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Confined masonry is a popular, non-engineered building technique used 

throughout the world. It is especially prevalent in Latin America and Asia and is a 

seismically safe alternative to unreinforced masonry and masonry infilled frames. 

Despite its wide use relatively little research has been conducted on these systems 

especially on large deformation behavior. When available, experimental studies are 

usually terminated at 80% post-peak strength. Numerical and analytical efforts either 

are unable to predict ultimate damage states or they predefine failure modes. 

Quantification of the ultimate capacity of confined masonry could significantly 
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improve the relevance and applicability of catastrophe models for pre-disaster 

planning and post-disaster response efforts. Nonetheless, a large research gap exists of 

how structural features of confined masonry contribute to its seismic performance. 

Advancements in this area could improve and clarify current design recommendations. 

In an effort to close the knowledge gap, a detailed numerical model is 

developed of a traditionally built confined masonry shearwall. A micro modeling 

approach is taken using the discrete element method, which computes the motion and 

interactions of a large number of discrete individual bodies. This approach allows for 

realistic and detailed joint behavior as well as large deformations. The model 

successfully captured the initial stiffness, peak strength, and stiffness degradation of 

an experimentally tested confined masonry wall. Validation of this numerical 

approach was performed against micro material tests, as well as the in-plane pushover 

testing of an unreinforced masonry shearwall. Accuracy of the model, however, is 

limited by the availability of enumerated joint behavior in the shear and normal 

directions.  

The confined masonry shearwall model was then adapted to perform a 

parametric numerical investigation of geometric and material aspects on seismic 

performance. Preliminary results suggest that the relative stiffness of the masonry 

panel to the reinforced concrete frame is of primary importance to lateral capacity. 

. 
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CHAPTER 1 INTRODUCTION 

1.1 PROJECT ORIENTATION 

Earthquakes strike developed and developing countries indiscriminately. Yet 

impacts from these events are anything but discriminate. The effect of earthquakes is 

disproportionately severe in economically struggling nations. Every year, roughly 

60,000 people throughout the world die as a result of seismic events, more than any 

other natural disaster (Kenny 2009). Approximately 90% of these victims reside in 

developing countries. This phenomenon is highlighted in Table 1-1 by comparing the 

world’s ten deadliest earthquakes in the last three decades with their income category, 

as ranked by the World Bank. Of these events, all but one occurred in a developing 

country. In contrast, the majority of economic losses from earthquakes occur in high 

income developed countries, shown in Table 1-2. 

Unfortunately, this disparate impact from disasters in developed and 

developing countries is likely to worsen in the future. According to the United 

Nations, the world’s population is expected to rise from 7.0 billion in 2011 to 9.3 

billion in 2050 (United Nations 2012). An ongoing global shift from agrarian to 

industrialized economies is driving individuals toward cities and away from rural 

areas. Subsequently, the global population residing in urban areas is expected to 

increase 72% by 2050 to 6.3 billion. Virtually all of this growth is expected to occur in 

developing countries.  
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Table 1-1: List of the ten deadliest earthquakes since 1980 (USGS 2013) and their relative income 
category (Bank 2013). Countries of low and middle income are considered to be developing. 

Rank Event and Location Mw 
Estimated 
Fatalities 

Losses1 
(US$ m) 

Income  
Category 

1 2004 Indian Ocean, Indonesia 9.1 227,898 11,200 Lower Middle 

2 2008 Sichuan, China 7.9 87,587 85,000 Upper Middle 

3 2005 Kashmir, Pakistan 7.6 86,000 5,200 Lower Middle 

4 2010 Haiti 7.0 <85,0002 8,000 Low 

5 1990 Manjil-Rudbar, Iran 7.4 50,000 7,100 Upper Middle 

6 2003 Bam, Iran 6.6 31,000 500 Upper Middle 

7 1988 Spitak, Armenia 6.8 25,000 14,000 Lower Middle 

8 2011 Tohoku, Japan 9.0 20,896 210,000 High 

9 2001 Gujarat, India 7.6 20,085 4,600 Lower Middle 

10 1999 Izmit, Turkey 7.6 17,118 12,000 Upper Middle 

 

Table 1-2: List of the ten costliest earthquakes since 1980 (USGS 2013) and their relative income 
category (Bank 2013). Countries of low and middle income are considered to be developing. 

Rank Event and Location Mw 
Estimated 
Fatalities 

Losses3 
(US$ m) 

Income  
Category 

1 2011 Tohoku, Japan 9.0 20,896 210,000 High 

2 1995 Kobe, Japan 6.9 5,502 100,000 High 

3 2008 Sichuan, China 7.9 87,587 85,000 Upper Middle 

4 1994 Northridge, USA 6.7 61 44,000 High 

5 2010 Bio-Bio, Chile 8.8 520 30,000 High 

6 2004 Honshu, Japan 6.6 46 28,000 High 

7 2011 Christchurch, New Zealand 6.3 185 16,000 High 

8 May & June 2012 Bologna, Italy 5.8/4.5 18 16,000 High 

9 1988 Spitak, Armenia 6.8 25,000 14,000 Lower Middle 

10 1999 Taiwan, China 7.6 2,415 14,000 Upper Middle 

                                                 
1 Original values; not adjusted for inflation. Losses include estimated insured and uninsured losses. 
MunichRe (2013a). Significant natural catastrophes 1980 - 2012: 10 deadliest earthquake events 
worldwide, NatCatSERVICE, Munich Reinsurance Company. 
2 Estimated fatalities from this event vary widely. The Haitian government reported 316,000 were 
killed. An unpublished report commissioned by USAID estimates between 46,000 and 85,000 were 
killed. Lang, A. and J. D. Marshall (2011). "Devil in the Details: Success and Failure of Haiti's 
Nonengineered Structures." Earthquake Spectra 27(S1): S345-S372. 
3 Original values; not adjusted for inflation. Losses include estimated insured and uninsured losses 
MunichRe (2013b). Significant natural catastrophes 1980 - 2012: 10 costliest earthquake events 
worldwide ordered by overall losses, NatCatSERVICE, Munich Reinsurance Company. 
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Rapid urban population growth in developing countries commonly occurs 

informally without formal land use planning, government oversight, or building code 

enforcement. The vulnerability of these habitations to natural hazards, such as 

flooding, landslide, and proximity to seismic faults is too commonly overlooked or 

ignored altogether. In 2011 there were 23 megacities in the world, defined by the UN 

as having at least ten million individuals. By 2025 there will be 37 megacities. Many 

of these metropolises are vulnerable to significant and multiple natural hazards, any of 

which could cause widespread destruction and loss of life. Figure 1-1 specifically 

highlights the earthquake risk that these megacities are vulnerable to. Many of these 

metropolises are located in moderate to high seismic regions, most notably in Central 

and South America, Asia, and the Middle East. 

 

Figure 1-1: Global map of earthquake risk binned by hazard deciles and estimated population in 
2025 for the world’s largest megacities (United Nations 2012). 
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1.1.1 The Problem with Masonry 

Masonry is the most common building material used in the world. The 

simplicity of assembling a structure with pieces of stone, bricks or blocks is an 

intuitive technique used since early human history. A variety of masonry types are 

used in the world today, from earthen materials like adobe to cured concrete blocks 

and kiln-fired clay bricks. Much of masonry construction is non-engineered, 

unreinforced, and prevalent in the world’s most earthquake hazard prone areas (see 

Figure 1-2).  

The most prevalent types of masonry are clay brick and concrete masonry units 

(CMU). In India, the world’s second most populous country, brick construction makes 

up 48% of the housing stock (United Nations 2011). Dwellings in Mexico are almost 

exclusively reinforced concrete frames infilled with unreinforced brick masonry walls: 

86% overall and 92% in urban areas. The percentage of brick masonry dwellings in 

other seismically vulnerable countries include: 42% in Chile; 61% in Peru; 85% in 

Malaysia; 56% in Armenia; and between 30-40% in Italy (United Nations 2011).  

Of the estimated 60,000 people who are killed annually from earthquakes, over 

75% die due to the full or partial collapse of residential structures (Coburn 2002). This 

statistic coupled with the author’s experiences surveying post-earthquake damage in 

developing countries has motivated and directed this research effort toward studying 

the informal building practice of residential masonry structures. The term “informal” 

applies to dwellings that are non-engineered and self-made, as is common in 

developing countries. It is the author’s ultimate ambition, in part through this 
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investigation, to document, understand, communicate, and one day improve upon the 

seismic performance of these dwellings.  

a)   

b)  

Figure 1-2: Global distribution of a) earthen architecture, and b) areas of moderate to high 
seismicity (GSHAP 2009). It is estimated that 30% of the world’s population resides in earth-

made construction (Houben and Guillaud 1994). 

In general, non-engineered structures are assembled with poor quality or 

untested materials. Craftsmanship can vary widely and is frequently performed by the 

owner-inhabitant over significant time. The cost to hire a local engineer or skilled 

builder is often a foregone luxury. Construction oversight and code enforcement can 
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be infrequent or nonexistent. As a result of these deficiencies, such structures are 

vulnerable to severe earthquake damage and collapse.  

Given the extensive nature of unreinforced masonry (URM) throughout the 

world, it is essential to anticipate and understand its behavior during seismic events in 

order to mitigate the consequences. A single event can result in countless deaths, 

devastated economies, and social and political upheaval. Recovery can take years, 

even decades, or not occur at all. Mitigating the consequences of an earthquake can be 

achieved through pre-event measures, such as awareness campaigns and infrastructure 

strengthening. The first step, however, is anticipating the degree of devastation. This 

metric can be calculated by estimating the seismic performance of the building stock, 

produced through engineering research and empirical assessment of past events. 

Predictive tools provide a powerful means for anticipating and communicating 

estimated costs and casualties of a disaster. By providing decision-makers and the 

populace with an anticipated scope of a disaster, one can take the first step toward 

reducing that scope. 

1.1.2 Predictive Modeling as One Solution 

In May 2008, a magnitude 7.9 earthquake struck Eastern Sichuan, China, 

killing nearly 90,000 people. Initial reports understated the scope of the disaster. 

Communication lines and roads were destroyed, isolating numerous villages from 

receiving help. Within 20 minutes of the event, however, the United States Geological 

Survey (USGS) issued a notification to media, government agencies, and emergency 

responders detailing the estimated severity of the event. This report included the 
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population exposed to severe shaking and, importantly, where they were located. 

Although villagers could not communicate their need for help, emergency responders 

could begin planning to provide it. 

The USGS developed the Prompt Assessment of Global Earthquakes for 

Response (PAGER) system to rapidly disseminate information about significant 

seismic events. PAGER is one of several predictive and real-time models for 

estimating global earthquake damage; the Global Earthquake Model (GEM) is another 

notable system (GEM 2010). Through improvement of the models upon which these 

methods are based earthquake damage in developing countries can be mitigated. In 

addition to facilitating post-event response efforts, these predictive methods offer a 

highly effective means to educate and communicate seismic risk to decision-makers 

and home-owners alike in a pre-disaster context. By using predictive modeling, the 

author ultimately seeks to empower end-users with knowledge of what is likely to 

happen during an earthquake. The research described herein is a step toward this goal 

by first examining the seismic performance of masonry buildings and establishing a 

reliable numerical modeling approach with which to move toward capturing collapse. 

The choice to focus this research on predictive modeling has come about only 

after exploring other avenues for achieving seismic safety in developing countries. Of 

course, the engineering knowledge exists to build safely. The challenge instead can 

arguably be reduced to a problem of communication: how does one disseminate 

information to builders and home-owners in such a way as to convince them to build 
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differently? This problem demands a multitude of expertise and talents, normally 

outside the scope of an engineer. 

Tha author struggled with this question for years. As an undergraduate student 

she developed a seismic dampening device that could be implemented cheaply and 

easily in developing countries. It was an effective engineering solution but 

implementing and disseminating knowledge of it was a challege. Traveling to an 

earthquake affected area and handing out fliers or building demonstration homes was 

considered. Later, educational avenues outside engineering were considered including 

advanced degrees in social science, emergency management, and even political 

science, all with the intent to better comprehend the implementation aspects of seismic 

safety. While there is value in these tangential explorations, the author’s aptitude and 

training remains squarely in engineering and technology. Seismically safe solutions 

require sound technical basis, yet are only successfully implemented with an 

awareness and appreciation of other skills. 

1.2 LESSONS LEARNED THROUGH OBSERVATION & TESTING 

To mitigate earthquake damage in developing countries, some solutions have 

been born through generations of real-world testing and observation, such as the large 

displacement capacity of traditional Japanese mortise and tenon or the flexible 

behavior of historic waddle and daub construction. Novel solutions originating from 

fundamental theories and reasoning also abound. For example, the use of straw bales 

is gaining popularity as an alternative building material due to its affordability, ease of 

construction, and its exceptional thermal properties. Yet the large energy dissipation 
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capacity also makes it ideal to use in seismic regions (Ash, Aschheim et al. 2004). 

Bamboo is another example of an inexpensive building alternative with beneficial 

seismic properties. This material has been successfully implemented in the 

strengthening of traditional adobe buildings in Latin America (Dowling 2004; Samali, 

Dowling et al. 2008).  

From the author’s attempt to provide an effective and accessible means of 

reducing earthquake damage in developing countries, a seismic protection device that 

uses readily available inexpensive materials was developed and tested. A scrap tire 

filled with aggregate placed at the foundation level of a building provides a 

surprisingly effective means of reducing earthquake accelerations. Figure 1-3 

schematically describes this system. 

a)   b)  

c)  

Figure 1-3: Proposed inexpensive seismic protection device using a scrap tire and aggregate, 
including a) placement overview, b) foundation detail, and c) load transfer mechanisms. 
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Dynamic and static pushover tests were performed on the tire system and the 

results are very promising: over 30% damping and at least a 6 inch displacement 

capacity (see Lang and Sargent (2002) and Lang, Veletzos et al. (2004)). Three 

different aggregates (soil, sand, and crushed granite) were tested in conjunction with 

two axial load levels (representing different tributary layouts). A sample of static and 

dynamic results from one of the aggregate-axial load combinations is shown in Figure 

1-4. Static pushover results are summarized in Table 1-3. For short, single-family 

structures assembled with brittle masonry materials, this technique could prove 

extremely effective at reducing earthquake damage.  

 

Figure 1-4: Sample of dynamic and static testing results of a scrap tire filled with aggregate. 
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Table 1-3: Summary of static pushover test results of a scrap tire filled with different aggregates. 

Description 
Vertical 

Load 
(kips) 

E Loop 
(Area) 

F+ 
(kips) 

F 
(kips) 

D+ 
(in) 

D- 
(in) 

Keff 

(kips/in) 
Damping 

(%) 

Sand 
Lightweight 

2.75 2.52 2.1 -2.1 0.6 -0.6 3.5 32 

Sand 
Heavyweight 

4.875 4.95 3.3 -3.3 0.75 -0.75 4.4 32 

Rock 
Lightweight 

2.75 3.4 1.7 -1.7 1 -1 1.7 32 

Rock 
Heavyweight 

4.875 8.75 3.5 -3.5 1.25 -1.25 2.8 32 

Rock Super-
Heavyweight 

9 13.68 5.7 -5.7 1.2 -1.2 4.75 32 

 

This project first ignited the author’s interest in seismic design issues in 

developing countries; a path which has lead to this current research. The disparate 

problem of earthquake damage in developing countries is framed by many non-

technical issues, as mentioned. Any effective, sustainable solution must work within 

significant constraints. The design process for the tire system began by first 

considering the most obvious restrictions. Of course, it is not practical to rebuild 

poorly-built structures. Hence, the proposed solution should be either a retrofit or a 

redesign to be implemented post-disaster. The latter was chosen. Next, the availability 

and cost of materials must be considered: steel reinforcement and cement for concrete 

are cost-prohibitive, and wood should not be assumed to be available. Thus, utilization 

of existing or readily available materials was required: there is an abundance of used 

tires anywhere in the world, and sand or rock aggregate can be obtained cheaply or 

freely sourced. Third, the design and implementation of any method had to be 

straightforward and involve a minimal change to longstanding building techniques and 

traditions. In the imagined implementation of the tire system, changes to existing 
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architecture or assembly methods were avoided; tires were just added to the 

foundation. It was hoped for that by instructing a few individuals they might in turn 

pass on the building technique to others.  

Saving the world from poorly built houses, however, is not a problem that can 

be so readily deduced as first thought. Disseminating information about the tire system 

is not as simple as traveling to a vulnerable area and passing out leaflets. From lessons 

learned during post-disaster reconnaissance investigations in Mexico, offering 

purported “fixes” may not be welcomed. It can be viewed with suspicion or encroach 

on local politics or hierarchies.  

And as much as the design of this technique was simplified and accounted for 

in-situ conditions, the system still requires very specific assembly techniques in order 

to function properly. Two foundations are needed between which the tires are 

sandwiched (see Figure 1-3). This is not an insignificant cost or a minor construction 

modification. If it was built incorrectly, it could cause more damage. Also, the 

aggregate material that the tire is filled with requires special attention: a cohesive 

material such as a clayey soil can amplify accelerations, and if located in a flood zone, 

the aggregate can wash away. From lessons learned in India, construction and 

engineering practices are systemic and can be insurmountable to alter, even if 

incorrect. 

Simply put: there is no easy answer. Every purported “solution” is multifaceted 

and requires expertise well beyond the author’s technical training. Nonetheless, the 

complexity of this problem fascinates. The author redirected her efforts away from 
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singular engineering “fixes” and towards a more holistic approach. Or put differently, 

the focus shifted toward contributing technical skills to more encompassing methods. 

1.3 RISK ASSESSMENT & LOSS ESTIMATION 

1.3.1 History and Overview 

At its core, the great vulnerability to disasters in developing countries is a 

problem of economics and politics, enduring issues which cannot be resolved easily. 

Regardless, engineers and scientists still have the ability and a responsibility to 

educate decision-makers and the populace of potential risks and consequences. By 

using available tools, or inventing new ones, we strive to communicate, influence, and 

thus improve a society’s level of preparedness. While understanding earthquake risk 

and vulnerability is essential for the execution of mitigation efforts, communicating 

that risk is just as important. Informing governments and citizens alike of their seismic 

vulnerability is equivalent to empowering them; it is the most effective, long term 

strategy for bringing about change. The area of risk assessment and modeling is well 

positioned to determine and communicate that risk, particularly in developing 

countries.  

In the United States the field of risk assessment had humble beginnings 

compared with its present day sophistication. In the 1800s, residential insurers in the 

US hung maps marked with pins to display concentrations of wildfires and lightening; 

this was done to visualize financial exposure. The first metrics for quantifying natural 

hazards also emerged in the 1800s: seismographs and anemometers for measuring 

wind speed. The notion of estimating risk can be credited to the nuclear power 
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industry which made strides in the 1960s through the 1980s with the application and 

adaptation of Pascal’s probability theory to engineered systems. These components – 

measuring hazard and assessing, mapping and quantifying risk – evolved and merged 

to create today’s catastrophe models.  

In the past couple decades, public and private efforts have produced numerous 

earthquake catastrophe models for the estimation of insured and societal losses. The 

commercial sector has been largely driven by insurance and reinsurance clientele who 

seek rapid post-earthquake loss estimates. Consulting groups include Risk 

Management Solutions, AIR Worldwide, EQECAT, and Selena. Government 

developed models are used to quantify societal risk for pre-event planning and rapidly 

estimate post-event losses. These public efforts include Hazard US-MultiHazard 

(HAZUS-MH) in the United States (NIBS and FEMA 2003), HAZTURK in Turkey, 

and EQRM in Australia. On a global level the Russian software EXTREMUM and 

related QUAKELOSS programs estimate deaths and injuries for earthquakes 

anywhere in the world. Similarly, GDACS (www.gdacs.org) issues qualitative 

warnings to the international response community for all disaster types throughout the 

world.  

1.3.2 Methodology 

Quantitative earthquake loss estimation models, either proprietary or open-

source, all work in roughly the same manner. Calculations proceed through four 

different analytical stages: hazard, structural, damage, and loss. In the hazard analysis 

stage, the seismic location and magnitude of an earthquake are first determined, 



15 

 

followed by generation of a response spectrum using ground motion prediction 

equations. The reduced response spectrum is shown conceptually as a red line in 

Figure 1-5. During the structural analysis stage, a generalized building capacity curve 

is produced, indicated with a blue line in Figure 1-5. The response of a structure to the 

seismic demand is indicated by the intersection of the demand and capacity curves, 

which is referred to as the performance point. In HAZUS, these two stages of analysis 

– hazard and structural – combine to form the Capacity Spectrum Method (CSM). 

More information on CSM can be found in Freeman (1998a; 1998b) and Fajfar 

(1999). 

 

Figure 1-5: Example hazard and structural analysis stages of loss estimation. The intersection of 
the reduced seismic demand and the capacity curves is the performance point, used to determine 

probabilities of being in a particular damage state (ATC 1996). 

In the third damage analysis stage, the performance point found above is 

inputted into existing fragility functions which predict the probability that the structure 

has sustained a certain level of damage. This is shown schematically in Figure 1-6. 
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HAZUS categorizes damage into four states: slight, moderate, extensive, and complete 

(NIBS and FEMA 2003; Kircher, Whitman et al. 2006).  

 

Figure 1-6: Example fragility curves for slight, moderate, extensive and complete damage (NIBS 
and FEMA 2003). 

A qualitative description of the four damage states for unreinforced masonry is 

shown in Table 1-5. In the final loss analysis stage the probability of being in a 

damage stage is coupled with the loss experienced in that damage state to quantify an 

expected loss. This is shown conceptually in Figure 1-7. Risk is defined as the 

probability of an event occurring multiplied times the impact that that event can have. 

For earthquake risk assessment, the probability of being in a particular damage state 

coupled with the loss experienced in that state produces an expected loss or risk. As an 

example, the probability of structural collapse occurring in a given damage state, 

coupled with the subsequent fatality rate due to collapse, produces an expected fatality 

rate for that scenario. 
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Figure 1-7: Conceptual overview of the loss analysis stage of earthquake risk assessment. Risk is 
defined as the probability of an event occurring times the impact that that event can have. 

1.3.3 Global Expansion of HAZUS 

In the past, the USGS’s PAGER system produced rapid earthquake 

assessments worldwide by cross-referencing areas of severe shaking against the 

population exposed. Alerts were quickly generated and released to the international 

response community, providing a projected scope of the disaster. In 2008, efforts 

began to expand PAGER’s assessments from population exposed to estimated 

fatalities. Casualty estimates provide responders with a more accurate assessment of a 

disaster and improves the appropriateness of their response. In addition, the potential 

to forecast disasters using estimated fatalities as the metric is a powerful motivator to 

elicit change and implement mitigation efforts. 

The calculations for determining fatality rates in PAGER’s loss estimation 

methodology depend entirely on building collapse probability values. While 

population density, building occupancy, and even the time of day are considered, 

fatality estimates are based on the probability of structural collapse for a given level of 
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shaking. More information on fatality rate calculations can be found in (Jaiswal and 

Wald 2010). 

To provide fatality estimates, PAGER teamed up with the Earthquake 

Engineering Research Institute’s (EERI) World Housing Encyclopedia (WHE) in 

2008. The intent of the WHE-PAGER effort was to create a database of the world’s 

building stock and seismic vulnerability by utilizing WHE’s catalog of global building 

inventories and detailed structural characteristics. More information on the WHE-

PAGER project can be found in Porter, Jaiswal et al (2008b). One of the early steps in 

this effort was to identify archetypical building types worldwide for which little was 

known of their seismic performance. These structures are listed in Table 1-4.  

The intent of the WHE-PAGER effort was to determine damage state 

probabilities of each identified structure type for inclusion into PAGER. These 

damage state definitions include slight, moderate, extensive, and complete, as 

highlighted in Table 1-5 for unreinforced masonry construction. However, the PAGER 

system relies on the HAZUS loss methodology which is limited in applicability to the 

United States or in locations with similar building types (i.e., other Western countries). 

Subsequently, adjustments had to be made such that the seismic capacity of non-US 

structures could be rapidly determined within the HAZUS framework for PAGER. 

Essentially, damage state probabilities and related parameters, such as uncertainty, had 

to be determined for each building type. Initial efforts to subjectively query 

international engineers on the probabilities of collapse of buildings in their countries 

were unsuccessful, as these values were frequently overestimated. In turn, PAGER 
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developers adopted a three-pronged approach for obtaining fatality rates: empirical, 

semi-empirical, and analytical. 

Table 1-4: Structure types identified in the early stages of PAGER's expansion to include non-US 
housing types in its analysis. Ultimate damage states of these buildings were unknown at the time. 

Structure 
Number 

PAGER-
Structure 

Description of Structure 

1 W3 
Light post and beam wood frame (The floors and roofs do not act as 

diaphragms. No bracing, poor seismic load resistance path) 

2 W5 Walls with bamboo/light timber log/reed mesh and post (Wattle and Daub). 

3 W6 
Unbraced heavy post and beam wood frame with mud or other infill 

material 

4 M Mud walls (with or without timber). 

5 A1 Adobe block, mud mortar, wood roof and floors (Heavy roofing). 

6 A2 Adobe block, mud mortar, bamboo, straw, and thatch roof (Light roofing). 

7 A4 
Adobe block, mud mortar, reinforced concrete bond beam, cane and mud 

roof 

8 RS3 Local field stones with lime mortar. 

9 RS4 Local field stones with cement mortar, vaulted brick roof and floors 

10 DS2 Rectangular cut stone masonry block with lime mortar 

11 DS4 
Rectangular cut stone masonry block with reinforced concrete floors and 

roof 

12 MS Massive stone masonry in lime or cement mortar 

13 UCB Unreinforced concrete block masonry with lime or cement mortar 

14 UFB1 Unreinforced brick masonry in mud mortar without timber posts 

15 UFB3 Unreinforced brick masonry in lime mortar 

16 UFB5 
Unreinforced fired brick masonry, cement mortar, but with reinforced 

concrete floor and roof slabs 

17 RM3 Confined masonry 

18 C1 Ductile reinforced concrete moment frame with or without infill 

19 C3 Nonductile reinforced concrete frame with masonry infill walls 

20 C4 Nonductile reinforced concrete frame without masonry infill walls 

21 C6 Concrete moment resisting frame with shear wall - dual system 

22 PC3 
Precast reinforced concrete moment resisting frame with masonry infill 

walls 

23 S1 Steel moment frame 

24 S5 Steel frame with unreinforced masonry infill walls 
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The empirical PAGER loss model relies on a catalog of approximately 1000 

country-specific fatal seismic events to predict fatalities worldwide. This approach is 

broad and qualitative but offers a starting point in those locations where information is 

otherwise lacking. The semi-empirical model is similar to the empirical approach, but 

also accounts for structure type. This method can utilize subjective expert opinion as 

well as historical data. The fully analytical model relies on structural engineering 

principles and methods of analyses to determine rates of structural collapse. This loss 

modeling approach involves the HAZUS methodology and is rooted in traditional 

experimental, numerical or analytical research. More information on all three models 

can be found in (Porter, Jaiswal et al. 2008a). 

Table 1-5: Example of damage states for unreinforced masonry bearing walls (NIBS and FEMA 
2003). 

Damage State Description 

 

Slight 
Diagonal, stair-step hairline cracks on masonry wall surfaces; larger 

cracks around door and window openings in walls with large proportion 
of openings; movements of lintels; cracks at the base of parapets. 

 

Moderate 

Most wall surfaces exhibit diagonal cracks; some of the walls exhibit 
larger diagonal cracks; masonry walls may have visible separation from 

diaphragms; significant cracking of parapets; some masonry may fall 
from walls or parapets. 

 

Extensive 
In buildings with relatively large area of wall openings most walls have 
suffered extensive cracking. Some parapets and gable end walls have 
fallen. Beams or trusses may have moved relative to their supports. 

 

Complete 

Structure has collapsed or is in imminent danger of collapse due to in-
plane or out-of-plane failure of the walls. Approximately 15% of the total 

area of URM buildings with Complete damage is expected to be 
collapsed. 
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1.3.4 PAGER Analytical Model 

The last PAGER loss model described, the analytical approach, involves a 

HAZUS style of analysis to obtain fatality rates, including building idealization and 

damage state definition using fragility functions. For US structures, PAGER employs 

HAZUS parameters, and for non-US structures draws upon experimental and 

numerical research and the expertise of international teams. It was at this junction that 

the author became involved in the WHE-PAGER project. Because of past experiences 

studying and documenting building damage in Mexico and other developing countries, 

the author was most familiar with confined masonry (CM) and was assigned to 

investigate this structure type (noted as “RM3” in Table 1-4). A half dozen other 

research groups from around the world were similarly tasked with other archetypical 

building types. Fragility curves were to be derived as each research team saw fit: 

either from existing experimental data, published sources or derived from new 

numerical or analytical models. From each curve a variety of parameters were to be 

extracted for integration into the HAZUS framework and subsequent use by PAGER. 

Organizers suggested adopting an approach outlined by McGowan (2009) for 

obtaining parameters from existing experimental data.  

The investigation began by first gathering and summarizing available research 

on confined masonry systems with the needs of the WHE-PAGER project in mind. 

The vast majority of available investigations are limited to experimental studies on the 

in-plane performance of walls, most of which terminate before a “complete” stage of 

structural damage. No studies have examined out-of-plane capacity, a common 
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contributor to collapse and fatalities. Of the few numerical or analytical studies that 

exist, most are adapted from the study of masonry infilled frames for which 

construction details and geometry are generalized. The ultimate failure mechanism is 

also commonly precluded, despite a lack of documentation on strength and 

displacement capacity. Chapter 5 presents and summarizes these findings, as well as 

describes the scope of confined masonry systems considered in this investigation. The 

HAZUS parameter selection procedure undertaken for WHE-PAGER and preliminary 

outcomes is presented in Appendix A. 

1.3.5 Course Change 

In the process of reviewing available literature and preparing materials for 

WHE-PAGER, the research path changed course. It became obvious that a substantial 

research gap existed for confined masonry building systems. Again, there were no 

available studies on the large deformation performance of such a common building 

type worldwide. Examination of ultimate failure modes, out-of-plane capacity, and the 

effect of geometric aspects on performance were simply not available or at least not 

thoroughly documented. In order to obtain collapse rates, as desired by WHE-PAGER, 

values would have been obtained by educated guess alone. The data simply did not 

exist to substantiate anything more.  

It was at this time that the course of research was redirected away from an 

exclusive and narrow contribution to WHE-PAGER and instead moved toward 

bridging the information gap on confined masonry. Efforts focused on developing a 

numerical model of confined masonry with the explicit goal to accurately capture 
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large deformation performance and realistic failure modes. Failure mechanisms were 

not precluded, as the documentation of such was lacking. The model was to be 

validated against an existing nonlinear experimental investigation, from which 

ultimate behavior could be predicted.  

A traditional continuum approach was first taken using various finite element 

software programs, including Ruaumoko, SAP2000, ETABS, PERFORM-3D, and 

ABAQUS. However, none of these programs seemed able to provide the level of 

detail desired. The ability to capture cracking, load redistribution, as well as account 

for geometric influences on load path resolution was sought after. These aspects 

include vertical load application, material property variations, and geometric 

characteristics such as openings and the masonry panel-column interface. This level of 

detail, termed “micro modeling”, cannot be readily accommodated with a continuum 

approach. Moreover, accounting for all of these aspects and how they contribute to the 

ultimate damage state – meaning accommodating large deformations – made it all the 

more obvious that an alternative modeling approach needed to be considered. 

1.4 HAITI & A NEW DIRECTION 

At this time of early model development, the author traveled to Haiti to 

perform a post-earthquake investigation of the Mw 7.0 earthquake of January 2010. 

This event exposed deeply rooted weaknesses of the country’s built environment. 

Numerous factors contributed to the severity of this disaster, including building 

materials, design, construction, and oversight, all of which were deficient and 

represented a lower bound condition of a built environment.  
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The author’s reconnaissance objective was to document damage to Haiti’s non-

engineered low-rise masonry structures, which constitutes the vast majority of 

residences and other low-rise buildings in the country. Building use, methods of 

assembly, material quality, and structural performance were closely observed. While a 

detailed technical study was not conducted, informal observations matched closely 

with robust statistical studies conducted pre- and post-earthquake. A detailed report of 

these reconnaissance findings is provided in Chapter 4. 

Historically, traditionally assembled confined masonry has performed well in 

global earthquakes with little documentation of collapse. Thus, capturing failure 

mechanisms of these systems was a prime motivation during reconnaissance. Intense 

images coming out of the country in the weeks following the event suggested that 

failure cases were abundant. The truth was otherwise, however. Confined masonry 

structures performed well in the earthquake and sustained little damage. Construction 

materials and craftsmanship were of such poor quality, however, that small deviations 

from this assembly technique resulted in performance similar to infilled frame 

structures. These systems performed poorly in the earthquake and accounted for the 

majority of structural collapses and fatalities. 

The opportunity to observe hundreds of structural failures, as well as 

successes, revealed that the survivability of a structure was oftentimes the result of a 

minor and inadvertent construction change. The overall lower-bound building 

conditions in Haiti, from material quality to craftsmanship, offered a unique 

opportunity to study and identify those features of confined masonry and similar 
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construction which are essential for successful lateral performance. Field observations 

suggested that the interface between the masonry wall panel and the reinforced 

concrete columns was critical for proper load transfer. 

Upon returning to modeling efforts of CM, the focus shifted from not just 

wanting to capture the large deformation behavior but to better understand and 

identify the structural features which contribute to its successful performance. Being 

able to capture the panel-column interface was essential, along with cracking, load 

redistribution, and the influence of other geometric and material aspects on 

performance. A traditional continuum model no longer seemed appropriate given the 

level of detail now sought. Instead, a micro modeling approach using the discrete 

element method – by which individual bricks are discretized and interaction laws 

reflect the mortar joint behavior – seemed a natural choice.  

The discrete element method (DEM) offers a straightforward means of 

representing behavior of the mortar joint as well as avoidance of failure mode 

preclusion. DEM also readily allows large deformation, even collapse, behavior. 

Validation of this modeling approach proved to be challenging. A specific set of 

material properties are needed to accurately model the joint behavior and these 

properties are not commonly performed in an experimental setting. An appropriate 

study was finally located, one which offered the ability to model both micro material 

tests of the joint and macro structural behavior of an unreinforced masonry wall. Once 

validated and calibrated, the model has proved to be a powerful and useful tool for 

reproducing the nonlinear behavior of masonry and confined masonry systems.  
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This journey began long ago with broad, idealistic notions of how to tackle the 

problem of building safely in developing countries. At the onset, focusing on such a 

narrow and technical aspect of the problem would have seemed unlikely. But in doing 

so, the author’s contribution to the solution is optimized. While it’s not equivalent to 

buying a plane ticket, contributing a technological tool to be used by a broad audience 

on a large scale is a decisively unsexy choice but perhaps the more sustainable one. 

1.5 DISSERTATION OUTLINE 

Part I of the dissertation, including Chapters 2, 3, and 4, presents qualitative 

observations and data gathered by the author during graduate study on the structural 

behavior and construction characteristics of buildings in developing countries. 

Chapter 2 presents the author’s observations of post-earthquake damage in 

Mexico, including the performance of confined masonry and unreinforced masonry 

buildings. The author performed a mid-range study documenting and assessing the 

post-disaster recovery and rebuilding process. 

Chapter 3 presents the author’s contribution to a project assessing and 

strengthening select buildings in Delhi, India that are critical for post-disaster 

response.  

Chapter 4 recounts the author’s post-earthquake observations in Haiti. The 

author documented typical construction practices, performed material property tests, 

and analyzed post-disaster rapid assessment data. Observations of building 

performance directly influenced the course of this larger investigation.  
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Part II includes Chapters 5, 6, 7, and 8. This portion of the dissertation presents 

quantitative development of the numerical model used in this investigation. A review 

on technical aspects of confined masonry is also presented, as well as an overview of 

various analytical approaches used for assessment and design. 

Chapter 5 provides an overview of confined masonry, including construction 

methods, materials, and geographic prevalence. A detailed discussion of seismic 

performance and available literature findings is also provided.  

Chapter 6 summarizes existing analytical methods used for the design and 

assessment of confined masonry. Numerical development of the discrete element 

method and the cohesive zone interface element are presented. An overview of joint 

behavior using the cohesive zone model is described and a numerical formulation 

provided. 

Chapter 7 presents validation of the numerical model against experimental 

material property tests of small masonry specimens subjected to tensile and shear 

testing.  

Chapter 8 presents validation of the discrete element model against the 

experimental testing of an unreinforced masonry wall subjected to in-plane pushover 

loading. This validates the model’s applicability, as developed in Chapter 7, to macro 

structural behavior. 

Part III, including Chapters 9 and 10, presents results of the numerical model 

for the assessment of confined masonry. This includes a numerical exploration of 

structural parameters that influence seismic performance. 
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Chapter 9 presents the numerical model of a confined masonry shearwall 

compared with an experimental investigation. The wall was built in accordance with 

traditional building techniques and was subjected to a pseudo-static cyclic loading 

protocol. A description of the numerical model features as well as comparative results 

is presented. 

Using the same confined masonry model discussed in Chapter 9, Chapter 10 

presents results from an explorative study on the influence of varying structural 

characteristics on performance, including varying stagger distances at the column-wall 

interface and the effect of vertical load on seismic performance. 
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PART I QUALITATIVE OBSERVATIONS & ANALYSIS FROM 

FIELDWORK 

The following chapters present the author’s observations and assessments of 

the built environment in three developing countries: Mexico, India, and Haiti. The 

author investigated both technical and non-technical aspects that influence building 

practices and seismic safety. In Mexico, the author performed post-earthquake 

reconnaissance immediately following a Mw 7.6 earthquake and returned several times 

in the ensuing year to document the recovery and rebuilding process. In India, the 

author worked with local engineers in a pre-disaster context to identify, assess, and 

ultimately improve the seismic vulnerability of key facilities in Delhi essential for 

post-disaster response. And in Haiti, the author performed a detailed post-earthquake 

examination of common masonry dwellings. 

The objective of this qualitative research was to document real world 

conditions of the built environment. This not only included an examination of the 

material and construction characteristics of structures, but also of the social, political, 

economic, and cultural aspects which directly influence construction practices. These 

investigations illuminated common challenges faced by residents in the construction 

of their homes and businesses, including difficulty with material availability, lack of 

proper construction techniques, and an unawareness of seismic risk. A rich and 

adaptive understanding emerged from these studies of how self-made, non-engineered 
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structures are created – and how great a challenge it is to implement a resilient built 

environment.  

Based on the author’s qualitative understanding of the built environment in 

developing countries, she sought to develop a model which could facilitate better 

understanding and improve communication to decision-makers of the vulnerability of 

a populace, with the intent to implement change on a broad long-term scale. For this 

reason, the author developed an entirely adaptive numerical model which could 

represent realistic construction conditions of masonry buildings anywhere in the 

world. The model’s applicability is not specific to any particular region or construction 

method. Given sufficient information about a building type, including geometry, 

assembly, and material properties, the model can readily assess the seismic 

performance. Development and validation of the model is presented in Part II. The 

model of confined masonry is presented in Part III. 
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CHAPTER 2 POST-EARTHQUAKE RECONNAISSANCE & 

RECOVERY IN MEXICO 

2.1 INTRODUCTION 

On January 21, 2003 a Mw 7.6 earthquake struck the west coast of mainland 

Mexico, near the resort town of Manzanillo in the state of Colima. Despite the large 

magnitude of this event, less than 20 fatalities occurred. Of over 13,000 structures 

surveyed in the state of Colima, 50% sustained either partial or complete damage.  

The author was selected by the Earthquake Engineering Research Institute 

(EERI) to perform immediate post-earthquake reconnaissance in conjunction with a 

team of Mexican engineers from the National Center for Disaster Prevention 

(CENAPRED) (Alcocer, Sanchez et al.) and the Mexican Society for Earthquake 

Engineering (SMIS). As a member of EERI’s team, the author carried out basic 

reconnaissance on the effects of the earthquake, concentrating on the response of 

structures and also on the response of various levels of the Mexican government. A 

Special Earthquake Report was published in EERI’s newsletter (EERI 2003). A more 

in-depth examination of the earthquake’s effects was published via EERI’s Learning 

From Earthquakes program in 2006 (Alcocer and Klingner). The author’s 

reconnaissance observations and contributions to the previously mentioned reports are 

provided in Sections 2.2, 2.3, and 2.4. 

During the author’s original visit to the affected areas, an opportunity was 

identified for continued research to document more thoroughly and observe more 



32 

 

carefully the rebuilding process. The framework discussed among EERI team 

members and Mexican counterparts was to research and evaluate various methods for 

transferring technical knowledge and analytical tools to those persons in charge of 

government disaster recovery programs as well as those who will be directly involved 

in the repair, restoration, or rebuilding of damaged structures, a process which began 

quickly after the event.  

In the year following the event, and in parallel with regular graduate school 

studies, the author twice returned to Colima as part of EERI’s Beyond Reconnaissance 

Grant (BRG) program, for which the author was a co-principal investigator. With 

facilitative assistance from SMIS, CENAPRED, and other local engineering and 

university groups, the author investigated the overall status of reconstruction in the 

city of Colima and surrounding municipalities. This study included the application of 

technical knowledge for reconstruction of residential structures, the availability and 

use of government-sponsored assistance programs, and the application of Geographic 

Information Systems (GIS) analytical tools for recovery and planning.  

The Beyond Reconnaissance Grant investigation evaluated methods of 

transferring technical knowledge and analytical tools to those in charge of government 

disaster recovery programs, as well as to those who are directly involved in the repair, 

restoration, or rebuilding of damaged structures. Special attention was given to the 

self-construction process, since it is in this category of rebuilding that post-disaster 

mitigation can make a significant difference in reducing future impacts. The author 

was invited to present and discuss results from the BRG study at the 1st International 
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Conference on Urban Disaster Reduction in Kobe, Japan. This paper, titled “Response 

and Recovery after the Colima, Mexico Earthquake of January 21, 2003” is reprinted 

in full in Section 2.5.  

The author’s experiences in Mexico not only highlighted structural 

vulnerability problems unique to developing countries, but they also illuminated the 

complex social, political, and economic barriers that prohibit successful mitigation 

efforts. These investigations helped established the author’s pursuit of making a 

technical contribution in graduate school which was relevant to mitigation efforts in 

developing countries. 

2.2 EDUCATIONAL & HEALTH SYSTEMS 

2.2.1 University of Colima (La Universidad de Colima) 

Three buildings on the University of Colima campus, located in eastern 

Colima, were inspected during reconnaissance. Two of these buildings are one story 

reinforced concrete (RC) structures which sustained very little, if any, structural and 

nonstructural damage. Adjacent to these buildings is the Science Library, comprised of 

two individual three story reinforced concrete structures, which share an open steel 

space-frame roof and are adjoined by an exterior walkway (see Figure 2-1). Both 

buildings are clad in stucco. 

The Science Building sustained significant nonstructural damage. At the 

building’s exterior façade, large windows encompassing the stairwell shattered at the 

second and third floors. Window frames were visibly bent at all floor levels. Many 

cracks in the stucco and gypsum board finishes were visible, predominately around 



34 

 

columns. Suspended ceiling metal frames were bent and tiles displaced. Cracks were 

prevalent in tile floors, notably in the large entry meeting area and auditorium. 

Detachment of and damage to gypsum board and stucco finishes was prevalent, both 

on exterior and interior surfaces. Hand rail connections to columns at each floor were 

sheared off, failing the concrete. In one instance, the metal support post had twisted 

prior to failing of the connection to the concrete face. 

 

Figure 2-1: Exterior view of the Science Library at the University of Colima. 

The extent of structural damage sustained to the Science Building was 

moderate and included the following observations: 

• Movement of the space-frame over the walkway caused localized 
crushing of concrete to both adjacent buildings. 

• The walkway was displaced from the stairwell approximately 4 cm in 
the direction closer to the larger of the two buildings (closer to the 
street). It was unclear how the walkway was originally tied to the 
buildings. 

• Spalling of concrete at some beam to column connections was 
observed. 
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• A short column at the ground floor, supporting the first landing of the 
RC stairwell sustained extensive spalling damage. 

• At the roof level, compression of the roof diaphragm between the two 
buildings was apparent from displacement of the waterproofing 
membrane. Damage to the truss itself was not directly observed. 

• A large mural set within a steel frame, located in the front entry area, 
spans between the two buildings. The mural is connected to each 
building at all four corners. Localized crushing of concrete and possible 
connection failure resulted at each connection. 

2.2.2 Civil Hospital (El Hospital Civil) 

The Civil Hospital, located in central Colima, is a one story square RC 

building with unreinforced masonry infill (see Figure 2-2). The building consists of an 

outer corridor surrounding exam rooms with a large waiting area in the center. This 

structure sustained considerable nonstructural damage and minor structural damage. 

Nonstructural damage included the following: 

• The vast majority of nonstructural damage was due to the extensive 
separation of tile finishes from concrete columns, typically within 
corridors.  

• Many ceiling tiles and fluorescent light bulbs had fallen.  

• Some windows in the lobby area had shattered.  

• Large, ceiling-high filing and pharmaceutical shelves had fallen, 
spilling their contents. Additionally, numerous smaller shelves within 
exam and operating rooms were also toppled. 

• Large propane or gas tanks on the roof were not anchored to their 
concrete supports. One of the tanks had slipped off its support and had 
come to rest on the body of the tank itself. 

• The hospital’s electrical generator was not anchored to the floor and 
experienced approximately 10 cm of displacement. It was unclear 
whether the generator remained operable or not following the seismic 
event. 
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Figure 2-2: Exterior view of the Hospital Civil. 

Structurally, the building performed as follows:   

• Concrete columns experienced minimal localized spalling at the top 
and bottom connections.  

• The URM walls typically failed in shear, with no out-of-plane failures 
or cracks observed. 

• The URM walls were not connected to the roof diaphragm, extending 
as high as the suspended ceiling. The typical URM wall spanned 
between a large RC column and a small RC stub column at the opposite 
end, which connected directly to the roof slab above. These stub 
columns consistently failed in shear. 

2.3 PUBLIC & COMMERCIAL BUILDINGS 

2.3.1 Palace of Legislature and Justice (Palacio Legislativo y de Justicia) 

The Palace of Legislature and Justice, located in central Colima, is a three 

story reinforced concrete structure, which has two floors above grade and a basement 

below. The building consists of two separate but identical structures that meet at an 

angle, forming the entrance and central gathering area (Figure 2-3). 
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Figure 2-3: Entrance to the Palace of Legislature and Justice in central Colima. Minimal damage 
to the exterior façade was observed. 

The building experienced minor structural damage during the 21 January 2003 

earthquake. Small shear cracks were visible at all floors, frequently occurring where 

cracks had formed during the previous 1995 Manzanillo earthquake (Mw 8.0). The 

majority of these cracks were observed in stairwells. Spalling of stucco, gypsum 

board, and tile finishes, especially at column-to-wall connections, was observed but 

not prevalent. Limited spalling of reinforced concrete columns and shear walls was 

observed, but did not appear to compromise structural integrity. The extent of spalling 

did not appear to present a hazard to the building occupants (Figure 2-4). 
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a)  b)  

Figure 2-4: Minimal structural damage observed: a) column-to-wall connection and spalling of 
tile finish, and b) minor spalling at the top and middle portions of a mural above the central 

gathering area. 

