated clay deposits. As a result, not 
considering this post-depositional effect on its clay structure could underestimate the 
seismic strength demand from 10 to 30% for a SDOF system with an EPP model and 
monotonic ductility ratio of 4. It was demonstrated the strong effect of the input ground 
motion on variation of the strength demand of the SDOF system with an EPP model. 
A similar non-linear dynamic response was observed between D3b site and D4 site, 
partially for its less clay matrix-cementation and partially for its deeper half-space. In 
the case of alluvial-lacustrine deposits of D5 show an almost linear response. An 
average amplification factor between soil and rock is 1.5. 

 
� An comprehensive geotechnical zoning map is presented in this study as a contribution 

for the new code soil zonation in the Construction Ecuadorian Norms (2011). An elastic 
iso-period map is also included. Relationships are proposed to estimate the inelastic 
period for each geotechnical zone to provide a preliminary assessment of risk for 
structures during a seismic event. 

 
� A procedure was proposed for a preliminary assessment of the seismic risk at 

Guayaquil city. A Unified Spectral Index (USI) was defined as variable that defines a 
building's risk associated with the seismic demand. It is normalized with respect to the 
maximum design spectral acceleration value, and is related to the specific period of the 
building and the elastic period and inelastic behavior of the subsoil.  

 
� A proposed procedure for estimating a design site response spectrum for Guayaquil 

City’s soil conditions was presented in this study for any specific project that will be 
built or for any seismic retrofitting in Guayaquil City. The procedure presented in this 
study is recommended to be considered for the estimation of the seismic hazard of 
Guayaquil City for 10% probability of exceedance in 50 years of earthquake events. 

 

� Based on accumulative damage indexes presented for SDOF system with EPP 
hysteretic model, instead of considering a constant Rµ value for the entire spectral range 
as suggested by NEC (2011), an estimated median normalized strength reduction factor 
for a displacement ductility ratio of 4 was obtained. A value of Rµ 3 was recommended 
for structures with monotonic ductility ratio capacity of 4 to take into consideration the 
development of cyclic deformation during earthquake motions for a preliminary 
seismic design for new reinforced concrete moment-resistant frames design with NEC 
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(2011) procedures. With an over-strength factor of 2, the overall strength reduction 
factor (R = Rµ.Ω) will be 6, as recommended by NEC (2011), but its variation with 
spectral period should be considered for Guayaquil zones. 

 
� The framework and findings presented in this study can be applied to understand and 

evaluate the mechanical behavior from similar geomorphological site conditions from 
other locations in Ecuador and other countries as well. The interrelationship between 
soil structure from estuarine deltaic thick soft clays and its mechanical response, static 
and cyclic, was paramount to develop a coherent framework as presented in this study.  

 

7.3. Recommendations for Future Research  
 

In an effort to gain a better understanding of the mechanical behavior and numerical 
modeling of thick soft clay deposits from estuarine deltaic environment, several research 
activities are recommended for the future:  

  
� It was clearly shown in this research the strongly effect that pyrite cementation had on 

the estuarine deltaic clay fabric which in turn affects the cyclic behavior of soft clay 
soils. As result, it is recommended the collection of undisturbed clay samples from BSF 
site, from geotechnical zone D3a to perform advanced cyclic testing.  

 

� Using cyclic simple shear tests, the develop of cyclic strength ratio trends that consider 
the effects of the pore water pressure generation and the number of cycles that reach 
3% of cyclic shear strain (as a damage threshold strain) are recommended, considering 
the effect of the structure-induced overconsolidation clay (i.e., with and without 
cemented clay structure).  

 

� Perform additional triaxial cyclic tests with recompression consolidation approach for 
BSF clay samples from different soil plasticity indexes and testing them at different 
confining pressures to develop a new set of normalized stiffness degradation and 
damping curve to calibrate them with Simsoil numerical model.  

 

� Evaluate the effect of the diatoms content on the clay matrix of Guayaquil clay and its 
influence on the compressibility and undrained shear strength from constant rate of 
strain compression test, direct simple shear, compression, and extension triaxial tests. 
Theese tests should be performed using the recompression consolidation approach.  

 

� Performed a detail evaluation of the chemistry characteristics of the pore water founded 
on the estuarine deltaic deposits and develop an understanding on how it affects the 
mechanical behavior of it. Special attention had to me made to the sites that were 
identify in this research that had brackish and salty water influence. 
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� Evaluated the effects of inelastic structural models different than the EPP model 
considered in this research on the inelastic structural demand parameters of SDOF 
systems. 

  

� Εstimate the damage spectrum considering the spatial variability of the soil condition 
in each geotechnical zone.  

 

� For SimpleDSS and MKZ models, additional research in numerical modeling can be 
done to incorporate a variation of the OCR value, which take into account the effect of 
naturally cemented structure or apparent overconsolidation of deltaic estuarine clays as 
Guayaquil Clays. 

 
� It is recommended to update the site amplification factor from NEC (2011) for sites E. 

From dynamic site response results for alluvial deposits (D4), similar to site E, it was 
observed that the design acceleration response spectrum from NEC (2011) for 
Guayaquil City, was within the m+1σ values obtained in this research. As a result, 
conservative seismic spectral demand values for sites E may expect from NEC (2011) 
procedure for Guayaquil City. 
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Appendix A 

 

SASW Results and geotechnical boring logs 
from complementary site investigation 
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Site: GYE-01N / 209 ECU (BSF, Kennedy Baseball Field) 
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Site: GYE-02CH / 210 ECU (Guayaquil Yacht Club) 
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Site: GYE-03S / 211 ECU (Municipal Hospital of Isla Trinitaria) 
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Site: GYE-04S / 212 ECU (Municipal Park Stella Maris) 
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Site: GYE-05S / 213 ECU (La Pradera -2) 
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Site: GYE-06S / 214 ECU (Perimetral and 25 of July Ave, Sopeña) 
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Site: GYE-14CH / 215 ECU (Chongon, JP Camp) 
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Site: GYE-07C / 216ECU (ERU, Estadio Ramon Unamuno) 
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Site: GYE-08N / 217ECU (Nueva Terminal Internacional Aereo) 
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Site: GYE-10N / 218ECU (La Garzota District) 
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Site: GYE-13N / 219ECU (Los Vergeles, Daule river site) 

 

 



 

  

743 

 

 



 

  

744 

 

 



 

  

745 

 

 



 

  

746 

 

 

  



 

  

747 

 

Site: GYE-12P / 220ECU (Ciudadela 2 de Julio @ Daule Ave.) 
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Site: GYE-09N / 221ECU (Federacion deportiva del Guayas, Miraflores) 

 

 



 

  

751 

 

 



 

  

752 

 

 



 

  

753 

 

 



 

  

754 

 

 

  



 

  

755 

 

Site: GYE-11N / 222ECU (La Prosperina, Cooperativa Santa Cecilia) 
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Site: ERU  (Estadio Ramon Unamuno, 2014)  
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Site: BSF  (Cancha de Baseball Kennedy, BSF2 or CBK,  2014)  
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Appendix B 

 

Selected input rock motion for near-fault and far-
field events 
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NEAR FAULTS Events (NF, Scenario I, Crustal Faults) 

 

Motion 1 (PARKF / TMB – FB) 

Motion Name: PARKF/TMB- FP Crustal (GMI)

Station Name: 

Earthquake Name: Parkfield- 66-06-27

Scale Factor
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Motion 2 (PARKF / TMB205 FN) 

Motion Name: PARKF/TMB205 FNCrustal (GMI)

Station Name: 

Earthquake Name: Parkfield- 66-06-27

Scale Factor
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Motion 3 (LOMA PRIETA / GIL - FP) 

Crustal (GMI)

Scale Factor
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Motion 4 (LOMA PRIETA / GIL - FN) 

Motion Name: LOMA PRIETA/GIL FNCrustal (GMI)

Station Name: 

Earthquake Name: Loma Prieta 89-10-17

Scale Factor
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Motion 5 (LOMA PRIETA / G01090) 

Motion Name: LOMA PRIETA/G01090Crustal (GMI)

Station Name: 

Earthquake Name: Loma Prieta 89-10-17

Scale Factor
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Motion 6 (NORTHD – PAC175) 

Motion Name: NORTHD-PAC175 Crustal (GMI)

Station Name: 

Earthquake Name: Northridge 94-1-17

Scale Factor
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Motion 7 (KOCAELI – GBZ000) 

Motion Name: KOCAELI-GBZ000 Crustal (GMI)

Station Name: 

Earthquake Name: Kocaeli- 99-8-17

Scale Factor
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Motion 8 (WHITTIER – A- GRN 180) 

Motion Name: WHITTIER-A-GRN180 Crustal (GMI)

Station Name: 

Earthquake Name: Whittier Narrows 87-01-10

Scale Factor
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Motion 9 (CHICHI-TCU120-W-AT2) 

Motion Name: CHICHI-TCU120-W_AT2Crustal (GMI)

Station Name: 

Earthquake Name: Chi-Chi, Taiwan 99-9-20

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)

Tm (sec)

Tp (sec)

D5-95 (sec) 

Mw

Closest Distance (Km)

Fault Mechanism

Site Class (NEHRP) B

1.055

0.94

32.61

7.6

8

-

392.0

TCU120

1.4

0.32

88.44

75.77

Time [sec]
908580757065605550454035302520151050

A
cc

el
er

at
io

n 
[g

]

0.2

0.1

0

-0.1

-0.2

-0.3

Damp. 5.0%

Period [sec]
43210

R
es

po
ns

e 
A

cc
el

er
at

io
n 

[g
]

0.75

0.7

0.65

0.6

0.55

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0

Time [sec]
908580757065605550454035302520151050

A
ria

s 
In

te
ns

ity
 (

%
)

100

80

60

40

20

0

Time [sec]
908580757065605550454035302520151050

D
is

pl
ac

em
en

t [
cm

] 60

40

20

0

-20

-40

Time [sec]
908580757065605550454035302520151050

A
cc

el
er

at
io

n 
[g

]

0.2

0.1

0

-0.1

-0.2

-0.3



 

  

793 

 

 

Motion 10 (NORTHD-PKC360) 

Motion Name: NORTHD-PKC360 Crustal (GMI)

Station Name: 

Earthquake Name: Northridge 94-1-17

Scale Factor
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Motion 11 (NORTHD-PKC090) 

Motion Name: NORTHD-PKC090 Crustal (GMI)

Station Name: 

Earthquake Name: Northridge 94-1-17

Scale Factor
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Motion 12 (KOCAELI -SKRC090) 

Motion Name: KOCAELI-SKR090 Crustal (GMI)

Station Name: 

Earthquake Name: Kocaeli- 99-8-17

Scale Factor
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Motion 13 (KOCAELI –IZT180) 

Motion Name: KOCAELI-IZT180 Crustal (GMI)

Station Name: 

Earthquake Name: Kocaeli- 99-8-17

Scale Factor
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Motion 14 (KOCAELI –IZT090) 

Motion Name: KOCAELI-IZT090 Crustal (GMI)

Station Name: 

Earthquake Name: Kocaeli- 99-8-17
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Motion 15 (COYOTELK –G06 FP) 

Motion Name: COYOTELK-G06 FP Crustal (GMI)

Station Name: 

Earthquake Name: Coyote Lake 79-08-06
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Motion 16 (COYOTELK –G06 FN) 

Motion Name: COYOTELK-G06 FN Crustal (GMI)

Station Name: 

Earthquake Name: Coyote Lake 79-08-06

Scale Factor
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Motion 17 (CHICHI –TCU089W) 

Motion Name: CHICHI-TCU089WCrustal (GMI)

Station Name: 

Earthquake Name: Chi-Chi, Taiwan 99-9-20

Scale Factor
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Motion 18 (CHICHI –TCU084N) 

Motion Name: CHICHI-TCU084N Crustal (GMI)

Station Name: 

Earthquake Name: Chi-Chi, Taiwan 99-9-20

Scale Factor
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Motion 19 (SFERN –L12291) 

Motion Name: SFERN-L12291 Crustal (GMI)

Station Name: 

Earthquake Name: San Fernando 71-02-09

Scale Factor
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Motion 20 (B-ICC-FP) 

Motion Name: B-ICC-FP Crustal (GMI)

Station Name: 

Earthquake Name: Northridge 94-1-17

Scale Factor
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Motion 21 (B-ICC-FN) 

Motion Name: B-ICC-FN Crustal (GMI)

Station Name: 

Earthquake Name: Northridge 94-1-17

Scale Factor
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Motion 22 (NORTHD-WPI-FP) 

Motion Name: NORTHD-WPI- FP Crustal (GMI)

Station Name: 

Earthquake Name: Northridge 94-1-17

Scale Factor
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Motion 23 (NORTHD-WPI-FN) 

Motion Name: PARKF/TMB205 FNCrustal (GMI)

Station Name: 

Earthquake Name: Parkfield- 66-06-27
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Motion 24 (NORTHD-ARL090) 

Motion Name: NORTHD-ARL090 Crustal (GMI)

Station Name: 

Earthquake Name: Northridge 94-1-17

Scale Factor
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Motion 25 (NORTHD-ARL360) 

 

Motion Name: NORTHD-ARL360 Crustal (GMI)

Station Name: 

Earthquake Name: Northridge 94-1-17

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)