While the building was under construction, a contractor error caused 

misalignment of the two separate structures. As a result, several columns were built to 

half their intended size and several beams were placed eccentrically at column 

connections. According to an engineer onsite, the engineer of record performed a 

check of the column capacities and permitted their reduced sizes. Despite this error, no 

structural damage to the beams, columns, or beam-to-column connections was 

observed at the basement level as a result of the 21 January 2003 event (Figure 2-5). 
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Figure 2-5: Construction error resulted in columns built to half their intended size and beams 
placed eccentrically; no damage was observed as a result of this error. 

2.4 PERFORMANCE OBSERVATIONS BY BUILDING TYPE 

2.4.1 Steel Performance 

Only one steel structure was observed in Colima, shown in Figure 2-6. It was a 

large open space, half of which was constructed of large steel I-beams, and half 

appeared to be constructed of large timber trusses. As a result of the earthquake, this 

half of the building caught fire and collapsed. The steel beam portion appeared 

undamaged. 
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a)  

b)  

Figure 2-6: (a) Building in Colima with roof constructed of steel and wooden timbers. (b) Fire 
following the earthquake damaged a portion of the roof. 
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2.4.2 Reinforced Concrete Performance 

Overall damage to RC structural elements was minor. The most commonly 

observed damage was minor shear cracks in walls and columns (see Figure 2-7) and 

spalling at column connections. Most of these buildings were public facilities and 

therefore built with higher construction standards. Most of these buildings appeared to 

be repairable. Typical construction of reinforced concrete structures in and around 

Colima includes the following observations: 

• Typical RC structures were no more than four stories in height; elevator 
access was unknown. 

• Stucco and tile facades are most common, but neither is typically 
fastened to the structure with a positive connection. 

• Common practice is to place unreinforced masonry panels between RC 
columns. Typically, no mechanical connection is made between the two 
structural elements. 

 

Figure 2-7: Minor shear cracking observed to the lower column of a RC building. 
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2.4.3 Confined Masonry Performance 

Numerous masonry buildings had structural confining elements within and at 

the ends of the walls consisting of vertical reinforcement bars encased in concrete. 

Generally, four no. 3 bars were adequately confined with horizontal ties but were not 

directly fastened to the masonry wall. It appeared that these confining elements were 

typically poured after construction of the masonry walls. 

This wall type tended to perform well, relative to unconfined masonry and 

adobe structures (see Figure 2-8). Evidence of fracture between the concrete and 

masonry was prevalent. With the low intensity of this particular seismic event in mind, 

this structural configuration frequently provided sufficient ductility to avoid both in- 

and out-of-plane collapse. 

In addition to these vertical confined elements, there was a tendency for a 

similarly constructed bond beam to be built above the masonry infill wall. As with the 

vertical confining elements, these horizontal members were not typically tied to the 

wall either. Though this method was not common, fracture between the concrete and 

masonry was prevalent. 
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Figure 2-8: Confined masonry building observed in Colima. This structure sustained damage at 
the second floor arch intersection. 

2.4.4 Unreinforced Masonry Performance 

Typical URM structures were constructed one to two wythes wide with 2-10 

cm (1-4 inches) of mortar between courses. Walls were plastered with approximately 3 

cm (1 in) of stucco, both faces, applied directly to the masonry without lathe or other 

mechanical fastener. The typical masonry running bond pattern had offset courses and 

little to no locking of wythes with perpendicular units. Bond beams were generally not 

present, though wood members were occasionally used for this purpose. Window and 

door openings were constructed of wood and occasionally framed with masonry 

arches. Roofs were generally constructed of unsawn, locally found wood members. 

Additional small wood members and/or tin lied above with minimal to no direct 
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fastening to the framing members or walls below. The foundation was typically 

constructed in a triangular manner 40 cm below grade, consisting of large rocks 

infilled with small rocks and mortar. At grade, the rock/mortar foundation was as wide 

as the walls and typically had a reinforced grade beam on top of it. Vertical 

reinforcement (approximately no. 3 bars) was typically used to tie the grade beam to 

the foundation, with a continuation of the bars into the masonry wall above. 

Damage to URM structures was prevalent. Out of plane wall failures appeared 

to be the most common failure mechanism, occurring from a lack of horizontal 

reinforcement and bond beam, coupled with no or minimal connection to the roof 

diaphragm. Regardless, typical methods of roof construction would not facilitate shear 

transfer through the diaphragm. 

In plane shear failures occurred less frequently and were due to a lack of 

sufficient vertical reinforcement. Stucco on the wall faces appeared to provide some 

amount of in-plane stiffness. But once cracked, the façade quickly spalled off. Again, 

no directly fastening method of the stucco to the masonry was used, but this practice 

may significantly contribute to the walls’ in-plane stiffness. 

Failure of buildings located at street corners was prevalent, shown by example 

in Figure 2-9. This was due to the widespread practice of large street-side openings 

and lack of adequate design and construction techniques. The resulting shift of the 

center of rigidity away from the exterior walls resulted in torsional loading on the 

structure. The lack of a bond beam or horizontal reinforcement resulted in severe 

cracks forming at the top of the building’s corner. 
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a)  

b)  

Figure 2-9: Torsional damage to URM buildings located on street corners in Colima. 
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2.4.5 Adobe Performance 

Typical adobe construction is very similar to that of URM. The foundation is 

constructed 0.5 meters below grade, consisting of large rocks infilled with smaller 

rocks and mortar. Instead of a RC grade beam as with URM, the adobe bricks are laid 

directly on top of a layer of mortar with no reinforcement or other fastening method. 

As with URM, stucco is applied to both faces of the wall.  

Similar to the damage experienced by URM structures, the vast majority of 

failures to adobe were caused by out of plane loading, as seen in Figure 2-10. Spalling 

of stucco finishes was equally prevalent. Those adobe structures that did not have 

characteristically large openings performed significantly better than those that did. The 

failure of these structures is due to both its unreinforced nature the torsional effects 

resulting from large openings. By decreasing the eccentricity between the centers of 

mass and rigidity, the torsional effect is reduced. 

 

Figure 2-10: Damage sustained to adobe building in Colima. 
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2.5 RESPONSE & RECOVERY 

2.5.1 Summary 

This study documents and evaluates the Mexican government’s emergency 

response and disaster recovery methods following a Mw 7.6 earthquake on the west 

coast of Mexico. It also studies the effectiveness of technical knowledge transfer and 

the capability and utilization of Colima’s Geographic Information Systems (GIS) 

model in recovery programs. The immediate response was well coordinated and 

highly effective. However, political infighting and under-funding resulted in 

disorganized and considerably less effective long term recovery plans. Minimal and 

inconsistent technical information was disseminated to homeowners. Colima’s GIS 

model was instrumental in facilitating long term recovery planning, but there is scope 

for further utilization and integration by government officials. 

2.5.2 Introduction 

On January 21, 2003, a Mw 7.6 earthquake struck the west coast of Mexico 

near the State of Colima. It caused extensive damage in the city of Colima, where this 

study focuses, although the damage was less than expected for an event of this 

magnitude (Wartman, Rodriguez-Marek et al. 2005). Both government agencies and 

private organizations responded quickly to provide assistance to victims. Existing 

recovery plans were put into action, including programs to assist residents’ repairs and 

rebuilding. 

Fewer than 30 people died, including 14 who were killed when their houses 

collapsed and 7 who later died in hospitals. There were no major collapses of 
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engineered buildings and only slight to moderate damage to transportation, potable 

water, electric power, and communication systems. The demand for search and rescue 

resources was minimal, and the medical system treated the injured within hours after 

the strong shaking ceased. 

Local, state, and federal governments responded to provide assistance 

immediately following the earthquake. Immediate measures included food and water 

distribution, emergency shelter, housing assessment, and demolition. In the subsequent 

months, various government and private assistance programs became available to 

citizens to help repair and rebuild damaged structures. This study assesses the 

effectiveness of these programs and evaluates how technical knowledge is transferred 

to those directly involved in the repair and rebuilding process. This study also explores 

how government officials utilized an existing Geographic Information Systems (GIS) 

model of Colima to facilitate long term planning. 

2.5.3 Emergency Response 

Initial response to the earthquake by the State of Colima’s Civil Protection 

System (SEPC) was rapid and well managed. Because the city of Colima is also the 

capital of the state, all of the state’s resources were readily available to assist the 

affected municipalities. In addition, the federal military provided shelter, building 

demolition, and debris removal services. The efforts of the numerous government 

agencies and private organizations responding to the disaster were organized by the 

National System of Civil Protection (NSCP). Representatives from these groups met 

almost daily to coordinate relief operations. 



49 

 

Several factors contributed to the readiness and competency of responders. The 

State of Colima is one of the most seismically active regions of the world. It has 

experienced several large magnitude earthquakes in the past century, most notably 

Mw 7.6 and Mw 8.0 earthquakes in 1973 and 1995. An active volcano 25 kilometers 

from the capital has caused numerous SEPC-led evacuations of towns. This frequent 

activity has provided these agencies with practical emergency response experience. 

Furthermore, the SEPC has actively assembled and trained specialized teams to 

respond to multiple hazards inherent to this region including floods, hurricanes, and 

earthquakes (Flores-González 2002). The SEPC has learned much from these events 

and continues to make significant progress toward improving state response to 

emergencies. 

The NSCP, a federal agency that coordinates disaster response and recovery 

efforts, relies heavily on government agencies, academic institutions, and 

nongovernmental organizations, such as the Mexican Red Cross. It has three main 

components: emergency operations, scientific and technical support, and financial 

assistance. Scientific support is provided by the National Center for Disaster 

Prevention (CENAPRED) and strives to educate the population on natural disasters. 

The Fund for Natural Disasters (FONDEN) is a federal trust fund established in 1996 

to finance reconstruction of federal infrastructure, provide matching grants for 

reconstruction of state and municipal infrastructure, and support housing 

reconstruction and economic recovery for disaster victims, particularly for low income 

and uninsured victims (Martinez 2005). 
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Immediately after the earthquake, fewer than 100 volunteer inspectors 

performed critical rapid visual assessment of damaged structures. Although these 

volunteers were organized and trained by a professional association of architects and 

engineers, many lacked sufficient qualifications to determine the severity of structural 

damage. Initial assessments provided the basis for determining which structures 

required repair, more detailed inspection, or demolition. The ensuing demolition of 

structures, however, was haphazard and poorly managed. For example, a home 

designated as “uninhabitable” was demolished when it could have been repaired or 

further inspected. Many adobe structures were unnecessarily demolished for this 

reason. Although the capability existed, Colima’s GIS model was not used to manage 

the demolition process. 

2.5.4 Disaster Recovery 

Mexico’s disaster recovery system is complex and can be problematic. Short 

term operations in Colima were, as documented above, generally well managed. 

However long term recovery operations were less successful. Problems included 

insufficient funding and overlapping responsibilities among multiple agencies. 

Before 1996, money spent on disaster recovery was diverted from budgets of 

government agencies promoting socioeconomic development. Such diversion hindered 

development programs across the entire nation. FONDEN was created to solve this 

problem and anecdotal evidence suggests that, in general, it has been a success. In 

Colima, however, FONDEN did not perform as intended. 
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Immediately following the earthquake, the federal government committed to 

provide an initial installment of approximately $14 million through FONDEN to fund 

recovery programs. Money was designated for repairing or rebuilding damaged 

homes, loans to small businesses, assistance to those unemployed because of the 

disaster, and promoting tourism. However, political infighting before the July 2003 

national parliamentary elections emasculated FONDEN. The agency did not release 

funds until September 2003, nine months after the earthquake. Consequently, the State 

of Colima was forced to redirect funds from social development programs to finance 

its recovery efforts. The state government also borrowed from private banks, 

specifically Banomex. 

Qualified residents received 10,000 to 30,000 pesos ($1,000 to $3,000 at the 

time) from FONDEN to assist repair and rebuilding efforts; these amounts were 

usually insufficient for complete reconstruction. To bridge the gap, the State of 

Colima issued coupon checks and debit cards to help residents purchase building 

materials at a 10 to 15 percent discount. 

In addition to government assistance programs, private organizations assisted 

the recovery process as well. The most prevalent form of assistance was low interest 

loans provided by FIDEICOMISO, a private investment company. These loans, 

approved and sanctioned by the government, financed residents’ rebuilding efforts and 

covered all material and labor. 
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2.5.5 Knowledge Transfer 

During the rebuilding process homeowners had limited access to sound 

technical advice. According to interviews with residents, little technical information 

was provided by the engineers and inspectors who initially assessed neighborhoods in 

the weeks following the event. Other groups, including the Army, the state and 

national CPSs, and local municipal governments also provided some information. 

Nevertheless, no literature or pictographic pamphlets for the illiterate were distributed. 

Although residents claimed to have received technical information, it was in fact non-

technical. The knowledge retained was limited to preferred types of building materials 

and did not include understanding of proper structural configurations, such as roof-to-

wall and wall-to-column connections. 

The general population has come to believe that adobe is a poor building 

material, that infilled brick is better, and that reinforced concrete is best. Accordingly, 

repair and rebuilding of adobe homes was rare, in both urban and rural areas. 

Although adobe is indeed an undesirable building material, this knowledge alone is 

insufficient for proper rebuilding and can create a false sense of security. Preparatory 

measures must be taken so that homeowners and contractors are educated on correct 

rebuilding methods, both before and immediately following the next earthquake. 

Inadequate technical advice, and simple timely necessity, resulted in many 

structures being rebuilt improperly and not within the code. This problem was 

compounded by sparse building code enforcement, a combination of the large quantity 

of reconstruction and an insufficient number of inspectors. Smaller municipalities 
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appeared to follow more code and planning provisions and restrictions than dense 

urban areas.  

These failures are exemplified by the reconstruction efforts in the Villa de 

Álvarez neighborhood, a small municipality of the city of Colima. The neighborhood 

sustained heavy damage during the earthquake, due to the destructive combination of 

soil subsidence and widespread adobe construction. Many residents began repairing 

and reconstructing their homes immediately after the event. However, because Villa 

de Álvarez is highly susceptible to multiple natural hazards—soil subsidence, 

flooding, landslides, and earthquakes—state urban planners, together with municipal 

officials, placed a moratorium on rebuilding. Over six months later they decided to 

relocate the neighborhood to a less hazardous region outside of Colima. Some 

residents chose to ignore the moratorium and complete reconstruction of their homes. 

Others abandoned their efforts, resulting in many incomplete construction sites (Figure 

2-11), even after six months. 
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a)  

b)  

Figure 2-11: Rebuilding in Villa de Álvarez, Colima a) six and b) nine months after the event; 
little or no building progress occurred beyond six months. 

2.5.6 Geographic Information Systems 

In 1995 the State of Colima established a Geographic Information Systems 

(GIS) model. In collaboration with the municipalities, public works performed during 

1998–2001 were geo-referenced in order to support planning and estimating processes. 
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Figure 2-12 provides examples of the capability of this GIS model. Figure 2-12(a) 

displays public works projects around the city of Colima; Figure 2-12(b) superimposes 

rainfall data on a digital elevation model of the same region. By 2001, the model 

comprehensively covered the city of Colima and its 10 surrounding municipalities, 

including information on transportation and sewer systems, bodies of water, schools, 

and urban plans. 

a)  

b)  

Figure 2-12: Examples of Colima’s GIS model capabilities; a) status of public works projects and 
b) rainfall information around the city of Colima. 
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Following the earthquake, government officials extensively used the GIS 

model in their response and recovery operations. Officials used it to geo-reference 

potable water sources for approximately 80,000 residents of Colima-Villa de Álvarez 

(Figure 2-13). The model also provided critical information about the rebuilding 

process, such as the location of damaged structures and affected populations, progress 

of recovery program implementation, and status of demolition. This information 

facilitated officials’ supervision and management of aid distribution and assistance 

programs and was essential to city planners, specifically for the relocation of Villa de 

Álvarez. 

 

Figure 2-13: GIS display of potable water sources in Colima. 

The Colima GIS model has substantial capabilities; however, they were not 

fully utilized during the inspection and demolition processes. Neither the Army nor the 

volunteer inspectors were equipped with portable devices to access and update 

centralized GIS data. Consequently, SEPC officials repeated many inspections weeks 

later. 
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2.5.7 Conclusions 

Emergency response operations after the January 21, 2003, Mw 7.6 earthquake 

in Colima were well coordinated and met the population’s immediate needs. This 

success resulted largely from the relative lack of damage and causalities for an 

earthquake of this magnitude. Nevertheless, Colima’s emergency responders have 

sufficient training and experience to handle larger events, provided they better utilize 

the planning and management tools available to them. 

The long term recovery process was less successful. First, initial assessments 

of damaged structures were performed by volunteer inspectors and were not well 

coordinated with government officials, who later repeated inspections. The inspection 

process should have been more centrally managed and performed with appropriate 

GIS tools for documentation. 

Second, although timely aid was available to victims to assist their rebuilding 

efforts, these funds were almost always insufficient for complete reconstruction. This 

problem stems in part from chronic under-funding of FONDEN: in almost every year 

since its inception the program received insufficient funding to meet its mandated 

obligations. FONDEN’s role of financing disaster recovery without diverting money 

from development projects is laudable, but the agency must be adequately funded and 

insulated from politics. 

Third, residents and contractors received inadequate technical information 

about reconstruction. Most believe that structural damage results from material type, 

not from structural configuration, contributing to a widespread and potentially deadly 
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false sense of security. Unbiased and reliable technical information needs to be 

systematically distributed in order to facilitate improved construction practices and to 

mitigate the effects of future disasters. 

Finally, Colima benefited from an existing, comprehensive GIS model of the 

city. Government officials used the model for management and decision making 

before, during, and after the earthquake. However, this technology was not used to its 

full potential, in particular during initial inspections and demolition. Coordinating aid 

distribution and demolition through the GIS model could have dramatically increased 

efficiency and decreased errors. This tool must be expanded and made readily 

accessible to responders in the future.  

Section 2.5 in full is a reprint of the material as it appears in "Response and 

Recovery after the Colima, Mexico Earthquake of January 21, 2003." Proceedings of 

the 1st International Conference on Urban Disaster Reduction, 2005, Kobe, Japan. 

Authors: A.F. Lang. The dissertation author was the primary investigator and author of 

this paper. 
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CHAPTER 3 ASSESSMENT OF CRITICAL STRUCTURES IN 

INDIA 

3.1 INTRODUCTION 

Since 1991, the nonprofit nongovernmental organization GeoHazards 

International (GHI) has aspired to promote global earthquake safety, with a particular 

emphasis in developing countries. According to their website mission statement, GHI 

is “dedicated to improving resilience in the world’s communities most vulnerable to 

geophysical disasters.” More information on their past and current projects, as well as 

project locations, can be found on their website: http://geohaz.org/.  

With funding from the United States Agency for International Development 

(USAID), GHI completed a multi-year project between 2002 and 2008 intended to 

promote earthquake safety in several major cities in India with a focus on Delhi. The 

Delhi Earthquake Safety Initiative for Lifeline Buildings aspired to identify, assess, 

and repair important facilities in the Delhi area which were critical for emergency 

response and recovery services. A team of US engineers provided guidance and 

technical support to Indian counterparts (pictured in Figure 3-1). The first step was to 

identify five key buildings in Delhi which provide essential services following a 

seismic event. The seismic safety and resilience of these structures was then assessed 

by the Indian engineers, having received training and tutorials from their US 

colleagues. Strengthening measures were then proposed and discussed, and repairs 

implemented by the Indian engineers in the ensuing years. The five buildings 
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identified included a centrally located public hospital, a government office building, 

the police headquarters; the disaster management center; and a school. More 

information about this project can be found on the GHI website: 

http://geohaz.org/projects/delhi_1.html.  

 

Figure 3-1: Members of US experts and engineers for GHI’s Delhi Earthquake Safety Initiative. 

In parallel with regular graduate studies, the author participated in this project 

as a member of the US engineering team, serving as a specialist in structural and 

earthquake engineering. During a visit to Delhi, the author conducted site visits and 

walk-through inspections of the critical structures, as well as helped facilitate technical 

workshops and plan reviews with our Indian colleagues. The author’s descriptions and 

technical assessments of the five buildings served as a source document from our US 

team. These assessments are provided in the following section. A summary of the 

project outcomes is provided in Section 3.3. 
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3.2 PERFORMANCE ASSESSMENT OF CRITICAL FACILITIES 

3.2.1 Guru Teg Bahadur (G.T.B.) Hospital and Medical School Complex 

The hospital complex is a critical 1,050-bed hospital serving the northeast area 

of Delhi, a population of approximately two million. The complex is located on a large 

campus (82.85 acres, 335404 m2) that includes a teaching university in addition to 

hospital facilities (see Figure 3-2). The hospital chronically operates beyond its design 

capacity and typically functions at about 130% capacity. Four facilities on the campus 

were selected for retrofit through this project consisting of: two ward buildings; the 

Operation Theater (OT) and blood bank unit; the kitchen and sterilisation unit; and 

two small buildings that house the emergency electrical generators, chilling systems, 

and the medical gas supply. 

 

Figure 3-2: Plan layout of GTB campus including the ward block with central courtyard (located 
in the center above the fold). 
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The ward block and OT are reinforced concrete framed structures with infill 

masonry walls of either 4.5 or 9 inch thickness. The blood bank, the sterilisation unit 

and the services units are composite structures with some RC columns and some load 

bearing walls. However all roofing is with RC diaphragm with beams. The blocks 

were constructed at different times using different design and construction 

technologies. Retrofit of these buildings will be a major challenge not simply because 

of structural complexities, but because of the need to maintain building functions 

during the analysis and construction processes. 

The two ward buildings are eight stories tall with an open central courtyard 

(see Figure 3-3). The buildings house examination and patient rooms. The structures 

were constructed in 1985 using India’s 1975 code; this implies a lack of ductile 

detailing and a deficiency of 25% of current code seismic requirements. The structures 

are rectangular in shape, approximately 15 meters by 50 meters, and each are broken 

into two separate structures by expansion joints of 30 to 45 cm. Numerous utility lines 

cross these expansion joints without proper means to permit relative movement.  

 

Figure 3-3: GTB ward building. 
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Both structures are concrete frames with a story height of 3.3 meters. Columns 

are approximately 40 by 60 cm. Longitudinal reinforcement is reported to be between 

16 and 32 mm in diameter with 8 mm diameter ties spaced at 100 mm up to 60 cm 

from the junctions and 25 cm in the remaining portions. Concrete strength is reported 

to be 250 kg/cm2 (approximately 3500 psi) in columns and 150 kg/cm2 in beams and 

slabs. Floor slabs are reported to be 100 mm thick with an unknown amount and 

placement of reinforcement. Each exterior column is adorned with architectural “fins” 

to provide shade, and every floor has nonstructural “boxes” that extend above and 

below the floor elevation. These nonstructural elements are constructed of concrete; 

details of their connections to the structure and the possibility of short column effects 

is unknown.  

The Operation Theater (OT) is an eight story concrete frame building which 

houses surgery facilities. Phase I of the building up to the sixth floor was built in 1995 

and two further floors were added in 1999. It is a RC framed structure that has a 

cantilevered 2 meter wide corridor projecting from the main columns from the third to 

eighth floors. This building has identical nonstructural features on the exterior facade 

as the ward buildings described above, as seen in Figure 3-4. 

The kitchen, blood bank, and service units are housed in a two story building 

with floor heights of 3.3 meters. It is a composite structure consisting of external 

columns of 23 cm square and internal bearing walls. Within the building, large halls 

are spanned by 90 cm deep beams resting on the external columns and internal load 
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bearing walls. The roof slab is RC with integrated T-beams. The structure would be 

considered vulnerable because of the deep beams and small columns. 

 

Figure 3-4: Main entrance of the GTB hospital, showing exterior concrete features. 

The hospital’s emergency electrical generators, chilling systems, and medical 

gas supply are housed in three single story buildings adjacent to the hospital wards and 

OT (see Figure 3-5). These structures consist of RC columns and load bearing 

masonry walls. Reinforcement details of the concrete and the method of attachment, if 

any, of the masonry walls to structural elements are unknown. It is assumed the 

structures were constructed around the year 1985, at the same time as the other 

buildings described above. 
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a)  

b)  

Figure 3-5: Critical facility buildings adjacent to the hospital wards housing a) medical gas, and 
b) air conditioning. 

3.2.2 New Secretariat Building (Players Building) 

The Secretariat building was built in 1982 and houses key officials and 

departments responsible for critical decisions following disasters. The building has a 

Y-shaped footprint in which the height of each wing steps down from eleven to five 

floors as the wings radiate out from the central core (see Figure 3-6). The building is 

constructed of reinforced concrete frames with infilled fired brick or lightweight 
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flyash aerated blocks for partition walls. Column sizes vary between 50 and 100 cm 

square throughout the building. Exterior columns with infill walls are subject to short 

column effects. The foundation consists of cast-in-place piles of 40 to 50 cm diameter 

with square 210 cm pile caps.  

The core of the building has eight octagonal shaped columns around the center 

and 1 meter by 0.5 meter columns adjacent to the branching wings. The elevator core 

is made of RC with 18 cm thick walls. These could serve as shearwalls, though effects 

on the foundation and overall structure would have to be reviewed carefully. 

A renovation in 1999 revealed that transverse reinforcement in the columns, 

beams, and at column-beam joints is inadequately spaced and hooked and 

inconsistently placed in certain locations. Comprehensive photographs were taken at 

that time which must be carefully reviewed in order to accurately assess the as-built 

condition of the structure. In summary, the structural analysis of this building will be 

complex given the desired level of performance (Life Safety) and the need to consider 

drift limitations, variable building heights, and possible pounding of substructures. 
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a)  

b)  

Figure 3-6: The Secretariat Building, including a) an overview, and b) plan view showing the Y-
shaped footprint. 

3.2.3 Police Headquarters Building 

The Police Headquarters building houses two departments critical to post-

disaster response: the police and the Public Works Department (PWD). Because of the 
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central role these departments will play after an event, the Delhi police commissioner 

and the PWD Engineer-in-Chief expressed their concern that the building be 

operational immediately after an earthquake. For this building to attain a performance 

level of “Immediate Occupancy”, substantial and comprehensive retrofitting is 

required.  

a)  b)  

Figure 3-7: a) Overview of the Police Headquarters building, and b) discontinuous shearwall that 
extends the building height (seen on left) along with the shearwall core (seen below windows). 

The building is a 14 story reinforced concrete frame and shearwall building 

consisting of three substructures separated by expansion joints and completed over the 

course of several construction phases (see Figure 3-7). The first phase occurred 

between 1970 and 1974 during which the primary structural system of a shearwall 

core with RC frames was placed. Shearwalls of 60 cm thick were located around the 
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elevator adjacent to the RC framed structure. These shearwalls rest on 95 driven cast-

in-place piles of 45 cm diameter. From the available structural drawings and 

discussions with engineers and the contractor, it was learned that the piles are between 

12 and 16 meters deep. Pile spacing is 112.5 cm center-to-center. Uplift due to a high 

groundwater table and liquefaction may be of concern for this structure and should be 

investigated. Floor-to-floor height is 3.4 meters except 3.7 meters at the ground level. 

The floors consist of reinforced concrete slabs of 140 mm thickness. The exterior 

walls are 23 cm thick brickwork finished with roughcast plaster intended as 

nonstructural. The walls rest on a footing beam without structural connection. 

Construction Phases II and III occurred between 1978 and 1982. A RC framed 

structure was designed during this time without the use of shearwalls for lateral 

resistance. All columns are 60 cm by 60 cm. According to the structural drawings, 

during Phase I cold twisted bars having a yield stress of 4250 kg/cm2, of 25 mm 

diameter was used as longitudinal reinforcement at various levels. In Phases II and III, 

cold twisted bars of the same specifications ranging from 20 mm to 28 mm diameter 

were used at various levels as longitudinal reinforcement. Transverse ties ranging 

from 6 mm to 8 mm diameter of the similar descriptions have been used at a spacing 

of 100 mm for 60 cm above and below the junctions. For the remaining portion, the 

spacing is 300 mm in Phase I and 250 mm in Phases II and III. The ties are four 

legged to six legged stirrups in different columns. 

Because of the use of two lateral resisting systems, interaction between frame 

elements and shearwalls will need to be carefully examined, particularly at higher 
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floor levels. Further, because of the large size of this building and the use of 

shearwalls, rocking of the foundation may be of concern and should be investigated. In 

order to achieve the desired performance level and in light of potential shearwall 

rocking, the soil-structure interaction, drift limitations, and potential pounding 

between adjacent portions of the building will need to be assessed and will likely be 

complex. External concrete sunscreens (fins) on the building, which are in poor 

condition, have been removed and are being recast under a separate rehabilitation 

program (see Figure 3-7 and Figure 3-8). 

a)  b)  

Figure 3-8: Deterioration of the external facade. 

3.2.4 Divisional Commissioner’s Office & Delhi Disaster Management Authority 

The Divisional Commissioner campus is located in central Delhi and provides 

emergency response services for a significant portion of the city. The facilities also 

house disaster management offices for the City of Delhi, other municipal offices, and 
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the police dispatch. The campus is composed of four individual buildings referred to 

as Blocks A, B, C, and D (see Figure 3-9). Each of the blocks has a footprint of 

approximately 1500 m2. Two structures are of primary interest but all of them have 

been selected for retrofit in order to facilitate functioning of campus operations 

following a disaster.  

 

Figure 3-9: Building layout of the Divisional Commissioner campus, including Blocks A, B, C, 
and D oriented from top-left in a clockwise direction. 

All blocks on the Divisional Commissioner’s campus have large polyvinyl 

chloride (PVC) water tanks on the roof which must be properly anchored to structural 

members to prevent toppling and seepage. Blocks C and D have large concrete 

cantilever overhangs at least 3 meters in length. These elements must be removed or 
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strengthened to prevent collapse and subsequent blocking of exits. Several of the 

buildings have jack arches constructed of unreinforced masonry. These elements are 

of particular concern where they span corridors and exits and must be removed or 

strengthened.  

 

Figure 3-10: Storage of government documents in the Divisional Commissioner facility. 

Block A is a one story unreinforced stone masonry building built in 1918 and 

houses the office of the Divisional Commissioner. The building has an irregular plan 

with numerous re-entrant corners (see Figure 3-11). Roof height varies from 4.7 to 6.2 

meters. The structure’s foundation is comprised of a spread footing approximately 75 

cm wide and 1 meter deep. The foundation-to-wall connection is bearing only; there is 

no mechanical fastening between the two elements. Walls are unreinforced stone 

masonry approximately 50 cm wide at the base and taper with height. The roof system 

is comprised of steel beams supporting sandstone slabs (40 mm by 60 cm by 60 cm) 

which are fastened together with clips; several skylights are also present. The roof is 
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also constructed with PVC sheets; the location and extent of this material is unknown. 

Neither the sandstone slab nor the PVC roof system provide adequate diaphragm 

action for the structure nor are they properly connected to the walls for lateral load 

transfer.  

 

Figure 3-11: Plan and elevation view of Block A. 

Jack arches of unreinforced fired clay brick are present in entry corridors of 

Block A. Further, the building has exterior stone masonry ornamentation and brick 

arches which are not mechanically fastened to the structure. It appears that the exterior 

of the structure consists predominately of arched openings; wall sections between 

arches are approximately 1 meter wide (see Figure 3-12). Partition walls within the 

structure are constructed of metal studs with wood panels. The ceiling is constructed 
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of metal studs with gypsum board. The method of connection of the metal studs to the 

structure is unknown. 

 

Figure 3-12: Exterior view of Block A. 

Block B is a three story RC and URM building built in 1953 and houses the 

Delhi Disaster Management Authority. This building is subsequently the most critical 

building on the campus. The building has a regular, symmetric plan and no vertical 

irregularities (see Figure 3-13). Each floor has a single exterior corridor adjacent to 

offices; a single wooden staircase is located at the north end. The foundation consists 

of a spread footing similar to Block A. The URM wall thickness tapers with height. 

The foundation-to-wall connection is bearing only with no mechanical fastening. The 

RC floor slabs are 15 cm thick. The RC roof slab is of unknown thickness. The 

amount and location of reinforcement in the slabs is unknown. The slab-to-wall 

connections are assumed to be bearing only with no mechanical fastening. Along the 
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west face of the structure it appears that a long, uninterrupted portion of wall may be 

utilized for lateral resistance (see Figure 3-14). The condition of the east wall is 

unknown. Lateral resistance of the south wall is unavailable because of a doorway at 

the ground floor. The potential for lateral resistance of the north wall is unknown. 

 

Figure 3-13: Plan (top) and elevation (bottom) views of Block B. 
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Figure 3-14: West wall of Block B. 

Block C is a four story RC building built in 1962 and houses government 

offices. The structure has a regular, symmetric plan and no apparent vertical 

irregularities (see Figure 3-15). Each floor has a central corridor surrounded by offices 

and a single staircase located in the southeast corner. The floor layout has been 

modified from the original design; the extent of modification is unknown. Offices 

appear to be separated by brick partition walls; partitions are identically located on 

each floor.  
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Figure 3-15: Plan (left) and elevation (right) of Block C. 

The URM walls are approximately 20 cm wide and are assumed to not be 

mechanically fastened to the floor slabs. Visual observation of the exterior of the 

structure shows prominent regularly spaced vertical columns approximately 40 cm 

square (see Figure 3-16). Except for window openings, the exterior of the structure has 

brick infill from floor to ceiling and on either side of all columns. It is assumed the 

brick infill is not mechanically fastened to the columns or slabs. Horizontal beams are 

also visible on the exterior of the structure and do not appear to be aligned with floor 

levels. The beams are horizontally discontinuous at all floors in at least one location 

above the building entrance. According to details provided, each column is pin-

connected to an isolated square footing. There are conflicting notions about the type of 

lateral and gravity resisting systems of this structure. Rigorous inspection and analysis 

is necessary. 



78 

 

 

Figure 3-16: Exterior view of Block C. 

Block D is a four story reinforced concrete building built in 1968 and houses 

the communications room of the Delhi Police in the basement. The structure is 

rectangular and symmetric in plan but possibly has several re-entrant corners (see 

Figure 3-17). Each floor has a central corridor surrounded by offices. A single 

staircase is located in the southwest corner.  

The RC frame of Block D consists of columns approximately 40 cm by 60 cm 

and beams approximately 30 cm by 60 cm. The amount and location of reinforcement 

is unknown. On all faces of the structure large brick infill panels are present within the 

RC frames (see Figure 3-18 and Figure 3-19). The panels on the north and south faces 

are juxtaposed with smaller panels at the tops and bottoms of columns. The 

positioning of the infill panels results in extensive vertical and horizontal 

discontinuities and short-column effects. 
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Figure 3-17: Plan (top) and elevation (bottom) of Block D. 

 

Figure 3-18: Exterior view of Block D, showing infill panels which result in short-column effects. 
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Figure 3-19: Exterior view of Block D, showing large masonry panels that result in short-column 
effects. A concrete overhang above an exit can impede safe evacuation in an emergency. 

3.2.5 Ludlow Castle School No. 1 Campus 

The Ludlow Castle School is adjacent to the Divisional Commissioner campus 

and subsequently may be used during an emergency for storing and distributing 

supplies to the surrounding community as well as serving as a shelter. Three buildings 

on the campus were selected for retrofit through this project. The first structure is a 

one story RC frame with masonry infilled walls and is used as a multi-purpose room 

(see Figure 3-20). The structure is rectangular and symmetric in plan. The building is 

approximately 15 meters wide, 28 meters long, and 6 meters high inside. The roof 

system consists of a RC slab and RC girders. The amount and location of 
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reinforcement and the method of slab-to-girder connection are unknown. The infill 

walls provide lateral resistance for the structure. However, the connection between the 

roof diaphragm and the infilled shearwalls is nonexistent so any lateral load transfer 

must occur at the wall and column connection, which is by contact only.  

 

Figure 3-20: Multi-purpose room of the Ludlow Castle School. 

The other two buildings on the school campus are both four story RC frame 

and URM infill wall buildings that house classrooms (see Figure 3-21 and Figure 

3-22). The buildings are severely deteriorated, including crumbling concrete, exposed 

reinforcement, and missing or precariously hanging concrete panels which must be 

removed immediately. The structures are adjacent to one another and separated with 

expansion joints. They are irregularly shaped with numerous re-entrant corners and 

horizontal discontinuities. Both structures have RC slabs and infill brick bearing walls. 

The exterior of the structures have numerous, discontinuous openings. Infill URM 

panels are juxtaposed to columns such that short-column effects are widespread. The 

interior layouts have central corridors with classrooms on either side, providing 
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continuous lines of lateral resistance. The connection of RC slabs to the infill walls is 

provided by bearing only; there is no mechanical connection. 

 

Figure 3-21: Classroom building at the Ludlow Castle School. 

 

Figure 3-22: Classroom building at the Ludlow Castle School. 
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3.3 OBSERVATIONS OF COMMON CONSTRUCTION 

While the primary mission of this project was to improve the seismic safety of 

essential facilities in Delhi, ample opportunities were available to observe the common 

building stock. The majority of buildings in the Delhi area appeared to be two to four 

stories constructed of unreinforced masonry. Confined masonry was not frequently 

observed (see Figure 3-23). Much of this building stock was dedicated for housing of 

single family apartments and mixed use retail (Figure 3-24). These structure types 

appeared to house primarily middle class residents and were mixed between 

engineered and nonengineered structures. Engineered high rise buildings appeared to 

be more expensive to live in, and subsequently were directed at wealthy citizens (see 

Figure 3-25). Despite an effort to minimize India’s hierarchal past, a distinct class of 

residents lived on the streets, often in haphazardly built shanties. 

 

Figure 3-23: Typical middle class housing in Delhi consisting of 2 to 4 story URM with no RC 
frame elements. 
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Figure 3-24: Typical street with retail businesses in Delhi, consisting of 3 story masonry buildings 
with over-hanging floor levels. 

a)  b)  

Figure 3-25: High rise apartments in Delhi constructed with RC frames with infilled brick 
masonry. 

The predominant type of masonry used in building construction in Delhi was 

fired clay brick. No other brick types were directly observed to be used. The US team 

members visited a kiln facility outside Delhi where the bricks were manufactured (see 

Figure 3-26). No formal material testing was done on the bricks, though they were 

strong enough to pass the “drop” test. 
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a)  b)  

Figure 3-26: Clay brick kiln facility outside Delhi. 

 

Figure 3-27: Pile of aggregate used for concrete mix. The concrete is observed to be mixed on the 
ground. 

3.4 CONCLUSIONS & SUMMARY OF PROJECT OUTCOMES 

The Delhi Earthquake Safety Initiative facilitated not only the strengthening of 

critical buildings in Delhi, but it also served as a platform for training and mentoring a 

generation of Indian engineers in proper seismic design and analysis techniques. 

Numerous secondary benefits have also come to fruition. Through rehabilitation of the 

Ludlow Castle School, for example, comprehensive awareness, evacuation, and 

preparedness drills have taken place for the school population. Countless students 



86 

 

have subsequently disseminated those experiences to their families and beyond. This 

school was designated by the Government of Delhi as a “model safe school,” serving 

as a prototype for seismic safety activities which have been repeated in nine additional 

schools around Delhi, one from each school district. 

Upgrading measures have largely been implemented for all of the five essential 

facilities. Retrofitting at the Ludlow Castle School included the use of a prescriptive 

system of microconcrete “seismic belts” (GHI 2008d). This system was developed in 

India and is included in the Indian building code. The GTB Hospital was successfully 

retrofitted by the anchoring of interior brick partition walls and nonstructural 

equipment (GHI 2008e). Two buildings have been retrofitted to completion and plans 

to complete strengthening of the remaining buildings have been confirmed by the 

Delhi government. Retrofit plans of the Secretariat Building include wrapping 

columns with steel jackets to improve ductility (GHI 2008b). Improving performance 

of the Divisional Commissioner’s Office complex included strengthening two concrete 

buildings using RC shear walls (GHI 2008c). And finally, the Police Headquarters will 

be retrofitted using a combination of new shear walls and modification of existing 

walls (GHI 2008a). 
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Figure 3-28: Workshop participants. 

From a disaster mitigation standpoint, choosing a handful of essential facilities 

from hundreds in need for examination and strengthening in one of the world’s largest 

cities is an exercise in sacrificing for the common good. Delhi sits at the base of the 

Himalayan mountain range, the result of a remarkable convergence of the Indian and 

Eurasian plates. Much of the soil surrounding Delhi is alluvial. This earthquake risk 

coupled with poor soil conditions and lack of robust seismic design makes the 

vulnerability of Delhi’s population extreme. Given the poor infrastructure in India, and 

preparing the region for a major seismic event is an extreme challenge. Selection of 

the critical facilities for this project is an attempt to improve the potential response. 

Ensuring medical facilities, such as the GTB Hospital, remain open is of primary 

importance. Strengthening the police headquarters and government offices will 

provide continuity and stability of government in a post-disaster situation. Protecting 

schools not only preserves children’s safety, but school also serve as central gathering 

areas after disasters, offering short term housing and relief disbursement. 
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Successful and sustainable mitigation of Delhi’s earthquake vulnerability will 

likely take decades. Economic reasons aside, one must consider the state of 

infrastructure and the built environment, population distributions, building traditions, 

and available material resources. Educating engineers and building owners to Delhi’s 

earthquake risk and proper building techniques can be stymied by deep rooted 

hierarchal tendencies. 
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CHAPTER 4 SUCCESS & FAILURE OF HAITI’S NON-

ENGINEERED STRUCTURES 

4.1 INTRODUCTION 

On January 12, 2010 a Mw 7.0 earthquake struck the southern region of Haiti. 

The trace of the strike-slip fault lead 16 kilometers due west into the populous capital, 

Port-au-Prince. The number of reported fatalities varies widely: the government of 

Haiti estimated 316,000 were killed while an unpublished 2011 report commissioned 

by the US Agency for International Development (USAID) estimated the death toll 

was much lower, between 46,000 and 85,000 (A.P. 2011). A year after the earthquake 

810,000 remained displaced (USAID 2011). Damage assessment studies reveal that 

20% of structures in the Port-au-Prince region were severely damaged or destroyed 

and another 27% require major repairs (UNOPS 2011). Total damages and losses are 

estimated to be 7.8 billion USD, equivalent to 120% of Haiti’s 2009 GDP (UNEP 

2010). In 35 seconds of shaking this modest seismic event became one of the deadliest 

and costliest natural disasters in modern history. 

Approximately 90% of the building stock in the Port-au-Prince metropolitan 

region is residential housing (ImageCat 2010). Nearly two-thirds of these buildings, 

across all economic classes, are 1-story single family dwellings constructed in a 

homogenous manner with reinforced concrete frame elements infilled with 

unreinforced masonry (IHSI 2003). Housing was the single most affected sector as a 
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result of the earthquake: repair and replacement costs compose 40% of the total 

estimated financial losses (2.3 billion USD). 

Six weeks after the event the author traveled to the affected area as a member 

of the Earthquake Engineering Research Institute’s reconnaissance team. The 

objective was to document the damage to Haiti’s non-engineered low-rise masonry 

structures, which constitutes the vast majority of residences and other low-rise 

buildings in the country. Building use, methods of assembly, material quality, and 

structural performance were closely observed. While a detailed technical study was 

not conducted, informal observations matched closely with robust statistical studies 

conducted pre- and post-earthquake. 

Historically, traditionally assembled confined masonry has performed well in 

global earthquakes with little documentation of collapse. Thus, capturing failure 

mechanisms of these systems was a prime motivation during reconnaissance. Intense 

images coming out of Haiti in the weeks following the event suggested failure cases 

were abundant. However, the truth of the situation was otherwise. Confined masonry 

structures performed very well in the earthquake and sustained little damage. 

Construction materials and craftsmanship were of such poor quality, however, that 

small deviations from this assembly technique resulted in performance similar to 

masonry infilled frame structures. These systems performed poorly in the earthquake 

and account for the majority of structural collapses and fatalities. 

According to damage survey results, over half of residential homes around 

Port-au-Prince remained unscathed, yet the quality of building materials and 
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construction techniques for these buildings did not vary significantly from those that 

had collapsed. The author’s observations confirmed these data. Undamaged houses 

were constructed immediately adjacent to others of nearly identical construction that 

were completely destroyed. This investigation endeavored to explain how these 

drastically different outcomes resulted. 

4.2 PRE-EARTHQUAKE HOUSING SITUATION 

The predominant structure type in Haiti is a low-rise, non-engineered building 

constructed of unreinforced masonry walls framed by slender concrete columns. 

Hollow concrete block is the primary masonry unit used; other types, including fired 

clay brick were not observed. Thick concrete slabs are used for floors and roofs. Other 

roofing methods include sparse wood frames overlaid with lightweight corrugated 

metal and concrete blocks cast within the slab. The latter exploits the voids of concrete 

block, thus reducing the volume of concrete used. 

Most buildings are one to three stories and are used for single family dwellings 

or small businesses. Apartment buildings did not appear prevalent; most families 

reside alone in one house regardless of income. Most homes are designed and 

constructed by the owner or a local mason. Because residences are commonly 

constructed over time as funds are acquired, construction is inconsistent and 

haphazard. Load paths are frequently discontinuous and member sizes insufficient, 

particularly columns when additional floors are later added. For these reasons, Haiti’s 

archetypical construction is referred to as “non-engineered.”  
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In 2001 and 2009 the Government of Haiti commissioned housing and 

infrastructure surveys of a combined 9200 citizens in rural, urban, and metropolitan 

regions of the country. The results of these surveys confirm the author’s observations 

of the housing stock in Port-au-Prince and surrounding municipalities (IHSI 2003; 

Lunde 2009): 

• One-story single family dwellings comprise 63% of the housing stock 

in metropolitan Port-au-Prince and 72% in surrounding urban areas. Roughly 60% of 

all residential structures in Haiti are regular 1-story dwellings, regardless of economic 

class. Other housing types include: multi-story house or apartments (10%); 

“taudis/ajoupa” or slums (14%); “kay até” or mud houses with joined roof and walls 

(6%); and other (7%).  

• Regular 1-story houses are predominantly constructed with concrete, 

block, or stone (76%), as categorized by the survey. Nearly all multi-story dwellings 

are built with these materials (97%). 

• Regular 1-story houses are usually built with concrete floors (64%); the 

remainder use compacted earth (31%). Multi-story dwellings are also normally built 

with concrete floors (69%) with most of the remainder reported as tile or wood board. 

As Port-au-Prince became the dominant economic center of Haiti over 

preceding decades, uncontrolled housing developments grew around the city. Known 

by the French term ‘bidonville,’ these unauthorized settlements are dense and lack 

formal planning, notably for natural hazards. A 1997 study revealed that two-thirds of 

the urban population around Port-au-Prince resided on just 22% of the inhabited land 
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(PDNA 2010). Most of these settlements evolved on the steep hillsides above the city 

center, usually by means of squatting (see Figure 4-1 and Figure 4-2). Two-thirds of 

Haitians claim ownership of the land and house they reside in (IHSI 2003). Home 

ownership acquisition is reported predominantly as “construction” (84%), rather than 

purchase (6%) or inheritance (8%). 

 

Figure 4-1: Steep foothills surround the urban center of Port-au-Prince where many Bidonville 
housing developments are located (GoogleEarth 2010). 
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Figure 4-2: A typical low-rise, non-engineered housing development on the hillsides that surround 
central Port-au-Prince (photo courtesy A. Lewis).  

4.3 BUILDING MATERIALS 

As outlined above, building materials and assembly methods of Haiti’s 

housing stock are homogenous, suggesting that construction quality is also of a similar 

level throughout the country. The January 2010 earthquake, therefore, unbiasedly 

affected the entire population. Understanding Haiti’s conformative building practices 

illuminates this condition and subsequent reasons for the widespread damage.  

4.3.1 Cement 

Based on the author’s observations of active construction sites and interviews 

with builders and suppliers, Type I Portland cement is used exclusively for all 

concrete elements, including hollow concrete blocks, columns, beams, roof and floor 

slabs, and mortar for foundations and wall panels. All cement is imported into Haiti; 
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in-country production ceased following the privatization of the public cement 

company, Ciment d’Haiti in 1997. 

4.3.2 Sand 

Unwashed beach sand was regularly used in concrete mixes in the past. The 

high salt content facilitates corrosion of steel reinforcement and can lead to complete 

loss of tensile strength, as the author observed. A past campaign by the government to 

discourage the use of beach sand appears to have been successful, however. Residents 

are aware it is an objectionable building material and its use appears to have ceased 

and been replaced with river sand. Unfortunately, most buildings subjected to the 

January 2010 earthquake had been constructed using beach sand. Among other 

reasons, corroded reinforcement contributed to structural failures because of a loss of 

tensile capacity of the reinforcement (see Figure 4-3). 

               

Figure 4-3: Corrosion of steel reinforcement from the use of beach sand contributed to the failure 
of the Sacred Heart church in Port-au-Prince. 
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While river sand is a good alternative to beach sand, aggressive mining of it 

comes with environmental consequences. Its removal reduces the amount of sediments 

transported to river mouths and beach estuaries, diminishing natural coastal barriers 

and contributing to Haiti’s ongoing larger environmental crises (Cambers, Hendry et 

al. 1998). 

4.3.3 Aggregate 

Haiti has large natural deposits of limestone throughout the country. Because 

of its abundance, limestone is commonly used for both small and large aggregate in 

concrete mixes. It is quarried from the hills above Port-au-Prince, the largest of which, 

“La Boule” produces a light colored weak chalky limestone. According to past USGS 

investigations, limestone from this area contains rudists, tubular mollusks from the 

Cretaceous period (Woodring 1954). The shells of these organisms are composed of 

calcite and aragonite, forms of calcium carbonate that compose limestone. A USGS 

cement specialist hypothesized that if these shells are fragile, then they are the likely 

cause of the weak chalky characteristics (Van Oss 2010). Alternatively, the 

sedimentary environment in which the limestone formed may have prevented natural 

cementing of the material. 

Haitian builders take advantage of limestone’s natural cementing properties by 

using less cement in concrete mixes in place of more limestone aggregate. This 

practice is particularly common in concrete block manufacturing. The combined 

decreased quantity of cement and increased quantity of limestone, which has a lower 

compressive strength than rock, reduces the overall compressive strength of typical 
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concrete in Haiti. A month after the earthquake, Haiti’s public works ministry 

prohibited the use of La Boule material for construction. They instead recommended 

using sand and rocks from river beds. Despite this decree, piles of limestone aggregate 

were frequently seen at construction sites during reconnaissance (see Figure 4-4). 

Although river rock has a higher compressive strength than limestone, its 

smooth surface diminishes bond strength with the cement matrix. Exacerbating this is 

the use of very large river rock; 3 inch to 6 inch rocks and larger were commonly seen 

during reconnaissance. Crushed granite, typically ¾ inch in the United States, was 

only observed at the national material testing laboratory. The removal of river rock 

was observed in select locations where it had been intentionally placed for scour 

protection of bridge foundations. 

 

Figure 4-4: La Boule limestone aggregate gradated at a construction site. 
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4.3.4 Concrete Mix Proportions and Placement 

Along with poor quality aggregates and insufficient cement, concrete mix 

proportions were frequently observed to have high water content in order to ease 

workability and generate more concrete volume, thus lowering costs. As was 

commonly observed, the concrete bond strength was incapable of fracturing through 

large rock aggregate (see Figure 4-5). For larger construction projects that require 

delivery of concrete by mixing truck, the mixes also tend to have high water content 

because of evaporation and transportation delays in Port-au-Prince. Conversely, water 

content can also be too low if water is difficult to obtain or transport. In general, mix 

proportions and technique were not observed to depend on the intended use of the 

concrete, including for mortar, structural frame elements, or concrete blocks.  

 

Figure 4-5: Weak concrete bond is evident by the lack of fracture through large aggregate. 
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Concrete was frequently observed to be mixed on the ground at construction 

sites, resulting in heterogeneous batches and inconsistencies between batches. The 

concrete is shoveled directly into formwork or block molds with no vibration or 

consolidation effort to remove air voids (see Figure 4-6). Large voids were commonly 

seen as big as a softball in finished construction. In larger or higher-end projects, a 

small mixer or concrete truck was observed with a bucket brigade transferring the 

concrete for placement. Again, no observed effort was made to consolidate.  

Concrete blocks are commonly produced at or near construction sites. The 

blocks are formed, extracted, and dried rather than cured. The drying process generally 

occurs in a large open area with no cover, resulting in limited hydration of the 

concrete. Typical block dimensions are 15.75 inches x 7.0 inches x 6.0 inches (see 

Figure 4-7). Shell thickness is approximately 1 inch. Grouting of concrete blocks was 

never observed. 
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a)  

b)  

Figure 4-6: Examples of poor quality concrete, including a) excessively large rock aggregate, 
discontinuous pour, lack of consolidation, and b) poor reinforcement detailing (photo (a) courtesy 

A. Irfanoglu). 
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Figure 4-7: Typical concrete masonry blocks. 

4.3.5 Steel Reinforcement 

Steel reinforcement in Haiti is imported in large, tightly bound coils 

approximately 3 feet in diameter. The coils are straightened and sold in lengths of 30 

feet; these pieces are then bent in half for transportation (see Figure 4-8). Once on site, 

the reinforcement is cut and re-bent into workable geometries. All told, steel 

reinforcement may undergo three large deformations before placement (Anonymous 

2010).  

Most of the steel reinforcement in Haiti is sold as “ungraded,” although testing 

results suggest most steel is at least Grade 40. Grade 60 steel can be specially ordered. 

According to interviews with builders, when the price of steel increased globally in 
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2008 the diameters of ½ inch and ⅜ inch bar decreased. Although called “½ inch”, 

actual diameter is less than 7/16 inch.  

 

Figure 4-8: Commonly used ungraded reinforcement bent for transport (Anonymous 2010). 

Historically, many of Haiti’s low-rise structures were assembled with smooth 

reinforcement. The availability of smooth bar for purchase ended in 2000. While 

deformed rebar is the only option for new purchase today, reinforcement of any kind, 

including smooth, was seen meticulously extracted from destroyed buildings to be 

used for rebuilding following the January 2010 earthquake (see Figure 4-9 and Figure 

4-10). 
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a)  

b)  

Figure 4-9: Following the earthquake, residents a) meticulously removed concrete from around 
steel reinforcement b) for the purpose of re-pouring new concrete slabs and roofs in an identical 

configuration. 
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Figure 4-10: Straightening rebar that had been removed from a collapsed building to be reused in 
reconstruction. 

4.3.6 Material Testing Results 

4.3.6.1 Concrete and Concrete Masonry Blocks 

Members of EERI’s reconnaissance team collected construction material 

specimens for strength testing. This information can provide researchers, designers, 

and decision makers with a realistic starting point for assessing Haiti’s rebuilding 

efforts. Justin Marshall (Auburn University) and Steve Baldridge (Baldridge & 

Associates, Honolulu, Hawaii) secured eight concrete blocks from a collapsed 

property wall with the assistance of engineers from the United States Southern 

Command and Joint Task Force Haiti. These blocks were generously tested by the 

Kaderabek Company of Miami, Florida. The average compressive strength was 1,638 
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psi (11.3 MPa) with a standard deviation of 365 psi (2.5 MPa). Typical concrete block 

strength in the United States is 1,900 psi (13.1 MPa). These specimens are likely 

representative of higher-quality materials available in Haiti. Conversely, a colleague 

noted that at a rural location outside Port-au- Prince, concrete blocks would fall apart 

if they were picked up from one end (Holliday 2010). Similarly, Degenkolb engineers 

noted that some concrete blocks broke apart and shattered when dropped from 4 feet 

(1.2 meters) (Rookstool 2010). 

Two cylinders of freshly poured concrete were obtained during reconnaissance 

and tested in unconfined 28-day compression, in accordance with the American 

Society for Testing and Materials International’s (ASTM) C39, Standard Test Method 

for Compressive Strength of Cylindrical Concrete Specimens (ASTM 2010a). The 

first concrete cylinder was taken from concrete used in the foundation of a security 

wall being constructed near the U.S. Embassy. The foundation was sized to 

accommodate a roughly 10 foot (3 meter) high CMU wall. This work was being 

performed by a local Haitian contractor for the U.S. Military with limited supervision. 

The concrete sample was cast into a section of PVC pipe and field cured for two days 

before being transported in carry-on baggage to the United States. The sample was 

then placed in standard wet cure storage for 28 days. The test revealed a peak strength 

of 1,260 psi (8.7 MPa). The cylinder break was a cone and split fracture type, as 

defined by ASTM C39. Figure 4-11 shows the cylinder before and after the testing. 

The second fresh concrete sample was obtained by the author and taken from 

concrete used to level the top of a rock rubble foundation for a property separation 
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wall. The sample was gathered in a standard 6 inch x 12 inch (150 mm x 300 mm) 

sealed cylinder and transported back to the United States where it was placed in wet 

cure storage at the National Institute of Standards and Technology (NIST). The sample 

was tested 28 days after collection. Its peak strength was 410 psi (2.8 MPa). The 

fracture type was columnar, as defined by ASTM C39 (see Figure 4-12). For 

comparison, the minimum concrete strength allowed for construction in the United 

States is 3,000 psi (20.7 MPa) in seismic regions. 

The author also obtained a forensic concrete specimen taken from the 

collapsed Hotel Montana. This sample was cut into rectangular prisms and tested in 

accordance with ASTM C39, compression testing of cubes. However, this concrete 

specimen had such a weak aggregate bond that it could not be cut into the specified 2 

inch (5 cm) cube size. Instead, the specimen dimensions were 2.2 inch x 2.3 inch x 4.4 

inch (5.6 cm x 5.8 cm x 11.2 cm). Peak strength was 1,754 psi (12.1 MPa). The result 

was classified as a combination columnar and shear failure. The test results for all 

concrete and masonry samples are presented in Table 4-1. 
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a)  

b)  

Figure 4-11: Concrete sample taken from wall construction site near U.S. Embassy: (a) Prepared 
or compression testing, (b) fractured concrete specimen. 
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Figure 4-12: Fractured concrete specimen taken from concrete used to level the top of a 
foundation. 

Table 4-1: Summary of specimen testing results of concrete and concrete masonry blocks. 

Specimen 
Type 

Date Obtained 
Specimen 

Description 
Test Type 

Peak Value 
(psi) (MPa) 

Concrete Block February 2010 
8 CMU blocks 

for property wall 
Compression 

1,638 ± 365 
(11.3 ±  2.5) 

Fresh Concrete March 2010 
Leveling 

concrete for 
foundation top 

28 day Cylinder 
Compression 

410  
(2.8) 

Fresh Concrete February 2010 
Foundation for 

US Military 
facility 

28 day Cylinder 
Compression 

1,260  
(8.7) 

Forensic 
Concrete 

February 2010 
Hotel Montana, 

Pétion-Ville 

ASTM C109 
Cube 

Compression 

1,754 
(12.1) 
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4.3.6.2 Steel Reinforcement 

Various sizes of smooth and deformed reinforcing bars were collected by the 

author and tested at the National Institute of Standards and Technology (NIST) and the 

University of California San Diego (UCSD) in accordance with ASTM A370, 

Standard Test Methods and Definitions for Mechanical Testing of Steel Products 

(ASTM 2010b). The largest specimen was collected at a collapsed Jesuit dormitory in 

Turgeau. This large three-story structure was considered to be “engineered.” The steel 

sample was approximately a #5 bar with a peak tensile strength of 66 ksi (455 MPa).  

Most longitudinal reinforcement used in non-engineered structures is smooth 

small diameter bars, typically #3 and #4. Smaller #2 bars are used transversely. The 

author collected several steel reinforcement samples from non-engineered building 

sites and the collapsed Hotel Montana in Pétion-Ville (see Figure 4-13). Though the 

Hotel Montana was a large “engineered” structure, the samples collected from there 

are similar to those commonly used in non-engineered residential buildings. As such, 

test results shown in Table 4-2 suggest that much of the steel reinforcement used in 

Haiti is Grade 40 (275 MPa) or higher. 
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Figure 4-13: Assorted steel reinforcement specimens collected for tensile testing. The transverse 
steel bars A and G could not be tested because the diameters were too small to fit in available 

testing rigs. 

Table 4-2: Summary of steel reinforcement specimens tested in tension. 

Reinforcement 
(Figure 4-13 

Label) 

Diameter 
(in)(mm) 

Nearest 
Standard Size 

Specimen 
Description 

Approximate 
Yield  

(ksi) (MPa) 

Tensile Strength 
(ksi) (MPa) 

Smooth & 
Deformed 

(Labels B,C,D) 

0.462 ± 0.003 
(11.7 ± 0.08) 

#3-#4 Imperial 
12 Metric 

Non-engineered 
building site 

52 ± 4 
(359 ± 2.8) 

72.0 ± 1.1 
(496 ± 7.6) 

Deformed 
(Label E) 

0.307 (7.8) 
#2-#3 Imperial 

8 Metric 
Non-engineered 

building site 
53 (365) 81.7 (563) 

Smooth 
(Label F) 

0.326 (8.3) 
#2-#3 Imperial 

8 Metric 
Non-engineered 

building site 
57 (393) 76.8 (530) 

Deformed  
(Not Pictured) 

0.630 (16.0) 
#5 Imperial 
16 Metric 

Jesuit residence 
Turgeau 

43 (297) 66 (455) 

 

As presented in Section 4.3.5, steel reinforcement is imported to Haiti in large 

coils which may undergo up to three large deformations before placement. Dr. André 
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Filiatrault, professor at the State University of New York at Buffalo and former 

director of the Multidisciplinary Center for Earthquake Engineering Research 

(MCEER), secured three deformed reinforcement samples with a nominal diameter of 

0.5 inch (13 mm) from a construction site in Haiti (Filiatrault 2011). Two of the three 

specimens had been bent for transportation purposes and were re-straightened at the 

construction site; in total, they underwent three large deformations. The specimens 

were tested in accordance with ASTM A370; the results are shown in Table 4-3. It 

appears that the steel was Grade 60. The approximate yield and ultimate tensile 

strength values of the two bent specimens were not significantly different to the 

unbent specimen. However, the ultimate strain values were reduced by 50% and 82% 

as a result of the numerous deformations.  

The data shown in Table 4-2 and Table 4-3 suggest that the strength of steel 

reinforcement in Haiti was not a contributing factor to failures. Instead, insufficient 

steel ratios, smooth bars, and improper detailing and handling contributed to collapses. 

Table 4-3: Summary of specimen testing results of steel reinforcement in tension. 

Reinforcement 
Type 

Min Diameter 
(in)(mm) 

Nearest Standard 
Size 

Approx. Yield 
Strength 

(ksi) (MPa) 

Ult. Tensile 
Strength 

(ksi) (MPa) 

Ult. Tensile 
Strain 
(%) 

Not Bent 0.403 (10.2)  #4 Imperial  72 (496)  108 (745)  22 

Bent  0.425 (10.8)  #4 Imperial  67 (462) 98 (676) 4 

Bent  0.444 (11.3)  #4 Imperial  75 (517)  111 (765)  11 
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4.4 OBSERVED CONSTRUCTION METHODS 

4.4.1 Overview 

Typical construction of Haiti’s non-engineered buildings consists of lightly 

reinforced concrete columns spaced at 7 to 12 feet (2.1 to 3.7 m) along perimeter and 

interior walls. Typical story height is 8 to 10 feet (2.4 to 3.0 m). Reinforced concrete 

beams or a thick slab spans between columns; the latter is more prevalent. Detailing at 

the beam-column or slab-column joint is limited to longitudinal bars passing through 

the joint; additional transverse ties are not commonly added. Beams are frequently 

excluded altogether as gravity carrying components. Their use appears dependent on 

slab thickness, column spacing, and architectural intent. When they were seen during 

reconnaissance, beams lacked concrete and reinforcement continuity across the beam-

slab interface. This prohibits the development of a standard T-beam mechanism and 

thus horizontal load transfer (see Figure 4-14).  

Floor and roof slabs are constructed in one of two ways: solid or voided. A 

solid slab is lightly reinforced with a single layer of bi-directional steel spaced at 

roughly 9 to 12 inches (23 to 30 cm). Voided slab construction utilizes masonry blocks 

to reduce the volume of concrete. In this case, the blocks are placed in a grid and form 

a bi-directional system of reinforced concrete beams nested between the blocks (see 

Figure 4-15). Block placement can be haphazard and lack regularity. Slab 

reinforcement was occasionally observed to span through the block voids. Typical slab 

thickness for this type of system exceeds the block width or height (7 inches (18 cm)) 
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in order to provide a finished surface. In addition to concrete slabs, light gauge metal 

with timber or steel trusses is also a common roofing method. 

 

Figure 4-14: Discontinuity between beams and slabs prohibits the beams from carrying vertical 
load. 

 

Figure 4-15: Example of voided slab construction with blocks arranged in grids to facilitate bi-
directional beams (photo courtesy A. Irfanoglu). 
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Column dimensions are roughly 7 to 12 inches (18 to 30 cm) in the wall 

direction and the width of a masonry block (7 inches) in the perpendicular direction. 

Four #3 or #4 longitudinal bars were most commonly observed in columns (see Figure 

4-16), providing a typical reinforcement ratio between 0.005 and 0.016. Smooth and 

deformed bars are often used interchangeably in the same structure and within the 

same column. Typical transverse reinforcement in the columns is #2 smooth ties 

spaced at 6 to 12 inches (15 to 30 cm). There were no observed instances of tighter tie 

spacing in expected column hinge regions. An overlap of 2 inches (5 cm) was 

typically seen at tie ends. In some cases, this overlap occurs at the column corner 

around a longitudinal bar, providing an insufficient 90 degree hook. However, in many 

cases the overlap was also observed between longitudinal bars, resulting in no bent 

hook and even less confining capacity. No instances of 135 degree ties typical of 

seismic resistant construction were observed. 

Unreinforced masonry walls have a single wythe staggered block arrangement. 

No mechanical connection to other structural elements, such as concrete slabs or 

columns, was observed. Horizontal bed joints are commonly ¾ inch (2 cm) thick. 

Vertical joints vary between 0 and ¾ inch. In some cases a thin coat of mortar material 

is applied to the wall face to produce a smooth finish. Observed openings in walls 

included large windows (commonly 3 feet (1 m) square); patterns of missing blocks 

(e.g., every other block excluded in a row); or decorative blocks to allow light 

penetration. These openings are commonly positioned immediately below the slab 

above, thus utilizing the slab as a lintel. Reinforced concrete bond beams were also 
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commonly seen, positioned over window openings and running the length of a wall or 

encompassing a building, as seen in Figure 4-17.  

 

Figure 4-16: Typical longitudinal and transverse steel reinforcing for a column (photo courtesy P. 
Coats). 
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Figure 4-17: Example of a bond beam that spans over the window openings and wraps around a 
portion of the building. 

When future expansion of a building is planned, longitudinal reinforcement 

from columns below is extended through the slab. While this provides modest 

continuity between existing and future columns, detailing in the lap region does not 

meet ACI-318 provisions, including 2 inch (5 cm) transverse tie spacing (based on bar 

diameter) and lapping within a potential hinge region (ACI 2002).  

4.4.2 Infilled Frame and Confined Masonry Systems in Haiti 

As highlighted in previous sections, Haitian construction practices are 

haphazard and of poor quality. Builders often use different column and reinforcement 

sizes and construction techniques on the same building, unaware of any subsequent 

effects on behavior. Specifically, erecting the masonry wall first or building the frame 

first does not result in a significant change in appearance. The two techniques use the 
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same materials and in similar quantities—there’s little discernible difference to an 

untrained individual.  

In order to distinguish between construction sequences and subsequent 

performance, the terms “column-first” and “wall-first” are used herein to describe 

those construction practices in Haiti which are similar to masonry infilled frame and 

confined masonry systems, respectively. While the terms ‘infilled frame’ and 

‘column-first’ can be used interchangeably, the terms ‘confined masonry’ and ‘wall-

first’ cannot. Significant differences exist between traditional confined masonry and 

the wall-first systems that exist in Haiti. Properly constructed confined masonry 

results in vertical load bearing on the masonry wall panels. Common building practice 

in Haiti, however, results in a gap between the top of the wall and the beam or slab 

above, prohibiting vertical load transfer (see Figure 4-18). Subsequently, two-way 

bending cannot develop across the wall in response to out-of-plane excitation. The 

benefit of erecting the walls before the columns is therefore restricted to one-way 

arching action alone. For this reason, true confined masonry construction was not 

observed in Haiti and is instead referred to as “wall-first” construction.  

Wall-first and column-first construction appeared to be equally prevalent in 

Haiti. During reconnaissance, column-first construction was easily identifiable 

because of delineation or even a gap between the wall panel and the adjacent column. 

Wall-first construction was identifiable by the absence of this division and the 

presence of concrete oozed around individual masonry units. Evidence such as that 
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shown in Figure 4-19 strongly indicates that the wall was in-place prior to pouring of 

the column. 

 

Figure 4-18: Masonry walls are built short of the roof slab for all types of masonry construction; 
block debris is added to fill in the gap. 
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Figure 4-19: Wall-first construction is identifiable by oozing of the concrete around the masonry 
blocks. 

4.5 PERFORMANCE OF NON-ENGINEERED STRUCTURES DURING 

THE JANUARY 2010 EARTHQUAKE 

4.5.1 Masonry Infilled Frames/Column-First Buildings 

For those structures assembled with a column-first technique, observed 

performance during the January 2010 earthquake was poor and consistent with the 

expected behavior of masonry infilled frame systems. Initially, masonry walls 

contributed to and increased the lateral stiffness of the surrounding frame system. 
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Once the masonry cracked and deformation demands increased, interaction between 

the wall panel and columns resulted in localized damage to both. Lacking out-of-plane 

resistance, masonry infill frequently toppled out-of-plane leaving the adjacent slender 

columns unsupported. Figure 4-20 captures this moment of damage progression for 

the wall in the foreground. The upper portion of the masonry infill wall has toppled 

out-of-plane, leaving the adjacent column unsupported. Cracking between the masonry 

and the column is evident and exposes the lack of bond between the two components, 

including no staggering of masonry units within the column cavity. If excited by 

additional ground accelerations, this wall would likely perform like so many other 

column-first buildings: insufficient joint detailing at the beam-slab interface would 

lead to joint damage. The formation of a sway mechanism would occur and collapse 

would ensue. 

This damage progression and failure mode were likely the most common 

means of collapse of low-rise, non-engineered buildings in Haiti and the majority of 

fatalities. Inadequate transverse reinforcement of the columns also resulted in 

frequently observed shear failures, compression failures, and column bar buckling. 
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Figure 4-20: Common out-of-plane toppling of infilled frame walls. Infilled frame/column-first 
construction is distinguishable by distinct cracks between the columns and walls, seen on the left 

of the wall, along with a lack of staggered masonry units within the column cavity. 

4.5.2 Wall-First Buildings 

As previously discussed, construction of a masonry wall prior to the frame 

results in a modest bond or toothed connection between the columns and masonry 

wall. Those buildings in Haiti observed to be constructed with a wall-first technique 

and with a significant column-wall bond experienced little to no damage from the 

earthquake (see Figure 4-21). The extent of damage observed in this case was limited 

to minor cracking around window and door openings. However, Haitian construction 

is of such poor quality, and in fact represents a lower bound condition, that this 
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seemingly minor change of assembly technique defined the difference between 

sufficient seismic resistance and collapse during the 2010 earthquake. 

a)  

b)  

Figure 4-21: Wall-first construction in Haiti, similar to traditional confined masonry: a) typical 
building on a rock rubble foundation, and b) damage around openings from the January 2010 

earthquake. This was the most severe damage observed to these building types (photos courtesy S. 
Brink). 
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Based on the author’s observations of hundreds of non-engineered buildings, 

including damaged and undamaged structures in affected areas, the distance that the 

staggered masonry units extended into the column cavity directly affected the amount 

of structural damage. As the overlap distance diminished, the column-wall interface 

became more flush and more closely resembled typical masonry infilled frame 

construction. In turn, performance was marginalized. It is important to note that 

because of how wall-first buildings are erected in Haiti, without gravity load-bearing 

on the walls, that it is not necessarily the construction sequence that can be attributed 

with successful building performance. Instead, successful performance occurred 

because assembling the wall first permitted one to stagger masonry units within the 

column cavity.  

Of course, one cannot extend masonry units into the column without having 

built the wall first. Frequently, a completely flush interface with no brick staggering 

was observed between the masonry wall and column (see Figure 4-22). In this case, 

only contact adhesion existed between the concrete and the masonry wall; no shear 

key action could develop in response to in-plane excitation. Nonetheless, the author 

speculates that even this lower bound interface may have helped mitigate or delay 

collapse, as numerous undamaged or slightly damaged buildings were observed with 

this negligible bond.  
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a)  

b)  

Figure 4-22: Wall-first construction. A) Proper staggering of blocks within the column cavity of a 
wall under construction. B) A lack of block staggering within the column cavity, as demonstrated 

by this wall under construction, results in behavior similar to infilled frame (photo courtesy D. 
Ballantyne). 
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Several examples of out-of-plane U-shaped wall failures were observed for 

buildings assembled with a wall-first technique, for which masonry units remained 

attached to the columns. The presence of these units indicates that the column-wall 

bond was not the weak link, but that the displacement capacity of the wall was 

reached.  

Despite the successful performance of wall-first construction in Haiti, poor 

quality design and craftsmanship are pervasive. The use of a wall-first or column-first 

construction technique is inconsistent; a wall may be bookended by a column at one 

end and unsupported at the other. This gross lack of redundancy and consistency in the 

design and assembly of Haitian houses frequently facilitated the rapid escalation from 

a single component failure to global structural collapse. Residents should not assume 

that because their house withstood the earthquake that it was built properly and is safe 

from future seismic events. 

4.6 DAMAGE OVERVIEW: PERCEPTION AND STATISTICS 

4.6.1 Introduction 

Hundreds, if not thousands, of buildings were observed during earthquake 

reconnaissance. From this, the author drew a broad conclusion that the seismic 

performance of Haiti’s residential buildings appeared to be bi-modal: they seemed to 

either survive intact with little to no damage, or they were completely destroyed. 

Buildings with a moderate level of damage indicating energy dissipation or ductility 

capacity, such as shear wall “X” cracks, moment failures, and permanent 

displacements, were not frequently observed. This lack of moderate damage, in light 
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of the short duration of the earthquake, is a testament to the brittle nature of Haiti’s 

housing stock.  

As discussed, variations in construction technique contributed significantly to 

the severity of damage of a structure. Other factors, including topographic and soil 

amplification effects, also resulted in concentrated areas of severe damage. Yet even 

in these areas some structures remained intact and undamaged. Anecdotally, two 

hillside residential communities are considered with similarly constructed homes. One 

of these communities suffered extreme damage: of roughly 62 homes considered, 45 

were completely destroyed and the remaining 17 appeared undamaged (73% collapse 

rate). The second community is located just 1 km away. Of roughly 70 homes 

surveyed, there were no collapses and just three instances of isolated out-of-plane wall 

failures. The difference between these two communities not only highlights the 

significant impact of ground conditions, but also the generalized observation of bi-

modal structural performance. 

Several damage assessment surveys were conducted in the aftermath of the 

January 2010 event to quantify the number of destroyed buildings and the damage 

grade distribution. Data collection began within days after the earthquake to serve 

rapid assessment and response needs and continued for over a year to estimate total 

losses and establish a framework for recovery. The results of three of these surveys are 

presented to highlight the widespread and unbiased destruction and to illuminate the 

author’s perceived bi-modal building performance. 
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4.6.2 Post-Earthquake Damage Assessment Surveys 

4.6.2.1 ImageCat/GEO-CAN 

Immediately following the January 2010 earthquake, the World Bank 

partnered with ImageCat and the Global Earth Observation Catastrophe Assessment 

Network (ImageCat/GEO-CAN) to generate building damage estimates. Aerial and 

satellite imagery was taken of locations throughout Port-au-Prince and select cities 

that coincide with areas visited by EERI reconnaissance members. High resolution (50 

cm) satellite imagery and very high resolution (VHR; 15 cm) aerial imagery was used 

to examine structures from a vertical-only perspective. Analysts were asked to identify 

only buildings which they could confidently classify as very heavily damaged or 

collapsed, in accordance with the European Macroseismic Scale 1998 (EMS-98) 

Grades 4 or 5, respectively (see Figure 4-23). A total of 29,056 destroyed buildings 

were identified by means of observed debris fields and skewed roof lines. When 

damage was ambiguous or difficult to determine the buildings were excluded from the 

database. For this reason, there is very high reported confidence of accurate damage 

assessment for individual buildings (76% confident for Grade 4 and 90% for Grade 5) 

(ImageCat 2010). 

To put the counted number of Grades 4 and 5 buildings in context, 

ImageCat/GEO-CAN researchers used field surveys to approximate the total number 

of buildings that had been considered in the course of their analysis, including 

damaged and undamaged. Four field surveys were conducted around Port-au-Prince 

that represented different land use or occupancy types: residential high density, 
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residential low density, shanty/informal, and commercial/industrial/downtown. 

Damage level proportions from these surveys, in combination with the actual number 

of Grades 4 and 5 buildings assessed from imagery, were in turn used to estimate the 

total number of Grades 1, 2, and 3 buildings. This was done for each land use 

category. The results are shown in Table 4-4, where the number of counted Grades 4 

and 5 buildings identified from vertical imagery are shown in boldface for each land 

use occupancy type. The corresponding number and percentage of Grades 4 and 5 

buildings identified from field assessments is shown in italics. 

 

Figure 4-23: Damage classification grades of masonry buildings based on EMS-98 (Grunthal 
1998). 
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Table 4-4: Damage level distributions from ImageCat ground surveys (ImageCat 2010). 

Land Use Category Grades 1/2/3 Grades 4/5 Total 
+/- Confidence 

Interval 

Commercial/Downtown/Industrial 3768 3922 7690  

Field Survey Sample Size 47 49 96  

Field Survey Distribution 49% 51% 100% 14.0% 

Residential high density 19238 4569 24047  

Field Survey Sample Size 192 46 238  

Field Survey Distribution 81% 19% 100% 14.4% 

Residential low density 81338 13241 94579  

Field Survey Sample Size 80 13 93  

Field Survey Distribution 86% 14% 100% 27.2% 

Shanty 18201 6067 24268  

Field Survey Sample Size 39 13 52  

Field Survey Distribution 75% 25% 100% 27.2% 

All Buildings 18201 27799 24268  

Field Survey Sample Size 358 121 479  

Field Survey Distribution 75% 25% 100% 8.9% 

 

The process by which building counts were extrapolated for lesser damage 

grades employed small sample sizes relative to the populations represented, resulting 

in diminished confidence of accurate damage assessment. As shown in Table 4-4 

under the All Buildings category, the overall sample size of 121 Grades 4 and 5 

buildings counted through the field survey is intended to represent a population of 

27,799 identified from vertical imagery. This representation results in a confidence 

interval of nearly 9% for a 95% confidence level. Thus, these data indicate that the 
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percentage of severely damaged or collapsed buildings in Haiti could be as high as 

34% (sum of 25% from the field survey distribution and 9% interval) instead of the 

20% estimated by the Post Disaster Needs Assessment commissioned by the 

Government of Haiti (PDNA 2010). 

Earthquake damage assessments are notoriously subjective. The 

ImageCat/GEO-CAN effort utilized over 600 volunteers, most with engineering 

expertise but with limited training in vertical imagery damage assessment. Variation in 

damage categorization is to be expected. ImageCat/GEO-CAN volunteers were 

instructed to grade only those buildings for which they had a high level of confidence 

of accurate assessment. Inevitably, by excluding structures that analysts were less 

confident about, many buildings were excluded from the count which should have 

been included. As an example, a 2-story house under construction that the author 

observed sustained little wall damage, including no significant out-of-plane or in-plane 

failures (see Figure 4-24). Yet the roof slab was rotated and precipitously supported on 

slender columns. Vertical imagery would have revealed no debris field, as volunteers 

are instructed to look for, and may not have been resolute enough to reveal the slab 

rotation. The structure was vulnerable to pancake collapse at the slightest perturbation. 

It is likely that a building in this condition would not have been classified as Grades 4 

or 5 for this survey. While this example is anecdotal, it affirms the above survey 

analysis suggesting that the ImageCat/GEO-CAN damage assessment could be a 

conservative representation of the actual damage distribution.  
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Figure 4-24: House with minimal wall damage but in danger of imminent collapse from the 
skewed roof slab. 

4.6.2.2 Pictometry 

In order to gauge the accuracy of their results, the ImageCat/GEO-CAN team 

requested that a two part validation study be conducted using ground observations and 

Pictometry, proprietary aerial imagery taken at an oblique angle. This perspective 

allows for viewing of the sides of damage structures, providing a more accurate 

damage assessment than the vertical imagery collected by ImageCat/GEO-CAN. 

Pictometry can capture story collapses unlike vertical imagery, thus resulting in more 

Grades 4 and 5 assignments. Lesser damage, Grades 2 and 3, can also be identified in 

some cases. The most significant limitation of Pictometry is line-of-sight obstruction 

due to foliage. 
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The first part of the validation study compared damage assessments of 1241 

buildings made by both ImageCat/GEO-CAN and Pictometry (Spence and Saito 

2011). Results reveal that Grades 4 and 5 damage proportions were similar between 

the two methods. Damage assessment made by Pictometry resulted in 9.3% and 16.4% 

for Grades 4 and 5, respectively. ImageCat/GEO-CAN analysis resulted in 8.0% and 

15.6% damage at Grades 4 and 5, respectively. 

The second part of the validation study compared damage assessments made 

by both ImageCat/GEO-CAN and Pictometry against detailed ground observations 

(Spence and Saito 2011). A sample size of 124 buildings was used for this validation 

study. Results from this comparison study are striking and loosely support the author’s 

observation of bi-modal building performance, as well as highlight the significant 

vulnerability of Haiti’s building stock to future earthquakes.  

Ground observations from this second validation study reveal that 46% of 

structures suffered severe damage (Grades 4 and 5) during the January 2010 event. 

This is a significantly larger percentage of destroyed buildings than either 

ImageCat/GEO-CAN (17%) or Pictometry (29%) estimated. Further, the Pictometry 

method estimated that 50% of buildings were undamaged, yet ground observations 

suggest just 25% were undamaged. Subsequently, this validation study reveals that 

more buildings experienced Grades 2 and 3 damage than estimated by the 

ImageCat/GEO-CAN or Pictometry methods. 

Although the author’s perspective of bi-modal performance is not clearly 

supported by these damage assessment results, the damage level proportions revealed 
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by the field validation study may suggest an even more dire situation than expected. 

Ground surveys reveal that a significant percentage (29%) of structures experienced 

light to moderate damage, Grades 2 to 3, during the earthquake. While this percentage 

discredits the notion of a bi-modal performance, it instead alludes to the great 

vulnerability of Haiti’s housing stock to future seismic events and subsequently to 

increasing damage levels. The brittle structures that sustained moderate damage during 

the January 2010 earthquake now have a greater likelihood of being destroyed in 

future events. 

4.6.2.3 UNOPS Field Assessment 

The Haiti Ministry of Public Works requested the assistance of the United 

Nations Office for Project Services (UNOPS) to conduct a large scale damage 

assessment in Port-au-Prince and neighboring municipalities. Over 400 Haitian 

engineers were trained to rapidly assess building damage into three categories in 

accordance with ATC-20: green, yellow, and red (ATC 1989). The green designation 

indicates the building is secure and does not present a structural risk. Yellow indicates 

the building should not be occupied but may be accessible if repairs are made. Red 

indicates that the building constitutes a risk and should not be occupied. These 

categorizations roughly correspond to the EMS-98 damage scale of Grade 1 (green), 

Grades 2 and 3 (yellow), and Grades 4 and 5 (red). The UNOPS ground assessment 

was conducted over the course of 12 months. As of January 2011, over 390,000 

buildings had been assessed, of which 53% were green, 27% were yellow, and 20% 

were red.  
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The UNOPS effort presents the most comprehensive view of damage 

distribution as a result of the January 2010 earthquake. These data support the 

unfortunate trend first identified through the Pictometry ground validation surveys: 

given the brittle nature of Haitian construction, those buildings that experienced light 

to moderate damage and were identified as yellow (27%) are now more vulnerable to 

complete destruction given another seismic event. With 20% of the housing stock 

already destroyed and another 27% at high risk, nearly half of Haiti’s housing is 

uninhabitable. 

4.7 CONCLUSIONS 

The January 2010 earthquake revealed the great frailty of Haiti’s built 

environment to the world. The factors that contributed to the devastation had been in 

place for decades before the event. Haitians have lacked access to quality materials, 

knowledge of proper building techniques, and an awareness of their seismic risk. The 

lack of governance, in the form of building codes and enforcement, facilitated these 

causes.  

Considering the realities, it is remarkable that any structure withstood the 

earthquake, let alone emerged undamaged. Knowledge can be gained from this lower-

bound scenario. What determined success of a structure was oftentimes a minor 

construction sequence change that resulted in a different load resistant mechanism. 

Masonry infilled frame or column-first buildings performed poorly during the January 

2010 earthquake. Conversely, those buildings for which the walls were assembled 

before the columns, reminiscent of confined masonry, generally performed well. This 
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wall-first technique resulted in a modest column-wall bond which was generally 

sufficient to resist lateral demands. Significant differences exist, however, between 

properly assembled confined masonry and the wall-first technique typical in Haiti, 

notably the lack of load bearing masonry walls. This lack of vertical wall stress results 

in decreased in-plane shear resistance and prohibition of two-way bending across the 

wall panel. Subsequently, the wall-first construction technique in Haiti successfully 

resisted lateral loads by in-plane shear resistance and out-of-plane arching action 

alone. This modified behavior has not previously been associated with successful 

confined masonry performance. 

The author does not advocate that a wall-first construction is sufficient to meet 

seismic demands. There are numerous and significant deficiencies of Haitian 

construction that a wall-first technique cannot overcome. It is the intent of presenting 

these observations to highlight small distinctions which delineated collapse from 

success in Haiti. Simply because a structure remained intact or lightly damaged after 

the January 2010 earthquake does not suggest it is well constructed and can survive 

another. In fact, another seismic event could reveal with more fervor the brittleness of 

Haiti’s housing stock. 
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PART II QUANTITATIVE MODEL DEVELOPMENT & 

VALIDATION 

The fieldwork presented in the preceding chapters reveals the nuanced 

structural and social characteristics that surround building practices in select 

developing countries. An understanding and appreciation of both technical and non-

technical aspects is needed in order to implement sustainable improvements to 

structures in developing countries at risk to earthquakes and other natural disasters. 

Based on the author’s qualitative research presented in Part I, she sought to 

develop a model which could accurately represent the non-engineered haphazard 

conditions of the majority of dwellings common in developing countries. A realistic 

numerical model of these structures can facilitate understanding and communicate the 

vulnerability of a populace to decision-makers. For this reason, the author developed a 

numerical model which could be adapted to represent realistic construction conditions 

of unreinforced masonry buildings anywhere in the world. The model’s applicability is 

not specific to any particular region or construction method. Given sufficient 

information about a building type, including geometry, assembly, and material 

properties, the model can readily assess the seismic performance.  

Part II presents a technical overview of confined masonry, including seismic 

performance and load distribution mechanisms. An overview of analysis methods for 

the assessment and design of CM by engineers and researchers is provided. The 

selection and detailed numerical formulation of the discrete element method is 
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provided, including model development of the mortar joint behavior. The numerical 

approach is validated through the modeling of an experimental series of small 

masonry specimens subjected to shear and tensile testing. The experimental testing of 

a larger masonry assemblage is also modeled to demonstrate the capability to capture 

macro structural behavior. 
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CHAPTER 5 CONSTRUCTION & BEHAVIOR OF CONFINED 

MASONRY 

5.1 HISTORY & GLOBAL PREVALENCE 

Confined masonry (CM) is a popular building technique throughout the world 

due to its ease of construction and seismically safe performance. It is composed of 

relatively inexpensive and easy to assemble materials, including masonry units, 

concrete, and steel reinforcement. Confined masonry is found in both urban and rural 

settings and consists of structures that range from single family dwellings of one to 

two stories to mixed-use buildings of up to five stories.  

The World Housing Encyclopedia (http://www.world-housing.net) documents 

confined masonry use across the globe. The majority of CM use, however, occurs in 

Latin America and Asia. Because confined masonry adequately responds to seismic 

events, CM is promoted worldwide as an alternative to unreinforced masonry and 

masonry infilled frame construction. Under the auspices of several international 

organizations, the Confined Masonry Network (www.confinedmasonry.org) promotes 

CM use through the production and distribution of educational and engineering design 

and analysis materials. 

It is not clear precisely how or when confined masonry first made its 

appearance as a recognized and distinguished building type. Records in Chile suggest 

its use began there in the wake of a Mw 7.8 earthquake in 1939 that resulted in 28,000 

fatalities (USGS 2014). Confined masonry’s global presence today is likely attributed 
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to happenstance, in that residents would witness its successful performance in 

earthquakes and make appropriate construction changes over time.  

Although the use of confined masonry is widespread, its recognition and study 

within traditional research circles is lacking. In literature, the first use of the term 

“confining” to describe the behavior of masonry occurred in the 1970s during a series 

of masonry infilled frame experiments performed by Klingner and Bertero (1976; 

1978). Significant research gaps still exist today. While the in-plane performance of 

CM has been reasonably well documented, many behavior aspects of CM have not 

been thoroughly investigated, including large deformation and out-of-plane 

performance, dynamic testing behavior, and the influence of materials and geometric 

configurations on performance. 

5.2 CONSTRUCTION METHODS & MATERIALS 

Confined masonry consists of masonry wall panels surrounded by a reinforced 

concrete frame. Commonly, the masonry is unreinforced in both the horizontal and 

vertical directions. Although CM resembles masonry infilled frames the construction 

sequence is reversed; the masonry walls are assembled first, then used as formwork 

for the surrounding frame elements, which include columns, beams, and slabs. This 

seemingly minor construction difference results in a different load path resolution of 

the vertical load and subsequently improves the overall seismic performance. 

Distinctions between these two systems are discussed in detail in Section 5.3.1. 

Figure 5-1 demonstrates the assembly sequence of confined masonry. The 

unreinforced masonry wall panel is first constructed over a finished foundation. Steel 
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reinforcement, normally pre-embedded in the foundation, is placed at the wall ends for 

the frame columns and at the top of the wall for the frame beam. Normally, four 

longitudinal bars and transverse ties are used in the RC elements. Bar diameters vary 

by region, availability, and building size.  

 

Figure 5-1: Construction sequence of confined masonry. The masonry wall is first assembled and 
then used as formwork to frame the surrounding reinforced concrete frame. 

After the reinforcement is placed and tied, formwork is positioned for pouring 

the columns and beams. The formwork typically spans between adjacent masonry 

walls, thereby utilizing the end of each wall to delineate the column edges and the top 

of the wall to delineate the bottom of the beam element. An example of formwork 

placement for columns is shown in Figure 5-2. For ease of construction, the formwork 

is normally flush against the face of the masonry walls, resulting in the same thickness 

for the frame elements. Ideally, the concrete is vibrated to eliminate air pockets and to 

fully develop the steel strength. 
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Figure 5-2: Example of how formwork is placed between adjacent masonry walls for the pouring 
of RC concrete columns for a CM system. Note that the columns are poured after the walls have 

already been fully assembled. 

 

Figure 5-3: Construction sequence of masonry infilled frame construction. The moment-resisting 
concrete frame is first assembled, and the masonry wall is then infilled within the frame. 

In contrast to the construction sequence of confined masonry, masonry infilled 

frames consist of a reinforced concrete frame that is later filled in with a masonry 

wall. This assembly sequence is shown graphically in Figure 5-3. The frame 

elements—columns, beams, and slabs—are poured and finished before masonry is 

placed. This construction type is identifiable by a clean delineation between masonry 



143 

 

walls and columns. Commonly, a gap is purposely placed between the masonry wall 

and the column and beam frame elements. This design results in larger column sizes 

than the more slender columns of confined masonry. However, in many developing 

countries visited by the author, the distinction between confined masonry and a 

moment-resisting frame infilled with masonry is not made. The result of this 

misunderstanding is undersized moment-resisting frame elements. Figure 5-4 provides 

an overview of the construction sequence differences of confined masonry and 

masonry infilled frames, highlighting how the two systems appear while under 

construction. 

a)  b)  

Figure 5-4: Construction sequence of a) masonry infilled frames for which the RC frames are 
built first then infilled with a masonry wall later, and b) confined masonry for which the masonry 

walls are built first then surrounded by RC frames later (Schacher 2010).  

5.2.1 Brick Unit Types 

The types of masonry units used in CM construction vary as widely as their 

geographic distribution. Types of masonry used include solid and hollow concrete 

block, solid and hollow clay brick, sand-lime block, pumice, and ceramic and clay tile. 

In Haiti, for example, the building stock consists almost exclusively of slender RC 

frame members and hollow concrete block, shown in Figure 5-5. Kiln-fired solid clay 
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bricks in use throughout Delhi, India are shown in Figure 5-6. And in Latin America, 

the most prevalent type of masonry used is hollow concrete block and solid clay brick, 

shown in Figure 5-7.  

a)  

b)  

Figure 5-5: a) Typical concrete block, and b) common residential construction in Haiti. 
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a)  

b)  

Figure 5-6: a) Stacks of kiln-fired solid clay bricks outside Delhi, India, and b) multi-family URM 
dwelling in urban Delhi using solid clay bricks. 
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Figure 5-7: Confined masonry construction in Colima, Mexico using kiln-fired solid clay bricks. 

This work is focused on common construction techniques in Latin America. As 

such, Table 5-1 summarizes the prevalence of common types of masonry used in 

select Latin American countries.  

Table 5-1: Geographic prevalence of masonry unit types in Latin America (Yamin and Garcia 
1994). 

 Chile Colombia Costa Rica Guatemala Mexico Nicaragua Peru 
Conc. Block 1 1 1 1 1 1 2* 
Conc. Brick  2*   1*  2* 
Clay Block 1 2 2 2 1 2  
Clay Brick 1 1 1 1 1 1 1* 
Sand-Lime  2*   2*  1* 

(1) Widely used, (2) Limited use 
* This information is assumed based on the reported distribution of all masonry construction types (i.e., 

not exclusively for confined masonry (Casabbone 1994). 
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While the brick type employed in confined masonry construction varies 

consierably, the masonry wall panel is predominantly unreinforced. Although research 

has shown that the addition of horizontal reinforcement in the wall improves seismic 

response (Aguilar, Meli et al. 1996; Aguilar and Alcocer 2001), the additional cost and 

labor required to reinforce the masonry wall panel is generally prohibitive. As such, 

most of the masonry used in CM throughout the world is unreinforced. 

5.2.2 Panel-Columnl Interface 

Confined masonry is defined by two significant characteristics: 1) the masonry 

walls are assembled prior to placement of the reinforced concrete frame elements, and 

as a result of this construction sequence, 2) the walls are vertical load bearing. Within 

this definition variations in construction technique exist, some of which influence 

seismic performance. The most significant variation is the interface between the 

masonry wall and the concrete columns. Frequently, a running bond pattern is used in 

assembling of the masonry wall, by which every successive row of units is offset by a 

half-unit. As such, at the edge of the wall some builders will allow the last brick to 

extend into the column cavity, creating a staggered “toothed” pattern up to a half-brick 

in length. This interface between the bricks and the concrete columns is referred to as 

the panel-column interface. 