Tm (sec)

Tp (sec)

D5-95 (sec) 

Mw

Closest Distance (Km)

Fault Mechanism

Site Class (NEHRP) B

0.54

0.24

13.46

6.7

9

-

117.1

Arleta - Nordhoff Fire Sta

1

0.30

23.12

10.66

Time [sec]
4038363432302826242220181614121086420

A
cc

el
er

at
io

n 
[g

]
0.3

0.2

0.1

0

-0.1

-0.2

Time [sec]
4038363432302826242220181614121086420

V
el

oc
ity

 [c
m

/s
ec

]

20

10

0

-10

-20

Time [sec]
4038363432302826242220181614121086420

D
is

pl
ac

em
en

t [
cm

]

6
4
2
0

-2
-4
-6
-8

-10

Time [sec]
4038363432302826242220181614121086420

A
ria

s 
In

te
ns

ity
 (

%
)

100

80

60

40

20

0

Damp. 5.0%

Period [sec]
43210

R
es

po
ns

e 
A

cc
el

er
at

io
n 

[g
]

0.9

0.85

0.8

0.75

0.7

0.65

0.6

0.55

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0



 

  

809 

 

FAR FIELD Events (FF, Scenario II, Subduction) 

 

Motion 1 (Monquegua EW) 

Motion Name: Monquegua EWSubduction (GMII)

Station Name: 

Earthquake Name: Peru 2001-06-23
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Motion 2 (Monquegua NS) 

Motion Name: Monquegua NSSubduction (GMII)

Station Name: 

Earthquake Name: Peru 2001-06-23
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Motion 3 (Valparaiso 70) 

Motion Name: Valparaiso 70 Subduction (GMII)

Station Name: 

Earthquake Name: Chile 1985-03-03
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Motion 4 (Mexico85e) 

Motion Name: Mexico85e Subduction (GMII)

Station Name: 

Earthquake Name: Mexico 1985-09-19

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)

Tm (sec)

Tp (sec)

D5-95 (sec) 

Mw

Closest Distance (Km)

Fault Mechanism

Site Class (NEHRP)

159.3

Caleta de Campos

1.5

0.23

22.25

13.32

A

0.59

0.44

57.4

8.1

38

Subduction 

Time [sec]
80757065605550454035302520151050

A
cc

el
er

at
io

n 
[g

]
0.2

0.15

0.1

0.05

0

-0.05

-0.1

-0.15

Time [sec]
80757065605550454035302520151050

V
el

oc
ity

 [c
m

/s
ec

]

20
15
10

5
0

-5
-10
-15
-20

Time [sec]
80757065605550454035302520151050

D
is

pl
ac

em
en

t [
cm

]

10

5

0

-5

-10

Time [sec]
80757065605550454035302520151050

A
ria

s 
In

te
ns

ity
 (

%
)

100

80

60

40

20

0

Damp. 5.0%

Period [sec]
43210

R
es

po
ns

e 
A

cc
el

er
at

io
n 

[g
]

0.55

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0



 

  

813 

 

 

Motion 5 (Mexico85n) 

Motion Name: Mexico85n Subduction (GMII)

Station Name: 

Earthquake Name: Mexico 1985-09-19
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Motion 6 (Tacy 00e) 

Motion Name: Tacy 00e Subduction (GMII)

Station Name: 

Earthquake Name: Mexico 1985-09-19
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Motion 7 (Tacy 90n) 

Motion Name: Tacy 90n Subduction (GMII)

Station Name: 

Earthquake Name: Mexico 1985-09-19
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Motion 8 (Manz E) 

Motion Name: Manz E Subduction (GMII)

Station Name: 

Earthquake Name: Tecoman 2003-01-22
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Motion 9 (ManzN) 

Motion Name: ManzN Subduction (GMII)

Station Name: 

Earthquake Name: Tecoman 2003-01-22

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)

Tm (sec)

Tp (sec)

D5-95 (sec) 

Mw

Closest Distance (Km)

Fault Mechanism

Site Class (NEHRP) C

0.65

0.12

18.01

7.6

50

Subduction 

129.0

Manzanillo Power Plant 

1

0.25

31.95

10.12

Time [sec]
50484644424038363432302826242220181614121086420

A
cc

el
er

at
io

n 
[g

]
0.2

0.1

0

-0.1

-0.2

Time [sec]
50484644424038363432302826242220181614121086420

V
el

oc
ity

 [c
m

/s
ec

]

20

10

0

-10

-20

-30

Time [sec]
50484644424038363432302826242220181614121086420

D
is

pl
ac

em
en

t [
cm

] 5

0

-5

-10

Time [sec]
50454035302520151050

A
ria

s 
In

te
ns

ity
 (

%
)

100

80

60

40

20

0

Damp. 5.0%

Period [sec]
43210

R
es

po
ns

e 
A

cc
el

er
at

io
n 

[g
]

0.8

0.75

0.7

0.65

0.6

0.55

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0



 

  

818 

 

 

Motion 10 (PiscoCISMID07E) 

Motion Name: PiscoCISMID07ESubduction (GMII)

Station Name: 

Earthquake Name: Pisco 2007-08-15
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Motion 11 (PiscoCISMID07N) 

Motion Name: PiscoCISMID07NSubduction (GMII)

Station Name: 

Earthquake Name: Pisco 2007-08-15
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Motion 12 (Mexpapan85N) 

Motion Name: mexpapan85NSubduction (GMII)

Station Name: 

Earthquake Name: Mexico 1985-09-19
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Motion 13 (Mexpapan85E) 

Motion Name: mexpapan85ESubduction (GMII)

Station Name: 

Earthquake Name: Mexico 1985-09-19

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)

Tm (sec)

Tp (sec)

D5-95 (sec) 

Mw

Closest Distance (Km)

Fault Mechanism

Site Class (NEHRP)

25.3

PAPANOA

1

0.11

6.15

2.65

A

0.22

0.12

19.97

8.1

133

Subduction 

Time [sec]
8580757065605550454035302520151050

V
el

oc
ity

 [c
m

/s
ec

] 4

2

0

-2

-4

Time [sec]
8580757065605550454035302520151050

A
ria

s 
In

te
ns

ity
 (

%
)

100

80

60

40

20

0

Damp. 5.0%

Period [sec]
43210

R
es

po
ns

e 
A

cc
el

er
at

io
n 

[g
]

0.46
0.44
0.42
0.4

0.38
0.36
0.34
0.32
0.3

0.28
0.26
0.24
0.22
0.2

0.18

0.16
0.14
0.12
0.1

0.08
0.06

0.04
0.02

0

Time [sec]
8580757065605550454035302520151050

A
cc

el
er

at
io

n 
[g

]
0.1

0.05

0

-0.05

-0.1

Time [sec]
8580757065605550454035302520151050

D
is

pl
ac

em
en

t [
cm

] 2

1

0

-1

-2



 