Many builders will truncate this stagger distance in accordance with regional 

building methods. In Mexico, for example, it is common practice for the bricks to be 

either roughly cut with a few centimeters of stagger distance or cut at alternating 45 

degree angles. Examples from Mexico are shown in Figure 5-8a, b, and c. In 
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Argentina, on the other hand, the interface is normally flush. This is shown by 

example from Haiti in Figure 5-8d. 

a)   b)  

c)   d)  

Figure 5-8: Examples of masonry unit positioning at the column-wall interface, including a) and 
b) informal cuts resulting in minimal staggering in Mexico, c) inclined cut bricks in Mexico 

(Alcocer, Sanchez et al. 1993), and d) a flush interface in Haiti (photo courtesy S. Brink). 
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As part of a post-earthquake reconnaissance investigation following the 2010 

Haiti earthquake, the author observed that the presence of the staggering of masonry 

units at the panel-column interface appeared to positively affect seismic performance 

(Lang and Marshall 2011). These observations are presented in detail in Chapter 4. 

The degree to which this structural feature contributes to the overall behavior of 

confined masonry is not well understood, or agreed upon, in the international 

community. It appears that regional construction methods align with opinions on the 

influence this feature has on seismic performance. Nonetheless, no formal study has 

been conducted on the contribution of this geometric feature to overall behavior. 

Because of this research gap and lack of consensus within the community, this 

investigation directly examines the influence this feature has on seismic performance 

through the use of a detailed numerical model presented in Chapter 10.  

5.2.3 Roof and Foundation Construction 

The roof and foundation systems of confined masonry construction vary 

widely. Properly built CM requires a rigid roof/floor system to transmit loads through 

the walls to the ground. A reinforced concrete slab is common, typically 15 to 20 cm 

with a single layer of reinforcement. Given the informal nature of confined masonry 

construction, many residents will instead employ a lightweight roof such as a wood 

lattice with corrugated metal, seen in Figure 5-9. The author encountered residents in 

Haiti following the 2010 earthquake who rebuilt their homes using lightweight roofing 

materials after witnessing countless structural collapses they believed were attributed 

to heavy slabs alone. Sadly, rebuilding with lightweight roofs results not only in great 
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vulnerability to hurricanes, but the frequent omission of a ring beam at the roof level 

leads to out-of-plane wall failures and collapse.  

 

Figure 5-9: Example of informal lightweight corrugated metal roof and a rock rubble perimeter 
foundation, as seen in Haiti. 

Foundations can consist of a mat or perimeter foundation of reinforced 

concrete, or a more informal rock rubble foundation roughly 1 meter deep with a 

leveled concrete topping (see Figure 5-10). The amount and placement of 

reinforcement in the foundation varies widely. The author has frequently witnessed no 

reinforcement at all, as well as the use wire mesh. Longitudinal reinforcement for the 

concrete columns is commonly embedded in the foundation before placement. 
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Figure 5-10: Rock rubble foundation approximately 1 meter deep, in Mexico. A leveled surface is 
created for placement of the masonry walls above. The gaps seen along the length of the 

foundation are voids for later embedment of the column reinforcement. 

5.2.4 Material Properties and Distribution of Common Confined Masonry 

Components 

The strength of materials used in confined masonry construction varies widely 

across the globe, although some trends are present even between geographic regions. 

For example, throughout the world most of the cement used for making concrete 

elements – including RC frame members, mortar, and concrete blocks – is either Type 

I or Type II Portland cement. Mix components and proportions, however, vary widely 

by region. In Mexico, for example, residents were seen carefully separating small 

aggregate of washed sand and crushed granite (Figure 5-11). In Haiti, on the other 
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hand, residents have used beach sand (with a high salt content), large river rock (with 

small surface bond area), and a large proportion of limestone aggregate. Regarding the 

latter, residents commonly decreased the volume of cement in concrete mixes and 

replaced it with untreated limestone ore (see Figure 5-12), relying on its weak 

adhesive properties in order to save money. 

 

Figure 5-11: Separating small aggregate in Mexico. 

 

Figure 5-12: Raw limestone aggregate used in Haiti, which is frequently used to displace cement 
volume in concrete mixes. 
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Bariola (1994) gathered material properties of common masonry units used 

throughout Latin America for unreinforced, reinforced, and confined masonry 

structures. These properties include shear and compressive strengths of solid clay 

brick and hollow concrete block, the two most popular masonry unit types in Latin 

America. Results are presented in Table 5-2 to illustrate approximate strength values 

of common masonry units used in CM construction. It is apparent from Bariola’s 

analysis that there is little variation in the ultimate strength properties, save for the 

compressive strength of clay brick in Colombia.  

Table 5-2: Typical concrete block and solid clay brick strength values of select Latin American 
countries (Bariola 1994). 

Country 
Clay Brick 

Shear Str, vm  
Conc. Block 
Shear Str, vm 

Clay Brick  
Compr Str, fm 

Conc. Block  
Compr Str, fm 

Chile 0.78 0.66 3.0 9.0 
Colombia 0.9 0.66 13.0 8.0 
Mexico 0.65 0.57 2.5 7.0 

Peru 0.8 0.75 6.0 10.0 

Median 0.79 0.66 4.5 8.5 

Std Dev. (%) 13 11 107 15 

 

Yamin and Garcia collected and summarized property values of masonry 

construction materials for countries in Latin America (Yamin and Garcia 1994). 

Particular attention was paid to gather data on the type, size, placement, and strength 

of steel reinforcement. Normally, a minimum of four longitudinal bars is used in all 

RC frame elements. Deformed bars typically have a minimum specified yield strength 

of 420 MPa (60 ksi) with bar diameters that range from 9 to 25.4 mm (3/8 to 1 in). 

Deformed reinforcing wires and wire fabric typically have minimum specified 

strength of 525 MPa (75 ksi). Plain bars and wires are typically available in 6.5 and 
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9.5 mm (1/4 and 3/8 in) diameter usually of Grade 40 steel (280 MPa). These wires 

are typically cold-worked and are therefore very fragile. Additional properties reported 

by Yamin and Garcia include common masonry unit dimensions and volume 

proportions and properties of mortar types.  

5.3 SEISMIC PERFORMANCE OF CONFINED MASONRY 

Observations from past earthquakes, experimental data, and analytical results 

indicate that confined masonry, if properly built, exhibits an adequate seismic 

response for collapse prevention (Brzev 2007). Low-height CM residential structures 

with large wall densities and regular elevations and floor plans have historically 

performed well throughout Latin America.  

The seismic response of CM is complex and influenced by a number of 

parameters, including: material properties, quality of workmanship, wall slenderness 

ratio, relative stiffness between the RC frame and the masonry wall, and conditions of 

the panel-frame interface, including adhesion strength and mechanical interlocking of 

bricks. Poor seismic performance has been noted when plan irregularities are severe 

and material and construction deficiencies exist. Complete collapse or “pancaking” of 

CM is uncommon but possible through a soft-story formation as a consequence of 

deterioration of the first-floor walls due to inclined shear cracking. Injuries and deaths 

are commonly sustained by out-of-plane failure of the masonry wall panels and/or 

individual masonry units.  

The scope of this investigation is to characterize the seismic performance of 

typical confined masonry. Emphasis is placed on common as-built construction 
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practices, not necessarily code-designed, engineered, or retrofitted structures. 

Although confined masonry is widespread globally, the author has extensive 

experience and knowledge of CM built with solid clay brick units, common in Latin 

America and Mexico specifically. For this reason, emphasis on the behavior and 

analysis of these particular structure types is made, where any distinction is required. 

While the author also conducted extensive research on masonry structures in Haiti, the 

influence of that research on the larger investigation herein is limited to a general 

observation of how structural features influence CM behavior. The building conditions 

observed in Haiti – the exclusive use of hollow concrete block and poor material 

quality and craftsmanship – differ significantly from typical Latin American CM 

construction made with solid clay brick. For that reason, the performance of Haitian 

structures is omitted in this general discussion and is presented in detail in Chapter 4. 

5.3.1 Confined Masonry vs. Masonry Infilled Frames 

While many similarities exist between confined masonry and masonry infilled 

frames, a key distinction between these two systems originates with the load path 

resolution of vertical loads. This characteristic, in turn, profoundly affects lateral 

structural response. As shown in Figure 5-13, vertical load is resolved through the RC 

frame alone for masonry infilled frames; no vertical load is carried through the 

masonry wall.  
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Figure 5-13: Vertical load path resolution of masonry infilled frame systems. The entire vertical 
load is resisted by the RC frame. 

 

Figure 5-14: Vertical load path resolution of confined masonry systems. Both the RC frame and 
the masonry panel resist vertical loads; the masonry panel resists approximately 30% of the total 

load. 

For confined masonry, on the other hand, vertical load is resolved through both 

the RC frame and the masonry, shown in Figure 5-14. Through the use of load cells 

during experimental studies, researchers have estimated that the masonry panel resists 

30% of the total vertical load on a CM wall (Aguilar and Alcocer 2001). This ability is 

attributed to the unique construction sequence of CM described in Section 5.2. 
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If properly engineered for seismic loads, masonry infilled frames are designed 

to be moment resisting and withstand all of the vertical and lateral force demands. The 

masonry panels have traditionally been considered to be non-structural elements and 

not included in capacity analysis, despite well documented evidence of their 

significant influence on overall structural performance (Dhanasekhar and Page 1986; 

Angel, Abrams et al. 1994; Mehrabi, Shing et al. 1994; Mehrabi, Benson Shing et al. 

1996; Crisafulli 1997).  

The lateral force resisting mechanism of masonry infilled frames consists of 

two independent systems: a masonry panel deforming in shear that lies within a frame, 

which deforms in flexure. The overall strength, however, is not a simple sum of the 

two systems because their stiffnesses are dissimilar. Interaction between the systems 

causes damage which directly affects the load path resolution and failure mode. 

Nonetheless, the most common way of representing the lateral force resistance is 

through a diagonal compression strut that spans the masonry wall while the adjacent 

columns respond in flexural tension or compression, depending on the direction of 

loading (see Figure 5-15).  

Interaction of these two systems results in separation and impact of the frame 

and wall, causing localized damage which in turn affects the global failure mechanism 

(Alcocer and Meli 1995). The degree of interaction and subsequent damage is 

primarily dependent on the relative stiffness of the masonry infill with respect to the 

frame (Shing and Mehrabi 2002). The strength of the masonry mortar bond 

significantly influences the overall stiffness of the masonry wall. The weaker the 
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masonry infill relative to the frame, the more ductile and desirable the overall 

response.  

 

Figure 5-15: Response of a masonry infilled frame subjected to in-plane lateral loads consists of a 
dual system of a masonry shearwall and a moment resisting frame. Interaction between the two 

systems commonly results in damage at the corners. 

A single “non-structural” masonry infill wall and its interaction with the 

surrounding frame can alter the global response of an entire structure. Damage and 

failure modes to individual walls vary and are heavily influenced by the size and 

placement of wall openings, as well as floor plan location and distribution. Degree of 

damage, damage mode, and wall placement can all result in asymmetrical global 

response and subsequent torsional failure. “Therefore, it is very important to 

emphasize that masonry panels cannot be considered as non-structural partitions. The 

presence of masonry panels significantly changes the structural characteristics of the 

building and creates new potential failure mechanisms” (Crisafulli 1997). A summary 

of common failure modes for masonry infilled frames is presented in Figure 5-16. 

Localized damage from the interaction of the frame and wall can result in short 
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columns, plastic hinges, column shear failure, compression failure, and degradation of 

bricks. 

 

Figure 5-16: Common failure modes for masonry infilled frames subjected to in-plane loading 
include formation of plastic hinges (1-5), short columns (1-3), crushing of masonry infill (3-5), and 

column shear failure (2) (Shing and Mehrabi 2002). 

Unlike masonry infilled frames, the wall panel of confined masonry systems is 

load bearing, resulting in a significantly different response mechanism to in-plane 

seismic demands. Vertical loads present in the masonry facilitate development of in-

plane shear through the frictional resistance of the brick-mortar interface along the bed 

joints. Lateral force and displacement demands are transferred to the masonry wall 

from the frame by frictional and mechanical contact at the panel-beam and panel-

column interfaces. Regarding the latter, the staggering of masonry units in a toothed 
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manner within the column cavity, when present, facilitates transfer of lateral loads by 

producing a mechanical connection similar to shear keys (see Section 5.2.2). 

Globally, lateral resistance a confined masonry wall consists of the combined 

mechanism of a moment resisting frame and a shearwall responding in unison. The 

reinforced concrete frame elements – bond beams and tie columns – confine the 

masonry wall in the same way that transverse reinforcement does for RC concrete 

beam elements subjected to shear and flexural demands: it increases ductility. This 

monolithic response of CM is analogous to a cantilevered wall, whereby a gradation 

from flexural tension to flexural compression occurs over the wall length, shown 

graphically in Figure 5-17.  

 

Figure 5-17: A confined masonry wall subjected to elastic in-plane lateral loading demands 
responds in a monolithic manner, in which the RC frame and masonry panel respond in unison. 

Through an experimental investigation, Crisafulli verified this monolithic 

response of confined masonry in the initial elastic stages of loading (Crisafulli 1997). 

If properly built confined masonry responds as a monolithic system through all stages 
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of loading, including failure. Several factors influence the post-elastic response and 

damage progression, however, which are explored in detail in the following section.  

5.3.2 In-Plane Response of Confined Masonry 

As force and displacement demands increase beyond the elastic range, the 

response can change from a monolithic cantilever type, described above, to a dual 

system consisting of a traditional shearwall and moment resisting frame. The relative 

stiffness between the RC frame and the masonry panel determines the response type. 

If a substantial bond exists at the panel-column interface – achieved through the 

staggering of bricks within the column cavity – then response of the frame and the 

panel remain in sync. In this case, diagonal shear cracks will form across the masonry 

panel and extend into the RC columns. Yielding of the frame reinforcement and 

compression failure of bricks can also occur. This typical monolithic response of CM 

can be seen in Figure 5-18. In addition to propagation of diagonal cracks from the 

masonry into the columns, flexural tension cracks are also present in the columns. 

If the stiffness of the masonry panel differs significantly from that of the RC 

frame, then diagonal cracks will form in the masonry but not necessarily extend into 

the columns. Vertical cracks and separation are likely to occur between the masonry 

and the columns, along with yielding of reinforcement and compression failure of 

bricks. An example of significant stiffness difference between the masonry and the 

frame occurs if the RC frame elements have large cross sections, as with a traditional 

moment resisting frame, or if the masonry has a strong mortar bond. For the former, 

the structural response closely resembles that of a masonry infilled frame in which 
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lateral demands are resisted by a dual system consisting of a moment resisting frame 

and a masonry shearwall, as shown in Figure 5-15. Lateral forces are resisted by the 

primary formation of a compression strut across the panel while the adjacent columns 

respond in tension or compression, depending on the direction of loading.  

a)  b)  

c)  d)  

Figure 5-18: Typical damage sustained by a CM wall subjected to reverse cyclic loading. Diagonal 
cracks propagate across the masonry panel and extend into the column cavities, resulting in 
column shear failure. Flexural tension cracks are also present in the columns (Aguilar and 

Alcocer 2001). 

The significant influence that relative stiffness has on overall performance was 

demonstrated experimentally by San Bartolomé et al (San Bartolomé, Bernardo Acuña 

et al. 2010). Two confined masonry walls subjected to cyclic loading were assembled 

identically, save for column width. One wall was constructed with 200 mm wide 

columns and the other 400 mm. The resulting damage can be seen in Figure 5-19 and 

Figure 5-20.  
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a)  b)  

Figure 5-19: Damage sustained by a CM wall constructed with 200 mm wide columns. Diagonal 
shear cracks extend a) across the masonry panel and b) into the RC columns, ultimately resulting 

in column shear failure (San Bartolomé, Bernardo Acuña et al. 2010). 

a)  b)  

Figure 5-20: Damage sustained by a CM wall constructed with 400 mm wide columns. Diagonal 
shear cracks extend a) across the masonry panel, but are b) absent in the RC columns. Instead, 

vertical cracks separate the masonry panel and the RC columns, resulting in an overall response 
similar to masonry infilled frames (San Bartolomé, Bernardo Acuña et al. 2010). 

As expected, the CM wall with smaller columns produced a more monolithic 

response, similar to that described previously. Diagonal shear cracks developed across 

the masonry and extended into the RC columns. The CM wall with wider and stiffer 
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columns sustained vertical cracks between the masonry panel and the columns. 

Diagonal shear cracks are isolated to the masonry panel, similar to the response of a 

masonry infilled frame. Nonetheless, the ultimate failure mode can still be governed 

by column shear failure, although out-of-plane failure of the masonry is commonplace. 

Ultimate failure of a confined masonry wall subjected to in-plane loading can 

be attributed to either a shear or flexural mechanism. An example of flexural failure is 

shown in Figure 5-21. This mode is characterized by horizontal cracks on the tensile 

side of loading. These cracks initiate in the columns and can propagate as horizontal 

cracks of the masonry bed joints. If there is an absence of mechanical connection 

between the RC columns and the masonry – through the staggering of bricks or 

dowels – then separation at the panel-column interface will also occur. Flexural 

failure, however, is uncommon. The longitudinal reinforcement normally present in 

the RC columns is usually sufficient to resist this failure mode.  

 

Figure 5-21: Example of flexural failure mechanism of confined masonry (Yoshimura, Kikuchi et 
al. 2004). 

The most common failure mode of confined masonry is attributed to a shear 

mechanism, characterized by diagonal cracks that propagate through the masonry 
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wall. Horizontal cracks develop in the masonry bed joints due to shear friction failure 

of the brick-mortar bond or by tensile cracking of the masonry units. These cracks 

then propagate diagonally across the wall by tensile failure of the brick-mortar bond of 

the head joints. Given sufficient strength and duration of seismic shaking, propagation 

of the diagonal cracks will ultimately extend into the columns, resulting in column 

shear failure.  

An example of shear failure of CM is shown in Figure 5-22a. Due to the high 

axial compression and tensile forces carried through the columns, which increase as 

the masonry wall degrades, the columns become the critical component for 

withstanding collapse. Degradation of the masonry is attributed to compression failure 

of the bricks and out-of-plane toppling of both individual units and substantial 

portions of the wall. The subsequent increase in axial forces on the columns hastens 

spalling of the remaining concrete until little is present around and within the 

longitudinal reinforcement. The amount and detailing of the longitudinal and 

transverse steel play a crucial role in preventing collapse. When transverse tie size 

and/or spacing are insufficient for maintaining concrete confinement, then buckling of 

the longitudinal reinforcement will occur, shown in Figure 5-22b. Ultimately, axial 

force demands on the columns exceed their capacity and collapse will ensue as a 

racking failure mechanism.  
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a)  

b)  

Figure 5-22: Examples of shear failure mechanism in confined masonry during the 2010 Chilean 
earthquake, a) shear cracks propagate into the RC columns causing column shear failure, and b) 

buckling of the column longitudinal reinforcement (Brzev, Astroza et al. 2010). 
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5.3.3 Out-of-Plane Response of Confined Masonry 

In response to out-of-plane seismic demands, confined masonry responds with 

a similar mechanism similar to that of masonry infilled frames. Most experimental and 

analytical investigations in this area have centered on the performance of wall 

conditions applicable to masonry infilled frame systems, though the conclusions are 

also relevant to confined masonry. These studies have shown that masonry panels 

restrained by a surrounding frame can resist significant out-of-plane demands through 

arching action (Priestley 1985; Dawe and Seah 1989; Abrams, Angel et al. 1996; 

Shing and Mehrabi 2002). Arching is the ability of the masonry infill wall to respond 

in flexure to out-of-plane inertial seismic demands. Inertia forces draw the wall panel 

away from the surrounding frame, resulting in rotation at locations of contact with the 

frame. This rotation results in significant compression along the concave face of the 

wall and tension along the convex face. Because masonry is weak in tension, the 

forces “arch” across the compression face as the wall deflects between the relatively 

stiff frame supports. Because of the inherent strength of masonry in compression, 

arching can provide a greater resistance to out-of-plane demands than a conventional 

flexural response (which includes a tensile component).  

The out-of-plane ultimate capacity developed through arching is dependent on 

factors including wall slenderness ratio, rigidity of boundary support conditions, 

compressive strength of the brick, and the extent of prior damage from in-plane 

loading (Dawe and Seah 1989; Abrams, Angel et al. 1996; Shing and Mehrabi 2002; 

Derakhshan, Griffith et al. 2011). Nonetheless, the ability of a wall even to respond 
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with an arching mechanism is dependent on support conditions at the interfaces of the 

wall panel with the surrounding frame. Horizontal one-way arching action can develop 

if the wall panel is in full contact or shares an adhesive bond at both of the column 

interfaces. Similarly, contact must be present at the panel-beam interface for vertical 

arching action to develop between the ground and the beam above the wall. Horizontal 

and vertical one-way arching and subsequent failure modes of unreinforced masonry 

wall panels are shown in Figure 5-23. When contact between the wall and adjacent 

columns is insufficient and the wall is unattached to the beam above, then a toppling 

failure can easily occur in response to out-of-plane loads. This is a common failure 

mode of masonry infilled frames and is shown by example in Figure 5-24. 

a)  b)  

Figure 5-23: Unreinforced masonry wall, a) subjected to vertical one-way bending and fails 
parallel to the bed joints, and b) subjected to horizontal one-way bending and fails perpendicular 

to the bed joints (CEN 2005). 
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Figure 5-24: Out-of-plane wall failure of a masonry infilled frame building in Haiti. The toppling 
was caused by a lack of sufficient contact or bond at the panel-column interface; the wall in the 

left background is also close to toppling. 

In contrast to one-way arching, two-way arching – also known as compressive 

membrane action – can develop if a wall panel is restrained at all edges by a 

surrounding frame, as is the case with confined masonry (see Figure 5-25). The 

construction sequence of CM facilitates membrane action through enhanced bonding 

at the beam-wall and column-wall interfaces. Further, because the wall panels of CM 

are load bearing – as opposed to those of masonry infilled frames, which are not – the 

increased compressive stress in the masonry reduces tensile stresses and strains in the 

wall, improving overall response capacity.  

While compressive membrane action of masonry hasn’t been investigated as 

thoroughly as one-way arching, particularly for confined masonry systems, a recent 

study conducted by Varela-Rivera, Polanco-May et al. experimentally and analytically 
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verified that the axial load bearing characteristic of CM indeed improves the out-of-

plane wall response (2012). Three identical confined masonry walls with varying axial 

loads were subjected to out-of-plane pressures. Researchers found that the maximum 

out-of-plane pressure sustained by the walls increased with increased axial load, but 

that the pressure was limited by crushing of the masonry units. Other influential 

research efforts on the two-way arching mechanism of masonry walls surrounded by 

frames include Dawe and Seah (1989) and Abrams, Angel et al. (1996). 

 

Figure 5-25: Two-way bending mechanism of load bearing confined masonry walls subjected to 
out-of-plane forces (Brzev, Astroza et al. 2010). 

5.4 SUMMARY OF FINDINGS FROM LITERATURE 

5.4.1 Overview 

The prevalence and recognition of confined masonry is growing as its 

beneficial seismic performance and ease of construction is promoted internationally 

through efforts such as the Confined Masonry Network and the World Housing 
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Encyclopedia. In academic circles, however, research to date on the behavior of CM is 

far behind that done on masonry infilled frames, though it has increased substantially 

in the last decade.  

Importantly, nearly all available experimental investigations on the in-plane 

performance of CM ceased testing before specimens reached a complete damage state. 

What researchers describe as “ultimate” performance usually corresponds to 80% of 

peak strength. A handful of investigations terminated at 85% peak strength. No 

investigations were available in literature that tested specimens to actual collapse or 

global instability. This fact inadvertently redirected the course of research. Because 

the initial motivation for this project was to obtain collapse probabilities of confined 

masonry, yet no reliable values were available in literature, the development of a 

realistic detailed numerical model was seen as an adequate alternative for filling this 

research gap. Comprehending the behavior and mechanical nuances of CM under 

lateral and vertical loading conditions by studying past research efforts was the first 

step taken in the development of an accurate and adequate numerical model. 

Much of the peer-reviewed research conducted on CM has been performed in 

Mexico beginning as early as the 1960s (Meli, Zeevaert et al. 1968; Meli and Salgado 

1969; Meli 1979), and, more recently, in other Latin American countries (San 

Bartolomé 1994; Tomazevic and Klemenc 1997; Crisafulli, Carr et al. 2000; Moroni, 

Astroza et al. 2000). The majority of investigations have been experimental, focusing 

on the in-plane seismic response of CM and parameters that influence it. Numerous 

investigations have examined strengthening or retrofitting strategies of CM. Because 
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the focus of this study is on common construction practices, a detailed discussion of 

these investigations addressing wall reinforcement and other improvement strategies is 

outside the scope of this paper. Nonetheless, significant and influential studies were 

performed by Aguilar, Meli et al. (1996), Alcocer, Ruiz et al. (1996), Tomazevic and 

Klemenc (1997), and Aguilar and Alcocer (2001). 

The effect of vertical compressive stress has clearly been shown to influence 

behavior. This critical characteristic of confined masonry sets it apart from masonry 

infilled frames. As axial compression increases on the wall, the lateral strength 

increases along with the capacity at first cracking. This is valid for hand and machine 

made clay brick and concrete block (Meli 1979; San Bartolomé 1994). However, 

increased axial compression diminishes the wall deformation capacity for machine-

made clay bricks (San Bartolomé 1994; Aguilar, Meli et al. 1996). 

The slenderness of the wall has been found to influence lateral performance, 

specifically the type of response mechanism that is formed. For slender walls 

(height/length greater than 1.0), flexural deformations dominate. Experimental results 

have shown that for slender walls, the lateral capacity at first cracking and at strength 

decreases when compared with more squat CM walls (San Bartolomé 1994; Alvarez 

1996). Interestingly, however, no relationship has been found between the slenderness 

ratio of the wall and lateral deformation capacity. 

Moroni and Astroza found that wall density is a good indicator of the expected 

seismic behavior (2000). The overall capacity of confined masonry buildings depends 

on the wall density per unit weight per floor and on the type of shear wall coupling. 
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Moroni and Astroza compiled observed damage states of CM structures from past 

earthquakes and found that a wall density per unit weight per floor less than 0.008 

m2/ton (0.0056 psi) indicates the onset of heavy damage.  

Another study found that the initial stiffness and cracking strength are nearly 

independent of the amount and type of horizontal wall reinforcement. The wall 

capacity then depends on the masonry unit shear strength, mortar shear strength, and 

vertical compressive stress (Ruiz-García and Negrete 2009). Nonetheless, horizontally 

reinforced specimens dissipate more post-cracking energy and reach larger ultimate 

drift ratios (equal or greater than 0.008) than unreinforced wall panels (average 0.006) 

(Aguilar, Meli et al. 1996; Alvarez 1996).  

While robust research efforts have been undertaken to address the many 

aspects of confined masonry behavior, especially in Latin America, much remains 

unknown. A globally collaborative effort can help address unknowns in a more 

concerted and productive manner. As such, an international coalition of researchers 

brought together by EERI’s Confined Masonry Network has identified research areas 

that need further investigation. The International Strategy Meeting on Global 

Dissemination of Confined Masonry Construction Technique was held in January 

2008 at the Indian Institute of Technology Kanpur (IITK). A summary of their 

findings prepared by Dr. Durgesh C. Rai (Professor, IITK) is provided in Appendix B. 

5.4.2 Summary of Select Investigations 

Riahi, Elwood et al. compiled an extensive database of 102 in-plane, single 

wall tests loaded monotonically and reversed-cyclically from throughout Latin 
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America (2009). The purpose of their effort was to develop a robust backbone model 

for predicting damage states, identified by strength and ductility values, of confined 

masonry walls subjected to in-plane seismic loading. Relationships were derived 

through regression analysis for the shear strength at cracking and maximum states, and 

the drift capacities at cracking, maximum, and ultimate states. Ultimate was defined as 

80% peak strength. The mathematical relationships they derived account for vertical 

loading (i.e., story height), masonry shear and compressive strength, reinforcement 

ratio and concrete strength of the confining elements, and masonry unit type. The 

reader is directed to their paper for a more detailed account of the iterative procedure 

used as well as for the derived equations themselves (Riahi, Elwood et al. 2009). 

From this compilation many conclusions on the behavior of confined masonry 

were drawn. Riahi, Elwood et al. found that the maximum shear strength of a CM wall 

is, on average, 1.3 times the cracking strength. This property is attributed to the post-

cracking contribution of the RC columns acting in confinement. Further, the amount 

of longitudinal reinforcement in the columns was shown to be insignificant to the 

ultimate deformation capacity. This is because the ultimate damage mode of CM is 

shear failure of the columns, as discussed in Section 5.3.2. It was also found that the 

amount of transverse reinforcement did not appear to significantly influence equations 

for the maximum shear strength or ultimate deformation. The authors acknowledged, 

however, that much remains unknown about a large constant value present in these 

relationships and that it is likely related to transverse reinforcement because of the 

significant contribution this factor makes to the failure mechanism of CM. 
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a)  b)  

Figure 5-26: Examples of backbone curves produced by Riahi Elwood et al. compared against 
select experimental results (2009). 

A disadvantage of this study is that the proposed model is derived from 

experimental results for which all of the specimens failed in a shear mechanism. 

Although this is not an unrealistic assumption of CM behavior, it does preclude the 

failure mode and subsequent response; the authors strongly recommend that use of 

their model be restricted to typical CM walls whose parameters lie within the 

characteristics considered in the model’s development. 

Another disadvantage of this study was the large variability of available 

experimental data upon which the model’s empirical equations were derived. Riahi 

Elwood et al. report coefficients of variation between 18% and 55% for the model 

parameters. Nonetheless, this study provides a robust compilation and analysis of 

influential parameters on the performance of typical CM walls subjected to in-plane 

loading. It represents a unique performance-based assessment of these systems and 

can serve as a reference tool for designers and code developers for assessing potential 

methods. 
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Ruiz-García and Negrete performed a separate investigation that also used a 

large sample size of existing experimental data to generalize the performance of 

confined masonry walls. These researchers developed drift-based fragility curves 

based on 118 CM specimens subjected to in-plane cyclic loads (2009). They identified 

influential parameters that affect the performance of CM walls under in-plane lateral 

cyclic loading. These parameters include: brick type, horizontal steel reinforcement, 

vertical loading, and wall aspect ratio. The brick types Ruiz-García and Negrete 

considered include hand- and machine-made solid clay bricks, and machine-made 

concrete block. Two damage states (DS) were identified: DS1 occurring at the 

beginning of diagonal cracking in the wall (i.e., yield point of the overall system), and 

DS2 occurring at maximum load capacity. This investigation also reported the central 

tendency and logarithmic standard deviation for each brick and configuration type. 

These parameters are especially useful for integration into existing loss estimation 

models. 

A description of typical damage evolution of CM walls deforming in-plane, 

along with corresponding drift, stiffness, and strength values, is provided in Table 5-3. 

The same information is presented graphically in Figure 5-27 with respect to drift 

value. This damage description and the corresponding drift and strength values served 

as a benchmark for Ruiz-García and Negrete for identifying and cataloging each of the 

118 specimens considered in their study into DS1 and DS2. Although it is preferred to 

identify and utilize more than two damage states – doing so would provide more 

continuity to the damage description – many experimental studies only reported values 
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that were relevant to DS1 and DS2. Further, experimental tests were often concluded 

before the ultimate damage state was reached (at 80% post-peak strength) and, as 

such, few data are available at this damage state. 

Table 5-3: Evolution of typical damage and degradation of a confined masonry wall subjected to 
in-plane loading (Ruiz-García and Negrete 2009). 

Observed Damage δ (%) K/K0 V/Vmax 

Flexural hairline horizontal cracking. Hairline vertical cracking 
near the tie-end RC columns 

0.04 0.80 0.50 

First diagonal cracking due to diagonal tension in the masonry wall 
surface 

0.13 0.35 0.85 

Beginning of inclined diagonal cracking at the ends of the tie-end 
columns 

0.20 0.27 0.90 

Fully formed “X-shape”' cracking on the masonry wall surface 0.23 0.24 0.98 
Concrete crushing; horizontal cracking spread over the tie-end 

column height 
0.32 0.18 1.0 

Concentrated diagonal cracking at the end of tie-end columns. 
Concrete spalling in the tie-end columns 

0.42 0.13 0.99 

Progression of diagonal cracking into the tie-end columns, leading 
to rebar kicking of the longitudinal steel 

0.50 0.10 0.80 

 

 

Figure 5-27: Evolution of damage evolution and structural degradation with respect to drift 
(Ruiz-García and Negrete 2009). 
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Figure 5-28 shows the distribution of available drift values that correspond to 

each damage state for hand-made clay brick with no wall reinforcement. This is the 

most common form of confined masonry construction observed in Latin America. As 

can be seen in the figure, there is a wide distribution of drift values in each damage 

state. This is likewise demonstrated by the large uncertainty of the fragility curves of 

the same data set seen in Figure 5-29. Some of the variability of this data set can be 

attributed to the researchers’ use of drift values from the positive and negative loading 

cycles as independent outcomes. Also, this particular data set is inclusive of all 

vertical compressive stresses considered. This parameter significantly influences the 

lateral deformation capacity of CM. 

 

Figure 5-28: Distribution of lateral drift values corresponding to damage states DS1 and DS2 for 
hand-made clay brick with no reinforcement (Ruiz-García and Negrete 2009) . 
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Figure 5-29: Fragility curves of DS1 and DS2 for confined masonry built with hand-made clay 
bricks without wall reinforcement (Ruiz-García and Negrete 2009). The large variability, or 

uncertainty, in the data is illustrated by the horizontal spread of each curve. 

Ruiz-García and Negrete enumerated the significant influence that several 

parameters have on the performance of CM walls. Figure 5-30 clearly demonstrates 

the influence of vertical compressive stress on performance. In this case, industrialized 

clay brick is considered. At smaller deformation demands, walls without vertical stress 

reach DS1 at approximately 0.07% drift, while the application of vertical stress results 

in DS1 being reached at a much later drift level, 0.15% (at a 50% probability of 

exceedance). On the other hand, at larger deformation demands vertical stress results 

in DS2 being reached at a lower drift level. This observation is unique to industrialized 

clay brick, and is inline with experimental behavior previously mentioned. In the 

presence of vertical compressive stress industrialized clay brick has less displacement 

capacity than other brick types, hand-made brick included.  



180 

 

a)  b)  

Figure 5-30: Influence of vertical compressive stress on drift-based fragility functions of CM walls 
built with industrialized clay brick masonry corresponding to a) DS1, and b) DS2. 

The type of brick used also influences the deformation capacity of CM 

systems, as Figure 5-31 highlights. The effect of brick type on performance is more 

pronounced, however, at smaller displacement demands, particularly when 

considering a probability of exceedance greater than 40% for DS1. 

a)  b)  

Figure 5-31: Drift based fragility curves for CM walls built with three different brick types with 
no wall reinforcement corresponding to a) DS1, and b) DS2 (Ruiz-García and Negrete 2009). 

5.5 NOTE ON MATERIAL VOLUMETRIC CHANGES OVER TIME 

The materials that constitute confined masonry – reinforced concrete and 

masonry units – undergo volumetric changes over time due to temperature, moisture, 

and static loading conditions. When masonry and concrete are used together, 
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particularly in the interdependent manner of CM, any differential movements have the 

potential to change the overall load distribution and impact performance. For that 

reason these changes warrant examination and possible investigation in the future. 

Over time, clay brick masonry expands from exposure to atmospheric moisture 

and water content. This volumetric swelling is the result of chemical changes and is 

irreversible. Thus, any potential expansion can impose considerable deformation and 

stress changes to a masonry assemblage and surrounding structural elements. Unlike 

clay brick, concrete shrinks over time from moisture loss (i.e., drying shrinkage) and 

from creep and stress relaxation due to static loading conditions. The amount of 

shrinkage depends on several factors, including original moisture content, water-

cement ratio, aggregates, placement and ratio of steel reinforcement, and mix 

proportions. 

Within a confined masonry system, expansion of the masonry wall panel is 

unrestrained out-of-plane and restrained at the top and sides by the surrounding RC 

frame, shown in Figure 5-32a. The frame, on the other hand, is restrained from 

shrinking by the wall panel and subsequently undergoes tension, shown in Figure 

5-32b. With the clay brick expanding and the surrounding frame shrinking, high 

compressive confinement forces can develop in the masonry panel as shown in Figure 

5-33. Although the columns may see an increase in tensile stress, axial bearing is 

likely much greater than any resultant tension from the expanding wall. At a 

minimum, compressive stresses in the columns could be partially relieved while 
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simultaneously the expanding wall may assume a greater percentage of the total 

imposed bearing load.  

a)  b)  

Figure 5-32: Schematic of the volume changes that CM material components undergo over time, 
including a) expansion of masonry, and b) shrinkage of frame members. 

 

Figure 5-33: Possible supplementary internal forces in a CM wall due to material volume changes 
that occur over time.  

Any potential increase of axial bearing on the masonry wall, coupled with an 

increase in confining pressure exerted by the frame from the volumetric expansion, 

can result in an increased response capacity to in-plane and out-of-plane excitations. 

Research studies have shown that as axial compression increases on the masonry 
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panel, both the lateral strength and the capacity at first cracking increase (Meli 1979; 

San Bartolomé 1994). Further, separate studies have shown that induced in-plane 

compressive forces can increase the out-of-plane cracking load by a factor of 2.5 if the 

end supports are rigid (Baker 1978; Hendry 1981). 

One implication of these possible volumetric changes is that experimentally 

derived results may not reflect real world conditions as accurately as believed. 

Material volume changes develop over the course of months and years, yet the 

experimental research performed on CM systems is usually completed within a matter 

of weeks. The increase of internal compressive forces in the masonry wall has likely 

not yet occurred at the time of testing. Subsequently, the seismic capacity quantified in 

a lab can underestimate the real world potential.  

Although the influence of these volumetric changes has not been formally 

investigated and is outside the scope of this study, the potential impact of these 

changes could be significant enough to alter load distributions and influence seismic 

performance.  
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CHAPTER 6 ANALYSIS METHODS FOR CONFINED MASONRY 

6.1 INTRODUCTION 

Along with the growing popularity of confined masonry worldwide is the 

demand for reliable analysis techniques. Although much CM construction is self-made 

and non-engineered, designers and researchers alike are in need of techniques that 

facilitate and advance our understanding of these systems. Reliable and useful 

methods are needed for the design of new construction to mitigate losses of life and 

property from seismic events. Detailed and adaptable methods are needed for the 

assessment of existing buildings and use of strengthening measures. Being able to 

reliably predict structural response is also needed for researchers’ assessments of 

potential design and rehabilitation improvements, as well as improvement of today’s 

catastrophe models for pre-disaster mitigation and post-disaster response efforts. 

A wide variety of modeling techniques has been developed to analyze the in-

plane response of confined masonry walls, with different degrees of refinement and 

precision. They can be divided in three main groups: (i) simple models, such as 

equivalent beam; (ii) macro models, such as strut-and-tie; and (iii) micro models that 

use detailed refined numerical methods. Advantages and disadvantages of each 

approach are presented with designers and researchers in mind. The assessment of out-

of-plane behavior, despite its importance for seismic analysis and design, is outside 

the scope of this study.  
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The appropriate selection of an analysis method is highly dependent on the 

expected level of response and the application. Confined masonry undergoes a 

predictable progression of damage, as described in Chapter 5 and shown graphically in 

Figure 6-1. In the elastic loading stage, for example, the wall responds in a monolithic 

manner. Simplified methods rooted in elastic theory are most appropriate within this 

range and are presented in Section 6.2.1. These methods are normally used by 

practicing engineers to quickly assess a wall’s strength and stiffness. 

 

Figure 6-1: Summary of response and damage experienced by confined masonry under in-plane 
lateral loading, together with the range of applicable modeling techniques. 

As lateral demands increase and become inelastic, a compression strut forms 

across the wall panel, leading to cracking and separating of the masonry and yielding 

of the column reinforcement. Simplified methods based on empirical relationships are 

Monolithic 

Strength Equations 

Macro Modeling 

Micro Modeling 
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applicable in this response range up to peak strength. These methods are presented in 

Section 6.2.1. These relationships account for masonry shear strength, axial wall 

stress, and they employ experimentally and empirically derived coefficients. Design 

engineers utilize these equations for the construction of new CM and the assessment of 

existing systems.  

In the post-peak loading stage, diagonal cracks in the wall extend into the 

confining columns. Panel separation and yielding of the steel reinforcement 

proliferate. In this phase, material and geometric variations can significantly affect the 

response, as can the interface between the wall panel and frame. Given this 

complexity, more advanced techniques are needed to evaluate the structural response 

for design and assessment purposes. Macro models, which capture the overall 

behavior, can be easily adapted to varying geometries and material properties through 

the use of readily available commercial software programs. These techniques include 

the equivalent strut and continuum models and are presented in Section 6.2.2. 

Beyond roughly 80% post-peak strength, further degradation of the masonry is 

expected through the advancement of cracks and localized crushing of brick units. 

Given sufficient displacement demands, crack propagation will extend into the 

columns and lead to shear failure and ultimately collapse. Detailed micro models, 

presented in Section 6.2.3, are the most appropriate technique for representing 

behavior at this stage of loading. These models, though computationally expensive and 

most appropriate for research purposes, can readily capture complex geometries, crack 

formation, large deformations, and even global instability and collapse. 
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6.2 SUMMARY OF ANALYSIS METHODS FOR CONFINED MASONRY 

6.2.1 Simplified Methods 

6.2.1.1 Monolithic Model 

Simple analysis methods are utilized primarily by practicing engineers as a 

design aid to quickly assess the stiffness and strength of a confined masonry wall. 

Given the simplicity of these techniques, they are also utilized as a “sanity check” for 

verifying that results obtained from more robust approaches are acceptable.  

The most straightforward approach assumes that a CM wall’s response is 

entirely elastic and that no cracking of the masonry or separation at the panel-frame 

interface has occurred. The masonry wall panel and surrounding frame are considered 

to be a single homogenous rectangular member that responds in a monolithic manner. 

As shown in Figure 6-2(a), the rectangular member has thickness, t, and length, L. 

From basic structural analysis principles the lateral stiffness, K, of the wall can be 

written as: 
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where Em is the elastic modulus of masonry, 
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=λ is the slenderness coefficient. This 

approach assumes that the elastic moduli of the masonry and the concrete frame are 

the same. 
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Figure 6-2: Cross section of the monolithic wall model, (a) rectangular section, and (b) 
transformed section (Lang, Crisafulli et al. 2014). 

The use of a transformed section can account for the larger elastic modulus of 

concrete. In this case, the thickness of the reinforced concrete column is increased by 

the ratio Ec/Em, where Ec is the elastic modulus of concrete, to obtain an I-shaped 

section as shown in Figure 6-2(b). The slenderness ratio in this case is
sA h

I  7.5
  

2
=λ , 

where As is the shear area of the transformed section.  

The monolithic wall model is only relevant within the elastic range of response 

before cracking occurs (see Figure 6-1). Thus, the applicability of this technique is 

quite limited and should be reserved only as a sanity check for seismic design and 

analysis purposes since response is normally governed by post-peak behavior. 

Furthermore, the simplicity of the monolithic wall model cannot account for any 

geometric details, including wall openings. 

6.2.1.2 Wide Column Model 

The wide column method is another simple modeling technique which again 

assumes a monolithic section with an elastic response, but the wall is represented with 

two-node elements (Pérez Gavilán 2013). This allows for the representation of more 
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complex geometries, including three dimensions, door and window openings, as well 

as multiple floors and adjacent walls through the use of rigid beam elements. This 

technique is most suitable for designers through the use of commercial computer 

programs.  

Figure 6-3 presents an example of a two-story confined masonry building with 

openings alongside the corresponding wide column model. Each confined masonry 

wall is represented as a single column element (thin blue line), and the floor and roof 

members are represented by rigid beams. Depending on the computer program used, 

the use of rigid beams with very large stiffness may result in numerical errors.  

(b)(a)

 

Figure 6-3: (a) Example of confined masonry wall with openings, and (b) the corresponding 
representation by the wide column method (Lang, Crisafulli et al. 2014). 

As mentioned previously, the wide column method assumes an elastic 

monolithic response that is only valid in the initial loading stages before cracking has 

occurred. Nonetheless, user-inputted section properties can be reduced to account for 

cracking of the masonry and nonlinear elements can be used with some software 

programs to extend the applicability of the model. 
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6.2.1.3 Strength Equations 

Confined masonry walls exhibit complex behavior, not only due to the material 

nonlinearity of masonry and reinforced concrete but also due to the interaction of these 

two materials, particularly at the panel-column interface. Outside of the elastic 

response range, cracking of the masonry, yielding of the column reinforcement, and 

separation at the panel-frame interface can occur leading up to the peak response (see 

Figure 6-1). Capturing these nonlinear effects requires a multifaceted modeling 

approach.  

Straightforward equations have been developed to evaluate the peak response 

of confined masonry walls with design purposes in mind. Numerous equations have 

been developed in Latin America and Asia for building design codes (see Meli, Brzev 

et al. 2011 for more details). All of these equations share a basic structure that 

accounts for masonry shear strength and compressive force. Small differences lie with 

the coefficients employed based on varying empirical and experimental results. In 

general, these equations can be represented as: 

 uw PAV 21 C   vC  += , (6-2)

  
where C1 and C2 are empirical coefficients specific to each code, v is the shear 

strength of masonry, Aw is the wall gross area, and Pu is the axial compressive force 

due to gravity loads.  

6.2.2 Macro Modeling 

Macro models offer designers and researchers alike a compromise solution 

between convenience, speed, and accuracy. These techniques can capture nonlinear 
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post-peak performance of a single wall or a large structure, including those with 

complex geometries. Two primary macro modeling techniques exist: the use of two-

node elements and continuum methods. The former utilizes a combination of two-

node elements with axial, shear, and flexural springs, depending on the complexity of 

the formulation. For the latter technique, the masonry wall and frame are represented 

as continuous bodies made up of finite elements; interaction between the two is 

captured through interface elements. This approach utilizes common commercial 

software. 

6.2.2.1 Equivalent Strut 

The simplest macro model is the equivalent strut method proposed by 

Polyakov and Holmes in the 1960s and discussed in Crisafulli (1997). For this method 

the masonry wall is represented by a compressive strut and the surrounding frame is 

modeled with beam elements (see Figure 6-4(b)). This approach can approximately 

calculate the stiffness of a confined masonry wall and axial forces in the frame, which 

is useful for design purposes. However, this method cannot predict local effects such 

as shear and bending forces in the frame and stress in the masonry.  

Many researchers have modified the single strut modeling approach in order to 

improve the overall accuracy and expand the range of response capability. For 

example, (i) the use of two, three or more diagonal struts can capture internal forces in 

the frame and represent walls with openings, (ii) the incorporation of shear springs can 

represent the nonlinear behavior of masonry, and (iii) the use of multiple elements and 

springs improves the representation of the RC frame performance. As a result of these 
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modifications and improvements, the overall nonlinear response of a confined 

masonry wall and different types of failure can be captured. This is ideal for both 

designers and researchers. However, these models are not usually available through 

typical commercial structural analysis software programs. The academic-based 

programs RUAMOKO and SeismoStruct offer users a panel element that can be used 

for the nonlinear analysis of confined masonry and infilled frames (Carr 2008; 

Seismosoft 2011). The development of these modeling elements, however, is based on 

the experimental performance of masonry infilled frames and not specifically confined 

masonry. Performance distinctions will subsequently be absent. 