  

822 

 

 

Motion 14 (Sismoperu74NS) 

Subduction (GMII)

Station Name: 

Earthquake Name: Peru 1974-10-03

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)

Tm (sec)

Tp (sec)

D5-95 (sec) 

Mw

Closest Distance (Km)

Fault Mechanism

Site Class (NEHRP) B

0.28

0.3

48.34

7.8

114

Subduction 

86.7

Motion Name:      sismoperu74NS

PARQUE DE LA RESERVA, LIMA

1

0.17

11.90

4.30

Time [sec]
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Motion 15 (Sismoperu74WE) 

Motion Name: sismoperu74WESubduction (GMII)

Station Name: 

Earthquake Name: Peru 1974-10-03

Scale Factor
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Motion 16 (Peruaricacl) 

Motion Name: peruaricacl Subduction (GMII)

Station Name: 

Earthquake Name: Peru 2001-06-23

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)

Tm (sec)

Tp (sec)

D5-95 (sec) 

Mw

Closest Distance (Km)

Fault Mechanism

Site Class (NEHRP)

142.0

Arica Casa, CHILE

1
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Motion 17 (Peruaricact) 

Motion Name: peruaricact Subduction (GMII)

Station Name: 

Earthquake Name: Peru 2001-06-23

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)
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Closest Distance (Km)
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Site Class (NEHRP)
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Motion 18 (Peruarcostl) 

Motion Name: peruarcostl Subduction (GMII)

Station Name: 

Earthquake Name: Peru 2001-06-23

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)
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Closest Distance (Km)

Fault Mechanism

Site Class (NEHRP) C
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Motion 19 (Peruarcostt) 

Motion Name: peruarcostt Subduction (GMII)

Station Name: 

Earthquake Name: Peru 2001-06-23

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)

Tm (sec)

Tp (sec)

D5-95 (sec) 

Mw

Closest Distance (Km)

Fault Mechanism

Site Class (NEHRP)
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Motion 20 (CU01E) 

Motion Name: CU01E Subduction (GMII)

Station Name: 

Earthquake Name: Mexico 1985-09-19

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)
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D5-95 (sec) 
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Closest Distance (Km)

Fault Mechanism
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Motion 21 (CU01N)  

Motion Name: CU01N Subduction (GMII)

Station Name: 

Earthquake Name: Mexico 1985-09-19

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)
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Closest Distance (Km)
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Motion 22 (CUIPE) 

Motion Name: CUIPE Subduction (GMII)

Station Name: 

Earthquake Name: Mexico 1985-09-19

Scale Factor

PGA (g)

PGV (cm/sec)

PGD (cm)

Ia (cm/sec)

Tm (sec)
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D5-95 (sec) 
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Closest Distance (Km)
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Motion 23 (CUIPN) 

Motion Name: CUIPN Subduction (GMII)

Station Name: 

Earthquake Name: Mexico 1985-09-19

Scale Factor

PGA (g)

PGV (cm/sec)
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Ia (cm/sec)
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Motion 24 (CUME) 

Motion Name: CUME Subduction (GMII)

Station Name: 

Earthquake Name: Mexico 1985-09-19

Scale Factor
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Motion 25 (CUMN) 

 

Motion Name: CUMN Subduction (GMII)

Station Name: 

Earthquake Name: Mexico 1985-09-19

Scale Factor
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Closest Distance (Km)
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Appendix C 

 

Subsoil input parameters from selected sites for 
dynamic site response analyses within each 
geotechnical zone 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

835 

 

 

• Geotechnical zone D1: 

 Deltaic-estuarine deposits (Downtown South-East of Guayaquil City) 

 

Boring ID: Site D1-1 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 (
m

)

1 1 82

2 1 82

3 0.5 82 2.5

4 1 95

5 1 95

6 1 95

7 1 95 6.5

8 1 174

9 0.7 174 8.2

 1/2 10 1 95

11 1 95

12 1 95

13 1 95

14 1 95

15 1 95

16 1 95

17 0.8 95 16

18 1 189

19 1 189

7 20 1 189

21 0.7 189 19.7

22 1.3 153 21

23 1 153

24 1 153 23

25 1 169

26 1 169

27 1 169

28 1 169 27

29 1 219

8 30 2 219

31 2 219

32 2 219 34

33 2 300

34 2 300

35 2 300 40

36 3 312

37 3 312

38 3 312 49

4 39 3 364

40 3 364

41 3 364

42 3 364

43 4 364 65

44 halfspace 700

SHAKE MODEL (SITE D1-1)

16

17

18

19
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Boring ID: Site D1-2 

 

 

 

Material layer No.
thickness 

(m)

Unit Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 16 83

2 1 83

3 0.7 83 2.7

4 1 92

5 1 92

6 1 92

7 1.1 92 6.8

8 0.8 100

9 0.8 100 8.4

10 1.2 88

11 1.2 88

12 1.2 88 12

13 1 18 205

14 1 205

15 1 205

16 1 205 16

17 0.85 235

9 18 1 235 17.85

19 1 265

20 0.85 265 19.7

21 1.1 245

22 1.1 245

23 1.1 245 23

24 1 311 24

25 1 311

26 1 311

8 27 2 18 311

28 2 311

29 2 311

30 2 311 34

4 31 2 19 380

32 1 19 380

33 1 380

34 2 380 40

35 2 425

36 2 425

4 37 2 425

38 2 425

39 2 19 425 50

40 3 469

41 4 469

42 4 469

43 4 469 65

700

 1/2

SHAKE MODEL (SITE D1-2)
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Boring ID: Site D1-3 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1.25 16 88

2 0.8 97

3 0.8 97

4 0.95 97 3.8

5 1 97

6 1 97

7 1 97 6.8

8 0.8 168

9 0.8 168 8.4

10 1.1 90

11 1.1 90

12 1.2 90

13 1.2 90 13

14 1 18 202

15 1 202

16 1 202 16

17 1 17 87

18 0.75 17 87 17.75

19 1 182

20 1 182

7 21 1 182

22 1 18 182

23 1 182 22.75

24 2 173

25 1.75 173 26.5

26 1.75 262

27 1.75 262

7 28 2 18 262

29 2 262 34

30 1.5 300

31 1.5 300

4 32 1.5 19 300

33 1.5 19 300 40

34 3 312

35 3 312

36 3 312 49

37 2 364

4 38 2 364

39 2 364

40 2 19 364

41 2 364

42 3 364

43 3 364 65

halfspace 700

SHAKE MODEL (SITE D1-3)

 1/2

 1/2

9



 

  

838 

 

 

 