(b)(a)

 

(c)

 

Figure 6-4: (a) Example of confined masonry wall with openings, and (b) the corresponding 
representation by the equivalent strut method (Lang, Crisafulli et al. 2014). 

The equivalent strut model shown in Figure 6-5 proposed by Torrisi et al. is 

briefly described as an example of an improved equivalent strut model (2012). This 

academically developed model represents the masonry panel with six strut members 

located along the diagonals of the wall as shown. The RC members are represented 

with column macro elements. Axial strength of the masonry struts is determined 

according to a general failure theory by considering strut inclination. Failure modes of 

the masonry that are considered include sliding shear, diagonal tension, and 
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compression failure. Formulation of the column macro element considers the 

combination of bending moments and axial forces, and of shear forces and axial 

forces. Torrisi’s model has successfully captured the elastic, peak and post-peak 

response of experimentally tested confined masonry walls (Torrisi 2012; Lang, 

Crisafulli et al. 2014). 

 

Figure 6-5: Example of modified equivalent strut model (Carr 2008; Torrisi 2012; Lang, 
Crisafulli et al. 2014). 

6.2.2.2 Finite Element Models 

An alternative macro modeling approach uses finite element modeling through 

the utilization of widely available commercial structural analysis software programs. 

The most common application of this approach represents the masonry wall panel and 

the surrounding frame as continuous elements, discretized as the user requires. 

Nonlinear interface and spring elements can capture interaction between the wall and 

frame. An example of a finite element model of a confined masonry wall subjected to 

in-plane loading is shown in Figure 6-6. The resulting deformed shape and von Mises 

stresses are shown, demonstrating the capability of the model to represent realistic 

behavior, including panel separation. 
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a)  b)  

Figure 6-6: Deformed shape and von Mises stresses in a finite element model of a confined 
masonry wall subjected to in-plane loading (a) at the initial stage, and (b) after cracking and 

separation at the panel-frame interface (Torrisi 2012; Lang, Crisafulli et al. 2014). 

The use of FE models for confined masonry allows for the representation of 

complex geometry such as openings and varying material properties. Through the use 

of nonlinear elements the post-peak structural response can readily be captured. 

However, the more detailed the model the more computationally expensive and 

prohibitive is this approach. The ability to capture cracking of the masonry, and 

subsequent load path redistribution, is a complex and intensive problem that greatly 

affects the accuracy of representing large deformation behavior. This is not necessarily 

a concern for designers but the pre-determination of failure modes may preclude this 

approach for some research applications. 

6.2.3 Micro Modeling 

The simple and macro modeling approaches described previously provide an 

adequate approximation of the performance of confined masonry systems for the 

design of new buildings and assessment of existing ones for both engineers and 

researchers. However, these techniques by design predetermine load paths and failure 

modes. While material variability can be accounted for, structural aspects that deviate 
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from the original model prototype cannot be assessed such as brick stagger distance at 

the panel-frame interface, prior damage, and in some cases openings. Effects from 

such geometric features are especially pronounced in the inelastic range after cracking 

occurs and load paths redistribute. The capability to model these features can be 

important for assessing capacity and ultimate failure modes. Using micro modeling 

techniques, the actual layout of bricks and other geometric features along with 

resultant load paths can be captured. Micro models can also incorporate realistic 

nonlinear discontinuous contact properties at the brick-mortar and brick-concrete 

interfaces, allowing for cracking and separating.  

With a micro modeling approach individual brick units are modeled as either 

rigid or deformable bodies connected together with nonlinear joints. Figure 6-7 

provides a visual description of how masonry is represented using a micro modeling 

approach. Numerically, both the finite and discrete element methods can be employed. 

When using finite element (FE) analysis the brick units can be modeled as linear-

elastic continuum elements or smeared crack elements. Alternatively, today’s 

improved computers have made the discrete element method (DEM) an increasingly 

popular alternative. Rooted in non-smooth contact dynamics (NCSD), this approach 

closely resembles the natural configuration of masonry whereby individual bodies can 

separate, interact, and impact (Jean 1999). Brick units can be deformable or rigid, the 

latter less computationally expensive. Interface elements can capture the realistic 

nature of the brick-mortar joint, including adhesion, cracking, and Coulomb friction. 

This method is presented in more detail in Sections 6.3 and 6.4. 
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Figure 6-7: Overview of modeling approaches for masonry: a) masonry specimen; b) detailed 
micro model in which elements are used to represent the unit, mortar, and unit/mortar interfaces; 

c) simplified micro model in which the mortar and unit/mortar interfaces are lumped together; 
and d) continuum macro model (adapted from Lourenco, Rots et al. (1995)). 

Micro modeling has been used successfully with both FEM and DEM to 

examine the interactions of mortar and brick, the performance of small wall 

assemblages, and some larger masonry structures (Rots 1991; Lotfi and Shing 1994; 

Chetouane, Dubois et al. 2005). Most commercial FE programs can be used for micro 

modeling of masonry. Commercial DEM software programs includes 3DEC and 

UDEC (Itasca 2014a; Itasca 2014b); freeware programs are also available such as 

Siconos and LMGC90 (Acary and Brogliato 2008; Dubois, Jean et al. 2011). An 

example using DEM for the analysis of a large masonry structure is shown in Figure 

6-8. In this case, stress distribution of the Pont Julien bridge in France is assessed 

using both rigid and deformable discrete elements. 
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a)  

b)  

c)  

Figure 6-8: Example of using detailed micro modeling for the analysis of a) Pont Julien, a first 
century BC masonry bridge in South France. Discrete elements were used to determine stress 

distribution, including b) rigid bodies and c) deformable bodies (Chetouane, Dubois et al. 2005). 

Micro modeling can be a powerful tool for the assessment of masonry 

structures. This method can be impractical for designers, however. Despite today’s 

technological advancements, micro modeling remains computationally expensive in 
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comparison with macro models. Detailed knowledge of joint properties, which is 

essential for an accurate numerical representation, can also be elusive to obtain. Small 

scale experiments involving bricks, mortar, and brick-mortar joints are ideal for 

describing the most accurate joint relationships. Traditional material property tests 

such as masonry prism tests do not adequately describe the brick-mortar bond 

behavior.  

Nonetheless, micro modeling offers the most comprehensive and accurate 

means of capturing the behavior of masonry systems. Geometric variations, regardless 

of scale, can be represented as well as any number of material property variations. The 

most powerful aspect of this modeling approach is the ability to capture cracking and 

the subsequent re-distribution of load. This allows for ad hoc failure modes to develop 

in lieu of predetermining them as with other modeling approaches. Not only does this 

aspect facilitate the study of large deformation and failure behavior, but, importantly, 

it also allows for the examination of how material and geometric aspects influence 

performance.  

6.3 THE DISCRETE ELEMENT METHOD 

6.3.1 Selection of DEM 

As discussed in Chapter 1, the impetus for this research began with the 

author’s early involvement with a joint project of EERI’s World Housing 

Encyclopedia (WHE) and the USGS’s Prompt Assessment of Global Earthquakes for 

Response (PAGER). The intent in the early stages of the WHE-PAGER effort was to 

expand the use of PAGER beyond the United States and apply its loss prediction 
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methodology globally. This entailed quantification of collapse potential and general 

seismic performance of non-US building types. In this vein, the author was 

preliminarily tasked with determining the collapse potential of confined masonry 

structures, one of the world’s most prevalent building types. 

As presented in Chapter 5, the successful seismic performance of confined 

masonry buildings has been well documented yet significant research gaps remain. 

Most notably, large deformation behavior has never been quantified or investigated 

outside of post-earthquake reconnaissance investigations. Most experimental research 

of confined masonry systems is terminated at 80% post peak strength and no known 

numerical or analytical studies have explored collapse mechanisms or those 

parameters that contribute to them. Given this lack of empirical and experimental 

information, the author redirected her efforts toward addressing this knowledge gap. 

The WHE-PAGER effort, in the mean time, changed course as well. For those non-US 

structure types for which data on collapse is lacking – meaning that fragility curves 

have not or could not be derived by reliable means – then empirical data from relevant 

past earthquake performance is instead used to assess the probabilities of collapse 

during future seismic events. More information on this empirically-based procedure 

can be found in Jaiswal and Wald (2010). 

To address the knowledge gaps of CM behavior, any numerical or analytical 

approach taken by the author first needed to adequately represent non-linear, large 

deformation performance. Yet as the author closely observed during post-earthquake 

reconnaissance in Haiti, the interface between the masonry wall and the surrounding 
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frame appeared to significantly affect the seismic capacity of a system (see Chapter 4). 

Moreover, the author also observed the importance of load bearing on the wall for 

successful overall performance. Any predictive model, especially one assessing 

ultimate capacity, therefore needed to incorporate these structural details, among 

others.  

It became increasingly evident that to successfully capture the ultimate 

behavior of CM using numerical modeling tools, the approach needed large 

deformation capability as well as the flexibility to handle changing construction and 

material parameters. Such parameters include: the effect of load bearing; amount of 

stagger distance and bond conditions at the column-wall interface; brick-mortar joint 

bond properties; and relative stiffness of the masonry panel and RC columns. 

Incorporating these structural aspects into a numerical model is, needless to say, 

complex. A micro modeling approach was selected. This method could facilitate a 

detailed representation of geometric and material characteristics and close examination 

of how these parameters influence overall performance.  

Traditionally, continuum models are used to assess structural performance in 

civil engineering applications. While one can use traditional finite element programs 

to employ a micro modeling approach, the procedure can be complex and 

cumbersome. The numerical framework of the discrete element method, on the other 

hand, easily allows for the cracking and separating of units in a straightforward 

realistic manner. Discontinuous and heterogeneous systems, like CM, can be readily 

modeled. Today’s computational advancements have made DEM an increasingly 
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popular and accessible choice in engineering applications, especially for the failure 

analysis of structural components and larger systems.  

6.3.2 DEM Overview 

The discrete element method originally evolved through the development of 

numerical tools for assessing rock mechanics by Cundall in the 1970s (Cundall 1971; 

Cundall and Strack 1979). The theoretical basis of the method, the equation of motion, 

was established by Sir Isaac Newton in 1697. The term discrete element refers to a 

class of numerical methods that represent the behavior of a material or system 

composed of separate discrete particles or bodies, each with a distinct size, shape, and 

mass. The numerical procedure first proposed by Cundall (1971) integrated the 

equation of motion over each time step of each body with subsequent updating of the 

state of each body including position and stress. The dynamic behavior of a system of 

interacting bodies is readily handled with this numerical technique. Static solutions 

normally employ artificial viscous damping in order to maintain numerical stability, 

such as with dynamic relaxation methods. Discrete elements can refer to a number of 

related numerical approaches, including distinct elements, discontinuous deformation 

analysis (DDA), discrete-finite elements, and rigid block analysis. 

DEM is useful in a number of applications but it is most applicable for 

computing the motion and interactions of a collection of particles or bodies. The 

agricultural, food processing, and pharmaceutical industries utilize DEM for assessing 

and optimizing the manufacturing of bulk granular materials such as grains, pills, and 

liquids. Other industries use DEM to model the movement and stresses of much larger 
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bodies such as the oil, gas, and mining sectors. The discrete element method is gaining 

in popularity in civil engineering applications including impact, static, and dynamic 

analyses of structures. Some recent studies in this area include Sawamoto, Tsubota et 

al. 1998; Hentz, Daudeville et al. 2004; Chetouane, Dubois et al. 2005; Lemos 2007; 

Furukawa and Ohta 2009. 

The foundational construct of DEM, including calculation of the state and 

position of individual bodies, is directly applicable to masonry structures in which 

deformation and failure are governed by discontinuities. Unique to DEM is the dual 

calculation of the mechanical behavior of units and the interaction between them. The 

brick-mortar joints are characterized as contact surfaces between distinct bodies 

capable of adhesion, fracture, sliding, and complete separation behaviors. In a sense, 

the construct of a DE model is that of discontinuity. This is in contrast with the 

commonly used finite element method in which particles or bodies are considered as a 

continuous medium. While the various DE approaches differ slightly in their 

numerical strategies, some overarching features set them apart from FE methods:  

• DE models can consist either of rigid or deformable blocks.  

• In most DE models, interaction between units is represented by point-
to-point or edge-to-edge contacts, with no attempt to obtain a 
continuous stress distribution over the contact surface. For deformable 
blocks, the block is meshed entirely independently from its neighbors.  

• Full separation of units is permitted between units, including large 
deformations.  

• Contact detection and update algorithms are common among all DE 
methods.  
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• Most DE models employ time stepping algorithms either on a real-time 
scale or as a numerical tool to solve quasi-static problems. 

Within the domain of DEM, two types of approaches emerge in how contact 

interactions between particles or bodies are calculated: smooth and non-smooth. The 

smooth approach is closely related to molecular dynamics (MD), an area in which 

individual elements or molecules are represented by a point or sphere and interactions 

can be modeled with continuous functions. The non-smooth approach, on the other 

hand, is useful for its ability to model interactions between multiple bodies subjected 

to friction and unilateral contact. This includes velocity and force functions which 

cannot be described continuously, such as impacts. Non-smooth refers to 

discontinuous, nonlinear, and non-differentiable functions imposed on or experienced 

by a body such as Coulomb’s law or inelastic shock. Non-smooth techniques are 

normally applied within the contact dynamics (CD) area and are termed non-smooth 

contact dynamics (NSCD). The LMGC90 software employed in this research has both 

MD and CD capability and is presented in further detail in the following section. 

Regardless of whether one is using a MD or CD numerical approach, the time 

stepping process can be generalized in three stages: contact detection, calculation of 

contact forces, and final determination of body motion. This procedure is shown 

schematically in Figure 6-9. Within each time step, the contact detection phase first 

determines whether two bodies are in contact. If two bodies are within a prescribed 

distance, contact point coordinates are determined followed by the local frame, gap 

distance, and relative velocity of the two bodies. Following contact detection, resultant 
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contact forces on each body are calculated. This phase is referred to as the contact 

solver and is the source of DEM’s greatest computational expense.  

The final phase of time stepping is resolution of the governing equations of 

motion using an appropriate numerical integration strategy. Inter-body interactions 

result in a set of global coupled differential equations which together describe 

behavior of the entire system. The final solution to this global set reflects the final 

state of rest of the system. The main governing equations are Newton-Euler’s 

equations of motion. Other constitutive equation sets can be used for varying problem 

conditions within a DE framework (e.g., Nervier-Stokes equation for fluid flow).  

 

Figure 6-9: DEM analysis procedure (Dubois 2013). 

Depending on the system and modeling choices, a number of numerical 

strategies are available within the DEM framework for performing time evolution. For 

one, the time evolution strategy can either be time stepping or event driven. Numerical 

integration can be either implicit or explicit, depending on problem conditions and the 
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need for numerical stability. An implicit contact solver can be employed to maintain 

numerical stability and reduce processing time. Some examples include Lemke and bi-

potential, although the nonlinear Gauss-Seidel (NLGS) approach is the most 

commonly employed contact solver particularly within a NSCD framework. 

More information about the discrete element method and related numerical 

strategies can be found in Munjiza 2004; Lemos 2007; Schneider, D'Addetta et al. 

2011. More information specifically about non-smooth mechanics and NSCD can be 

found in Moreau 1988; Jean 1999; Acary and Monerie 2006; Acary and Brogliato 

2008; Studer 2009. 

6.4 LMGC90 SOFTWARE 

LMGC90 is an open platform for the numerical modeling of a large number of 

interacting bodies in two and three dimensions capable of using either MD or NSCD 

numerical strategies (Dubois 2013). This software is utilized for the analysis of both 

small and large bodies in a number of areas, including granular materials, masonry, 

fractured rock mass, and multiphysics. LMGC90 was developed and is maintained by 

a computational mechanics group at the Laboratory of Mechanics and Civil 

Engineering (LMGC) at the University of Montpellier II, France. A number of 

features distinguish LMGC90 from other DE models, including: 

• Ability to model both rigid and deformable units 

• Representation of numerous object shapes, including disks, spheres, 
polyhedra, polygons 

• Ability to represent numerous interaction laws, including contact, 
friction, and cohesion 



206 

 

• Ability to model multiphysics and couplings, including thermal effects 
and fluid-particle mixtures 

Numerous interaction laws are available in LMGC90. Frictional contacts 

include the ability to model static and dynamic friction, and gap- or velocity-based 

unilateral conditions. Frictional cohesive laws include Mohr-Coulomb, capillary 

action, and the ability to capture damage accumulation. Bi-lateral conditions include a 

kinematic relation, and elastic or visco-elastic wire or rod (i.e., tension- or 

compression-only conditions). 

The MD framework of LMGC90 utilizes a smooth dynamics numerical 

strategy. Molecular dynamics is an appropriate method for systems composed of 

interacting atoms or molecules (i.e., points of mass) governed by the equation of 

motion. A fully explicit time integration method (the θ-method) is employed in 

LMGC90 to compute contact forces. The computational effort for this approach lies 

with contact detection and force calculation. 

6.4.1 Non-Smooth Contact Dynamics Integration Scheme 

The CD framework employed in LMGC90 uses a non-smooth numerical 

strategy (NSCD). The technique is presented here in detail, as it is the governing 

numerical method used in this research. This integration scheme is based on Moreau’s 

pivotal work on the contact dynamics method which was extended by Jean to deal 

with general applications (Moreau 1988; Jean 1999). Moreau’s contribution replaced 

the equations of motion and constraint equations from classic mechanics with measure 

differential equations able to handle both smooth and non-smooth events.  
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The NSCD method employed by LMGC90 begins with Newton’s second law 

of motion, written here in classic form: 

 
dt

dv
MMaF == , (6-3)

  
where F collects the internal nonlinear interactions between bodies and the externally 

applied loads. A constant mass is assumed for simplicity’s sake. Because the velocity, 

v, can encounter discontinuous jumps it must be considered as a function of bounded 

variations (right continuous) in time. Further, for the sake of simplicity a linear time-

invariant case is considered in the context of Lagrangian dynamics. The equation of 

motion is then expanded in terms of a measure differential equation: 
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where Fint represents internal forces and can be expanded as 

)()()int tCvtKqv(t,q,F
++ += , Fext represents external forces, and dr represents reaction 

forces due to contacts, and K and C represent the stiffness and velocity-depenent 

damping matrices, respectively. If the motion is smooth with respect to time, then 
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yields: 

 ∫∫∫∫
++++

+=++ +
1111

))()(
i

i

i

i

i

i

i

i

t

t

t

t

ext

t

t

t

t

dr(t))dtFdttCvt(KqMdv  

 dtvtqtq
i

i

t

t

ii ∫
+

+
+ +=

1

)()( 1 . 

(6-5)



208 

 

  
By definition of the differential measure and accounting for constant mass, the term 
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where the impulse term ∫
+1i
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t

t

dr  is unknown. Ahead of the time discretatzation, the 

following notation and assumptions are made: 
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The θ-method is used to evaluate those terms that are sufficiently smooth over a time 
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Substituting Equation (6-8) into (6-6) yields: 
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Substituting the expression for 1+iq  into the first equation of Equation (6-9) produces: 
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which can be written as: 
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where freev represents the velocity of the system when reaction forces are null and M̂  

is referred to as the iteration matrix. 1ˆ −
M  and freev  can be written as: 
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This integration strategy is fully explicit when 0=θ  and fully implicit when 1=θ . 

For 15.0 ≤< θ  the strategy is implicit and stable unconditionally. Equation (6-11) 

represents the terminal point of the integration cycle and contains the two unknowns: 

1+iv  and 1+ip . Note that this expression is fully implicit and, as such, non-smooth laws 

must be treated by implicit methods. Non-smooth events are handled through the use 

of the differential measures dv and dr. 

The unknowns of Equation (6-11), 1+iv  and 1+ip , are solved for during each 

time step using a predictor-corrector scheme of determing contact forces between 

interacting bodies and mapping those forces back into the discretized equations of 
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motion. This procedure is referred to as the non-linear Gauss-Seidel (NLGS) method, 

as previously mentioned. When considering multi-body systems, Equation (6-11) can 

be rewritten as the discretized equations of motion for each body expressed in global 

coordinates: 

 1
1

1
ˆ

+
−

+ += ifreei pMvv . (6-13)

  
In local coordinates, interaction laws are described for each contact, α , for which 

both contact and friction must be present between the contact points:  

 TRUEContact nn =),,( ααα PUg  and TRUEFriction nn =),( αα PU . (6-14)

  
When determining the contact forces, provisional values are first assumed for 

each contact that lies within a prescribed range. The forces are obtained by assuming 

intersection of the body trajectories and accounting for relative velocities between the 

intersecting bodies. These values are then updated and all contacts between potential 

bodies are determined successively until a satisfactory convergence is obtained. The 

reaction forces are mapped back to the discretized equations of motion using the 

mapping matrix, H , to pass from local to global unknowns. This procedure is shown 

schematically in Figure 6-10 and outlined in Figure 6-11.  

The computational expense for NSCD lies with the NLGS contact solver. The 

procedure is repeated for a prescribed number of iterations, termed gs_it1 in 

LMGC90, before convergence is checked (see Figure 6-11). If the prescribed tolerance 

isn’t obtained after gs_it1 iterations, the entire cycle is repeated and convergence 

checked again. This can repeat for a maximum of gs_it2 times. The total number of 

NLGS iterations that can be performed is gs_it1*gs_it2.  
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Figure 6-10: Overview of the calculation cycle for the nonlinear Gauss-Seidel procedure. 

 

Figure 6-11: Overview of the NSCD integration scheme inclusive of the NLGS contact solver. 

6.4.2 Modular Software Structure 

The framework of LMGC90 was established around a central command script 

which calls and executes the time stepping and contact solver algorithms. The 

command script also reads input files and writes output files for post-processing 

analysis. The software is roughly organized around four main components: the model, 

contactor, interaction, and contact solver.  
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The modeling component of LMGC90 is tasked with the executing those 

aspects needed to simulate body motion, including simulating the body itself. This 

includes discretizing body geometries, defining material properties of the bodies, and 

executing the numerical time integration scheme. Within LMGC90, various models 

are possible including: 2D rigid, 3D rigid, and mechanical, thermal or porous finite 

element. The contact component of LMGC90 defines potential contact locations on 

bodies. These can include simple convex primitives (e.g., disk, polygon, sphere, 

polyhedron), or a cluster of primitives or meshes. Two contact locations are prescribed 

for each body of an interacting pair. This facilitates calculation of any imposed 

rotations and moments. The contact locations depend on how the two surfaces interact. 

For example, if two surfaces share a common corner (e.g., stacked bricks), then a pair 

of contact points will be located at the corner.  

The interaction component of LMGC90 defines the contact detection 

algorithms for a pair of contacting bodies. For each contact detected the contact 

location, frame, and mappings are described. The information is then passed to the 

contact solver within LMGC90 and the appropriate algorithm to solve each contact is 

selected and executed. 

6.4.3 Contact Model 

The contact detection algorithm within LMGC90, or within any DE model, is 

used to identify two bodies in potential contact so that the correct physical laws can be 

applied to determine the resultant contact forces. The contact detection framework 

within LMGC90 is performed in two or three stages: rough, broad, and local. Rough 
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detection is determined for each body by noting any neighbor bodies within a 

prescribed bounding box or sphere. The broad detection stage eliminates those 

neighboring bodies for which contact will not occur. And during the local, or “fine”, 

detection stage the contact frame, plane, and locus is determined for each inevitable 

contact. 

Contact between interacting bodies, both rigid and deformable, is modeled in a 

general manner using Signorini’s law of unilateral contact and Coulomb’s law of 

friction (see Figure 6-12). Signorini’s law accounts for the gap distance and relative 

velocity between two bodies to determine the resultant normal force, while Coulomb’s 

law of friction is used to determine transverse forces between bodies that impact with 

a nonzero angle.  

a) b)  

Figure 6-12: Graphs of a) Signorini's complementary relation between normal force and gap 
distance, and b) Coulomb’s friction. 

Considering two impacting bodies, a unique contact plane (for 3D) or unique 

contact line (for 2D) can be taken tangent to the two bodies such that a local reference 
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frame can be drawn with normal, n
r

 and tangent, t
r

 unit vectors. As long as a gap 

exists between the two bodies then no force, nf  or tf , can develop. Stated differently, 

the distance, nδ  normal to the plane or line between the two bodies must remain 

positive for the forces to remain zero. When the bodies are in contact, then 0=nδ  and 

a non-negative normal force value is present, .0≠nf  This complementary relation 

between nf  and nδ  is termed Signorini’s condition and is shown graphically in Figure 

6-12. The transverse force, tf  can be expressed through Coulomb’s friction law as a 

function of nf  and the friction coefficient, µ . 

6.4.4 Cohesive Zone Model 

The contact friction law described above, utilizing Signorini’s and Coulomb’s 

laws, represents a simplified relationship of interacting bodies. Numerous contact laws 

exist within LMGC90 and other DE programs capable of numerically describing 

complex physical phenomenon. The contact law available in LMGC90 most 

applicable for replicating the behavior of masonry is a cohesive zone model (CZM). 

This is an adhesive interface model coupled with unilateral contact, Coulomb’s 

friction, and surface damage. It was first proposed by Cangémi (1997) as an extension 

of Frémond’s model of adherence with unilateral contact (1988). Monerie advanced 

this model to predict the complex fracture process of the fiber/matrix interface of 

composite materials (2000). The cohesive zone model emerged from these earlier 

works having been formulated in a non-smooth dynamics context (see Acary 2001; 

Jean, Acary et al. 2001; Acary and Monerie 2006). Acary and Monerie (2006) provide 
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details of this interaction law as it is utilized in LMGC90 specifically. In recognition 

of the contribution that Monerie, Acary, and Cangémi made to the numerical 

development and application of CZM in LMGC90, the element is termed MAC_CZM 

in the software. 

The cohesive zone model offers a robust means for representing gradual 

fracture formation in which the separation of surfaces occurs over an extended crack 

area, or cohesive zone. CZM is not material specific but instead represents the 

cohesive action when material elements are pulled apart. As the surfaces separate, 

traction increases until a maximum is reached and then decreases to zero. In the case 

of transverse forces, the adhesive force reduces to the dynamic (Coulomb) friction 

value. As it applies to the masonry research conducted for this investigation, the 

MAC_CZM interaction law is used in LMGC90 to represent behavior of the brick-

mortar joint in the normal and transverse directions.  

In the normal direction, when two bricks are joined together with mortar and 

pulled apart in tension, an adhesive force representative of the brick-mortar bond must 

be overcome for the bricks to separate. The fracture point can be described by a 

maximum force and displacement; the area under this curve is the mode I fracture 

energy, GI. This relationship is shown in Figure 6-13. The peak force is determined 

within LMGC90 by user-inputted values for the normal joint stiffness, CN, and the 

fracture energy. In combination, these two values fully define the MAC_CZM tensile 

action including the displacement at peak. Because of the defined adhesive 
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relationship within LMGC90, a user may also derive the fracture energy input value 

from the displacement (or strain) at fracture. 

In the transverse direction, the mechanics are similar: the brick-mortar 

adhesive bond is overcome with increasing force and displacement (see Figure 6-14). 

Once the bond is broken, the transverse force reduces to Coulomb’s friction, 

NT RR µ= . The area under the curve required to break the bond is the mode II fracture 

energy, GII. The transverse force component of the MAC_CZM contact law in 

LMGC90 remains dependent on the normal force value, in accordance with 

Coulomb’s law. User-inputted values in LMGC90 include the tansverse joint stiffness, 

CT, and the fracture energy.  

 

Figure 6-13: Description of the cohesive zone model in mode I fracture. 
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Figure 6-14: Description of the cohesive zone model in mode II fracture. 

A joint damage parameter, β is also included and tracked as part of the 

MAC_CZM interface element. This value is initialized to 1.0. If bond adhesion is 

broken due to loading in either the normal or transverse direction, that adhesive force 

and β both reduce to zero and are unrecoverable as displacement advances. If a contact 

is subjected to a sub-peak adhesive force (i.e., no fracture), then β remains 1.0. In 

other words, the response is linear-elastic up until the bond is broken. More 

information on the numerical development of the damage parameter in the context of 

an interface model with coupled adhesion and friction can be found in Jean, Acary et 

al. (2001) and Raous (2011). 
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6.4.5 Modeling of Units, Joints, and Areas of Adhesion 

There are a number of ways to implement a micro modeling technique in 

LMGC90, with differences lying in the degree of refinement. In general, discrete 

elements can be used to represent both brick units and mortar. The elements can be 

rigid or deformable. The brick and mortar interact via interface elements, in which 

nonlinear behavior of the adhesive bond is concentrated. These interfaces represent 

potential crack and sliding surfaces.  

The most detailed model includes representation of all components of the 

masonry: the bricks and mortar are modeled with discrete elements while the adhesive 

surfaces between the two are represented with interface elements. A schematic of this 

modeling approach is shown in Figure 6-15(a), as well as in Figure 6-7(b). While 

highly accurate, this approach requires a significant number of elements and thus 

increased computational time. A more simplified approach is shown in Figure 6-15(b), 

whereby a single non-zero thickness interface element is used to model behavior of the 

joint, including the mortar and both adhesive surfaces. The reduction in elements will 

reduce computational time but this approach can produce an accumulation of error on 

the order of 10% to 20%. This is attributed to the non-zero thickness aspect of the 

interface element, which prohibits moments equilibrium. Numerically, interface 

elements are formulated to be zero-thickness.  

Subsequently, one can employ a zero-thickness interface element between 

brick units which have been enlarged to account for the joint thickness (see Figure 

6-15(c) and Figure 6-7(c)). This interface element captures behavior of the entire joint: 



219 

 

mortar and the two adhesive surfaces. In addition, this simplified version of micro 

modeling further reduces the number of elements and thus computational time. This 

approach is utilized in all modeling aspects of this research investigation.  

 

Figure 6-15: Micro modeling techniques of masonry, including a) highly detailed , b) simplified, 
and c) simplified model with 'blown-up' units and zero-thickness interface elements. The 

modeling approach of (c) is utilized in this investigation.  

To utilize the cohesive zone interface model (CZM) of LMGC90 described in 

Section 6.4.4, user input parameters include joint stiffness in the normal and transverse 

directions, termed CN and CT, as well as fracture energy. LMGC90 also accepts a 

viscosity parameter, v, which affects the shape of the post-peak descending curve by 

increasing damping (see Figure 6-13 and Figure 6-14). For simplicity, the value was 

kept at zero in this investigation. Static and dynamic friction values are also user-

defined. 
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To determine the joint stiffness parameters, CN and CT, one must compare and 

equate the mechanics of an actual masonry specimen with the simplified micro model. 

This comparison is presented in Figure 6-16. The actual masonry specimen is shown 

in Figure 6-16(a) with a brick height of hunit, and elastic modulus, Eunit. The mortar has 

thickness hjoint, and elastic modulus, Ejoint. The joint elastic modulus can be considered 

as a compound quantity which accounts for both the mortar material and both 

adhesion areas. The corresponding model seen in Figure 6-16(b) has enlarged brick 

units of height, h’unit, and elastic modulus, E’unit. The joint thickness, h’joint, is zero and 

behavior is described by a CZM interface model with parameters CN and CT. 

 

Figure 6-16: Comparison of a) actual masonry and b) simplified micro modeling of masonry for 
the purpose of joint stiffness calculation. 

 

Figure 6-17: Deformation of the a) masonry specimen and b) model are equated in the normal 
direction to facilitate calculation of the MAC_CZM parameter CN. 
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Considering behavior in the normal direction, if the bottom brick unit is fixed 

and the top unit is pulled up with a tensile stress, Nσ , then the masonry specimen and 

model will deform by totall∆  and totall '∆ , repsectively (see Figure 6-17).  

Deformation of the masonry and model can then be written as:  
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To find the stiffness, CN, we equate: 

 totaltotal ll '∆=∆  . (6-16)

  
Expanding and simplifying, Equation (6-16) becomes: 
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By assuming unitunit EE ='  and int2

1' jounitunit hhh += , CN can be solved for: 
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One could determine a reduced unitE '  with respect to unitE  to account for the enlarged 

size, but the effect is small and subsequently ignored.   

The same approach can be used for determining the transverse stiffness 

parameter of MAC_CZM, CT. As shown in Figure 6-18, if the bottom brick unit is 

fixed and the top unit is pulled with a shear stress, τ , both the masonry specimen and 

model will deform an amount totall∆  and totall '∆ , repsectively.  
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Figure 6-18: Deformation of the a) masonry specimen and b) model are equated in the transverse 
direction to facilitate calculation of the MAC_CZM parameter CT. 

By utilizing the constitutive relationship between shear modulus and elastic 

modulus, one can write: 
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where intjoG  and intjoE , as mentioned previously, are compounded quantities which 

account for both the mortar material and the two areas of adhesion. Combining 

Equations (6-18) and (6-19), the transverse shear stiffness parameter of MAC_CZM 

can be written as:  
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For masonry specimens with relatively small joint thickness or especially weak 

mortar, one can assume that deformation will be concentrated in the joints. In this 

case, Equations (6-18) and (6-20) can be simplified as:  
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In addition to specimens with small joint thickness, this simplification can also be 

used regardless of the type of brick element employed in a model, either rigid or 

deformable. Prudence would dictate that when using rigid elements the interface 

element should account for deformation of the brick, mortar, and both adhesive 

surfaces in order to achieve an equivalent deformation as a real specimen. However, 

fired clay brick is significantly stiffer than mortar (in the majority of cases), and 

contribution from the brick to overall deformation is minor. If deformable elements 

are used, the user has the choice either to incorporate deformation of the mortar into 

the brick element and isolate bond adhesion and slip to the interface element, or for 

the brick element to represent brick material alone and the interface element to 

represent overall joint deformation, inclusive of mortar and both adhesion surfaces. 

Calibration of the MAC_CZM interface element, and validation of its 

applicability to this research, was performed against small scale “micro” experiments 

of two bricks joined with mortar and pulled in the normal and shear directions. The 

experiments and calibration procedures are described in the following chapter. 

CHAPTER 6, in part, is a reprint of the material as it appears in "Large 

Deformation Behavior of Confined Masonry.” Proceedings of the 10th National 

Conference in Earthquake Engineering, Anchorage, Alaska, Earthquake Engineering 

Research Institute, 2014. Authors: A.F. Lang; G. Benzoni. The dissertation author was 

the primary investigator and author of this paper.  

CHAPTER 6, in part, is a reprint of the material as it appears in "Overview and 

Assessment of Analysis Techniques for Confined Masonry Buildings.” Proceedings of 
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the 10th National Conference in Earthquake Engineering, Anchorage, Alaska, 

Earthquake Engineering Research Institute, 2014. Authors: A.F. Lang; F.J. Crisafulli; 

G.S. Torrisi. The dissertation author was the primary investigator and author of this 

paper.
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CHAPTER 7 NUMERICAL MODELING OF MASONRY JOINT 

BEHAVIOR 

7.1 INTRODUCTION 

In order to implement a micro modeling approach for confined masonry using 

the discrete element method, a full description of the brick-mortar joint behavior is 

needed. This entails a complete description of the force-displacement response in the 

normal and transverse directions of the joint. The cohesive zone model (CZM) used in 

this research to numerically describe the joint behavior requires input parameters that 

quantify the joint stiffness and fracture energy.  

Experimental investigations of masonry behavior, such as in-plane masonry 

shearwall testing, commonly include a number of material property tests intended to 

complement the larger investigation. A variety of tests, both standardized and 

unstandardized, are available to determine material properties of masonry and its 

components. Compression testing is carried out on masonry prisms, brick units, and 

mortar cubes. Interestingly, tests to determine shear strength along bed joints have not 

been standardized. A number of methods have been developed to gauge this property, 

however, including diagonal tension testing and racking of small assemblages (termed 

wallettes). The triplet test is also used in this capacity. This test entails three stacked 

bricks joined together with mortar; the outside bricks are held fast while the middle 

brick is pushed or pulled until failure along the bed joints occurs. The flexural tensile 

and bond wrench tests are used to assess out-of-plane bending capacity and tensile 
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strength of the brick-mortar joint. Standardized tests also exist to determine water 

absorption rates and efflorescence. The reader is directed to Drysdale, Hamid et al. 

(1994) for more information on material property tests for masonry. 

Unfortunately, many of these material property tests are not performed in 

tandem with larger investigations. For those material tests that are conducted, the 

material properties obtained do not facilitate derivation of joint adhesion in the normal 

and transverse directions of the bed joint, as is needed to quantify the MAC_CZM 

interface element of LMGC90. The bond wrench test does quantify tensile strength of 

the bed joint, and the triplet shear test can produce shear strength of the joint. Neither 

of these tests, however, is commonly performed in traditional experimental settings 

and obtaining reliable and repeatable data can be elusive in both instances. The triplet 

test in particular requires a tedious set up.  

In light of this, an extensive and detailed experimental study performed in The 

Netherlands was utilized to calibrate CZM joint properties and validate the DEM 

approach and LMGC90 software for modeling unreinforced masonry. This is an 

important validation step in the modeling of confined masonry, as CM is composed 

predominantly of URM. Accurate modeling of the behavior of this CM component is 

crucial for capturing the larger system performance and its influential parameters. Of 

course it is ideal to calibrate joint behavior and validate URM performance using the 

same materials as used in a CM system. These data do not exist, however. No material 

property tests which produce joint tensile and shear strength values have been 

performed in a complementary manner to a CM system. The experimental program 
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carried out in The Netherlands, however, fills in this gap as best as possible by 

providing experimental data of both the joint behavior and of a larger URM shearwall.  

To demonstrate and validate the ability of DEM and LMGC90 to capture the 

behavior of unreinforced masonry, numerical models were developed of the TNO-

Delft brick-mortar joint experiments, as well as of an in-plane pushover test of a URM 

shearwall. The “micro” material property tests included tensile and shear fracture of 

the brick-mortar bed joint. These tests were successfully modeled with LMGC90 and 

facilitated calibration of the MAC_CZM input parameters and the parameters for the 

numerical integration scheme. Behavior of the URM shearwall was also successfully 

captured with LMGC90; this is presented in Chapter 8. The wall stiffness, strength 

plateau and decline, along with the cracking pattern were replicated. These results 

demonstrate the capability and promise of using the DEM approach and LMGC90 not 

only as a basis from which to model confined masonry, but also for assessing the 

performance of other masonry, including unreinforced masonry, building types found  

throughout the world.  

7.2 EXPERIMENTAL PROGRAM & SUMMARY RESULTS 

In the early 1990’s an extensive research program was undertaken to increase 

the knowledge of how masonry materials and structures behave. This program, termed 

TNO-Delft, was a joint project between the TNO Building and Construction Research 

department of Eindhoven University of Technology and Delft University of 

Technology. The purpose was to integrate experimental techniques with numerical and 

analytical methods for assessing the behavior of masonry and its components. 
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Researchers sought to fully describe and quantify the physical behavior of masonry 

and the brick-mortar interface for the purpose of numerical modeling, particularly the 

discrete element method. The research included a series of small scale experiments 

performed on bricks, mortar, and several brick-mortar combinations to obtain detailed 

material properties. Using the same materials, a limited number of pushover tests of 

masonry shearwalls were also performed. Experimental results were then used to help 

develop numerical models based on a micro modeling approach. “Through systematic 

testing, a fundamental knowledge will be developed concerning tensile strength, shear 

strength, compressive strength and the deformational capacity of masonry as a 

synthesis of the basic components of unit and mortar (Rots 1997).” See Rots (1997) 

for an overview of this research program. 

Four different brick units were tested in combination with five different types 

of mortar to obtain a variety of material properties including behavior of the brick-

mortar joint in the tensile and shear directions. Van der Pluijm and Vermeltfoort 

performed tension, compression, and shear tests on masonry components and small 

specimens (van der Pluijm 1991; Vermeltfoort and van der Pluijm 1991; van der 

Pluijm 1992; Vermeltfoort and Raijmakers 1992; van der Pluijm 1993). Deformation 

and strength properties were obtained.  

The brick types included molded red clay, yellow and blue extrusion wire cut 

units, and calcium silicate units. Extrusion wire cut units refer to the manufacturing 

process by which clay is mixed with water then forced through a die. It is then cut into 

bricks using a tensioned wire and dried before being kiln fired. This is similarly 
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referred to as fired clay brick. All the brick specimens were roughly 200 x 100 x 50 

mm3. The mortar mix proportions of cement:lime:sand included the following five 

variations, by volume: 1:1:6, 1:2:9, 1:½:4½, 1:½:1½, and 1:½:9. The joint thickness 

used for the masonry test specimens varied between 10 and 15 mm. 

A single brick-mortar combination, termed JG.B, was of interest in this 

investigation. The brick was a yellow extrusion wire cut unit manufactured by Joosten 

and is termed JG. Mortar type B was used with a mix proportion of cement:lime:sand 

of 1:2:9, by volume. Masonry specimens consisting of the JG.B brick-mortar 

combination were subjected to compression, tension, and shear tests. This same brick-

mortar combination was also used to assemble a shearwall subjected to in-plane 

pushover testing. This test and a numerical model of it are presented in Chapter 8. 

Material property tests performed on the brick and mortar specimens included 

deformation-controlled compression testing of the brick units, mortar cubes, and 

masonry prisms. These results are summarized in Table 7-1. The experimental loading 

rate for the tension tests (Section 7.3) was not reported in literature, though it was 

characterized as pseudo-static. The shear tests (Section 7.4) reportedly were performed 

at a loading rate of 2 mm/hour. The numerical models of both the shear and tension 

tests both imposed a loading rate of 10 mm/hour. Test runs demonstrated that the 

results were unchanged from the 2 mm/hr rate and that no inertial effects were 

introduced. Though the faster loading rate facilitated shorter simulation time, it was 

primarily used because the URM shearwall experiment was subjected to a loading rate 
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of 10 mm/hour and consistency was desired with the the iteration and input parameters 

in mind. 

Testing procedures were in compliance with Dutch standardized methods for 

determining masonry compressive strength: NEN-EN 1052-1. A detailed description 

of the test set-ups can be found in (van der Pluijm 1991; Vermeltfoort and van der 

Pluijm 1991; Rots 1997). Tension and shear testing of the bricks and masonry are 

presented in Sections 7.3 and 7.4, respectively. 

Table 7-1: Summary of compressive material properties for JG.B brick-mortar combination 
(Rots 1997). The elastic moduli were taken at 35% of the respective compressive fracture loads. 

Material Property Value No. of Specimens 

JG unit dimensions 204 x 98 x 50 mm3 n/a 

Unit Mass 1994 kg/m3 n/a 

Unit Compressive Strength, fc:unit 66 MPa 3 

Mortar Compressive Strength, fc:mortar 3.0 MPa 3 

Masonry Compressive Strength, f’m 20.6 MPa 3 

Eunit 16700 MPa 3 

Emasonry 15880 MPa 3 

Emortar 14900 MPa 3 

νunit 0.28 3 

 

7.3 MODE I FAILURE OF THE BRICK-MORTAR JOINT 

7.3.1 Experimental Program and Results 

The purpose of testing a small masonry specimen in tension was to fully 

describe behavior of the joint and adhesive surfaces. This entails documenting not just 

the peak tensile force, but also the pre- and post-peak deformation history, which is 

possible to obtain through the use of a displacement-controlled test. The area under the 

force-displacement curve is the amount of fracture energy. These values – peak force, 



231 

 

displacement at peak, and fracture energy – fully enumerate the fracturing process for 

use with a CZM contact law (see Figure 7-1).  

 

Figure 7-1: Relationship between joint tensile stiffness, CT, fracture energy, GI, and tensile crack 
width, gN. 

 

Figure 7-2: Experimental set-up of the masonry tension tests. 

A total of three tension tests were conducted consisting of two half-length JG 

bricks bonded together with a 10 mm joint of mortar B, as shown in Figure 7-2. The 

two bricks were bonded to the testing rig such that their surfaces were kept parallel 

and were fixed against rotation. The bricks were pulled apart pseudo-statically in 
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displacement-control until separation (i.e., fracture) of the brick-mortar bond occurred. 

Failure of this bond can be considered as obtaining a stress-free crack at the interface. 

The resulting tensile bond strength, ftu of specimen JG.B was 0.30 ± 24% MPa. 

The secant tensile elastic modulus of the joint, Ejoint was 2970 ± 9% MPa, taken at 

50% of the failure load. The TNO-Delft researchers reported that these values were 

corrected for the brick contribution to tension using the elastic modulus of brick in 

compression. The joint elastic modulus thus represents behavior inclusive of the 

mortar and two adhesive surfaces.  

In addition to tensile testing of the bond strength, tension tests were also 

carried out on two brick specimens. The units were notched and pulled in tension until 

fracture; average tensile strength, ftu was 2.36 ± 21% MPa. Table 7-2 summarizes 

material properties of the JG.B specimens obtained during tension testing.  

Table 7-2: Summary of material properties for JG.B obtained from tension testing (Rots 1997). 

Material Property Value No. of Specimens 

Joint Tensile bond strength, ftu* 0.30 ± 24% MPa 3 

Tensile bond strength (force-controlled), ftu * 0.62 ± 28% MPa 5 

Unit Tensile Strength, ft:unit 2.36 ± 21% MPa 2 

Joint Tensile Elastic Modulus, Ejoint* 2970 ± 9% MPa 3 

*Corrected for brick contribution. 

 

Figure 7-3 shows stress-deformation results of displacement-controlled 

masonry tension tests. These results are from a different brick-mortar combination 

than JG.B, though they were part of the same test series; the data for JG.B were 

unpublished. As Figure 7-3 demonstrates, the post-peak tensile strength does not 

suddenly drop to zero, which would suggest a strongly brittle response. Instead, a 
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distinct elastic-softening behavior is present. The descending shape of this post-peak 

curve suggests a small amount of ductility is present during the fracturing process.  

 

Figure 7-3: Example of stress-strain development from a displacement-controlled masonry 
tension test (van der Pluijm 1992). These data were obtained using moulded red clay bricks, not 

the JG bricks of interest to this investigation. The same mortar type B was used, however. 

The authors of the TNO-Delft study examined the bond surface area of the 

bricks after fracture and quantified the amount of net surface area involved in 

adhesion. On average, the net surface area of bonding was 35% of the gross cross 

sectional area of the specimens (see Figure 7-4). For the JG.B specimens specifically, 

accounting for the net area of adhesion increased the tensile bond strength by a factor 

of 2, from ftu:gross = 0.30 ± 24% MPa to ftu:net = 0.58 ± 16% MPa. Notably, the 

coefficient of variation decreased. Likewise, when the net area of adhesion was 

considered the fracture energy also increased and the coefficient of variation decreased 

significantly (from 64% to 38%). The TNO-Delft researchers examined the 
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relationship between tensile bond strength and fracture energy with respect to net 

bonding area and found no correlation. 

 

Figure 7-4: Bonding surface of brick specimens subjected to tension testing, showing the net area 
of adhesion (Rots 1997). 

Figure 7-4 offers a unique perspective of the physical phenomenon of fracture 

at the brick-mortar interface. By examining the brick surfaces, one can observe that 

the net area of adhesion is roughly located at the specimen center, away from the 

edges. This reduction in adhesive area is likely attributed to shrinkage of the mortar 

caused by moisture loss from exposure. In general, the bond between mortar and brick 

is achieved by mechanical interlocking and chemical adhesion, though the exact 

nature of bonding is still largely unknown (Drysdale, Hamid et al. 1994). A number of 

parameters influence bond strength including mortar type, water-to-cement ratio, type 

of masonry unit, workmanship, and curing conditions.  