Boring ID: Site D1-4 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 102

2 1 102

3 1 102   

4 1 102

5 1 102

6 1 102

7 0.8 102 6.8

8 1 145

9 1 145

 1/2 10 1 145 9.8

11 1 100

12 1 100

13 0.95 100 12.75

14 0.75 151

15 0.75 151 14.25

16 1 188

17 1 188

18 1 17 188

19 1 188

 1/2 20 1 188

21 1.25 188

22 1.25 188 21.75

23 1 18 219

24 1 219

25 1 219

7 26 1 219

27 1 18 219

28 1 219 27.75

29 1.25 350

30 2 350

8 31 2 350

32 2 350 35

33 3 19 360

4 34 3 360

35 3 360 44

36 2 400

37 3 400

38 3 400 52

4 39 2 430

40 2 430

41 3 430

42 3 430

43 3 430 65

44 halfspace 700

SHAKE MODEL (SITE D1-4)

16

19



 

  

839 

 

 

 

 

Boring ID: Site D1-5 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 104

2 1 104

3 1 104

4 1 104

5 1.2 104 5.2

6 1 177

7 1 177

8 1 177 8.2

9 1 105

10 1 105

11 1 105

12 1 105

13 1 105

14 1 105

15 1 105

16 1 105

17 0.95 105 17.15

18 0.7 149

19 0.8 149 18.65

20 0.8 188

21 0.8 18 188 20.25

22 1 302

23 1 302

24 1 302

25 1 302

26 1 302

27 1.05 18 302 26.3

28 0.85 356

29 0.85 356 28

30 1 19 381

31 1 381

32 1 19 381

33 1 381

34 2 381 34

35 2 425

36 2 425

4 37 2 425 40

38 4 470

39 4 19 470

40 4 470

41 4 470

42 4 470

43 5 470 65

halfspace 700

SHAKE MODEL (SITE D1-5)

8

 1/2

9

16



 

  

840 

 

 

 

 

Boring ID: Site 214 ECU 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1.1 89

2 1.1 89

3 1.1 89 3.3

4 0.9 85

5 0.9 85

6 0.9 85

7 0.9 85 6.9

8 1 73

9 1 73

10 1.1 73

11 1.1 73 11.10

12 1 138

13 1 138

14 1 138

15 0.9 138

16 0.9 138 15.9

17 1.2 135

18 1.2 135

19 1 135

20 1 135

21 1 135 21.3

22 1 192

23 1 192

24 1 192

25 1 192

26 1 192

27 1 18 192 27.3

28 1.5 262

29 1.5 262

30 1.5 262

31 2.1 262 33.9

32 1.5 19 300

33 1.7 300

34 2 300

35 2 300 41.1

36 1.8 312

4 37 2 312

38 2 312

39 2 19 312 48.9

40 4 366

41 4 366

42 4 366

43 4.1 366 65

halfspace 700

16

SHAKE MODEL (SITE 214ECU)

8

9

 1/2

18



 

  

841 

 

 

 

 

Boring ID: Site 213 ECU 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 0.75 118

2 1 118

3 1 118 2.75

4 1 115

5 1 115

6 1 115 5.75

7 0.8 112

8 0.9 112

9 0.9 112

 1/2 10 0.9 112 9.25

11 1 101

12 1 101

13 1 101

14 1 101 13.25

15 1.1 107 14.35

16 1.2 107

17 1.2 107

18 1 107 17.75

19 1 210

 1/2 20 1 210

21 1.5 210

22 1.5 210 22.75

23 1 18 312

24 1 312

25 1 312

26 1 312

27 1.5 312 28.25

28 1 382

29 1 382

30 1 382

31 1 382

32 2 382 34.25

33 1.5 427

4 34 1.5 427

35 1.5 427

36 2 427 40.75

37 3 470

38 3 470

4 39 3 470

40 3.25 470

41 4 470

42 4 470

43 4 470 65

44 halfspace 700

SHAKE MODEL (SITE 213ECU)

16

19

8

7

18

19

16



 

  

842 

 

 

 

Boring ID: Site 216 ECU 

 

  

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 0.8 100

2 0.85 100 1.65

3 0.9 105

4 0.9 105 3.45

5 1 97

6 1.05 97 5.5

7 1.2 104

8 1.25 104 7.95

9 0.9 100

10 0.9 100

11 0.9 100 10.65

12 1 104

13 1 104

14 1 104 13.65

15 1.1 106

16 1.1 106

17 1.1 106 16.95

18 1.2 119

19 1.2 119

20 1.2 119 20.55

21 0.9 130

22 0.95 130

23 1 130

24 1 130 24.4

25 2 138

26 2 138

27 1.6 138 30

28 2 190

29 2 190

30 2 190

31 2 190 38

32 1 262

33 1 262

34 1 262

35 1 262

36 2 262

37 2 262

38 2 262

39 2 262 50

40 3 366

41 4 366

42 4 366

43 4 366 65

halfspace 700

17

 1/2

17

194

16

SHAKE MODEL (SITE 216ECU)



 

  

843 

 

Geotechnical zone D2 

Deltaic-estuarine deposits (South of Guayaquil City) 

 

Boring ID: Site D2- 1 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 160

2 1 160

3 1 160

4 1 160

5 1 160

6 1 160

7 1 160

8 1 190

9 1 190

10 1 265

11 1 265

12 1 214

13 1 214

14 1 214

15 1 214

16 1 214

17 1 302

18 1 302

19 1 207

20 1 207

21 1 207

22 1 207

23 1 207

24 1 207

25 1 207

26 1 306

27 1 306

28 1 306 28

29 1 215

30 1 215

31 1.5 263

32 1.5 263 33

33 2 300

34 2 300

35 1 340

36 2 415

37 2 415

38 2 415

4 39 2 415 46

40 3 502

41 3 502

42 3 502

43 3 502 58

44 halfspace 700

SHAKE MODEL (SITE D2-1)

 1/2 16

9

19

188

 1/2

18

17



 

  

844 

 

 

 

 

 

Boring ID: Site D2- 2 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 148

2 1 148

3 1 148

4 1 148

5 1 148

6 1 148

7 1 148

8 1 148

9 1 148

10 1 243

11 1 243

12 1 270

13 1 270

14 1 270

15 1 270

16 1 300

17 1 319

18 1 319

19 1 319

20 1 297

21 1 297

22 1 265

23 1 265

24 1 265

25 1 265

26 1 265

27 1 292

28 1 292

29 2 342

30 2 342

31 2 342

32 2 342 36

33 2 415

34 2 415

35 2 415

36 2 415

37 2 415 46

38 2 502

39 2 502

40 2 502

41 2 502

42 2 502

43 2 502 58

halfspace 700

SHAKE MODEL (SITE D2-2)