When employing a micro modeling approach to represent this adhesive bond, 

it is beneficial to understand the exact nature of the fracturing process and precisely 

where and how it transpires at the interface. Figure 7-3 and Figure 7-4 indicate that the 

debonding process is not a binary, instantaneous or violent occurrence, but instead it 

unfolds gradually and progresses in a controlled manner. Cracking predominately 
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occurs at the brick-mortar interface, as opposed to occurring within the mortar 

material itself. This is independent of the fracture mode, either I or II. As a crack tip 

seeks the path of least resistance it will propagate through the mortar, but only for a 

short distance roughly perpendicular to the bonding surface area. This is because 

strength of the interface bond is weaker than the mortar tensile strength.  

7.3.2 DEM Model Description and Results 

7.3.2.1 Model Description 

To characterize behavior of the brick-mortar joint for the purpose of the 

numerical model, the micro material masonry tension tests performed by TNO-Delft 

were simulated using LMGC90. Two dimensional (2D) rigid elements were used to 

model the bricks and a zero-thickness cohesive zone interface element (MAC_CZM) 

represented joint behavior, including the mortar and adhesive surfaces (see Figure 

7-5). The bottom brick element was fixed against displacement and rotation. The top 

unit was fixed against rotation and lateral displacement while an upward displacement 

was imposed at a rate of 10 mm/hr. 

 

Figure 7-5: Overview of the tension model using LMGC90. 
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Dimensions of the brick elements for the tension model were selected to match 

those used for the URM shearwall model: 217.8 mm long by 60.9 mm high (see 

Figure 7-5). These units are slightly larger than the actual JG bricks in order to match 

the precise overall wall dimensions of the shearwall experiment while maintaining the 

same number of bricks in each row. Specimens used in the experimental tension tests 

were half-sized JG bricks with a joint thickness of 10 mm. The larger unit size used 

for the tension model is irrelevant. Calibration was performed against stress values and 

with strain calculated from the 10 mm thick joint.  

7.3.2.2 Model Calibration 

By using the mean reported joint tensile elastic modulus and tensile bond 

strength, the point of bond failure from the tension experiments was targeted for 

calibrating the MAC_CZM interface element against (see Figure 7-1). From Equation 

6-21 for obtaining the joint stiffness parameter of MAC_CZM, CN: 
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where hjoint is 10 mm and the secant tensile elastic modulus of the joint, Ejoint is 2970 ± 

9% MPa, taken at 50% of the failure load (see Table 7-2). Considering the coefficient 

of variation, the stiffness parameter, CN is found to vary between 2.7 x 1011 and 3.2 x 

1011 N/m3 with a mean of 2.95 x 1011 N/m3. The units of the joint stiffness can be 

considered as stress per unit length. In combination with the tensile bond strength, ftu, 

the target strain at fracture can be found using: 
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This produces a mean strain at peak strength of mm/mm 000101.0 with a range of 

mm/mm 00014.000007.0 ≤≤ tuε . As a check, these values are in line with the 

approximate rupture strain of concrete, mm/mm 0001.0≈cuε . These tensile 

parameters are summarized in Table 7-3. 

Table 7-3: Summary of targeted values and parameters for calibrating the MAC_CZM interface 
element in the tensile direction. 

Material Property / Parameter Value 

Tensile bond strength, ftu  0.30 ± 24% MPa 

Joint Tensile Elastic Modulus, Ejoint 2970 ± 9% MPa 

Joint Tensile Strain, εtu 0.000101 mm/mm 

Tensile Displacement at Peak, ∆max-I 0.00101 mm 

Joint Stiffness, CN 2.95 x 10
11

 ± 9% N/m
3 

Dupré’s Energy, w 0.30 J/m
2 

 

To determine the fracture energy parameter, w, termed Dupré’s energy in 

reference to Dupré’s work on surface adhesion, the area under the response curve in 

Figure 7-1 is considered. The pre-peak area can be written as tuIpeakpre fw −− ∆= max2
1 , 

where tuf  is the tensile bond strength from experimental testing. The area under the 

post-peak response curve can be approximated as the pre-peak value (see Jean, Acary 

et al. (2001)). In this case, w can be written as: 

 Itupeakpostpeakpretotal fwww −−− ∆=+= max . (7-3)
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The corresponding stress and displacement at the peak response is related through the 

joint stiffness parameter, CN as: 
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. (7-4)

  
Equations (7-3) and (7-4) can be re-written and combined to produce the following 

relationships between joint stiffness, Dupré’s energy, and the stress and displacement 

at peak response: 

 N

I
C

w
=∆ −max  

Ntu wCf = . 

(7-5)

  
Applying the mean value determined for CN (2.95 x 1011 N/m3) and the 

experimentally obtained ftu (0.30 ± 24% MPa) to the second equation of Equation 

(7-5) produces a Dupré’s energy value of w = 0.30 J/m2. Inputting this value into the 

first equation of Equation (7-5) confirms the previously determined displacement 

value at peak response of ∆max-I = 0.001 mm (εtu = 0.0001 mm/mm). 

7.3.2.3 Model Results 

Results from the numerical model are shown in Figure 7-6. The point of mean 

peak bond strength from the experiments is shown as a targeted value with error bars 

that reflect the coefficients of variation of the tensile bond strength, ftu and the joint 

elastic modulus, Ejoint. The tensile force required to displace the top brick element is 

plotted as stress, while the gap distance is normalized to the joint thickness and plotted 

as strain.  
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Figure 7-6: Experimental vs numerical model results of masonry tension tests, including response 
of the overall model, right and left contacts, and damage parameters. 

The numerical model (shown in black) was able to accurately replicate the 

masonry tension test results, as well as capture the classic behavior of a semi-brittle 

adhesive contact. The pre-peak response is linear-elastic, governed by the stiffness 

parameter CN. The post-peak response shows a classic elastic-softening behavior. 

Table 7-4 summarizes numerical outcomes from the model against targeted values 

from the experiments or inputted parameters. As shown, the model was able to closely 

replicate intended values.  

As mentioned in Chapter 6, two contact points are located on each body of an 

interacting pair. All forces, velocities, and displacements associated with the contact 

are transferred across these points (see Figure 7-7). By tracking these values, one can 

confirm that the overall mechanics and the adhesive contacts are performing as 
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intended. In addition to the overall response, Figure 7-6 shows force and displacement 

values from the left and right contact points, plotted as stress and strain. As shown, the 

contacts respond identically, confirming that the top brick element does not rotate. The 

force transmitted across each contact is exactly half of the total response, as intended.  

Table 7-4: Comparative results of the numerical model and experiment. 

Material Property 
Inputted Parameter / 
Experimental Target 

Model Output 

Joint Stiffness, CN 2.95 x 1011 N/m3 2.94 x 1011 N/m3 

Dupré Energy, w  0.3 J/m2 0.303 J/m2 * 

Joint Tensile Strength, ftu 0.3 ± 24% MPa 0.299 MPa 

Joint Tensile Strain, εtu 0.000101 mm/mm 0.000102 mm/mm 

Joint Tensile Elastic Modulus, Ejoint 2970 ± 9% MPa 2940 MPa 

*Obtained by integrating under the tensile response curve. 

 

 

Figure 7-7: Location of right and left contact points on the model. 

As described in Chapter 6, the cohesive zone interface element in LMGC90, 

MAC_CZM, maintains a damage parameter, β, which tracks the state of adhesion at 

each contact point. Figure 7-1 demonstrates how the β value progresses from an initial 

value of 1.0 before the bond strength is reached, to a final value of zero after the 

adhesive bond is broken (i.e., reaches a stress-free crack condition). Figure 7-6 shows 

progression of the β values at the left and right contacts in contrast with the response 
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history of the top brick element. The left and right β values are 1.0 before the bond 

strength is reached. As soon as the peak stress is reached, the β values gradually 

decrease to zero with increasing strain (i.e., gap distance). 

Additional analyses were performed which confirmed the two contact points 

displaced at the same time and rate, and that the entire system was in pure tension with 

no lateral displacement or shear force development. Input files for this model can be 

found in Appendix C. 

7.4 MODE II FAILURE OF THE BRICK-MORTAR JOINT 

7.4.1 Experimental Program and Results 

A series of small masonry specimens were tested in shear for the purpose of 

fully describing material behavior of the joint and adhesive surfaces when subjected to 

mode II fracture. The tests were carried out at TNO Building and Construction 

Research in The Netherlands and contributed to the larger TNO-Delft investigation of 

enumerating masonry material properties for use in numerical models.  

Figure 7-8 shows idealized behavior of an adhesive bond subjected to shear. 

While the bond is intact the response is linear-elastic prescribed by a joint stiffness, 

CT. Once peak strength is reached the response gradually decreases to Coulomb’s 

friction, described by the dynamic friction value, µ, and normal force. The designated 

area under this curve is the energy required to break the bond, GII. Once the bond is 

broken, the response will follow Coulomb’s friction law. 
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Figure 7-8: Shear behavior of an adhesive bond, including Coulomb’s friction. 

It is notoriously difficult to construct a pure mode II experimental set-up for 

masonry. Frequently, inadvertent rotation of the bricks occurs, which contributes a 

wedging effect and subsequent moment across the brick surfaces. The TNO 

researchers were uniquely able to isolate shearing action in their testing assembly. As 

Figure 7-9 shows, two bricks were bonded to the testing rig and subjected to a 

simultaneous shearing displacement at a loading rate of 2 mm/hr. Brick dimensions 

were 204 x 100 x 50 mm3. They were arranged such that the corners were aligned and 

there was no overlapping of the faces. The joint thickness was 15 mm, not 10 mm as 

was used in the masonry tensile and URM shearwall investigations. A constant normal 

stress was applied across each masonry specimen through use of a tension rod. 

Although a number of brick-mortar combinations were tested, only results from JG.B 



243 

 

are presented as this is the same masonry specimen used in the masonry tensile and 

URM shearwall tests (presented in Section 7.3 and Chapter 8, respectively). 

 

Figure 7-9: Experimental test set-up and load distribution over the joint surface of the masonry 
shear experiments (Rots 1997). 

Three shear tests were conducted at three different compressive stresses, 0.1 

MPa, 0.5 MPa, and 1.0 MPa. These normal stresses were held constant throughout 

testing. Figure 7-10 shows the stress-strain response curves obtained from each test. 

As can be seen, the data are consistent at each compressive stress. A clear linear-

elastic relationship is present prior to the peak bond strength, followed by decreasing 

strength to a plateau of Coloumb’s friction. The response is similar to the idealized 

schematic in Figure 7-8. The TNO-Delft researchers found that with increased normal 

compressive stress, the displacement required to overcome the adhesive bond and 

obtain a stress-free crack also increased. This trend is demonstrated by examining the 

post-peak response of Figure 7-10. As the peak shear stress increases with increasing 
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normal stress, as expected, the post-peak curve also widens which indicates a larger 

area of dissipated fracture energy.  

The peak shear strength can be described with respect to normal stress using 

the Mohr-Coulomb failure criterion:  

 Nu στ 01.188.0 −=  MPa (7-6)

  
where the best fit correlation coefficient, r was 0.97 to the experimental data with this 

relationship. It is interesting to consider cohesion, c (or shear bond strength, τu) using 

a normal compressive stress of σN = 0 in Equation (7-6). This value is normally found 

by the intersection of Mohr-Coulomb’s failure criterion with the vertical axis (not 

shown); the value is indicated by the first term of Equation (7-6): 0.88 MPa. By the 

Mohr-Coulomb criterion, the cohesion value is equivalent to a pure mode I tension 

failure. In comparison with the experiment results from the masonry tension tests 

(Section 7.3.1), c = 0.88 MPa is more than twice the mean tensile strength obtained 

from the displacement-controlled tests, ftu = 0.3 ± 24% MPa. However, as reported in 

Table 7-2, the tensile strength obtained from force-controlled tests was ftu = 0.62 ± 

28% MPa. At the upper limit of this experimental range, the tensile strength is nearly 

0.80 MPa, certainly much closer to the cohesion value of 0.88 MPa obtained with the 

Mohr-Coulomb criterion. While testing conditions of the force-controlled tensions 

experiments were not identical to the masonry tension tests of Section 7.3.1 (rotation 

was permitted and the literature discusses a moisture content aspect, see Rots 1997), 

this is a reassuring observation nonetheless. Given sufficient experimental controls, 
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the material testing of masonry in general and of these specimens, specifically, can be 

a repeatable and somewhat predictable process.  

 

Figure 7-10: Stress-strain response of JG.B specimens subjected to various normal compressive 
stresses (Rots 1997). 

The coefficient of sliding friction, µdyn was also determined from the 

experimental data. If considering results from all the brick-mortar combinations, the 

µdyn value is 0.75 with a correlation coefficient, r of 0.988  (van der Pluijm 1993). If 

only the brick-mortar combination of interest (JG.B) is considered, µdyn is 0.74 ± 

4.5%. As expected, the cohesion value, c is close to zero, corresponding to fracture of 

the adhesive bond. 

The shear modulus, Gjoint of the joints was found during the masonry shear 

experiments. Linear regression was applied to the data up to 50% of the ultimate load; 

the correlation coefficient in doing so was greater than 0.97. Thus, the secant shear 
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modulus taken at 50% of the failure load for the JG.B specimens is 2130 ± 8% MPa. 

This value was corrected for shear deformations of the bricks using the brick unit 

elastic modulus in compression and Poisson’s ratio (Table 7-1). As such, it represents 

shear stiffness of the joint alone, inclusive of the mortar and the two adhesive surfaces. 

Table 7-5: Summary of material properties obtained from masonry shear tests. 

Material Property Value No. of Specimens 

Ultimate shear stress, uτ  Nu στ 01.188.0 −=  9 

Ultimate shear stress, uτ @ MPa 0.1=Nσ  1.89 MPa - 

Ultimate shear stress, uτ @ MPa 5.0=Nσ  1.39 MPa - 

Ultimate shear stress, uτ @ MPa 1.0=Nσ  0.98 MPa - 

Joint Shear Modulus, Gjoint* 2130 ± 8% MPa 10 

Joint Sliding Friction Coefficient, µdyn 0.74 ± 4.5% J/m2 9 

*Corrected for brick contribution. 

 

7.4.2 DEM Model Description and Results 

7.4.2.1 Model Description 

In order to accurately simulate the masonry shear experiments, arrangement of 

the numerical model included a brick element sandwiched between to two other 

elements and pulled in displacement-control. The brick units were 2D rigid elements. 

This arrangement was needed to maintain as pure of a shearing action as possible for 

the middle unit. The same CZM interface law was applied at each contact face of the 

middle element (see Figure 7-11).  

Brick element dimensions of the model were similar to the experimental test: 

204 mm x 57.5 mm. The unit height of 57.5 mm was used in lieu of the actual 50 mm 

in order to maintain the overall geometry of the experimental assembly. Because the 
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interaction law accounts for shear contribution from both the brick and mortar, half of 

the joint thickness was included in the unit size. Hence: 50 mm original brick height + 

½ joint thickness of 15 mm = 57.5 mm unit height. The joint thickness of 15 mm was 

used in the calibration calculations, specifically for the strain calculations. 

 

Figure 7-11: Overview of the masonry shear model arrangement. 

The bottom brick element was fixed against displacement and rotation. The top 

brick applied a normal compressive force to the system while fixed against rotation 

and lateral displacement. The middle brick element was free and subjected to a lateral 

displacement-controlled time history at a rate of 10 mm/hr. As mentioned previously, 

the experimental masonry shear tests were loaded at 2 mm/hr. A faster rate of 10 

mm/hr was used for the tension and shear models because the URM shearwall 

experiment was subjected to this rate. This was done only after verifying there was no 

introduction of inertial effects with the faster loading rate. 

7.4.2.2 Model Calibration 

The calibration procedure for determining MAC_CZM parameters in the 

transverse direction is similar to that in the normal direction. From examination of 
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Figure 7-8, the joint stiffness, CT, Dupré energy, w, and friction coefficient, µ are 

user-defined input parameters in LMGC90. In combination, these values fully describe 

the adhesive bond characteristics and Coulomb’s frictional response. While the 

friction coefficient is found empirically, the stiffness and energy values, CT and w, are 

determined from the formulation presented in Section 6.4.5 for the modeling of units 

and joints. Equations 6-20 and 6-21 are repeated here for the transverse joint stiffness: 
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In a similar formulation as presented in Section 7.3.2, Equation (7-5) can be re-written 

for mode II loading conditions: 
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(7-9)

  
The calibration of the transverse MAC_CZM input parameters was performed 

against one of the three experimental test series of varying normal compressive stress. 

While one can calibrate MAC_CZM parameters to any number of compressive stress 

conditions, it is not practical in the context of a large masonry wall to use more than 

one set of parameters, as the compressive stresses will vary throughout and cannot be 

pre-determined. By example, consider a given normal compressive stress, σN’. The 

joint stiffness and Dupré energy parameters, CT’ and w’, that correspond to this 

compressive condition are then found from calibration with experimental data. By 
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employing CT’ and w’ in the MAC_CZM element, the user is imposing those 

particular adhesive bond characteristics on all contacts and compressive conditions. 

Each contact will therefore respond elastically with stiffness, CT’ until the bond 

strength, τu’ is reached in accordance with Equation (7-9) (see Figure 7-8). The shape 

and area under the response curve will be dictated by the other calibrated input 

parameter, w’. Although the response of the adhesive bond will not vary for different 

compressive stress conditions, the post-adhesion response will. As described in 

Chapter 6, the CZM law reduces to Coulomb’s friction in the transverse direction after 

the adhesive bond is broken. Accordingly, at any given contact point in a system the 

shear stress is calculated from the user-defined friction coefficient and the normal 

stress at that contact.  

To calibrate the MAC_CZM element, the reported mean ultimate shear 

strength and shear modulus experimental values were targeted using data and 

conditions of the test series with a normal compressive stress of σN = 1.0 MPa. From 

Equation (7-6), the targeted shear strength is 1.89 MPa. The reported joint shear 

modulus was Gjoint = 2130 ± 8% MPa. Given the relatively low coefficient of 

variation, the simplified Equation (7-8) is used to determine the joint stiffness, CT = 

1.42 x 1011 N/m3.  

Using Equation (7-10), the target shear strain across the 15 mm joint is 

mm/mm 00096.000082.0 ≤≤ uε  with a mean value of 0.00089 mm/mm. The target 

shear displacement at the bond strength is 0.013 mm. And finally, Equation (7-9) is 
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used to obtain the Dupré energy parameter, resulting in w = 25.1 J/m2. See Table 7-6 

for a summary of targeted and input parameters for the MAC_CZM element.  
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Table 7-6: Summary of parameters and targeted values for calibrating the MAC_CZM interface 
element in the shear direction. 

Material Property / Parameter Value 

Shear bond strength, τu * 1.89 MPa 

Joint Shear Modulus, Gjoint 2130 ± 8% MPa 

Joint Shear Strain, εu 0.00089 mm/mm ± 8% 

Shear Displacement at Peak, ∆max-II 0.013 mm ± 8% 

Joint Stiffness, CT 1.42 x 10
11

 ± 8% N/m
3 

Dupré’s Energy, w 25.1 J/m
2 

*For σN = 1.0 MPa compressive condition. 

 

7.4.2.3 Model Results  

Results from the masonry shear numerical model are shown in Figure 7-12. 

Experimental data from the shear test with a normal compressive stress of σN = 1.0 

MPa are shown with gray lines. Because the model was designed to replicate a pure 

mode II failure via the arrangement shown in Figure 7-11, the middle brick element is 

subjected to shearing at the top and bottom faces. Hence, adhesion at both locations is 

considered. The solid and dashed black lines in Figure 7-12(a) and Figure 7-12(b) 

show response of the adhesive bonds at the upper and lower surfaces of the brick 

element, respectively. The targeted shear modulus at 50% of the experimental peak 

strength value is indicated with a circle. The other targeted experimental value is the 
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mean peak shear strength (τu = 1.89 MPa). As shown in Figure 7-12 and enumerated 

in Table 7-7, the response at each face of the model brick element precisely captures 

these targeted values. Overall, the numerical model was able to well replicate the pre-

peak behavior of the JG.B masonry in shear.  

a)  

b)  

Figure 7-12: Model response at the a) upper surface and b) lower surface of a brick element 
subjected to shear compared with experimental results. 
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Table 7-7: Comparison of model response of the upper and lower brick element surfaces. 

Material Property 
Upper Brick Element 

Surface 
Lower Brick Element 

Surface 

Joint Stiffness, CT 1.42 x 1011 J/m3 1.42 x 1011 N/m3 

Ult Shear Stress,  τu 1.89 MPa 1.89 MPa 

Shear Strain @ peak, εu 0.00089 mm/mm 0.00089 mm/mm 

Shear Modulus @ 50% peak, Gjoint 2130 N/m2 2130 N/m2 

 

The model’s post-peak response, however, has significantly less dissipated 

energy than the actual conditions, indicated by the narrow width of the response 

curves. While the MAC_CZM viscosity parameter, v could have improved this 

condition and broadened the post-peak response, the decision was made to keep the 

calibration process as simple as possible, particularly in light of the broader use of this 

interface element in more complex shearwall models. 

The red and blue lines of Figure 7-12 indicate the shear stress and strain 

experienced at the right and left contacts of each surface, respectively. Locations of 

these contacts are shown schematically in Figure 7-13. The peak strength of each 

contact is half that of the total response, as intended, since the sum of the two contacts 

represents the entire bonding surface.  

As can be seen in Figure 7-12(a) and (b), the post-peak response differs 

between the right and left contacts, though a trend emerges. The brick element 

undergoes a slight rotation as it is sheared. Because the mode II action for this model 

arrangement was not perfect some rotation of the middle unit resulted. This can be 

seen by observing the contact stresses with respect to time in Figure 7-14. Clearly, the 

upper left and lower right contacts reach peak bond strength prior to the upper right 
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and lower left. This slight rotation results in unequal normal forces at the contacts. The 

friction forces subsequently differ in proportion with the normal forces. This is 

reflected in the differing right and left contact shear stresses seen in Figure 7-12(a) and 

(b). One will note that the response of opposing contacts is equal (e.g., the upper right 

and lower left contacts).  

 

Figure 7-13: Model arrangement showing locations of the right and left contacts of the upper and 
lower surfaces of the brick element subjected to shear. 

 

Figure 7-14: Time history of the shear stress at each contact of the brick element, demonstrating 
rotation of the brick and the appropriate Coulomb response.  

Figure 7-15 demonstrates how the user-defined sliding friction coefficient, µdyn 

is maintained at the contacts. The friction coefficient of each contact is indicated with 
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solid red and blue lines. Prior to the bond breaking, the brick element becomes 

“wedged” with the upper right and lower left contacts in compression, and the upper 

left and lower right contacts in slight tension (indicated by the negative µdyn value). 

Because the adhesive bond is still intact at this stage the damage parameter, β remains 

1.0. As soon as the bond breaks at each contact, β decreases. After the bond breaks, 

the friction coefficient at each contact reduces to the user-defined value, µdyn = 0.74. 

a)  

b)  

Figure 7-15: Time history of the sliding friction coefficient, µµµµdyn and damage parameter, ββββ at each 
contact of the a) upper and b) lower surfaces of the brick element. 
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Finally, Figure 7-16 plots the shear stress and MAC_CZM damage parameter, 

β with respect to strain for each contact. It’s evident that β responds in sync and as 

intended to the stress and deformation state at each point of contact for a body. 

Additionally, Coulomb’s friction law is observable as well, as the post-peak shear 

stress reduces to a value dependent on the normal compressive stress and the user-

defined friction coefficient. 

 

Figure 7-16: Shear response and damage parameter at each contact of the a) upper and b) lower 
surfaces of the brick element.  

7.5 CONCLUSIONS 

A detailed and thorough set of experimental material property tests was 

utilized for calibrating masonry joint behavior in a DEM framework using a cohesive 

zone interface model (CZM). The experimental masonry tests were also utilized to 

demonstrate the capability of the LMGC90 software to represent the nonlinear 

behavior of masonry.  
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The MAC_CZM interface element of LMGC90 employs a cohesive zone 

model which numerically describes contact between interacting bodies using 

Signorini’s law of unilateral contact and Coulomb’s law of friction. It is capable of 

numerically representing the nonlinear adhesive bond behavior of mortar joints 

subjected to tension and shear deformations. This bond behavior includes elastic 

adhesion, fracture, sliding, and complete separation behaviors. The cohesive zone 

model, and MAC_CZM specifically in LMGC90, offers an ideal interaction law for 

representing mode I and II failures of masonry joints.  

Using LMGC90, numerical models were developed to replicate tension and 

shear tests of small masonry specimens. Rigid, 2D brick elements were employed. The 

mortar joint and the brick-mortar adhesion surfaces were represented with the 

interface element MAC_CZM. The models were able to capture detailed behavior of 

the experiments and reproduce numerical results equivalent to experimental values. 

The MAC_CZM parameters were found from numerical formulation and validated 

through the model; these values are summarized in Table 7-8. 

In addition to determining the interface parameters, these models also served 

for calibrating numerical integration parameters involved in the nonsmooth contact 

dynamics strategy, as well as the nonlinear Gauss-Seidel contact solver. These 

variables are summarized in Table 7-9. Input files for LMGC90 are written in Python 

and are available in Appendix C. Post-processing scripts were written in Matlab are 

omitted for simplicity.  

Table 7-8: Summary of input parameters for the MAC_CZM interface element. 
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Parameter Value 

Joint Tension Stiffness, CN 2.95 x 1011 N/m3 

Joint Shear Stiffness, CT 1.42 x 1011 N/m3 

Dupré’s Energy (Tension), wN* 0.3 J/m2 

Dupré’s Energy (Shear), wT* 25.1 J/m2 

Static Friction Coefficient, µstatic 0.74 

Dynamic Friction Coefficient, µdyn 0.74 

Viscosity, v 0.0 
* The MAC_CZM interface element only accepts one Dupré energy parameter; 
the values were found for their respective loading directions. Selection will be 

discussed in the context of multi-directional loading in Chapter 8. 

 

Table 7-9: Summary of calibrated iteration parameters. 

Parameter Description Value 

dt Time step 0.003 sec 

theta NSCD time stepping θ-method: designation of implicit vs 
explicit solution 

1.0 

relax 
Relaxation: weighted solution for faster convergence of time 

stepping 
1.0 

gs_it1 Number of NLGS iterations req’d for tolerance check 1700 

gs_it2 Max number of NLGS gs_it1 iteration loops 30 

tol Tolerance: criteria for convergence check 
0.1666e-3  
(default) 

freq_detect Contact Detection: solver is executed ever freq_detect steps 1 

 

CHAPTER 7, in part, is a reprint of the material as it appears in "Large 

Deformation Behavior of Confined Masonry.” Proceedings of the 10th National 

Conference in Earthquake Engineering, Anchorage, Alaska, Earthquake Engineering 

Research Institute, 2014. Authors: A.F. Lang; G. Benzoni. The dissertation author was 

the primary investigator and author of this paper. 
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CHAPTER 8 NUMERICAL MODELING OF AN 

UNREINFORCED MASONRY SHEARWALL 

8.1 INTRODUCTION 

It has been established that the majority of people in the world live in sub-

standard dwellings vulnerable to natural hazards, and the problem is growing with 

increasing urbanization. Most of these buildings are assembled with masonry 

materials. With the emergence of today’s catastrophe models, it is more pressing than 

ever to accurately predict the nonlinear performance of these structures subjected to 

earthquakes and other hazards. Catastrophe modeling offers a relatively new and 

unique opportunity to model, predict, and communicate risk to decision-makers and 

end-users. 

As discussed previously, the discrete element method offers a straightforward 

and accurate means of modeling the nonlinear, large deformation, and collapse 

behavior of masonry structures. These data are utilized in cat models to generate 

collapse rates. A model’s accuracy and applicability, however, hinges on knowing the 

full numerical description of joint behavior, as this is where nonlinearities (i.e., 

cracking and slipping) are located within a masonry structure. 

As an extension of the same investigative series upon which the “micro” 

experiments for joint behavior were performed (Chapter 7), large masonry 

assemblages were tested experimentally using the same materials. This step of the 

TNO-Delft investigation was conducted to verify and evaluate the numerical models 
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generated from the joint behavior tests. While it is one thing to reproduce the 

nonlinear behavior of a joint at the micro component level, it is another thing to 

implement those findings to reproduce the macro behavior of a structure.  

In that light, the TNO-Delft researchers utilized some of the same bricks and 

mortar types from the joint investigations to construct single-wythe unreinforced 

masonry shearwalls and subjected them to in-plane pushover testing. One of these 

tests which employed the JG.B brick-mortar combination is presented here. A DE 

numerical model using LMGC90 was created of this wall. The model was developed 

using the enumerated cohesive zone joint properties found in Chapter 6. The model 

performed well. The overall structural behavior of the URM shearwall was 

successfully reproduced, including initial stiffness, peak load and plateau, as well as 

strength degradation. 

8.2 EXPERIMENTAL PROGRAM DESCRIPTION 

8.2.1 Overview 

As part of the TNO-Delft investigation, a series of masonry shearwalls were 

subjected to in-plane pushover testing at Eindhoven University of Technology. The 

purpose of these tests was to assess whether the numerical models they developed 

from the micro material tests could reproduce macro behavior of a structural 

component such as a wall. One of these shearwalls, “J2G”, was assembled with the 

same JG.B brick-mortar combination used in the small scale experiments presented in 

Chapter 7 (Vermeltfoort, Raijmakers et al. 1993; Rots 1997). The wall was roughly 1 

meter tall by 1 meter wide. It consisted of 18 rows of unreinforced JG bricks joined 
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together with 10 mm thick mortar joints of type B. The top and bottom rows were 

bonded to the testing apparatus. An opening of 1 brick wide by 6 rows high was 

positioned roughly in the middle. The test set-up is shown in Figure 8-1. 

 

Figure 8-1: Overview of the J2G shearwall experimental test set-up. The vertical and horizontal 
loads are indicated with blue arrows. 

A stiff reinforced concrete beam was positioned at the top of the wall and held 

in place with vertical actuators. The wall was pre-loaded in compression to 30 kN then 

held fixed against vertical displacement and rotation through use of the vertical 

actuators. In-plane horizontal displacement was imposed on the shearwall from the 

displacement-controlled horizontal actuator via the RC beam. The loading rate was 10 

mm/hr. 
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8.2.2 Boundary Conditions 

As mentioned, the wall was pre-loaded with a vertical force then fixed against 

vertical displacement and rotation. Normally, a shearwall specimen undergoing in-

plane testing is subjected to a constant vertical force, not a constant position, and the 

force is applied through a very stiff member relative to the specimen. Movement of the 

stiff member is normally dictated through use of actuators operating in force-control, 

not displacement control. This allows the member to displace vertically in order to 

maintain the prescribed force value. In doing so, the wall is allowed to expand and 

contract in response to dilation effects, as well as overturning rotations.  

However, because the J2G specimen was restricted from this action the effect 

of dilation cannot be directly observed. Indirectly, however, the vertical force 

displacement history was made available by Vermeltfoort for this study and will be 

presented in Section 8.3.3 (Vermeltfoort 2013). Figure 8-2(a) and (b) indicate the 

displacement and vertical force histories of the RC beam over the course of loading. 

The vertical position of the RC beam remains roughly constant while the vertical force 

to maintain that position increases. One will note the initial downward displacement at 

the beginning of the time series seen in Figure 8-2(a). This initial displacement is 

attributed to application of the initial vertical load of 30 kN.  

The vertical loading condition caused an additional unintended consequence 

which significantly affected the boundary conditions. The RC beam was intended to 

be significantly stiffer than the wall specimen. However, it was observed to have 



262 

 

deformed during testing. Unfortunately, data demonstration this deformation was not 

captured during testing.  

a)   

b)  

Figure 8-2: Effect of fixing the vertical position of the RC beam: a) time history of vertical 
displacement of the three vertical actuators (Vermeltfoort 2013), and b) total vertical force 

(“totaal”) required to maintain a fixed position of the J2G specimen (Raijmakers and 
Vermeltfoort 1992b). 
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8.2.3 Results 

The force-displacement response of wall J2G is shown in Figure 8-3. The 

damage distribution is shown in Figure 8-4. These figures are noted with 

corresponding numbers. A description of the damage progression originates from 

Raijmakers and Vermeltfoort (1992a). In the initial loading stage the wall responds 

elastically with no cracking or visual damage until 20 kN. At this point (1), tensile 

cracks (described as “splitting” cracks in literature) develop along the bed and header 

joints at opposite corners of the opening. This tensile failure indicates formation of 

two compression piers in the wall, one on each side of the opening. One can see the 

change of stiffness in Figure 8-3 at this point of load re-distribution. 

Shortly thereafter, tensile cracks appear at the pier ends (2). At 30 kN, the 

length of the upper crack (1) grows suddenly such that the shear force drops by 

approximately 2 kN. The force increases again to 37 kN when the masonry crack at 

location (3) slips suddenly along the bed joints. The cracks at (2) close immediately 

and cracks at (4) open with a maximum width of about 1 mm. The force continues to 

increase to maximum of 47 kN, at which point it plateaus. It is at this time that 

primary diagonal cracks form above the window at (4), (5), and (9), and below the 

window at (1) and (a). Crushing of the mortar bed joint occurs at (a), (5), and (9). 

Additional diagonal cracking occurs throughout the wall, eventually leading to loss of 

strength. Tensile splitting of a brick below point (a) is observed. Additional published 

cracking patterns are shown at 2.5 mm and 25 mm horizontal displacement in Figure 

8-5(a) and (b), respectively.  
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Figure 8-3: Force-displacement response of the J2G shearwall (Raijmakers and Vermeltfoort 
1992a). 

 

Figure 8-4: Cracking pattern of wall J2G (Raijmakers and Vermeltfoort 1992a), along with a 
schematic representation of the load distribution. 
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a)        b)  

Figure 8-5: Cracking patterns of wall J2G at a) 2.5 mm, and b) 25 mm.  

Restriction of the RC beam from displacing vertically during the test resulted 

in a wedging effect on the shearwall. The upper right and lower left corners of the wall 

were subjected to large compressive forces, which in turn increased shear force 

concentration at these locations. The schematic load distribution diagram of Figure 8-4 

demonstrates this phenomenon. The consequence of this load concentration is 

localized crushing of the mortar, as described above, and a very stiff overall behavior.  

8.3 DEM MODEL DESCRIPTION 

8.3.1 Overview 

A numerical model of wall J2G was created in LMGC90 based in large part on 

the joint behavior determined in Chapter 7. Zero-thickness MAC_CZM interface 

elements captured behavior of the joint, including the mortar and adhesive surfaces. 

Rigid 2D elements were employed in the same layout as the shearwall experiment. 

Although boundary conditions of the experiment were not ideal, the overall response 

was still successfully reproduced by applying the experimental vertical force time-
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history in the model. Loading conditions were otherwise preserved from the 

experiment. 

Because a zero-thickness CZM interface element was used, the brick elements 

in the model had to be enlarged to account for the actual joint thickness and to 

maintain the same overall dimensions of the shearwall specimen: 980 mm wide by 975 

mm high. This was done to preserve macro behavior of the structure. The model brick 

elements were 217.8 mm long, enlarged from the actual 204 mm, and 60.9 mm high, 

enlarged from 50 mm. The bed and header joint thickness was kept at 10 mm, as 

reported for the experiment; this value is used for determining the MAC_CZM 

element parameters. The number and layout of the bricks in the model was likewise 

preserved from the experiment.  

An overview of the numerical model set-up is shown in Figure 8-6. As 

described, the model has 18 rows of bricks, the top and bottom of which are bonded to 

beam and foundation elements. In a similar manner as the experimental set-up, these 

elements serve to impose boundary conditions on the wall. The bottom element is 

fixed against rotation and translation. The top element is fixed against rotation only. 

Lateral displacement is imposed through a displacement time history equivalent to a 

constant loading rate of 10 mm/hr. In the vertical direction, the top element operates in 

force-control according to the experimentally obtained vertical force time-history. 

This will be presented in detail in Section 8.3.3. All of the input files for prescribing 

this model are available in Appendix C.  
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Figure 8-6: Overview of the URM shearwall model. 

Regarding the boundary conditions, the experimental test included application 

of a vertical force (30 kN) imposed on the wall, followed by a fixing of the vertical 

position, then imposition of the horizontal displacement. While it is possible to 

reproduce these conditions with a single rigid element in LMGC90, it requires 1) the 

simulation to be stopped after application of the 30 kN force, 2) the top beam element 

to be switched from force-controlled to displacement-controlled, then 3) the 

simulation to be re-started. This approach was attempted but in the act of stopping and 

re-starting a simulation, data precision is lost. It was significant enough of an effect 

that the force and displacement state of the bodies was affected. 

8.3.2 Re-Calibration of Joint Interface Parameters 

The URM shearwall model assumes a joint thickness of 10 mm, identical to 

what the masonry tensile model was calibrated to (Section 7.3.2.2). As such, the 
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normal joint stiffness parameter, CN, remained unchanged for the URM shearwall 

model at 2.95 x 1011 N/m3 (see Table 7-8). 

In the shear direction, however, the joint thickness used in the experimental 

masonry tests was 15 mm, 50% larger than the URM shearwall experiment and model. 

This is a notable difference which affects the resultant target strain values and, in turn, 

the joint stiffness, CT and Dupré energy, w parameters. As such, the calibration 

procedure outlined in Chapter 7.3.2.2 was repeated for the same normal compressive 

stress condition, σN = 1.0 MPa, using target shear strength and strain values updated to 

reflect the larger joint thickness. The targeted shear modulus, Gjoint remained 

unchanged at 2130 MPa. The MAC_CZM interface values were recalculated and 

validated for this change and are summarized in Table 7-8. To maintain the same shear 

modulus of the joint, the thinner joint of the URM model requires less energy but a 

greater stiffness parameter, CT to fracture at the same strain. The Dupré energy 

parameter decreased 50% from 25.1 J/m2 to 16.7 J/m2, while the CT value increased 

50% from 1.42 x 1011 N/m3 to 2.12 x 1011 N/m3. Table 7-8 summarizes the final 

MAC_CZM interface element parameters used for the URM shearwall model.  

Table 8-1: Summary of input parameters for the MAC_CZM interface element for the URM 
shearwall model.  

Parameter Value 

Joint Tension Stiffness, CN 2.95 x 1011 N/m3 

Joint Shear Stiffness, CT 2.12 x 1011 N/m3 

Dupré’s Energy, w 16.7 J/m2 

Static Friction Coefficient, µstatic 0.74 

Dynamic Friction Coefficient, µdyn 0.74 

Viscosity, v 0.0 

 



269 

 

8.3.3 Application of Vertical Load 

As described in Section 8.2.1, boundary conditions of the URM shearwall 

experiment were not ideal. By fixing the wall vertically while imposing horizontal 

displacement, wedging effects introduced high compressive stresses and resulted in a 

stiff response. Additionally, the top RC beam that imposed the vertical force and 

horizontal displacement was not significantly stiffer than the wall specimen. As a 

result it deformed during testing, though this data was not captured with displacement 

transducers. However, the vertical force displacement history was made available 

(Vermeltfoort 2013). 

Figure 8-7 shows the vertical force history of the URM shearwall experiment, 

indicated with a black line. As can be seen, the data are not smooth. It is unclear 

whether this is attributed to the data acquisition system or perhaps due to cracking of 

the masonry and “micro” instances of load redistribution. The former is more likely, 

given that the data are not smooth in the elastic range in which cracking has not yet 

occurred. Additionally, note that the vertical force commences at a non-zero value. 

Recall that the wall was reportedly pre-loaded to 30 kN prior to the start of horizontal 

displacement. 

The blue line of Figure 8-7 indicates the vertical force approximated to the raw 

data for application to the URM shearwall in the model. Prior to commencement of the 

horizontal displacement, a 30 kN vertical force was applied to the wall model pseudo-

statically, as was performed in the experiment. The force was applied with sufficient 

time to allow load settling. The input file can be found in Appendix C. 
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Figure 8-7: Vertical load history of the URM experiment and an approximation used in the 
model, with respect to horizontal displacement. 

8.3.4 Scope of Failure Considered 

Masonry assemblages can experience a number of failure modes, including: 

bed joint slippage, tension failure along bed joints or header joints, localized crushing 

of brick units and mortar, and tensile failure of brick units. The first two failure 

modes, bed and head joint failure, are accounted for in this model. Crushing or 

compression failure of the brick units or mortar is not accounted for with this model, 

though the option exists indirectly in LMGC90. Compression failure of materials can 

be used with deformable units by employing a nonlinear material model. For mortar, 

however, by utilizing a zero-thickness interface element compression failure of the 

mortar is precluded. And finally, tensile failure of brick elements can be reproduced 

by discretizing brick units along expected failure planes such as at mid-length. In 
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doing so, the user must apply an appropriate interaction law between the half units that 

is representative of brick material subjected to tension failure. By far, the most 

common failure mode of masonry is joint failure in tension and shear. In accounting 

for this primary failure mode, the model adequately captures the dominant nonlinear 

behavior of the system.  

8.3.5 Iteration Parameters 

The same iteration parameters found through calibration of the masonry joint 

(Chapter 7) were initially used successfully for the URM shearwall model. However, 

when the confined masonry model was later created (Chapter 9), the appearance of 

elastic waves during computation of the initial state caused errant behavior. To 

eliminate this, numerical damping was added to the model through reduction of the 

NLGS theta parameter from a fully implicit condition (theta = 1.0) to a partially 

implicit condition using theta = 0.51. This value preserves an unconditionally stable 

solution (see Section 6.4.1). The final iteration parameters used for the URM and CM 

models presented are summarized here: 

Table 8-2: Summary of calibrated iteration parameters. 

Iteration Parameter Terminology Value 

Time step dt 0.003 sec 

NSCD θ-method: proportion implicit vs explicit solution theta 0.51 

Relaxation: weighted solution for faster convergence  relax 1.0 

Number of NLGS iterations req’d for tolerance check gs_it1 1700 

Max number of NLGS gs_it1 iteration loops gs_it2 30 

Tolerance: criteria for convergence check (default value) tol 0.1666e-3 

Contact Detection: solver is executed ever freq_detect steps freq_detect 1 
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8.4 DEM MODEL RESULTS 

8.4.1 Quantitative Response 

Figure 8-8 presents force-displacement results of the numerical model 

compared with the experiment. Because the experimental data was not available 

digitally for re-plotting, two published versions are shown, one with a smoothed 

response and another of the raw data (Figure 8-8(a) and (b), respectively). The 

instances of strength loss seen throughout the loading history are the result of cracking 

and load redistribution in the model, not unlike the actual masonry wall. At these 

times, contact between brick elements is subjected to a loss of tensile and/or shear 

bond adhesion.  

The DE model successfully captured the overall “macro” structural behavior of 

the URM shearwall. The initial stiffness of the model has an overall similar slope to 

the experiment, though it appears to commence at a different displacement. The model 

stiffness is roughly constant up to 30 kN, while the experiment has a higher initial 

stiffness up to 20 kN then relaxes to almost 40 kN. The model becomes inelastic at 

approximately 35 kN, or 2 mm. The experiment becomes inelastic also at 2 mm, but 

the force is nearly 40 kN. 
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a)  

b)  

Figure 8-8: Force-displacement response of the URM shearwall experiment vs. numerical model, 
showing published versions of the experimental response with a) smoothed data, and b) raw data. 
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 Both the model and experiment then increase at roughly the same incline to 5 

mm horizontal displacement. The experiment increases in a relatively smooth manner, 

while the model increases steadily but the response is jagged.  

From approximately 5 mm to 13 mm, the experiment force plateaus with 

modest gains and losses throughout. The general response of the model in this region 

is also a plateau, though there is a significant force drop at 7 mm that is quickly 

regained. The model begins degrading at approximately 11 mm, while the experiment 

commenced degradation at 13 mm. Although early, the rate of degradation of the 

model roughly matches the experiment. The model was terminated at 16 mm, 

corresponding to the available vertical force displacement history. 

Figure 8-9 plots vertical displacement of the top RC beam alongside the 

approximated vertical force history with respect to horizontal displacement. While the 

RC beam was held fixed during the experiment, the model displacement was limited 

to less than 5 mm by use of the approximated vertical load history. This suggests that 

the imposed history did a relatively good job of reproducing boundary conditions of 

the experiment.  

Figure 8-10 plots the number of intact contacts in the URM shearwall model as 

a function of horizontal displacement. “Contact” is maintained when the perpendicular 

distance between two elements lies within the prescribed range. The contact is lost 

after the initial bond adhesion between the elements is broken and the normal gap 

distance increases more than the prescribed amount. Contact is not lost in the case of 
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sliding elements. Elements may separate then re-contact, though through tracking of 

the damage parameter for that contact, bond adhesion is not re-introduced.  

 

Figure 8-9: Vertical displacement and force of the RC beam with respect to horizontal 
displacement. 

 

Figure 8-10: Number of contacts maintained through the displacement loading history. 
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The definition of “contact,” as defined in LMGC90, does not necessarily mean 

that two elements are actually in contact and transferring force. It pertains to whether 

two elements are within the prescribed distance to warrant tracking through the NLGS 

contact solver. The prescribed distance is 5 mm, given in TACT_BEHAV.DAT in 

Appendix C. This parameter nonetheless indicates a progression of damage 

accumulation in the course of a loading history. 

As shown, the number of contacts remains constant through the elastic and 

part-way through the force plateau. As horizontal displacement increases through the 

plateau region, cracks open, load is re-distributed, and brick elements settle into new 

positions. This is shown by the loss and gain trend. As force degradation commences 

at 10 mm, a persistent trend of lost contacts is observable. 

8.4.2 Qualitative Damage Distribution 

Figure 8-11 shows damage progression of the URM shearwall model. The 

relative x-displacement, y-displacement, and rotation of each brick element are 

presented in the first, second, and third columns, respectively. The images are shown 

at 2.5 mm, 5.0 mm, 10 mm, and 16 mm of horizontal wall displacement. The model 

was terminated at 16 mm. 

The relative x-displacement of each brick element presents the expected 

outcome that with increasing horizontal wall displacement imposed at the top, the 

relative displacement of the elements decrease gradually to zero at the bottom. One of 

the two predominant cracking patterns is present below and left of the window, but it 
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is difficult to discern. Examination of the relative y-displacement and rotation of the 

model elements provides much more information about the model behavior.  

Figure 8-4 and Figure 8-5 from Section 8.2.3 present the actual cracking 

pattern and load distribution paths of the URM experiment. To summarize, the wall 

experienced primary diagonal cracks extending from the top right corner to above the 

window, and another extending below the window to the bottom left corner. TNO-

Delft researchers reported the formation of two piers on either side of the window. As 

horizontal displacement increased, coupled with boundary conditions prohibiting 

vertical displacement, the piers experienced high compressive loads on the right and 

tension on the left (displacement progressed from right to left). 

This behavior was reproduced in the model and is demonstrated by examining 

the relative y-displacements and rotations of the model in Figure 8-11. First, the 

formation of distinct piers on either side of the window is made evident by examining 

relative rotations. Areas of the wall above and below the window remain level while 

the two piers on the sides of the window clearly rotate. These rotation images also 

show the major lines of crack propagation of the wall model.  

In each pier, one can see that y-displacements are negative (in compression) on 

the right and positive (in tension) on the left. This somewhat parallel response of the 

piers increases with increasing horizontal displacement. These relative y-

displacements clearly reflect the load path resolution mechanism in the wall.  
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Figure 8-11: Damage evolution in the URM shearwall model. Relative x-displacements, y-
displacements, and z-rotations are shown at 2.5 mm, 5.0 mm, 10 mm, and 16 mm horizontal 

displacement. 