16 1/2

9 18

 1/2 17

8

4

18

19



 

  

845 

 

 

 

 

Boring ID: Site 212 ECU 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 195

2 1 195

3 1 195

4 1 183

5 1 183

6 1 183

7 1 181

8 1 181

9 1 181

10 1 185

11 1 185

12 1 185

13 1 185

14 1 185

15 1 185

16 1 185

17 1 185

18 1 185 18

19 1 271

20 1 271

21 1 271

22 1 271

23 1 271 23

24 1 350

25 1 350

26 1 350

27 1 350

28 1 350

29 1 459

30 1 459

31 1 459

32 1 459

33 1 459

34 1 459

35 1 467

36 1 467

37 1 467

38 1 467

39 1 467

40 1 467

41 1 467

42 2 467

43 2 467 45

halfspace 700

 1/2 16

SHAKE MODEL (SITE 212 ECU)

7 17

9

8

18

19



 

  

846 

 

Geotechnical zone D3a 

Deltaic-estuarine deposits (Nothern of Guayaquil City) 

 

 

Boring ID: Site 209 ECU 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 82

2 1 82

3 1 82 3

4 1 74

5 1 74

6 1 74 6

7 1 78

8 1 78

9 1 78 9

10 1 99

11 1 99

12 1 99

13 1 99 13

14 1 107

15 1 107

16 1 107

17 1 107

18 1 107 18

19 1 162

20 1 162

21 1 162

22 1 162

23 1 162 23

24 1 165

25 1 165

26 1 165

27 2 215

28 2 215

29 2 215

30 2 215 34

31 1 216

32 2 216

33 2 216

34 2 216 41

35 3 224

36 3 224

37 3 224 50

38 3 415

39 4 415

40 4 415 61

41 4 502

42 5 502

43 5 502 75

halfspace 800

SHAKE MODEL (SITE 209 ECU)

16 1/2

9
18

4

19

8



 

  

847 

 

 

Boring ID: Site 218 ECU 

 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 84

2 1 84

3 1 84 3

4 1 87

5 1 87

6 1 87

7 1 87

8 1 118

9 1 118 9

10 1 118

11 1 118

12 1 175

13 1 175 13

14 1 175

15 1 175

16 1 175

17 1 188

18 1 188 18

19 1 188

20 1 188

21 1 188

22 1 217

23 1 217 23

24 1 217

25 1 217

26 1 217

27 1 217 27

28 2 257

29 2 257

30 2 257

31 1 257 34

32 2 322

33 2 322

34 3 322 41

35 2 341

36 3 341

37 3 341 49

38 3 372

39 4 372

40 4 372 60

41 5 502

42 5 502

43 5 502 75

halfspace 800

SHAKE MODEL (SITE 218 ECU)

18

 1/2

9

16

19

8

4



 

  

848 

 

 

 

Boring ID: Site 221 ECU 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 119

2 1 119

3 1 119 3

4 1 119

5 1 108

6 1 108

7 1 103

8 1 103

9 1 103 9

10 1 105

11 1 105

12 1 105

13 1 105 13

14 1 105

15 1 105

16 1 105

17 1 105

18 1 105 18

19 1 105

20 1 105

21 1 105

22 1 105

23 1 105 23

24 1 105

25 1 105

26 1 123

27 2 123 28

28 2 123

29 2 123

30 2 145 34

31 1 322

32 2 322

33 2 322

34 2 322 41

35 2 341

36 3 341

37 3 341 49

38 3 372

39 4 372

40 4 372 60

41 5 502

42 5 502

43 5 502 75

halfspace 800

 1/2

17

SHAKE MODEL (SITE 221 ECU)

16

18

8

19

4



 

  

849 

 

 

 

Boring ID: Site D3a- 1 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 93

2 1 93

3 1 93

4 1 93

5 1 93

6 1 93

7 1 93

8 1 93

9 1 93

10 1 93

11 1 120

12 1 120

13 1 88

14 1 88

15 1 88

16 1 88

17 1 130

18 1 130 18

19 1 177

20 1 177

21 1 229

22 1 229

23 1 276

24 1 276 24

25 1 254

26 1 254

27 2 257

28 2 257

29 2 257

30 2 257 34

31 1 322

32 2 322

33 2 322

34 2 322 41

35 2 341

36 3 341

37 3 341 49

38 3 372

39 4 372

40 4 372 60

41 5 502

42 5 502

43 5 502 75

halfspace 800

SHAKE MODEL (SITE D3a-1)

 1/2 16

18

9

8

19

4



 

  

850 

 

 

 

Boring ID: Site D3a- 2 

 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 85

2 1 85

3 1 85

4 1 95

5 1 95

6 1 95

7 1 95

8 1 95

9 1 95

10 1 95

11 1 95

12 1 89

13 1 89

14 1 89

15 1 89

16 1 89

17 1 89

18 1 89

19 1 121

20 1 121

21 1 159

22 1 159

23 1 174

24 1 174

25 1 174

26 2 209

27 2 209 29

28 1 280

29 2 280 32

30 2 330

31 1 330 35

32 2 322

33 2 322

34 2 322 41

35 2 341

36 3 341

37 3 341 49

38 3 372

39 4 372

40 4 372 60

41 5 502

42 5 502

43 5 502 75

halfspace 800

SHAKE MODEL (SITE D3a-2)

8

19

4

 1/2

9

18

16



 

  

851 

 

 

 

Boring ID: Site D3a- 3 

 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 97

2 1 97

3 1 97 3

4 1 97

5 1 97

6 1 97

7 1 97

8 1 97

9 1 97 9

10 1 104

11 1 104

12 1 104

13 1 104 13

14 1 130

15 1 130

16 1 130

17 1 130

18 1 130 18

19 1 173

20 1 220

21 1 220

22 1 220

23 1 220

24 1 220

25 1 220

26 1 220

27 1 220 27

28 1 220

29 1 220

30 2 220 31

31 2 315

32 2 315 35

33 3 322

34 3 322 41

35 2 341

36 3 341

37 3 341 49

38 3 372

39 4 372

40 4 372 60

41 5 502

42 5 502

43 5 502 75

halfspace 800

16

17

SHAKE MODEL (SITE D3a-3)

 1/2

8

18

19

4



 

  

852 

 

 

 

Boring ID: Site D3a- 4 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 102

2 1 102

3 1 102 3

4 1 102

5 1 102

6 1 102

7 1 102

8 1 102

9 1 102 9

10 1 102

11 1 102

12 1 125

13 1 125 13

14 1 142

15 1 142

16 1 142

17 1 177

18 1 177 18

19 1 177

20 1 177

21 1 192

22 1 192

23 1 192

24 1 203

25 1 203

26 1 203

27 1 203 27

28 1 203

29 1 203

30 1 252 30

31 2 252 32

32 3 310 35

33 3 322

34 3 322 41

35 2 341

36 3 341

37 3 341 49

38 3 372

39 4 372

40 4 372 60

41 5 502

42 5 502

43 5 502 75

halfspace 800

SHAKE MODEL (SITE D3a-4)