8.4.3 Conclusions 

Based on the validated performance of mortar joint behavior presented in 

Chapter 7, a numerical model of an unreinforced masonry shearwall was created with 

LMGC90 using a discrete element approach. Experimentally, the small masonry 
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shearwall specimen was subjected to in-plane pushover loading. The numerical model 

design incorporated the same brick layout, overall dimensions, and loading protocol as 

the experiment. Boundary conditions of the experiment were reproduced in the model 

using the actual vertical load displacement history. 

The model captured the overall macro behavior of the wall, capable of 

reproducing the initial stiffness and force response plateau, peak, and degradation. A 

visual representation of the model reveals a damage pattern similar to the experiment, 

including locations of predominant diagonal cracks and load path distribution.  

The discrete element method and LMGC90 are capable of modeling the 

complex nonlinear behavior of unreinforced masonry. In general, the ability to 

reproduce stiffness and strength degradation of any material, and masonry in 

particular, can be elusive. In this numerical framework, validation against 

experimental data facilitates the ability to build upon the model and expand the 

parameters to consider varying geometries, brick sizes, and even out-of-plane 

behavior. Using DEM offers the ability to capture large deformation or collapse 

behavior without assuming damage modes or capacity a priori. Because the model can 

reproduce both micro and macro nonlinear behavior, the method in which it is loaded 

is arbitrary. That said, dynamic loading rates should be validated separately before 

expanding in this direction. 

A secondary benefit of DEM is the generation of attractive visual displays 

which closely resemble actual conditions. This is a useful characteristic for 

communicating anticipated earthquake damage to homeowners and decision-makers. 
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While a powerful tool, the accuracy of this method hinges on detailed 

knowledge of the mortar joint behavior and properly calibrated iteration parameters. 

Without these data obtained through experimental research, one should proceed with 

much caution in its use.  

8.5 NOTE ON DILATANCY 

After the adhesive bond of masonry fractures from shearing action, the two 

surfaces are rough and do not “glide” past each other as displacement continues. 

Micro peaks and valleys are present on each surface. As shear displacement along the 

bed joints increases, the brick units undergo upward translation, or dilation. This 

causes a global volume increase. If the vertical position of a specimen is fixed, normal 

compressive stresses will increase, which in turn increases the Coulomb shear 

resistance. During masonry shear tests related to the TNO-Delft investigation, 

researchers found that the vertical uplift was of the same order as the shear slip 

displacement (see van Zijl (2004)). 

In terms of the numerical model, the author explored the idea of invoking 

volumetric strain from dilation by means of mechanical action within the wall model 

by altering the brick element geometry. Figure 8-12 shows the proposed modeling 

scheme. Each brick is designed with a single trough-like notch on the top and tab on 

the bottom for each brick it is in contact with. Normal force is transmitted across this 

trough. The edges of the trough are sloped with a specific x- and y-dimension that 

corresponds with the dilatancy from experimental data. When two stacked bricks are 

sheared, the sloped edges of the trough force the bricks apart by a vertical distance ∆y. 
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A “catch” distance of ∆x delays the start of the vertical rise, in accordance with the 

displacement at peak shear strength associated with adhesion. In other words, the 

vertical rise occurs only after the adhesive bond is broken. This is the manner in which 

physical dilatancy occurs as well.  

 

Figure 8-12: Proposed modeling scheme for incorporating dilation effects.  

Unfortunately, several aspects prohibited the direct inclusion of dilatancy in 

the numerical mode. First, the proposed modeling scheme requires concave geometry 

of the brick elements, which LMGC90 is unable to accommodate. However, LMGC90 

developers have since added a dilation effect in their material models for elastic and 

elastic plastic materials, though to-date they have not yet been validated. Nonetheless, 

the volumetric change associated with dilation and the subsequent increase of 

compressive stress were accounted for indirectly for the URM shearwall model 

through use of the vertical load displacement history.  

CHAPTER 8, in part, is a reprint of the material as it appears in "Large 

Deformation Behavior of Confined Masonry.” Proceedings of the 10th National 

Conference in Earthquake Engineering, Anchorage, Alaska, Earthquake Engineering 
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Research Institute, 2014. Authors: A.F. Lang; G. Benzoni. The dissertation author was 

the primary investigator and author of this paper. 
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PART III MODELING OF CONFINED MASONRY & 

INFLUENTIAL PARAMETERS 

 

The qualitative research presented in Part I reveals the nuanced structural and 

social characteristics that define building practices in select developing countries. The 

use of accurate nonlinear numerical models offers a unique approach to disaster 

mitigation by realistically representing final damage states, and through the use of 

catastrophe models can portray how a vulnerable region will perform.  

The quantitative research of Part II focuses the author’s desire to build safe 

houses in developing countries through the use of numerical tools. Development and 

validation of a numerical model capable of capturing the nonlinear behavior of 

unreinforced masonry is a huge step toward applying this technique to an arguably 

more complex structural system: confined masonry. 

Part III presents the numerical modeling results of a confined masonry 

shearwall subjected to in-plane cyclic loading. Modeling aspects of the reinforced 

concrete frame are presented. Based on successful modeling of the CM wall, the 

model is adapted to examine how varying geometric and boundary conditions affect 

seismic performance of the system. Though results from this study are preliminary, 

they allude to behaviors of CM that have not yet been systematically researched. This 

exploratory study can help guide future research endeavors and design 

recommendations.  
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CHAPTER 9 NUMERICAL MODELING OF CONFINED 

MASONRY 

9.1 INTRODUCTION 

Confined masonry (CM) is a popular structure type promoted globally as a 

seismically safe alternative to unreinforced masonry and reinforced concrete frames 

with masonry infill. The assembly of CM is relatively straightforward, consisting of a 

masonry wall surrounded by a reinforced concrete frame. The ease of construction 

makes it popular as a non-engineered building option worldwide, particularly in 

developing countries. Despite its prevalence, however, little research has been 

performed to document the nonlinear, large deformation behavior of these systems. 

Moreover, a large research gap exists for assessing the influence of various geometric 

and load distribution aspects on seismic performance. Little experimental and no 

analytical research has addressed these characteristics.  

To begin closing this research gap, a micro modeling approach is used to 

numerically reproduce an experimentally tested CM shearwall. This model was then 

used for exploring the influence of geometric and material aspects on the seismic 

performance of confined masonry. Those findings are presented in Chapter 10.  

Chapters 7 and 8 present use of the discrete element method for modeling 

micro behavior of the masonry joint and macro behavior of an unreinforced masonry 

wall assemblage. The results demonstrate the capability and promise of using the 

DEM approach to model the nonlinear behavior of other masonry building types. This 
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work is expanded upon here through application of the discrete element approach for 

capturing the nonlinear behavior of a confined masonry shearwall. 

Experimental testing of a traditionally built confined masonry shearwall was 

performed at the National Center of Disaster Prevention (CENAPRED) in Mexico in 

the late 1990’s. This wall served as a control specimen for a larger experimental 

program to determine the effectiveness of different strengthening techniques of CM, 

which is the most common building type in Mexico. The walls were subjected to 

multiple in-plane loading cycles up to 1% drift, causing significant stiffness and 

strength degradation.  

A numerical model of this wall was designed in LMGC90 using discretized 

deformable units. The model was created to closely resemble the physical construct of 

the actual wall. The reinforced concrete columns of the CM frame were modeled with 

discretized deformable units joined together with elastic wire, representative of steel 

reinforcement. Column behavior was validated separately from the wall. Overall, the 

numerical model performed well, matching initial stiffness, peak strength, stiffness 

degradation, and hysteretic energy dissipation. The damage distribution pattern 

obtained with the model, however, differed from the actual experiment likely due to 

the use of assumed joint properties. 
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9.2 EXPERIMENTAL TESTING OF A CONFINED MASONRY 

SHEARWALL 

9.2.1 Overview 

A large study was conducted in the 1990’s at CENAPRED by Aguilar and 

Alcocer to investigate strengthening techniques for confined masonry. The techniques 

included varying reinforcement types and ratios located in the bed joints of the 

masonry panel. Typically, CM in Mexico is built without bed joint reinforcement. 

Other than the amount and placement of reinforcement, all the wall specimens were 

identically constructed and tested. See Aguilar, Meli et al. (1996); Alcocer, Ruiz et al. 

(1996); Aguilar and Alcocer  (2001); and Flores and Alcocer (2001). 

The CM shearwalls were built on large reinforced concrete beams in the 

Structures Laboratory Department of CENAPRED. The walls were single wythe and 

approximately 2.5 m wide by 2.5 m tall. These are common dimensions for residential 

housing in Mexico. The masonry panel of each wall specimen was surrounded by a 

reinforced concrete frame consisting of two RC columns of nominal dimensions 12 

cm by 15 cm and a beam-slab 25 cm deep. The slab was 80 cm wide and fixed to a 

stiff steel beam, part of the testing apparatus. Vertical force and horizontal 

displacement were imposed through this steel beam. See Figure 9-1 and Figure 9-2 for 

an overview of the experimental set-up. 
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Figure 9-1: Overview of Wall M2 (Aguilar and Alcocer 2001). 

     

Figure 9-2: Overview of the experimental test set-up for Wall M2 (Aguilar and Alcocer 2001). 

The masonry panels were assembled with handmade fired red clay bricks from 

the Chalco municipality outside Mexico City, where testing was performed. The 
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bricks had approximate length, width, and height dimensions of 240 mm by 120 mm 

by 60 mm, respectively. The bricks were joined together with mortar joints of 

approximately 10 mm. The mortar had a cement-to-sand ratio of 1:4, by volume. The 

cement used was Portland Type I. The amount of water reportedly added to the mortar 

mixture was not specified and was done as needed for workability, as is common 

practice. 

To represent typical construction use in Mexico, a traditionally built wall with 

no improvements was used as a control specimen for gauging the effectiveness of 

varying strengthening techniques. This wall is referred to as M2, though the original 

identifier, M-0-E6 is also used in some literature references. Figure 9-3 shows Wall 

M2 prior to pouring of the frame beam.  

 

Figure 9-3: Beam reinforcement of Wall M2 prior to concrete pouring (Aguilar and Alcocer 
2001). 

The wall specimens were subjected to constant vertical stress of 0.5 MPa, 

representative of a 4 or 5 story building. Given the actual dimensions of Wall M2, the 
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average vertical force imposed on this wall for the duration of loading was 142.2 kN. 

An in-plane pseudo-static loading protocol was applied consisting of three force-

controlled loading cycles followed by duplicate displacement-controlled cycles at 

approximately 0.25%, 0.5%, 0.75%, and 1% drift. The specific loading protocol 

applied to Wall M2 is shown in Figure 9-4.  

 

Figure 9-4: Loading protocol imposed on Wall M2, including three force-controlled loading cycles 
followed by two displacement-controlled cycles each at 0.25%, 0.5%, 0.75%, and 1.0% drift 

(Aguilar and Alcocer 2001). 

9.2.2 Material Properties & Construction Details 

9.2.2.1 Mortar 

Numerous mortar samples were obtained for all the wall specimens. Six 5 cm 

square cubes were obtained from each half of the masonry panels, once at the start of 

construction and again near the completion for a total of 12 samples. The mortar cubes 

were tested in compression according to the specified Mexican Standard, NMX C 61. 
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The average compressive mortar strength for all the wall specimens was 8.3 ± 25% 

MPa. For Wall M2 specifically, the average compressive mortar strength was 8.1 ± 

21% MPa. For comparison, the mortar compressive strength of type B from the TNO-

Delft investigation was 6.5 MPa. Unfortunately, strain values were not taken during 

testing and as such the elastic modulus of the mortar cannot be determined.  

9.2.2.2 Masonry 

Two different types of compression tests, axial and diagonal, were conducted 

on masonry samples of identical materials to that used in the CM wall specimens. The 

axial compression tests are referred to as “pile” tests, or battery tests. These tests 

consisted of seven rows of overlapping bricks joined by mortar of thickness consistent 

with the full wall specimens, on average 10 mm. A total of six specimens were 

sampled for each full wall; materials were extracted simultaneously from each half 

wall while under construction. The masonry compressive strength and secant elastic 

modulus taken at 40% peak strength were found during these tests. For Wall M2, Em 

was 714.7 ± 10% MPa and f’m was 3.6 ± 11% MPa. In contrast, the JG.B masonry 

used for the TNO-Delft investigation was subjected to similar compressive material 

tests and had a masonry elastic modulus and compressive strength of nearly 16000 

MPa and 20.0 MPa, respectively. Obviously, the masonry used for Wall M2 was 

substantially weaker.  

The diagonal compression tests consisted of small square masonry 

assemblages of 5 rows. Six specimens were sampled for each wall specimen; materials 

were extracted simultaneously from each wall half while under construction. This test 
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was used to determine the masonry shear modulus and shear strength. For Wall M2 

these values were reportedly Gm = 475.8 ± 14% MPa and vm = 0.38 ± 17% MPa. For 

the TNO-Delft investigation the masonry shear modulus wasn’t directly reported, 

though the elastic modulus (Em = 15880 MPa) and Poisson’s ratio (vm = 0.15) were. 

The shear modulus can therefore be approximated as Gm = 6900 MPa, again much 

greater than the Wall M2 masonry.  

The reported masonry shear strength obtained from diagonal compression tests 

is often associated with the cohesion of mortar joints, or mortar joint tensile strength. 

This is due to the anisotropic nature of masonry and the orientation of principal 

stresses during the diagonal test. The strength and failure mode is much the same as a 

tension failure of masonry bed joints. See Drysdale, Hamid et al. (1994) for more 

details. As such, this shear strength value obtained for Wall M2 masonry, vm = 0.38 ± 

17% MPa, is comparable to the joint tensile bond strength of the JG.B masonry of the 

TNO-Delft investigation, ftu = 0.3 MPa. 

9.2.2.3 Concrete  

The quality of concrete used for the RC frame was evaluated through a random 

sampling system and standardized tests. These consisted of obtaining samples of 

twelve concrete cylinders for each wall specimen. Two cylinders were tested at 7 days, 

two at 14 days, and three at 28 days per the process specified by the Mexican standard 

NMX C 83. The five remaining cylinders were tested at a date close to the 

corresponding wall test, three of which were used to determine the modulus of 

elasticity according to NMX C 128. The maximum coefficient of variation for any 
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sample group was 3%. For Wall M2, the concrete compressive strength was 27.5 MPa 

for the column concrete and 27.0 MPa for the beam/slab concrete. The elastic modulus 

of the columns was 10900 MPa, and of the slab/beam is 10940 MPa.  

9.2.2.4 Steel Reinforcement 

The longitudinal reinforcement of the columns consisted of (4) no. 3 deformed 

bars. The transverse reinforcement consisted of smooth no. 2 wire stirrups closed with 

135 degree hooks. The ties were spaced at 20 cm and 6 cm at the column ends to avoid 

premature shear failure of the columns. The beam reinforcement consisted of (4) no. 4 

bars tied with smooth no. 2 bars at 20 cm. The masonry panel was unreinforced.  

 

Figure 9-5: Layout of the steel reinforcement used in the RC frame of Wall M2 (Aguilar and 
Alcocer 2001). 

The yield and ultimate stress values were averaged from three tests of each 

reinforcement type, in accordance with NMX B 310. For the smooth no. 2, deformed 
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no. 3, and deformed no. 4 bars the yield strengths were 232 MPa, 447 MPa, and 434 

MPa, respectively; the yield strains were 0.15%, 0.24%, and 0.23%; and the ultimate 

strengths were 445 MPa, 679 MPa, and 714 MPa, respectively. Unfortunately, the 

elastic modulus was not properly obtained during testing, though a rough calculation 

produced a consistent number for all reinforcement types and diameters of Es = 206 

010 MPa. This is within normal values for steel used in Mexico.  

9.3 EXPERIMENTAL RESULTS 

9.3.1 Damage Evolution 

The behavior exhibited by Wall M2 was typical of confined masonry walls. 

The response in the loading initial stage was linear-elastic. This behavior continued 

until the third cycle when the first inclined crack appeared. It was at this time that the 

loading protocol changed from force-controlled to displacement-controlled. With 

increasingly large imposed drift levels, diagonal cracking became more prevalent 

throughout the wall. These cracks ultimately penetrated both columns, deteriorating 

the beam-column joint and causing a shear failure mode.  

Figure 9-6(a) shows snapshots of the damage progression of Wall M2, taken at 

0.13%, 0.34%, 0.72%, and 0.99% drift. Cracking initiated with small horizontal 

flexural cracks on the outside of the east column (the trailing column during positive 

loading cycles). Similar small tensile cracks also appeared on the face of the wall. The 

first inclined cracks appeared during the positive loading direction of cycle 3 (0.13% 

drift). These cracks were concentrated at the bottom of the wall panel. In the following 
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negative cycle, a similar pattern of cracks appeared in the opposite corner of the wall. 

No significant additional cracking occurred during the next cycle (4).  

a) b)  

c)  d)  

Figure 9-6: Damage evolution of Wall M2 at a) 0.13%, b) 0.34%, c) 0.72%, and d) 0.99% drift 
(Aguilar and Alcocer 2001). 

In cycle 5 (0.46% drift) the first significant inclined crack appeared. A 

predominant crack extended across the masonry panel at 45 degrees from the column-

beam joint on the east side of the wall to the first brick rows in the opposite lower west 

corner. Cracks also appeared during the reverse of this cycle (-5) and were evenly 

distributed across the bricks and mortar joints.  

During cycle 6 (0.34% drift), shown in Figure 9-6(b), diagonal cracks 

penetrated the RC columns and extended to the slab above. The cracks first appeared 
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in east side beam-column joint. In the negative cycle, cracks appeared suddenly 

accompanied by loud noise.  

In subsequent cycles, the existing crack widths grew, especially those that 

defined the compression strut. The cracks that penetrated the upper ends of the 

columns grew in number and size (crack widths up to 0.5 cm). The main diagonal 

cracks got as wide as 1.6 cm in the last cycles.  

During cycle 8 (0.72% drift), shown in Figure 9-6(c), vertical cracks were 

observed at the panel-column interface, indicating panel separation as described in 

Chapter 5. The researchers speculated that this vertical cracking was likely attributed 

to the small stagger distance of bricks at the panel-column interface and that the 

cracking could possibly have been mitigated with triangular toothing of the masonry at 

the interface (see Figure 9-7). Crushing of the masonry was also observed during this 

loading cycle at the junction of the diagonal cracks in the middle of the wall. 

 

Figure 9-7: Example of 45 degree toothing of masonry units at the panel-column interface. This 
practice is a common construction detail of CM in Mexico (Aguilar and Alcocer 2001). 
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During cycle 9 (1.05% drift) the panel separation grew and relative movement 

increased between large portions of the wall separated by the main diagonal cracks. 

Additional crushing was also noted. The damage state of the next cycle (10) is shown 

in Figure 9-6(d), and clearly shows the large crack widths, crushing, and panel 

separation. 

The final damage state of Wall M2 is shown in Figure 9-8 and Figure 9-9. In 

the final cycles, the bricks subjected to crushing at the intersection of diagonal cracks 

at the center of the wall were noted to have deteriorated rapidly. Major cracks 

penetrated the columns at all four corners, but according to the researchers the 

crushing damage was notably more significant.  

 

Figure 9-8: Final damage state of Wall M2 (Aguilar and Alcocer 2001). 
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a)  b)  

Figure 9-9: Final damage state at the a) west, and b) east beam-column joints (Aguilar and 
Alcocer 2001). 

Inclined cracks also penetrated the columns in the lower corners of the wall, 

but the crack widths there were small and were likely limited to concrete spalling. On 

the other hand, the width of the inclined cracks at the beam-column joints, seen in 

Figure 9-9, of were the widest cracks reported. This type of damage, in which major 

diagonal cracks extend into the beam element, was noted by the researchers as 

uncommon. The transverse tie spacing of 6 cm in the column ends is sufficient to 

mitigate shear failure, but the beam only had stirrups at 20 cm due to congestion at the 

beam-column joint. The low transverse reinforcement ratio in the beam coupled with 

relatively high ratio in the columns facilitated the incline crack penetration into the 

beam. As described in Chapter 5, the typical failure mode of CM consists of crack 

penetration into the columns ends and subsequent column shear failure. Regardless of 

which frame element the cracks propagate into, a plastic hinge formed in the upper 

corners of the wall. This is consistent with an overall racking collapse mechanism. 

9.3.2 Hysteretic Response 

The hysteretic response of Wall M2 is shown in Figure 9-10. Overall, the 

response of Wall M2 is typical of confined masonry. The positive and negative 
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loading directions had relatively symmetric behaviors. The wall responded elastically 

in both directions until the first inclined cracks appeared during the third cycle. The 

hysteretic shape shows a stable response through the fifth cycle (0.5% drift), when 

peak strength was reached. In these pre-peak cycles, the amount of strength 

degradation between subsequent cycles at the same drift was approximately 5%. 

A significant loss of strength and stiffness occurs rapidly after peak strength. 

This degradation coincides with penetration of the diagonal cracks into the columns at 

the corners of the wall. Between cycles 7 and 8 alone (0.65% and 0.72% drift, 

respectively) the strength decreased 50%. The amount of dissipated energy during 

these cycles remained high, yet the last two loading cycles saw significant narrowing 

of the hysteresis loops. Additional analysis of the wall’s energy dissipation 

performance is presented by comparison with the numerical model in Section 9.5.3.  

 

Figure 9-10: Hysteretic response of Wall M2 subjected to in-plane cyclic loading (Aguilar and 
Alcocer 2001). 
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9.4 DEM MODEL DESCRIPTION 

9.4.1 Overview 

Using LMGC90, the overall geometry, boundary conditions, and brick layout 

of Wall M2 were reproduced numerically using a micro modeling approach. The 

bricks were modeled with discretized deformable elements of similar size and material 

properties as the actual bricks. The RC columns were modeled with deformable and 

tension wire elements that captured the concrete behavior. The RC beam was modeled 

with a single deformable element. Rigid elements above and below the wall 

reproduced boundary conditions and imposed a loading protocol similar to the 

experiment.  

Figure 9-11 provides an overview of the CM model design. The masonry units 

of the wall panel consist of deformable elements, colored to delineate them from the 

frame. The grey elements surrounding the panel represent the RC frame, including 

columns and beam. A rigid beam above the wall imposes a constant vertical force 

while displacing horizontally and fixed against rotation. The imposed vertical force 

and horizontal displacement are transferred to the wall through coupling with the 

beam element. Specific modeling aspects are covered in detail in the following 

sections.  
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Figure 9-11: Overview of the CM wall model. 

The “foundation” of the CM model consists of three fixed rigid elements, one 

each for the masonry panel and two columns. The foundation was designed in this 

manner, in lieu of a single rigid element, in order to track the relative vertical and 

horizontal loads resisted by these structural components. Figure 9-12 shows the 

orientation of these foundation elements. While they appear to overlap, the contact 

properties were controlled such that the wall components (columns and panel) were 

only in contact numerically with their respective foundation. All three foundations 

were fixed against rotation and displacement.  
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Figure 9-12: Schematic of the foundation design of the CM wall model. 

Figure 9-13 shows the assignment of contact properties between various 

components in the model. The brick-to-brick contact in the masonry panel was 

governed by a MAC_CZM interface element; this is described in detail in Section 

9.4.1.1. The same interface element and parameters were applied to the brick-to- 

foundation contact, and the brick-to-concrete contacts at the column and beam 

intersections. The column elements were coupled at the top and bottom to the beam 

and foundation elements, respectively.  
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Figure 9-13: Description of contact behaviors applied in the CM wall model. 

Interaction between the individual concrete column elements was governed by 

a MAC_CZM interface element and (2) elastic wire elements, positioned similarly as 

the actual steel reinforcement. Figure 9-14 provides a schematic of the column design 

and interface with the brick masonry. More details of the column element design and 

calibration is presented in Section 9.4.1.3. 

 

Figure 9-14: Overview of the contact design of column elements in the CM wall model. 
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9.4.1.1 Modeling of Brick Elements 

The brick elements were modeled as deformable units using a purely elastic 

isotropic material model with input parameters for the elastic modulus and Poisson’s 

ratio. The elastic modulus obtained experimentally from the masonry prism tests was 

used, Em = 715 MPa. Unfortunately, Poisson’s ratio of the masonry was not reported 

in literature and there was no appropriate way to back out this value from available 

properties. In turn, the Poisson’s ratio reported from the TNO-Delft investigation was 

used instead, vm = 0.15. 

The brick element dimensions were 245 mm wide by 70 mm high, compared 

with the actual dimensions of 240 mm by 60 mm. The model dimensions are slightly 

larger than the actual to maintain the overall wall geometry and the brick 

configuration. The actual layout of the bricks (see Figure 9-1) was maintained in the 

model as shown in Figure 9-11. 

Because the panel-column interface is an area of focus in this investigation, the 

author sought to be as accurate as possible with this geometric characteristic in the 

model. The schematic drawings available in literature of Wall M2 indicate a flush 

interface between the masonry wall panel and the RC columns. However, photographs 

taken while the walls were still under construction indicate that some staggering of 

bricks into the column cavity occurred. Personal communication with the primary 

researcher revealed later that the stagger distance was roughly 10 to 15 mm (Aguilar 

2013). The wall model created in LMGC90 therefore reflects this condition and the 

brick elements are staggered 5% of the brick length (12 mm) at the column interface. 
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The staggering is designed in the model such that the reported column width 

dimension, 15 cm, is maintained over the height of the column (see Figure 9-14). 

Alternating column rows are lengthened by the stagger distance (12 mm) while the 

brick rows are shortened. Influence of stagger distance on seismic performance is 

explored in more detail in Chapter 10.  

9.4.1.2 Modeling of Joint Behavior 

Joint behavior between brick elements was modeled using the same zero-

thickness CZM interface element used for the DE model of wall J2G from the TNO-

Delft investigation presented in Chapter 8. To determine the MAC_CZM parameters 

for use with Wall M2, experimental testing of the shear and tensile behavior of the 

actual brick-mortar joint should ideally be carried out. However, these tests were not 

performed as part of the CENAPRED investigation. Traditional masonry material 

property tests, such as prism and wallet tests, do not provide a complete description of 

the brick-mortar joint behavior.  

As mentioned in Section 9.2.2.2, shear strength obtained from diagonal 

compression testing is equivalent to the joint tensile strength. However, strain values 

were either not capture or reported from the experiments. This value is needed to 

complete the description of the bond adhesive behavior. As such, the joint stiffness, 

CN and Dupré energy, w parameters of the MAC_CZM interface element cannot be 

reliably obtained. Nonetheless, the reported shear strength is within proximity to that 

of the joint tensile strength from TNO-Delft investigation: 0.38 ± 17% MPa vs. 0.30 ± 

24% MPa, respectively. This gives some confidence that despite the absence of actual 
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joint tensile data for Wall M2 masonry, the behavior is still within range of other 

known and validated data. 

In the shear direction, however, the material property tests performed for Wall 

M2 – including masonry compressive prisms, diagonal compression testing, and 

mortar compression testing – do not provide sufficient information to quantify bond 

adhesive behavior of the masonry joint in shear. According to Drysdale, Hamid et al., 

“No strong correlation is evident between mortar or prism compressive strength and 

shear bond strength [of the joint] (1994).” An exhaustive literature search was 

nonetheless undertaken to attempt to correlate mortar compressive strength, diagonal 

compressive strength, and even mortar mix proportions to mortar elastic modulus or 

joint shear bond strength to no avail.  

In the absence of this data specific to Wall M2, the joint stiffness and energy 

parameters found and verified for the URM wall J2G from the TNO-Delft 

investigation were employed for the CM model. This was done for the brick-to-brick 

and brick-to-concrete interface elements. An 11 mm joint thickness was assumed in 

calibrating the parameters using the procedure outlined in Section 7.3.2.2 with a target 

shear modulus from the TNO-Delft masonry joint shear tests of 2130 MPa. These 

values are summarized in Table 7-8. Note that a single Dupré energy parameter is 

inputted for this interface element. Given that the majority of expected joint failures 

will be mode II, the Dupré parameter specific to the shear bond strength is selected. 
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Table 9-1: Summary of input parameters for the MAC_CZM interface element for the brick-to-
brick, brick-to-concrete, and brick-to-rigid foundation contacts of the CM shearwall model.  

Parameter Value 

Joint Tension Stiffness, CN 2.95 x 1011 N/m3 

Joint Shear Stiffness, CT 1.94 x 1011 N/m3 

Dupré’s Energy, w 18.45 J/m2 

Static Friction Coefficient, µstatic 0.75 

Dynamic Friction Coefficient, µdyn 0.75 

Viscosity, v 0.0 

 

9.4.1.3 Modeling of the Reinforced Concrete Frame 

Modeling of the reinforced concrete frame differed for the RC beam and 

column elements. Both components were deformable and modeled with a purely 

elastic isotropic material model. The elastic modulus reported in literature, Ec = 10900 

MPa was applied. Poisson’s ratio was not reported in literature so a value of v = 0.18, 

typical of concrete, was inputted for the concrete material model. 

The RC beam component was modeled with a large single meshed discrete 

element that spanned the masonry wall. This beam element was coupled (displacement 

and force) to the rigid beam element above. In the vertical direction, this rigid element 

was force-controlled, applying a constant force of 142.2 kN on the wall corresponding 

to a load bearing stress of 0.5 MPa. In the horizontal direction, the rigid element 

imposed the horizontal displacement time history. The loading history used in the 

model is presented in more detail in Section 9.4.2.  

The RC columns were modeled using stacked discretized deformable units 

joined together with MAC_CZM interface and tensile wire elements. These concrete 

column elements were discretized to the same height as the brick rows such that 



307 
 

 

cracks could propagate from the masonry panel into the columns. Width of the column 

elements matched the reported column width of the experiment. The concrete modulus 

of elasticity obtained from cylindrical compressive tests was employed in the model. 

To account for the contribution of longitudinal reinforcement in the columns, elastic 

wire elements were added between the concrete units (not visible in Figure 9-11). 

These elements only engage in tension and were positioned similarly on the column 

elements as the actual steel reinforcement.  

To validate the behavior of the column component of the model and to 

calibrate parameters for the MAC_CZM interface and elastic wire elements, a 

pushover test of a single column was created in LMGC90 and compared against 

results from the sectional analysis program, Response 2000 (Bentz and Collins 2000), 

and INSTRUCT (FHWA 2012). The column model in each program was fixed against 

rotation at the top and a vertical load proportional to that seen in the CM wall was 

applied. INSTRUCT, however, did not allow input of a vertical load.  

An overview of the column model in LMGC90 is shown in Figure 9-15. A 

rigid element fixed against rotation imposed vertical force and horizontal displacement 

at the top of the column. A fixed rigid element served as a foundation at the bottom. 

The top and bottom rows of the column elements were coupled to the rigid elements. 

This coupling, together with the fixed rotation of the top rigid element, was done to 

impose fixed-fixed support conditions on the column, as opposed to permitting a 

flexural response or sway mechanism. This choice was made because in multi-storied 

buildings, for which the experiment was designed, the floors can be considered as 
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rigid and fixed against rotation. Moreover, these support conditions reproduce the 

experimental boundary conditions as well.  

The unsupported length of the column was the same as the column height in 

the CM wall model. The same iteration parameters used in the CM wall model were 

also used for the column pushover model. Input files for this column model can be 

found in Appendix C. 

 

Figure 9-15: Model design of a single RC column for pushover testing and calibration of interface 
parameters. 
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Results from Response 2000 and Instruct are shown in Figure 9-16 compared 

with the DE model from LMGC90. There was a significant disparity between the 

Response 2000 and Instruct results. One reason may be because the Instruct software 

didn’t account for axial load. The Response 2000 analysis terminates after peak 

strength is reached because of instability. By changing the MAC_CZM and elastic 

wire parameters, the peak strength from Response 2000 was used as a target value for 

the DE model response.  

In the course of loading, the column model behaves with the intended fixed 

boundary conditions (see Figure 9-17). After peak strength, however, the column 

becomes unstable and collapses. Final calibrated parameters for the column interface 

elements and elastic wire are shown in Table 9-2. 

 

Figure 9-16: Numerical results from the DE model of a slender reinforced concrete column 
subjected to pushover testing for interface parameter calibration. 
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a)    b)  

Figure 9-17: Deformation of the column pushover model at a) 2.3% drift, and b) at the end of 
loading. The color scheme displays y-displacement of the elements and was selected to highlight 

the displaced shape. 

Table 9-2: Summary of input parameters of the MAC_CZM interface and elastic wire elements 
for the column concrete-to-concrete contact of the CM shearwall model.  

MAC_CZM Parameters Value 

Joint Tension Stiffness, CN 1.5 x 1010 N/m3 

Joint Shear Stiffness, CT 1.5 x 1010 N/m3 

Dupré’s Energy, w 1300 J/m2 

Static Friction Coefficient, µstatic 0.85 

Dynamic Friction Coefficient, µdyn 0.85 

Viscosity, v 0.0 

Elastic Wire Parameters Value 

Force/Strain 3.0 x 104  kN/(mm/mm) 

Pre-Strain 0.0 mm/mm 
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9.4.2 Loading Protocol 

The loading protocol applied to Wall M2 for the CENAPRED investigation 

was reportedly applied pseudo-statically, although the exact loading rate was not 

published in literature. Researchers instead presented the loading protocol as a 

function of “loading step”. A rate of 2 mm/sec was used in the LMGC90 model. This 

value was selected as a compromise between maintaining a static loading condition 

(i.e., no introduction of inertial effects) and reducing the computational time as much 

as possible.  

The experimental loading protocol included an initial force-controlled loading 

phase consisting of three complete cycles, prior to commencement of the imposed 

horizontal displacement protocol (see Figure 9-4). As explained previously for the 

URM wall model, an element in LMGC90 cannot change from force-controlled to 

displacement-controlled without stopping and restarting the program, which results in 

significant loss of data precision. For this reason, the entire horizontal loading history 

for the model was imposed in displacement-control with the first three cycles 

approximated. The resultant loading history used in the DE model is shown in Figure 

9-18 with respect to the experimental protocol by loading step. As one can see, the 

experimentally applied protocol was not smooth. For simplicity, the model protocol 

was kept smooth and peak displacement values targeted. 
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Figure 9-18: Approximation of the actual loading protocol used in the modeling of Wall M2. 

9.4.3 Iteration Parameters 

The same iteration parameters found through calibration of the masonry joint 

(Chapter 7) and used to model the URM shearwall (Chapter 8) were also used in the 

CM wall model. After encountering errant behavior of the CM model caused by the 

appearance of elastic waves during computation of the initial state, introduction of 

numerical dissipation was needed. To accomplish this, the NLGS theta parameter was 

reduced from a fully implicit condition (theta = 1.0) to a partially implicit condition 

using theta = 0.51. This value results in an unconditionally stable iteration scheme (see 

Section 6.4.1). The iteration parameters used for the CM walls are summarized in 

Table 9-3. 

Table 9-3: Summary of iteration parameters used in the CM wall model. 

Iteration Parameter Terminology Value 

Time step dt 0.003 sec 

NSCD θ-method: proportion implicit vs explicit solution theta 0.51 

Relaxation: weighted solution for faster convergence  relax 1.0 

Number of NLGS iterations req’d for tolerance check gs_it1 1700 

Max number of NLGS gs_it1 iteration loops gs_it2 30 

Tolerance: criteria for convergence check (default value) tol 0.1666e-3 

Contact Detection: solver is executed ever freq_detect steps freq_detect 1 
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9.5 DEM MODEL RESULTS 

9.5.1 Qualitative Damage Distribution 

As presented in Section 5.3.2, the response of Wall M2 to the cyclic loading 

protocol resulted in typical behavior for confined masonry. Horizontal demands were 

resisted primarily by shear action of the masonry panel. Diagonal compression struts 

formed across the wall causing a dispersed diagonal cracking pattern. The RC columns 

experienced some flexural bending, as evident by horizontal cracks on the column 

faces, and cracking at the panel-column interface indicated separation of the masonry 

and columns. 

Behavior of the discrete element model differed from the actual experiment. 

Through much of the loading protocol, the masonry panel responded as a single large 

stiff unit with little cracking in the masonry. Tensile cracks formed at the top and 

bottom corners of the masonry panel where it contacted the frame and foundation 

elements. This cracking and separation facilitated a rocking action within the frame. 

Eventually, sliding failure occurred along bed joints at two primary locations in the 

masonry panel. This ended the rocking behavior and facilitated an increase of shear 

resistance from the masonry panel at the time the loading protocol ended.  

The damage progression of the wall is shown in Figure 9-19. Relative x- and y- 

displacements of the wall elements are shown by color intensity. These displacement 

metrics were selected to highlight the type of damage experienced. One can readily 

see how relative displacement changes increase with increasing drift. Snapshots taken 

during the positive peak of loading cycle 3 (0.09% drift) doesn’t reveal any cracking. 
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The actual Wall M2 experienced minor diagonal cracks in the lower left region of the 

wall panel at this displacement (see Figure 9-6).  

In the next two sets of images, taken at the positive peak of loading cycles 6 

and 8 (0.44% and 0.68% drift, respectively), one can observe the rocking behavior of 

the masonry panel. Of note, the displacements graphed in Figure 9-19 have been 

multiplied by a scalar (5x) to improve visibility of the behavior. Tensile cracks form at 

the top right and bottom left corners of the masonry panel, allowing it to rotate. Panel 

separation from the RC frame also becomes apparent. While this type of failure was 

also noted for the actual Wall M2, it was not necessarily due to the rocking behavior 

produced by the DE model. 

The last set of images displays the resultant failure mode in the wall by sliding 

along bed joints in the top half of the wall. Less severe sliding also occurs in the lower 

left region of the wall. The graph of x-displacements in the model shows the dramatic 

relative shift between masonry rows at this failure location. The plot of y-

displacements reveals how the rocking action, during which the right side of the wall 

drops and the left side rises, is suddenly lost as the masonry panel “settles” after 

sliding failure occurs. The final damage state of the wall, displayed at the negative 

peak of cycle 11, is shown in Figure 9-20. Here, diagonal cracks have formed at the 

edges of the sliding failures. 

Unfortunately, it is possible that the failure mode and damage pattern produced 

by the DE model is the direct result of adopting the MAC_CZM joint parameters from 

the URM wall model. The actual material properties of Wall M2 were unique in that 
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the brick units were very weak while the mortar was very strong. It’s likely that this 

relationship results in a more brittle and weaker adhesive bond than that of the TNO-

Delft JG.B masonry. But because the stronger masonry of JG.B was assumed in the 

CM model of Wall M2, the outcome is a less ductile response of the masonry. Had the 

actual joint properties for Wall M2 been available, the result would have likely been 

more cracking in the model. Additional discussion on this topic is presented in the 

Summary section at the end of the chapter. 
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a) b)  

Figure 9-19: Damage progression of the DE model displayed as a) relative x-displacements, and b) 
relative y-displacements of the model elements (scaled 5x). Snapshots are taken at cycle 3 (0.09% 

drift), cycle 6 (0.44% drift), cycle 8 (0.68% drift), and cycle 10 (1.04% drift). 
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a) b)  

Figure 9-20: Final damage state of the DE model taken at the negative peak of cycle 11 (0.96% 
drift). The model elements are displayed in a) relative x-displacement, and b) relative y-

displacement. 

9.5.2 Quantitative Response 

Hysteretic results from the model are shown with the experiment in Figure 

9-21. Data from the Wall M2 experiment are shown in grey while the DE model 

results are shown in blue. Backbone curves tracing the first peak of each loading cycle 

are also shown in thick dashed lines.  

In general, the numerical model performed well and was able to reproduce the 

experiment’s initial stiffness, strength values, and stiffness degradation. The overall 

progression and trend of the loading cycle peaks, indicated by backbone curves tracing 

the first cycles, is also roughly reproduced by the model. Strength values during each 

cycle are within a reasonable range of the experimental values, and degradation of 

these values is well replicated. The hysteretic energy of the model, indicated by loop 

area, is well matched to the experiment; more detailed analysis of this will be 

presented in Section 9.5.3. Performance in the positive and negative loading directions 

is roughly symmetric, to the same degree as the actual experiment. The instances of 
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sudden strength drop are the result of sudden loss of bond adhesion and subsequent 

load redistribution, though the iteration parameters also influence the degree of this 

effect. 

 

Figure 9-21: Hysteretic response of Wall M2 and the corresponding DE model, including the 
backbone responses tracing the first peak of each loading cycle. 

Figure 9-22(b) compares the force time histories of the experiment and model. 

The drift controlled history is repeated in (a) from Figure 9-18 for clarity. One can see 

that the model generated approximate peak strength values of each loading cycle 

throughout the loading history, including the post-peak strength decrease. The model 

was able to well reproduce the general shape of each loading cycle, including the 

unique asymmetric response in the last few cycles. The sudden instances of strength 

loss can also be seen more clearly. 
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a)  

b)  

Figure 9-22: Time history of Wall M2 and the corresponding DE model, including a) 
displacement and b) force response. 

It appears from the force history that the early force-controlled cycles could 

have been better replicated by the approximated displacement history. Further, given 

the non-smooth nature of the experimental displacement history, the response of the 

model could have likely been improved had the approximated displacement history 

more closely replicated the actual. Nonetheless, examination of the force history 

clearly shows the capability of the DE model to accurately capture the performance of 

a confined masonry wall, including initial stiffness, strength values, and strength and 

stiffness degradation. 
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9.5.3 Energy Dissipation Analysis 

Figure 9-23 presents the amount of hysteretic energy dissipated by the 

experiment and the model during the loading history. The bars indicate the energy 

dissipated during each loading cycle while the lines track the cumulative dissipated 

energy. After the elastic loading stage until cycle 4, Wall M2 dissipated significant 

amounts of energy up until loading cycle 8 (0.5% drift). In this stage, the dissipated 

energy of the model progressively grows and is likely attributed to the energy required 

to rock the stiff masonry panel, as opposed to energy dissipated through cracking and 

sliding of masonry units. After cycle 8, the dissipated energy drops dramatically. This 

corresponds with the occurrence of sliding failure of bed joints which ended the 

rocking action. In the hysteretic response of Figure 9-21, this performance change 

results in the rapid stiffness degradation seen after 0.5% drift. The energy dissipated in 

the last three loading cycles remains roughly constant. Given the damage progression 

presented in Section 9.5.1, this post-peak energy loss is attributed to the additional 

cracking and sliding of the masonry elements.  

Ultimately, the model dissipated 95% of the total cumulative energy of the 

experiment (see Figure 9-24). Unfortunately, the majority of this energy was 

dissipated through rocking of the masonry panel, not through the formation of cracks 

and sliding, as was the case with the actual wall. Again, the response and failure mode 

generated by the model is the result of unrelated joint properties adopted in the 

absence of specific material property tests for Wall M2. 
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Figure 9-23: Dissipated energy by loading cycle and cumulative energy of the experiment and DE 
model. 

 

Figure 9-24: Normalized total hysteretic energy dissipated by the DE model with respect to the 
experiment (95%). 

9.5.4 Analysis of Load Distribution 

As part of the experimental testing of Wall M2, CENAPRED researchers 

subjected the wall to vertical load bearing cycles to determine the proportion of 

vertical load resisted by the columns and masonry panel (Aguilar and Alcocer 2001). 

Prior to commencement of imposing horizontal displacements, the wall was subjected 

to two complete vertical loading cycles from zero to 0.5 MPa. Transducers captured 

the resultant vertical forces in each structural component. Researchers found that the 
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two columns combined resisted 68% of the vertical load and the masonry panel 

resisted 32%, on average. 

To determine the lateral load distribution, researchers analyzed strain data of 

the column steel reinforcement prior to penetration of diagonal cracks into the 

columns. On average for Wall M2, the columns resisted 10% of the lateral load while 

the masonry panel resisted 90%. 

The ability to capture these load distribution patterns with a numerical model is 

an important aspect for accurately reproducing the load resistance mechanism of this 

complex and nuanced structural system. By successfully reproducing this behavior, 

the influence of geometric and material characteristics on overall performance can be 

studied and evaluated with some confidence. 

As described in Section 9.4.1, the rigid foundation created in the DE model 

consisted of three separate segments, one each below and in contact with the left and 

right columns and the masonry panel. By designing the model foundation in this 

manner the resultant forces resisted by each component can be isolated and tracked.  

In the following subsections, the percent distribution of vertical and horizontal 

loads between the columns and masonry panel are presented and discussed. Snapshots 

of the load distributions are taken at the positive and negative peaks of each cycle, as 

well as at zero drift. For reference, the drift and force loading histories are repeated in 

Figure 9-25 with the peak numbers noted and color-coordinated. 
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Figure 9-25: Drift and force loading histories with peak numbers indicated for reference. 

9.5.4.1 Vertical Load Distribution 

Figure 9-26 shows the percent vertical load distribution between the left 

column, right column, and masonry panel taken at instances of zero drift through the 

loading history. Up until the 8th loading cycle (Step 16 in Figure 9-26) when rocking 

action of the wall ended, the masonry panel resists between 25% and 40% of the total 

vertical load, compared with 32% obtained experimentally from CENAPRED. This is 

a relatively accurate approximation.  

Over the course of the loading history, the masonry panel (blue) resists an 

increasing amount of the total vertical load. In the initial loading cycles, the panel 

assumes roughly 25% of the vertical load; this increases to 50% at the end of the 

loading history. The majority of this gain is attributed to the loss of vertical bearing 

capacity of the right column (red). Initially, the right column resists just over 30% of 
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the total load; this value decreases to 20% at the end of the loading history. The left 

column, on the other hand, initially resists 40% of the total load and finishes the 

loading history at 30%. 

 

Figure 9-26: Vertical load distribution between the columns and masonry panel at zero drift. 

From examining the force history in Figure 9-25, an errant response is present 

at the positive peak of the 4th loading cycle (+4), for which the right column leads. 

Immediately following this peak, evaluation at the point of zero drift (Step 8 in Figure 

9-26) reveals that the percent of vertical load distribution in the right column is 

reduced. The masonry panel assumes the vertical load lost by the right column. 

Alternating cycles thereafter reveal progressively less vertical load resisted by the 

right column until the value plateaus at roughly 20% in the end cycles.  

Images of wall damage produced by the model presented in Figure 9-27 reveal 

that the sudden loss of vertical load resistance of the right column is the result of the 

loss of bond adhesion in the top right corner of the masonry panel. One can see that 

the relative vertical load increases in the masonry panel when this normal gap 
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suddenly opens near the top right column. Numerically, this bond fracture results in 

the sudden strength loss at the peak of the 4th loading cycle. This instance was 

presented as an example of how the numerical loss of adhesion in the model can 

seemingly reproduce physical behavior.  

a)  

b)  

Figure 9-27: Image (a) demonstrates that prior to fracture in the masonry panel, the right column 
resists much of the total vertical load; this is shown by the dark blue color of the column’s 

foundation. After the wall fractures, b) the vertical load is more evenly distributed between the 
columns and masonry panel. The displaced shape is scaled by 10x to aid visualization. 
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The percent distribution of vertical load resisted by the columns and masonry 

panel at the positive and negative loading cycle peaks is shown in Figure 9-28. No 

obvious correlation exists between the direction of loading (positive or negative) and 

how the vertical load is resisted. In other words, the vertical load distribution doesn’t 

appear to depend on whether the column is leading or trailing the loading direction. 

Ignoring errant behavior of the right column in the 4th loading cycle, the masonry 

panel resists between 40% and 80% of the total vertical load at points of maximum 

drift. This is notably different behavior than when the wall is at points of zero 

displacement, as discussed previously, for which the masonry panel consistently 

resists between 25% and 40% of the total vertical load.  