16

 1/2

17

19

4

8

18



 

  

853 

 

 

Geotechnical zone D3b 

Deep deltaic-estuarine deposits (Central-West of Guayaquil City) 

 

Boring ID: Site 210 ECU 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 2 94

2 2 94

3 2 94 6

4 2 95

5 2 95

6 2 95 12

7 2 80

8 2 80

9 2 80

10 1 80 19

11 2 140

12 2 140

13 2 140 25

14 2 140

15 2 197

16 2 197 31

17 2.5 197

18 2.5 197 36

19 2 232

20 2 232 40

21 2 254

22 2 254

23 2 254

24 2 254

25 3 254

26 3 254

27 3 254 57

28 3 270

29 3 270

30 3 270

31 3 270 69

32 4 285

33 4 285 77

34 5 285 82

35 4 317

36 4 317

37 5 317

38 5 317 100

39 5 415

40 5 415 110

41 5 502

42 5 502

43 5 502 125

44 halfspace 900

4

10

11

13

8

12

 1/2

SHAKE MODEL (SITE 210 ECU)

16

17

18

19



 

  

854 

 

 

 

 

Boring ID: Site 211 ECU 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 117

2 1 117

3 1 117

4 1 117

5 1 117

6 1 117 6

7 1 98

8 1 98

9 1 98

10 1 98

11 1 98

12 1 98

13 1 153

14 1 153

15 1 153

16 1 153

17 1 153

18 2 217

19 2 217 21

20 2 217

21 2 217

22 2 217 27

23 2 248

24 3 248

25 4 248 36

26 5 250

27 5 250 46

28 5 250

29 5 250 56

30 4 258

31 4 258

32 5 258 69

33 4 272

34 4 272

35 5 272 82

36 5 291 87

37 6 291 93

38 4 333

39 5 333 102

40 5 415

41 6 415 113

42 6 502

43 6 502 125

44 halfspace 900

SHAKE MODEL (SITE 211ECU)

16

18

19

9

8

4

11

10

 1/2



 

  

855 

 

 

 

Boring ID: Site D3b- 1 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 0.5 84

2 0.5 84

3 0.5 84

4 0.5 84

5 1 84

6 1 84

7 1 84 5

8 1 105

9 1 105

10 1 105

11 1 105

12 1 105 10

13 1 95

14 1 95

15 1 95

16 1 95

17 1 95 15

18 2 231

19 2 231

20 2 231

21 2 231

22 2 231 25

23 2 231 27

24 4 248

25 5 248 36

26 5 250

27 5 250 46

28 5 250

29 6 250 57

30 4 258

31 4 258

32 4 258 69

33 4 272

34 4 272

35 5 272 82

36 5 291

37 6 291 93

38 4 333

39 5 333 102

40 5 415

41 6 415 113

42 6 502

43 6 502 125

44 halfspace 900

9

8

4

10

11

16

18

19

 1/2

SHAKE MODEL (SITE D3b-1)



 

  

856 

 

 

 

 

Boring ID: Site D3b- 2 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 (
m

)

1 1 83

2 1 83

3 1 83

4 1 83

5 1 83

6 1 83

7 1 83 7

8 1 83

9 1 83

10 1 189

11 1 189

12 1 189 12

13 1 189

14 1 189

15 1 189

16 1 218

17 1 218

18 1 218 18

19 1 240 19

20 2 280

21 2 280

22 2 280 25

23 2 280 27

24 4 248

25 5 248 36

26 5 250

27 5 250 46

28 5 250

29 6 250 57

30 4 258

31 4 258

32 4 258 69

33 4 272

34 4 272

35 5 272 82

36 5 291

37 6 291 93

38 4 333

39 5 333 102

40 5 415

41 6 415 113

42 6 502

43 6 502 125

44 halfspace 900

9

8

4

10

11

SHAKE MODEL (SITE D3b-2)

19

 1/2 16

18



 

  

857 

 

 

Boring ID: Site D3b- 3 

 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 (
m

)

1 2 160

2 2 160 4

3 2 80

4 2 80

5 2 80

6 2.5 80

7 2.5 80 15

8 2 77

9 2 77

10 2 77

11 2 77

12 2 77 25

13 2 190

14 2 190 29

15 1 204

16 2 204

17 2 204

18 2 204 36

19 2 232

20 2 232 40

21 2 254

22 2 254

23 2 254

24 2 254

25 3 254

26 3 254

27 3 254 57

28 3 270

29 3 270

30 3 270

31 3 270 69

32 4 285

33 4 285

34 5 285 82

35 4 317

36 4 317

37 5 317

38 5 317 100

39 5 415

40 5 415 110

41 5 502

42 5 502

43 5 502 125

44 halfspace 900

 1/2

12

13

8

SHAKE MODEL (SITE D3b-3)

16

17

18

19

4

10

11



 

  

858 

 

Geotechnical zone D4 

Alluvial deposits (Northern of Guayaquil City) 

 

 

Boring ID: Site D4- 1 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 101

2 1 101

3 1 131 3

4 1 88

5 1 88

6 1 130 6

7 1 159

8 1 159

9 1 159

10 1 194 10

11 1 194

12 1 194

13 1 146

14 1 146 14

15 1 139

16 1 139

17 1 139

18 1 139 18

19 1 139

20 1 139 20

21 1 139

22 1 207

23 1 216 23

24 1 268

25 2 268

26 2 268 28

27 2 273 30

28 2 273

29 2 273 34

30 2 263

31 2 263

32 3 263 41

33 2 272

34 2 272 45

35 2 272

36 3 272 50

37 2 271

38 2 271 54

39 3 271

40 3 271 60

41 3 271

42 3 271

43 3 271 69

44 halfspace 700

SHAKE MODEL (SITE D4-1)

4

19

 1/2

18

16

9

8



 

  

859 

 

 

 

Boring ID: Site D4- 2 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 110

2 1 110

3 1 110 3

4 1 133

5 1 96

6 1 96 6

7 1 180

8 1 180

9 1 180

10 1 125 10

11 1 125

12 1 125

13 1 125

14 1 125 14

15 1 125

16 1 125

17 1 170

18 1 170 18

19 1 170

20 1 170 20

21 1 170

22 1 170

23 1 205 23

24 1 205

25 2 205

26 2 205 28

27 2 205 30

28 2 160

29 2 160

30 2 160

31 2 160 38

32 2 230

33 2 230 42

34 2 281 44

35 1 281

36 3 415 48

37 2 415

38 2 415 52

39 4 415 56

40 3 502 59

41 3 502

42 3 502

43 4 502 69

44 halfspace 700

19

17

8

4

 1/2

 1/2

16

SHAKE MODEL (SITE D4-2)

9 18

 1/2

9 18

16



 

  

860 

 

 

Boring ID: Site D4- 3 

 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 123

2 1 123

3 1 123 3

4 1 135

5 1 135

6 1 135 6

7 1 107

8 1 107

9 1 107

10 1 126 10

11 1 126

12 1 126

13 1 126

14 1 126 14

15 1 156

16 1 156

17 1 156

18 1 156 18

19 1 156

20 2 156 21

21 2 156

22 2 156 25

23 1 181 26

24 1 181

25 1 181

26 2 181 30

27 2 181 32

28 1 213

29 1 213

30 2 213

31 2 181 38

32 2 200

33 2 200 42

34 1 253 43

35 1 253

36 1 321 45

37 2 415

38 2 415 49

39 4 415 53

40 3 415 56

41 4 502

42 4 502

43 5 502 69

44 halfspace 700

17

8

19

4

 1/2

 1/2

SHAKE MODEL (SITE D4-3)

9 18
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861 

 

 

Boring ID: Site 219 ECU 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 122

2 1 122

3 1 122 3

4 1 113

5 1 113

6 1 113 6

7 1 117

8 1 117

9 1 117

10 1 115 10

11 1 115

12 1 115

13 1 115

14 1 105 14

15 1 105

16 1 105

17 1 105

18 1 105 18

19 1 164

20 1 164 20

21 1 164

22 2 164 23

23 1 268 24

24 1 268

25 1 268

26 2 268 28

27 2 273 30

28 1 273

29 1 273

30 2 273

31 2 263 36

32 2 263

33 2 263 40

34 1 263 41

35 1 272

36 1 272 43

37 3 272

38 3 272 49

39 4 272 53

40 3 272 56

41 4 272

42 4 272

43 5 272 69

44 halfspace 700

SHAKE MODEL (SITE219 ECU)

 1/2
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 1/2

16
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9
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Boring ID: Site 217 ECU 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 125

2 1 125

3 1 125 3

4 1 125

5 1 125

6 1 125 6

7 1 108

8 1 108

9 1 108

10 1 108 10

11 1 108

12 1 108

13 1 189

14 1 189 14

15 1 189

16 1 189

17 1 189

18 1 189 18

19 1 189

20 1 419 20

21 1 419

22 1 419

23 1 419 23

24 1 419

25 1 419

26 1 419 26

27 1 419 27

28 2 414

29 2 414 31

30 2 414

31 2 414

32 3 401 38

33 2 401

34 3 401

35 3 401 46

36 3 429 49

37 2 429

38 2 429 53

39 2 429

40 3 428 58

41 3 428

42 4 428

43 4 428 69

44 halfspace 700

SHAKE MODEL (SITE 217 ECU)

 1/2 16

20
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10
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Geotechnical zone D5 

Shallow lacustrine deposits (Northern West of Guayaquil City) 

 

 

Boring ID: Site D5- 1 

 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 0.5 164

2 0.5 164

3 0.5 196 1.5

4 0.5 196

5 1 279

6 1 270 4

7 1 312

8 1 312 6

9 1 331

10 1 331 8

11 1 331

12 1 331

13 1 331

14 1 331 12

15 1 331

16 1 331

17 1 331

18 1 331 16

19 1 331

20 1 331 18

21 1 331

22 1 331

23 1 331 21

24 1 406

25 1 406

26 2 406 25

27 2 406 27

28 halfspace 700

10 19

SHAKE MODEL (SITE D5-1)

 1/2 17
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Boring ID: Site D5- 2 

 

 

 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 152

2 1 139

3 1 131 3

4 1 193

5 1 250

6 1 300 6

7 1 300

8 1 300

9 1 300

10 1 300 10

11 1 300

12 1 300

13 1 300

14 1 300 14

15 1 300

16 1 300

17 1 331

18 1 331 18

19 1 331

20 1 331 20

21 1 331

22 1 406

23 1 406 23

24 1 406

25 1 406

26 1 406 26

27 1 406 27

28 halfspace 700

SHAKE MODEL (SITE D5-2)

 1/2
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17
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Boring ID: Site 220 ECU 

 

 

 

 

 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 143

2 1 143

3 1 143 3

4 1 170

5 1 170

6 1 170 6

7 1 170

8 1 291 8

9 1 291

10 1 291 10

11 1 291

12 1 300

13 1 300

14 1 300 14

15 1 300

16 1 300

17 1 331

18 1 331 18

19 1 331

20 1 331 20

21 1 331

22 1 406

23 1 406 23

24 1 406

25 1 406

26 1 406 26

27 1 406 27

28 halfspace 700

SHAKE MODEL (SITE220 ECU)

 1/2
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Boring ID: Site D5- 4 

 

 

 

 

 

 

 

 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 284

2 1 284

3 1 139 3

4 1 106

5 1 296

6 1 403 6

7 1 296

8 1 360 8

9 1 360

10 1 360 10

11 1 360

12 1 360

13 1 360

14 1 331 14

15 1 331

16 1 331

17 1 331

18 1 331 18

19 1 331

20 1 331 20

21 1 331

22 1 406

23 1 406 23

24 1 406

25 1 406

26 1 406 26

27 1 406 27

44 halfspace 700

SHAKE MODEL (SITE D5-4)

 1/2 17

10 19



 

  

867 

 

Geotechnical zone D6 

Shallow residual soil deposits, near rock sites (West of Guayaquil City) 

 

Boring ID: Site 215 ECU 

 

 

Boring ID: Site 222 ECU 

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 1 310

2 1 310

3 1 310 3

4 1 310

5 1 310

6 1 310 6

7 1 310

8 1 310

9 1 333

10 1 333 10

11 1 333

12 1 333

13 1 333

14 1 333 14

15 1 333

16 1 333

17 1 333 17

18 2 415 19

19 2 415

20 2 415 23

21 2 415

22 2 415

23 1 415 28

24 2 502

25 3 502

26 3 502 36

27 3 502 39

44 halfspace 700

SHAKE MODEL (SITE 215 ECU)

10 19

Material layer No.
thickness 

(m)

Unit 

Weight 

(kN/m
3
)

Vs (m/s)

d
e

p
th

 

(m
)

1 0.5 176

2 0.5 176

3 0.5 151 1.5

4 0.5 151

5 0.5 121

6 0.5 121 3

7 0.5 121 3.5

44 halfspace 700

SHAKE MODEL (SITE 222 ECU)

10 19
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