             

 

Figure 9-28: Vertical load distribution between the left and right columns and the masonry panel 
at the a) positive peaks, and b) negative peaks. 

9.5.4.2 Horizontal Load Distribution 

Examining the horizontal load distribution at the loading cycle peaks 

illuminates interesting behavior of the confined masonry system. Figure 9-29 graphs 

the percent horizontal load resisted by each column and the masonry panel at the  
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a)  

b)  

Figure 9-29: Horizontal load distribution between the left and right columns and masonry panel 
taken at a) positive and b) negative loading cycle peaks. 

positive and negative peaks of each loading cycle. As shown, the majority of the 

applied horizontal load is resisted by the masonry panel. Prior to cycle 6, the percent 

resistance of the masonry panel is roughly consistent regardless of loading direction; 

the panel resists between 70% and 95% of the horizontal load. From the experimental 

study assessing horizontal load distribution, researchers found that an estimated 90% 

of the load is resisted by the masonry panel prior to crack penetration into the columns 

(Aguilar and Alcocer 2001). The values obtained from the model are within a 

reasonable range of this. During cycle 6 in both loading directions, it’s apparent that 
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the “leading” column in each direction resists most of the horizontal load (70%). 

Thereafter, the percent contribution from the leading column slowly reduces to 

roughly 20% at the end of the loading history.  

By examining images of the model during cycle 6, horizontal cracks appear at 

the top right and bottom left of the masonry panel, along with vertical cracks along the 

adjacent interface with the columns (see Figure 9-19). As described previously, the 

masonry panel is essentially rocking within the RC frame. As a result, little horizontal 

force is transmitted through the wall in this condition. However, over the course of 

subsequent loading cycles, the rocking behavior subsides with the appearance of a 

sliding failure of the masonry. This action facilitates a more ductile response of the 

masonry and, as such, the percent horizontal load resisted by the masonry panel 

increases. It is interesting to note that in the last loading cycle, shown in Figure 9-20, 

diagonal cracks had begun appearing in the masonry. This more traditional response 

occurs in tandem with the increased horizontal load resistance of the masonry panel 

seen in the last cycles of Figure 9-29.  

9.5.4.3 Relationship between Horizontal and Vertical Resistance 

As discussed previously, there doesn’t appear to be a correlation between the 

loading direction and how vertical load is resisted, though a relationship does exist for 

horizontal loads. This is shown in Figure 9-30, which combines the data presented in 

Figure 9-29 by plotting percent load distributions by loading direction of the columns, 

either leading or trailing. Considering vertical force distribution, the lack of 

dependency on horizontal load is demonstrated by the large data scatter for each 
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component. No notable relationship is present. In considering horizontal distribution, 

however, one can see that the trailing column consistently resists roughly 0% of the 

total horizontal load. For the leading column, most of the data fall between 10% and 

30% of total horizontal load resisted. And for the masonry panel, most of the data 

points fall above 60%.  

 

Figure 9-30: Distribution of vertical and horizontal loads in the columns and masonry panel, 
shown with normalized loading direction, either leading or trailing column. 

To summarize, while the data is roughly clustered for each structural 

component, the clustering is dependent on the horizontal force distribution and not the 

vertical force distribution. The apparent lack of correlation between the vertical and 

horizontal load resisting systems is surprising, as one would expect that relative 

stiffness of the structural components would affect load distribution. That said, the 
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errant rocking response of the masonry panel in the model is likely clouding a more 

accurate assessment of this potential relationship. 

9.6 COMPARITIVE MODELING: DEM VS. EQUIVALENT STRUT  

9.6.1 Introduction 

A case study is presented to compare the micro modeling technique using the 

discrete element method against a macro modeling approach. The confined masonry 

wall M2 presented previously is used as a benchmark. The same DE model presented 

in previous sections is used. 

Using an equivalent strut macro model developed by Torrisi et al (Torrisi 

2012; Torrisi, Crisafulli et al. 2012), the masonry panel of Wall M2 was represented 

by six diagonal struts while the RC columns were represented by column macro 

elements (see Figure 9-31). This macro modeling technique was first presented in 

Section 6.2.2. Vertical load bearing on the wall was not considered. The modulus of 

elasticity of the masonry as reported in literature was used in the strut elements (Em = 

715 MPa). An approximated loading protocol used with the equivalent strut model is 

shown in Figure 9-32. Similar to the protocol applied in the DE model, the loading 

protocol used in the equivalent strut model was smooth. Of note, loading didn’t initiate 

until the 4th loading cycle.  
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Figure 9-31: Schematic of Torrisi’s equivalent strut method used to model Wall M2 (Torrisi 
2012). 

 

Figure 9-32: Loading history applied to the DE model and equivalent strut model, relative to the 
actual drift history of Wall M2. Note that the equivalent strut didn’t commence until the 4th cycle. 

9.6.2 Quantitative Results Comparison 

Force displacement results of the two modeling approaches are shown in 

Figure 9-33. The equivalent strut method was able to successfully capture the overall 

strength performance of Wall M2, including the initial stiffness, approximate peak 

strength and displacement, and post-peak behavior, notably the stiffness and strength 

degradation.  
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a)  

b)  

Figure 9-33: Hysteretic response of Wall M2 using a) discrete element micro modeling, and b) 
equivalent strut macro modeling approaches. 
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Figure 9-34 presents the force history of the two modeling approaches in 

comparison with the experimental results from Wall M2. These images offer a clear 

view of how each model is behaving over the course of the loading protocol. As 

already mentioned, the equivalent strut model is able to accurately capture the strength 

increase to peak in the 6th cycle (Step 125) followed by an appropriate strength 

decrease roughly following the experiment. The width of the force cycles, equivalent 

to the hysteretic response, roughly matches the experiment until the 6th cycle. 

Thereafter, however, the model fails to reproduce the same response shape as the 

experiment. 

a)  

b)  

Figure 9-34: Resultant force histories of a) the DE model, and b) equivalent strut model 
compared with the Wall M2 experiment results. 
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As indicated by the force history and hysteretic plots of the equivalent strut 

model, the loop shape is narrow in comparison with both the experiment results and 

the DE model. Figure 9-35 plots the dissipated energy during each load cycle for the 

Wall M2 experiment, the DE model, and the equivalent strut model.  

The equivalent strut model does a great job of matching the experiment during 

the 6th load cycle, but the energy falls off quickly and remains steady thereafter. The 

cumulative dissipated energy for Wall M2 and the two models is also plotted. Because 

the equivalent strut model commenced at cycle 4, the cumulative totals initiate then.  

It is apparent that the equivalent strut model does a poor job of reproducing the 

dissipated energy of the experiment. When normalized to the Wall M2 data, the 

equivalent strut model dissipated just 53% of the total energy, while the DE model 

dissipated 93%, though this was largely due to rocking of the masonry panel as 

discussed.  

 

Figure 9-35: Plot of dissipated energy by cycle number for Wall M2, the DE model, and the 
equivalent strut model. The cumulative energy is also plotted, beginning at load cycle 4 

corresponding to when the equivalent strut model commenced. 
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Figure 9-36: Total dissipated energy normalized to the Wall M2 experiment. The values are 
calculated from load cycle 4 onward, at the commencement of the equivalent strut model. 

9.6.3 Advantages and Disadvantages of Macro and Micro Modeling 

Modeling of Wall M2 using the equivalent strut method clearly demonstrates 

the capability of macro models to reproduce the nonlinear behavior of confined 

masonry. The simplicity of this approach has many advantages. The model consists of 

few elements which represent separately the masonry panel and the RC frame. The 

models can estimate axial forces in the frame due to horizontal loading. However, the 

model does not account for vertical load bearing, which likely contributed to the 

reduced ability of the model to reproduce hysteretic dissipated energy. As a result, this 

modeling approach can omit damage accumulation and concentration by nature of 

macro modeling assumptions. Overall, the simplicity and ease with which the 

equivalent strut model can be executed and its ability to match peak force values 

makes it an efficient and desirable option for designers.  

While the equivalent strut model is able to capture nonlinear behavior of 

confined masonry systems, it cannot reproduce ultimate failure modes by nature of the 

constitutive material models upon which the struts are based. A single failure mode is 
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precluded and there is no reasonable capability to adapt the model to three dimensions 

and account for nonlinear out-of-plane behavior. By nature of the macro modeling 

approach, the influence of detailed geometric aspects such as the panel-column 

interface on seismic performance cannot be evaluated. Moreover, only some of these 

strut models can estimate bending moments and shear in the frame members to 

facilitate design. The effect of openings is possible to account for, but it is 

approximated and stress concentration at corners is ignored. 

A micro modeling approach as presented using DEM, on the other hand, is 

completely general and can represent any geometry or capture any failure mode. As 

such, the numerical results offer attractive realistic displays that can be used to 

effectively communicate potential damage to end-users. This approach is best suitable 

for nonlinear analysis and large deformation and ultimate failure (collapse) evaluation. 

Three dimensional models are readily adaptable and can capture out-of-plane failure, a 

key failure mode that has not been studied in confined masonry systems to-date. 

However, the DE approach of micro modeling is best suited for research 

purposes. Specific and accurate joint property data is needed for modeling, which can 

be difficult to obtain from standard material property tests. As demonstrated by the 

response of the DE model of Wall M2, macro structural behavior is very sensitive to 

joint properties. Significantly, DE models are also computationally expensive. For 

example, the DE model of Wall M2 presented in this Chapter took approximately 3 

weeks to run. The equivalent strut method took a matter of hours.  



337 
 

 

9.7 SUMMARY 

A confined masonry shearwall was designed and built per common practice in 

Mexico and tested as part of a larger experimental program to assess strengthening 

techniques. The wall of interest, M2, was used as a control specimen for which no 

strengthening measures were applied. The unreinforced masonry panel of the wall 

consisted of locally sourced masonry bricks and was assembled in a manner typical of 

everyday non-engineered construction in Mexico. The reinforced concrete frame 

surrounding the wall consisted of slender columns and beam above. The wall was 

subjected to multiple in-plane loading cycles up to 1% drift. The damage sustained by 

the wall was reportedly typical of confined masonry and consisted of diagonal crack 

formations throughout the panel. The outer column faces sustained small horizontal 

cracks in early cycles, indicating an initial flexural response. Vertical cracks formed in 

later cycles at the interface of the masonry panel and RC columns, indicating a 

separation of these two structural components.  

A 2D numerical model is developed of Wall M2 using a micro modeling 

approach with discrete elements. Individual brick units are modeled as discretized 

deformable bodies. The brick-mortar joint is represented with cohesive zone interface 

elements, which provide a realistic representation of bond adhesion in shear and 

tension. The RC columns are modeled with deformable discrete elements joined 

together with a combination of cohesive zone interface elements and elastic wire 

elements. Performance of the RC column is calibrated independently against a 

sectional analysis program. 
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The model successfully captures the linear and nonlinear behavior of Wall M2, 

including the reproduction of initial stiffness, peak strength values, and stiffness and 

strength degradation. The damage distribution pattern and ultimate mode of failure, 

however, differs from the experiment though it is still a common failure mechanism of 

masonry. This outcome is likely attributed to the particular masonry joint parameters 

employed in the model. Despite this discrepancy, the model still produces a successful 

numerical response and demonstrates the capability to dissipate energy through 

masonry cracking and sliding. Notably, the model is also able to reproduce relative 

vertical and horizontal load distribution and resistance patterns between structural 

components, suggesting that the model is successfully capturing the essential 

mechanical response of the system. 

It is likely that the failure mode and damage pattern created in the DE model is 

the result of adopting joint properties from the URM shearwall model presented in 

Chapter 8. These properties were employed in the absence of joint property data from 

the actual CM shearwall, M2. The material properties of Wall M2 were unique in that 

the masonry bricks were very weak relative to the mortar. This is contrary to what is 

normally expected or design for.  

Normally, the compressive strength of masonry obtained from prism tests is 

higher than the compressive strength of mortar cubes and significantly less than the 

strength of masonry bricks. This arrangement facilitates triaxial compression in the 

mortar, enabling it to withstand higher compressive stresses than its measured uniaxial 

strength. This is why the compressive strength of masonry can be greater than the 
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mortar. In turn, triaxial compression of the mortar results in biaxial tension of the 

brick units and an overall composite response of the masonry. This composite 

behavior results in a lower compressive strength of the masonry from the brick and 

can even cause splitting of brick units. A notable assumption of this mechanism is that 

the bond between brick and mortar remains intact at the time of failure. 

For Wall M2, however, the compressive strength of the mortar was 8.3 MPa, 

more than twice the masonry compressive strength of 3.6 MPa. Compressive strength 

of the brick units was not measured but one can conclude it was significantly less than 

the mortar strength. This strength discrepancy from ideal conditions suggests that the 

masonry units of Wall M2 were in a state of triaxial compression while the mortar was 

in biaxial tension and compression. Prism compression experiments performed with a 

strong mortar-weak brick arrangement indicated that compression failure of the prism 

was accompanied by failure of the brick-mortar bond (Sarangapani, Venkatarama 

Reddy et al. 2002). In other words, the masonry used in the actual Wall M2 likely had 

a very weak brick-mortar bond, resulting in premature cracking and deformation. 

As mentioned, because joint property data for the brick-mortar bond of Wall 

M2 was lacking the CZM parameters found for the URM shearwall J2G were instead 

used in the numerical model of Wall M2. The masonry compressive strength from 

J2G, however, was much greater than the Wall M2 masonry. In comparison, the 

compressive strength for Wall M2 masonry was just 3.6 MPa, while the J2G 

compressive strength was nearly seven times this value, 20 MPa. Even if a reliable 

relationship between bond strength and prism compressive strength cannot be found, 
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one can still appreciate the great discrepancy in how these two masonry specimens 

performed and the likely influence that bond behavior has. 

The weak masonry of Wall M2, coupled with the use of strong joint properties, 

combined to produce the response and failure mode discrepancy of the DE model of 

Wall M2. Unfortunately, this is a casualty of numerical modeling in general, and the 

micro modeling approach specifically: you’re only as accurate as what goes into the 

model. Despite this discrepancy, the numerical model still performed well, having 

reproduced strength and stiffness peaks and degradation, as well as successful 

representation of load resistance mechanisms. Given more accurate of joint properties, 

of both the brick-to-brick and brick-to-concrete bonds, this approach remains a 

promising method for the evaluation of collapse potential and the influence of 

geometric and material aspects on overall performance.  

Finally, the DE model of Wall M2 is compared with a more simplified analysis 

method using the equivalent strut approach presented in Chapter 6. This comparison 

was done to highlight differences between the equivalent strut and DE modeling 

methods and present advantages and disadvantages of each depending on needs of the 

end-user. Both approaches successfully captured the wall’s initial stiffness, peak 

strength and displacement, and strength degradation. However, the equivalent strut 

method failed to reproduce the hysteretic response of the wall. Nonetheless, the 

equivalent strut method is much less computationally expensive than a detailed micro 

model with discrete elements. It offers a straightforward analytical solution capable of 

capturing nonlinear behavior. For this reason, it is an ideal assessment technique for 
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designers and some research applications. It cannot, however, be used to assess the 

influence of geometric or material variations on seismic performance or load 

distribution. For this reason, a more detailed modeling approach is recommended for 

research applications.  

CHAPTER 9, in part, is a reprint of the material as it appears in "Large 

Deformation Behavior of Confined Masonry.” Proceedings of the 10th National 

Conference in Earthquake Engineering, Anchorage, Alaska, Earthquake Engineering 

Research Institute, 2014. Authors: A.F. Lang; G. Benzoni. The dissertation author was 

the primary investigator and author of this paper. 

CHAPTER 9, in part, is a reprint of the material as it appears in "Overview and 

Assessment of Analysis Techniques for Confined Masonry Buildings.” Proceedings of 

the 10th National Conference in Earthquake Engineering, Anchorage, Alaska, 

Earthquake Engineering Research Institute, 2014. Authors: A.F. Lang; F.J. Crisafulli; 

G.S. Torrisi. The dissertation author was the primary investigator and author of this 

paper. 
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CHAPTER 10 EXPLORATION OF INFLUENTIAL 

PARAMETERS ON THE SEISMIC PERFORMANCE OF 

CONFINED MASONRY 

10.1 INTRODUCTION 

10.1.1 Overview 

The numerical model of a confined masonry shearwall presented in Chapter 9 

was developed first to gauge the effectiveness of applying a discrete element approach 

to modeling confined masonry. Despite the lack of knowledge of masonry joint 

properties, the model still performed well, having reproduced the overall structural 

response and load distribution mechanisms, and generated realistic masonry failure 

modes.  

The micro modeling approach employed in this investigation readily facilitates 

material and geometric changes and assessment of the behaviors that follow. As such, 

the DE model of Chapter 9 is utilized here to study the effect of various aspects on the 

seismic performance of confined masonry. The model of Chapter 9 is used as a 

“control” specimen against which the parametric variations are assessed. Recall 

however, that as discussed in Chapter 9 the masonry joint properties of this control 

model are likely much stiffer than the actual properties. This fact is taken into 

accounted throughout the assessments that follow, which are presented as relative and 

not conclusive.  
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This investigation seeks to identify potential trends and seismic performance 

characteristics of confined masonry systems. A more thorough investigation validated 

with experimental data is needed to draw final conclusions that can lead to design 

recommendations.   

10.1.2 Summary of Parameters Explored 

The effect of stagger distance on seismic performance was of primary interest 

to explore with this investigation. A series of models based on the control model were 

created with varying stagger distances of the bricks at the panel-column interface. The 

minimum column width was maintained for all the models. This investigation is 

presented in Section 10.2 and includes a brief examination of a pushover loading 

protocol.  

Section 10.3 presents an exploration of column properties on overall system 

behavior. The effect of column width is examined, as well as material properties 

including concrete elastic modulus, concrete joint bond parameters, and the panel-

column interface bond parameters. 

Section 10.4 evaluates the influence of various masonry parameters on system 

performance. These characteristics include brick size, brick elastic modulus, and joint 

bond parameters. 

Additional models created but not presented include the assessment of vertical 

load on the wall performance. Unfortunately, this model was created with a flush 

interface (0% stagger) between the masonry panel and the columns. It is omitted here 

for consistency in comparison with the control model, which instead employed a 
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stagger distance of 5%. Nonetheless, the model performed as expected, with 

significantly reduced hysteretic response attributed to the masonry panel. 

10.2 INFLUENCE OF BRICK STAGGER DISTANCE ON SEISMIC 

BEHAVIOR 

10.2.1 Overview 

While the confined masonry community is in agreement about most of the 

seismic performance aspects discussed in Chapter 5, there is disagreement about 

whether and how much the panel-frame interface contributes to system behavior. 

These differences of opinion tend to follow regional construction practices throughout 

the world. In Argentina, for example, CM is built with no staggering of bricks, but in 

Mexico the bricks are staggered up to half a brick length or are purposefully cut to 45 

degree angles. The question is whether the staggering of bricks at the panel-column 

interface, which results in a “saw-toothed” shape, positively affects structural seismic 

performance, and if so, by how much and should a design recommendation be made?  

The author’s observations of post-earthquake performance of confined 

masonry in Haiti suggested that the staggering of bricks positively affected seismic 

capacity. In this situation, however, the observed built environment represented a 

lower bound condition such that even small improvements prohibited structural 

collapse. The author speculated that in addition to the adhesive bond between the 

concrete columns and the masonry bricks, the mechanical interlocking of a saw-

toothed interface would contribute positively to seismic performance.  
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A formal investigation addressing this aspect of confined masonry has not been 

conducted. The author is aware of a single unpublished experimental study of varying 

brick stagger distance of CM shearwalls and subjected them to a pushover loading 

protocol. The only apparent finding from this investigation was an increase of 

cracking strength with increased stagger distance (Crisafulli 2013).  

Pushover testing, however, offers an incomplete analysis of structural seismic 

response. Cyclic testing provides a more informative and realistic representation of 

seismic capacity through findings of dissipated energy, load distribution, and/or failure 

mode. For this reason, the numerical model of Wall M2 presented in Chapter 9 is used 

as a control to explore the influence of varying the stagger distance of bricks at the 

panel-column interface. This is a preliminary exploration. As discussed in Chapter 9, 

the masonry joint properties used in the numerical model of this investigation are 

likely much stiffer than the actual properties. Observations derived from this 

numerical study should be validated and explored further experimentally before any 

final conclusions can be made that are relevant to confined masonry systems in 

general.   

According to researchers of the original CENAPRED study, staggering of 

bricks at the panel-frame interface of Wall M2 was limited to 10 to 15 mm, or roughly 

5% of the brick length (240 mm). The numerical model presented in Chapter 9, which 

serves here as a control model, was created with this 5% stagger. Additional numerical 

models were developed with varying stagger distances including 0% (flush), 10%, 

20%, 30%, 40%, and 50%, as a percent of brick length. All material properties, 
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geometry, and the loading protocol remained unchanged from the control model. The 

minimum column width of 15 cm was reserved for all models.  

10.2.2 Results Discussion  

Results are grouped at the end of this section, 10.2.2 to facilitate comparison 

between the models. The force-displacement response and damage distribution at 1% 

drift are shown for each stagger distance in Figure 10-3. The damage snapshots 

indicate relative x-displacements of the elements which are scaled by a factor of five. 

The snapshots are all taken at the same point of loading, at the positive peak of cycle 

10 (1% drift).  

10.2.2.1 General Observations of Force-Displacement Response Curves 

A force time history for each model is shown in Figure 10-4 to simplify 

comparison between models. Backbone curves from each model are also provided and 

shown together in Figure 10-5; the backbone follows the peak strength from the first 

loading cycle at each imposed drift. The total energy dissipated by each model is 

shown normalized to the actual Wall M2 in Figure 10-6. This figure includes results 

from additional models which are not otherwise presented in order to add refinement 

to the energy bar graph of Figure 10-6. These additional models were created with 

brick stagger distances of 15%, 25%, 35%, and 45%.  

An overview of the response curves of Figure 10-3 reveals several overarching 

trends. One can see that the initial stiffness is not affected by varying stagger distance. 

This is likely due to the monolithic pre-cracking response of the system. Given the 

identical materials and bonding of the models, it’s not unexpected that the initial 
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stiffness remains unchanged. Next, it can be observed that the initial cracking strength 

increases with increased brick stagger distance, in both the positive and negative 

loading directions. Peak forces at each drift cycle, however, are not significantly 

affected by stagger distance. A modest strength increase can be seen in the last loading 

cycles of the models with 30%, 40%, and 50% stagger distance, but this effect is small 

and is only indirectly caused by stagger distance; this will be discussed in more detail 

below. 

The response of all the models is roughly symmetric in the positive and 

negative loading directions. Disparities are likely attributed to the applied loading 

protocol, which itself is asymmetric because of an attempt match the non-smooth 

protocol of the actual Wall M2 experiment.  

Cracking strength values for each model, however, vary significantly between 

the positive and negative loading directions. By examination of the force time histories 

in Figure 10-4, one can identify that the peak cracking strength usually occurs in the 

positive direction of the 4th loading cycle. Figure 10-1 expands early cycles of the 

imposed model loading protocol and the actual protocol to allow close examination. 

Recall that Wall M2 was first subjected to several force-controlled cycles before 

commencement of the displacement-controlled portion of the protocol. The numerical 

model applied a single displacement-controlled protocol and approximated the early 

force-controlled cycles. It’s apparent that the model loading protocol overestimated 

these early values, both in the positive and negative loading directions. Clearly, 

loading conditions in both the models and in the actual experiment were neither 
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smooth nor symmetric. In combination, it is likely that the protocol alone is 

responsible for asymmetry of the cracking strength observed for these stagger distance 

models.  

 

Figure 10-1: Examination of early loading cycles of the model loading protocol relative to the 
actual protocol. 

10.2.2.2 Dissipated Energy & Damage Pattern 

A direct relationship between brick stagger distance and hysteretic response 

was not found, though it may exist indirectly. Figure 10-6 presents the total dissipated 

energy of each model normalized to the actual Wall M2. It is immediately evident that 

the model with a 30% stagger distance dissipates nearly twice as much energy as the 

actual experiment and all other models. However, this finding alone does not 

substantiate a relationship dependent on stagger distance. If a direct relationship were 

to exist between hysteretic energy and brick stagger distance one would expect to see 

a trend of increasing energy with increased stagger distance up to the 30% model 

(presuming this is an optimal stagger distance). Clearly, this trend is not present, as 

normalized energy values hover near or below 1.0 for all other models. Instead, the 
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amount of dissipated energy appears directly related to the failure mode and damage 

pattern.  

Examination of the damage patterns of Figure 10-3 offers more insight into 

how the stagger distance is affecting behavior. For the models with smaller stagger 

distances, including 0% (flush), 10%, and 20%, the behaviors are all very similar. The 

masonry panel of each model experiences a sliding friction failure. In these cases, 

displacement demands are resolved along a single failure plane. Relative movement of 

panel sections above and below the sliding failure results in significant separation of 

the panel-column interfaces.  

Damage to the 30% stagger model is shown in Figure 10-3(d). Compared with 

results from the other models, a stagger distance of 30% appears to recruit the entirety 

of the wall to resist displacement demands. Cracking is widespread throughout the 

masonry panel and is distributed around primary diagonal cracks over the panel 

height.  

Above 30%, however, a stagger distance of 40% or 50% also results in a wide 

distribution of damage similar to the 30% model, but it does not produce the same 

large hysteretic response. Final damage states of these three models are shown in 

Figure 10-2. This reduced dissipated energy is the direct result of how load is resolved 

by these models: by the opening and closing of existing cracks, rather than the 

formation of new cracks as is the case with the 30% model. By close examination of 

Figure 10-3(e) and (f), one can see that the bottom right corners of both models 

experience significant rotation at the base of the columns. This is how load paths are 
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being resolved: through direct diagonal shearing of the wall resolved at the column 

base. This was confirmed by examining the relative distribution of total horizontal 

load resolved at each foundation below both columns and masonry panel. For the 40% 

and 50% stagger models, the masonry panel is resisting little to none of the vertical or 

horizontal loads. 

Final damage states of these three models, 30%, 40% and 50% stagger, are 

shown in Figure 10-2. One can see the broad distribution of cracking of the 30% 

stagger model, to such a degree that the masonry panel appears to loose integrity.  

a) b)  

c)  

Figure 10-2: Final damage state of models with a) 30%, b) 40%, and c) 50% stagger distance. 
Relative x-displacements are plotted and scaled by 5x. 
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10.2.2.3 Conclusions 

The models with stagger distances of 0%, 10%, and 20% all experienced 

substantial sliding friction failures in the masonry panel. These failures were 

substantial enough to cause significant separation of the panel-column interface and 

impose concentrated displacement demands on the columns.  

For the models with larger stagger distances, including 30%, 40%, and 50%, 

panel separation was minimal or nonexistent. These three models still experienced 

some sliding failures of the masonry, but they all were a short length and were 

bookended by more prominent diagonal cracking. As a result of this interface being 

maintained, a modest strength increase was observable in later load cycles, likely due 

to engagement of the RC columns by frame action.  

The model with a 30% stagger distance experienced nearly twice the dissipated 

energy as the actual Wall M2 and all other models. This was the result of a widespread 

damage pattern of the masonry. Interestingly, however, this energy increase was not 

seen in the models with larger stagger distances, 40% and 50%. Displacement 

demands in these models were largely resolved along primary diagonal crack lines for 

which load path was resolved at the column bases.  

In general, it appears that the increase of brick stagger distance can result in 

improved contact between the columns and masonry panel, producing an overall more 

integrated response of the two components. It appears that within the range of brick 

stagger distances, there are desired performances and undesired. Development of 

singular masonry sliding failures can result in an increase of unsupported length of the 
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columns, causing buckling, or out-of-plane excitations can easily topple the 

unsupported wall portions. On the other hand, it doesn’t appear that the large energy 

dissipating capacity of the 30% model is ideal either, given the fragmented condition 

of the masonry panel which in out-of-plane excitations will also topple. The masonry 

panel of the 40% model remained largely intact through the loading protocol and is 

likely the most desired performance state for maintaining a “life safety” standard.  

That said, masonry failure modes are highly dependent on joint properties, and 

these models were generated with relatively stiff joint bond values. As such, the 

conclusions and observations made from this set of models cannot at this time be 

generalized. In fact, more accurate, less stiff joint properties would surely alter 

damage patterns and trends observed here. It is possible that given more appropriate 

joint parameters, one might expect to see an overall shift of behavior relative to 

stagger distance. For example, the large hysteretic response generated by the 30% 

stagger model could instead occur at 20%.  

In summary, the findings from this numerical investigation suggest that the 

displacement capacity, a measure of performance state, is highly dependent on two 

conditions of the CM wall. First, displacement capacity is likely dependent on whether 

separation of the panel-column interface has occurred; all things being equal, this 

factor is directly dependent on the brick stagger distance. Second, the manner in which 

the masonry panel fractures influences the failure mode and subsequent displacement 

capacity; this aspect is dependent on both joint properties and stagger distance.  
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a)  

b)   

c)   

Figure 10-3: Force-displacement and damage of models with a) 0%,  b) 10%, c) 20%, d) 30%, e) 
40%, and f) 50% brick stagger distance at the panel-column interface. The damage images 

indicate relative x-displacement of each element at 1.0% drift scaled by 5x. 
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d)   

e)   

f)   

Figure 10-3: Force-displacement and damage of models with a) 0%,  b) 10%, c) 20%, d) 30%, e) 
40%, and f) 50% brick stagger distance at the panel-column interface. The damage images 

indicate relative x-displacement of each element at 1.0% drift scaled by 5x (continued). 
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a)  

b)  

c)  

d)  

e)  

f)  

Figure 10-4: Force history of models with various brick stagger distances. 
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Figure 10-5: Backbone results of numerical models with varying brick stagger distances. 

 

Figure 10-6: Total hysteretic energy dissipated for each model with varying brick stagger 
distance, normalized to the energy dissipated by the actual Wall M2. 



357 
 

 

10.2.3 Influence of Loading Protocol  

Under seismic loading, structural systems are subjected to strength and 

stiffness degradation as well as cumulative damage. These effects are reproduced 

through application of a cyclic loading protocol. This loading procedure offers the 

ability to assess nonlinear behavior of structural systems through the development of a 

hysteretic response, load mechanisms, and failure mode. A pushover loading protocol 

is a conventional testing method also used to assess nonlinear performance, though the 

scope of observable behaviors is much more limited than a cyclic protocol. 

Nonetheless, the structural response resulting from the imposed displacement demands 

of a pushover test are considered an approximation of seismic response.  

A pushover protocol was applied to numerical models with varying brick 

stagger distances to assess whether the protocol has any effect on response or failure 

mode. This protocol was also applied to challenge or corroborate findings from the 

numerical investigation using cyclic loading protocols to assess the influence of brick 

stagger distance on seismic performance. 

The pushover models were identical to the control model of Wall M2 

presented in Chapter 9 and the models presented in the previous section (10.2.2). 

Increasing drift demands were applied at the top of the shearwalls with the same 

pseudo-static loading rate. A limited number of models were created for this 

assessment, including 0% (flush), 10%, 30%, and 50% stagger distances. 

The force-displacement response of each model is shown in Figure 10-7 

alongside snapshots of the damage pattern taken at +0.55% drift. All the models 
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responded with the same initial stiffness, as expected. A notable increase of cracking 

strength is observed with increasing stagger distance. This confirms results of the 

informal pushover experiments using various stagger distances (Crisafulli 2013).  

Similar to findings from the cyclic loading protocol investigation, the damage 

patterns also appear dependent on stagger distance. The models with 0% and 10% 

stagger both experienced panel separation and significant concentrated sliding friction 

failures. The models with larger stagger distances, 30% and 50% also indicate the 

beginnings of sliding failures, though it appears to occur over a shorter length and in 

combination with more diagonal cracks. Notably, the panel-column interfaces are still 

intact. In general, these results largely corroborate findings from the cyclic loading 

investigation presented in Section 10.2.2. 
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a)  

b)  

c)  

d)  

Figure 10-7: Model force-displacement results and damage pattern at 0.55% drift from pushover 
loading with brick stagger distances of a) 0%, b) 10%, c) 30%, and d) 50% stagger. 



360 
 

 

10.3 INFLUENCE OF RC COLUMN CHARACTERISTICS 

Given the intimate relationship between the RC columns and the masonry 

panel, it is of interest to understand what contribution the column is making to the 

overall combined response of the system. The investigation into the influence of brick 

stagger distance on seismic behavior presented in Section 10.2 revealed that the 

interplay between the columns and the masonry panel directly affected whether the 

shear and energy dissipation capacity of the masonry was engaged or not. It appeared 

that this interface influenced the relative contribution from the two components, 

perhaps indicating that relative stiffness was the primary factor.  

To investigate this further, an examination of various aspects influencing the 

stiffness of each component was undertaken. Here in Section 10.3, various 

characteristics of the column are explored to gauge their effect on system 

performance. These include geometric parameters including column width, and 

material parameters including the concrete elastic modulus and the joint bond 

properties between elements. In addition, the effect of increasing the bond strength at 

the panel-column interface was also explored. Characteristics of the masonry panel are 

explored in Section 10.4. 

10.3.1 Column Elastic Modulus 

The elastic modulus parameter of the material model applied to the deformable 

concrete column elements was increased by 50% from 10900 MPa to 16350 MPa. For 

comparison, the minimum concrete strength allowed for construction in the United 

States is roughly 20.7 MPa (3,000 psi) in seismic regions, which produces a minimum 
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allowed elastic modulus of nearly 22000 MPa (3100 ksi). Clearly, the concrete used to 

form the RC frame elements of Wall M2 were very weak. 

The results of this model are presented in Figure 10-8 alongside results from 

the control model. The overall response does not change significantly, including 

cracking strength. In later loading cycles, the strength at peak drifts decreased in both 

directions for cycles 10 and 11, indicating a more flexible response. The hysteretic 

response saw an increase of dissipated energy, indicated by a fattening of the middle 

portion of the response curves, and additional pinching of the curves at the cycle 

peaks. This suggests that the increase of energy dissipation was from the masonry 

panel. Examination of the damage pattern confirms this, that the masonry panel 

experienced more cracking than the control model.  

It appears that by increasing the concrete elastic modulus the column stiffness 

also increased and the disparity of relative stiffness between the masonry panel and the 

columns was reduced. The two components therefore behaved in a more unified 

manner than seen in the control model. The columns were stiff enough to engage or 

follow along with the masonry panel as it resisted the majority of lateral demands 

through cracking. In turn, separation at the panel-column interface was reduced.  
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a)    

b)         

Figure 10-8: Response and damage pattern of a) model with increased concrete elastic modulus, 
and b) the control model. The damage images indicate relative x-displacements of the elements 

taken at the positive peak of the 10th loading cycle (1.0% drift), which are scaled by 5x. 

10.3.2 Column Width 

The author presumed that increasing the column width would increase the 

column stiffness in a similar manner as increasing the elastic modulus. A model was 

created, therefore with the column width increased by 20% from 150 mm to 180 mm. 

However, there was little observed difference from the control model in terms of 

response. The primary sliding friction failure remained, though it was located in the 

bottom half of the wall, not the top. Panel separation from the columns was also 
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extensive. The force-displacement and hysteretic response was nearly identical to the 

control mode, but with slightly reduced total energy dissipated.  

While it was surprising to find that the column width did not influence seismic 

performance, it is possible that the column was still not wide enough to mitigate the 

stiffness disparity with the masonry panel. Interplay between the masonry panel and 

columns is likely more dependent on other governing parameters (e.g., masonry joint 

properties) that the column width as tested was just not significant enough to 

overcome. Wider columns do increase column stiffness, so to further assess this 

property’s influence on performance, it is recommended first to better understand and 

even quantify the panel-column stiffness relationship. 

10.3.3 Column Joint Parameters 

Two models were created to explore the influence of the CZM joint properties 

that joined the column elements together in the model. These properties represent the 

adhesive bond of a brittle material, which is applicable to concrete, though the specific 

parameter values of the control model were found through calibration against a 

sectional analysis program (see Chapter 9). Nonetheless, deformation of the column 

occurs across these joints, and increasing or decreasing them will generate a stiffer or 

more flexible response of the column. As such the MAC_CZM parameters of joint 

stiffness, Ct and Dupré’s energy w, were increased and decreased by 50% of the 

control model values. 

In general, neither an increase nor decrease of these column joint properties 

significantly influenced behavior. Initial stiffness and cracking strength were 
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unchanged, as well the primary failure mode of a major sliding friction failure in the 

masonry panel. Increasing the concrete elastic modulus had a much greater influence 

on overall performance than changing parameters which represent cracking behavior 

of the concrete. The actual Wall M2 experienced flexural tension cracks of the 

columns early in the loading and later propagation of shear cracks into the column 

ends. Nonetheless, cracking of the columns was not a major factor in overall behavior.  

10.3.4 Interface Bond Strength 

To explore the influence of bond strength on the wall performance, joint 

properties between the masonry panel and the RC frame were increased. The adhesive 

bond was increased for contact of the masonry panel with both the columns and the 

beam above. The joint stiffness parameter of the MAC_CZM interface element, Ct 

was held constant while the Dupré’s energy parameter, w was increased almost 50% 

from 18.45 to 27.0 J/m2. By increasing the energy parameter, w the stiffness response 

was unchanged, but the displacement at which fracture occurs is increased.  

The response of both this model and the control model are shown in Figure 

10-9. A significant increase of cracking strength occurred by increasing the fracture 

energy. Overall behavior was not significantly affected, however. The failure mode 

remained a primary sliding failure in the positive loading direction and a diagonal 

crack in the negative direction. Separation between the panel and columns was 

reduced, however, as expected by increasing the bond between elements. 

Improving the bond strength did not improve overall performance but instead 

created a more brittle overall response. By increasing strength of the interface bond, 
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the masonry panel and the columns were essentially fixed together yet their relative 

stiffnesses remained unchanged and disparate. This created an overall stiffer, more 

brittle response. The masonry panel was engaged in earlier loading cycles than the 

control model, resulting in the large cracking strength seen. Although not shown, 

examination of the damage distribution in the relatively early 5th loading cycle (0.25% 

drift) revealed the control model still intact and responding monolithically while the 

model in question had already cracked along what was ultimately the final sliding 

failure plane. 

Although not tested here, it is proposed that a decrease of bond strength would 

result in a response similar to that of the 0% stagger distance model of Section 10.2. 

This response was relatively unchanged from the control model with a 5% stagger, 

though further panel separation resulted in additional concentrated displacement 

demands on the columns at the location of the sliding friction failure. Engagement of 

the columns in this manner results in a slight increase of strength response in later 

cycles as the column shears. Physically, however, this behavior is undesired as it 

quickly minimizes the axial load carrying capacity of the columns and can initiate 

system instability. 
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a)   

b)   

Figure 10-9: Force-displacement and damage distribution of a) the model with increased interface 
bond strength, and b) the control model with 5% stagger distance. Snapshots are taken at the 

positive peak of the 10th loading cycle (1% drift). 

10.4 INFLUENCE OF THE MASONRY PANEL CHARACTERISTICS 

With similar reasoning to the exploration of column characteristics on seismic 

performance, the influence of masonry properties on confined masonry behavior is 

also explored. The influence of the masonry panel stiffness on overall system 

performance has been well demonstrated through this investigation, though the 

assessment of parameters particular to masonry has not yet been examined. Here, 

several aspects of masonry material are explored, including brick height, elastic 

modulus, and several brick-mortar joint parameters. 
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10.4.1 Brick Height 

Two models were created using increased brick heights to explore whether this 

geometric aspect alone influenced performance. All other modeling aspects were kept 

constant, including the 5% stagger distance at the panel-column interface. This 

exploration was done with the larger block size of standard concrete masonry units 

(CMU) in mind. Confined masonry systems assembled with CMU tend to have a large 

initial stiffness but more brittle behavior than those systems assembled with clay 

bricks. One model was designed with brick heights increased by 33%, and the other by 

67% over the control model. 

The cracking strength in both cases increased significantly. The strength at 

peak drift cycles did not change, however. The model with 33% taller bricks 

experienced severe panel separation as the result of the masonry panel remaining 

largely intact. The model with 67% taller bricks experienced a similar failure mode as 

the control model: sliding friction failure along a single bed joint. Panel separation 

was also extensive.  

This parameter doesn’t appear to influence the stiffness of the masonry panel, 

and subsequently doesn’t affect the overall strength response. The variant behavior of 

CM walls made with CMU units is likely the result of the material properties of these 

blocks and not their geometric size. 

10.4.2 Masonry Elastic Modulus 

Exploration of the elastic modulus of the deformable masonry elements was 

performed by decreasing the material value 33% from 715 MPa to 477 MPa. Recall 
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that this experimentally obtained elastic modulus reflects the masonry behavior, and 

not the bricks themselves. In the model the masonry elastic modulus is employed for 

the brick elements. The joint properties and all other modeling considerations were 

held constant. 

Overall, the response does not differ significantly from the control model, as 

shown by the response and damage pattern in Figure 10-10. The initial stiffness and 

cracking strength are both decreased slightly in both loading directions. It appears the 

ultimate state of the model is slightly more flexible than the control, indicated by the 

lower peak strength values at later cycles.  

It is not unexpected that decreasing the elastic modulus of the brick elements 

would not alter the behavior significantly. Behavior of the actual Wall M2 was 

dictated by its very weak joint properties. But given the lack of enumeration of these 

values, the much stiffer joint properties from the URM TNO-Delft model were 

employed in the models instead. As a result, the behavior of the models is governed by 

the joint properties, not by the elastic modulus of the brick elements. That said, this 

conclusion is specific to these modeling conditions, which are unique.  



369 
 

 

a)  

b)   

Figure 10-10: Force-displacement and damage distribution of a) the model with decreased brick 
elastic modulus, and b) the control model with 5% stagger distance. Snapshots are taken at the 

positive peak of the 10th loading cycle (1% drift). 

10.4.3 Brick-Mortar Joint Parameters 

The influence of the brick-mortar joint on overall system behavior is assessed. 

Given that parameters of the MAC_CZM interface element overestimated the actual 

properties, two of the parameters were selected to be reduced independently through 

creation of two models. The transverse joint stiffness parameter, Ct was decreased 

20% from 1.94 x 1011 N/m3 to 1.55 x 1011 N/m3, and the fracture energy parameter 

(Dupré’s), w was reduced by roughly half from 18.45 J/m2 to 9.0 J/m2. All other joint 

and material parameters were held constant. 
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A decrease of the transverse joint stiffness parameter, Ct is expected to 

decrease the stiffness of the masonry panel. However, given that the fracture energy 

parameter is held constant, the resultant displacement at fracture is delayed. 

Subsequently, one would expect an overall more ductile response by decreasing this 

value. Decreasing the fracture energy, w but maintaining the joint stiffness will result 

in a similar stiffness response, but fracture will occur sooner. 

The force-displacement response and damage patterns for each model are 

shown in Figure 10-11. The initial stiffness remains unchanged for both models in 

both loading directions. Not surprisingly, the cracking strength is reduced in the model 

with decreased fracture energy, given that it takes less displacement demand to reach 

the peak fracture strength.  

Both models experienced a rapid decline of strength and stiffness after 

cracking. For the model with decreased fracture energy, a significant diagonal and 

sliding crack developed in the wall at the peak of the 4th loading cycle (cracking). 

Thereafter, the wall responded with consistent strength and stiffness. As displacement 

demands increased, the masonry panel responded about a primary sliding failure, yet 

multiple diagonal cracks propagated from this above and below. The result was a 

distributed cracking pattern. Separation at the panel-column interface also appeared 

reduced from the control model.  
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a)   

b)  

c)  

Figure 10-11: Force-displacement and damage distribution of a) model with decreased fracture 
energy of the brick-mortar joints, b) model with decreased transverse stiffness of the brick-

mortar joints, and c) the control model with 5% stagger distance. Snapshots are taken at the 
positive peak of the 10th loading cycle (1% drift), and are scaled by 5x. 

Roughly similar behavior occurred in model with decreased joint stiffness. A 

significant sliding failure occurred at the positive peak of the 6th loading cycle. The 

response thereafter consistently retained similar strength and stiffness values. 
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Displacement demands were resolved primarily across this failure plane for several 

loading cycles thereafter. Incrementally, more and more of the masonry panel became 

engaged and cracked. By the 9th cycle, the panel experienced a large diagonal crack.  

The ultimate state for these two models was roughly equivalent at the end of 

loading, shown in Figure 10-12. Cracking of the masonry panel was not concentrated 

along any one failure plane and panel separation was reduced in both cases from the 

control model. The models performed as expected with respect to each other. In the 

model with decreased fracture energy the cracking pattern was less concentrated, 

while the model with decreased joint stiffness experienced a primary diagonal crack. 

Given the more ductile nature of the former, you would expect more cracking to 

occur.  

a) b)  

Figure 10-12: Final damage state at the negative peak of the 11th loading cycle (-0.96% drfit) of a) 
model with decreased fracture energy, and b) model with decreased joint stiffness. These 

snapshots display relative x-displacements scaled by 5x. 

10.5 CONCLUSIONS 

The seismic behavior of confined masonry results from the complex 

interaction of two structural components: the masonry panel and reinforced concrete 

frame. While the confined masonry community is in agreement that these systems 
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have an improved seismic performance over unreinforced masonry and masonry 

infilled frames, there is less agreement about exactly how this improvement is 

achieved.  

Most CM researchers agree that the relative stiffness between the masonry 

panel and RC columns influences seismic behavior. Opinion varies, however, on 

whether the staggering of masonry bricks into the column cavity affects the relative 

stiffness. To date, no analytical or experimental study has been performed examining 

this important characteristic of CM, let alone a systematic parametric study exploring 

a range of material and geometric aspects. 

Based on the author’s post-earthquake observations, the presence of stagger 

distance appeared to positively influence seismic performance. Using a detailed micro 

modeling approach, a discrete element numerical model was developed to explore this 

characteristic. The model was validated against an experimentally tested confined 

masonry shearwall, as presented in Chapter 9. By utilizing the micro modeling 

method, this numerical model was altered to explore the influence of brick stagger 

distance as well as a number of material and geometric properties of CM on seismic 

behavior.  

It was an important feature of this investigation to use a cyclic loading 

protocol. This testing method allows for the examination and consideration of 

hysteretic response, failure mode development, and cumulative damage. A pushover 

loading protocol was also applied to corroborate findings.  
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Results from the stagger distance investigation revealed that cracking strength 

increased with increased stagger distance, but that the overall strength and stiffness 

response of the systems were not significantly different from the “control” model 

created of Wall M2. However, the failure mode and damage distribution patterns were 

directly influenced by stagger distance. Indirectly, the failure mode and damage 

pattern affected the amount of hysteretic energy dissipated. In the context of a 

performance-based design approach, increased dissipated energy is not necessarily 

equated with increased performance level. Given the brittle nature of masonry 

structures, one desires to see a maximizing of displacement capacity of these structure 

types, not dissipated energy which is correlated with masonry cracking. Out-of-plane 

seismic excitations topple walls, which aside from collapse is frequently fatal.  

Nonetheless, results from the stagger distance investigation suggest that there 

may be an “optimum” for CM systems, a point at which behavior of the RC columns 

and masonry panel are complimentary. In this manner, the columns would act as 

confining elements to the masonry panel, ultimately increasing the panel’s 

displacement capacity. However, it appears that the specific material and joint 

properties which influence stiffness for both structural systems must be accounted for 

in attempting to identify an optimum. In other words, what is optimum for one system 

is not necessarily optimal for another.  

Beyond examination of the brick stagger distance, other material and 

geometric properties were examined for their influence on seismic behavior with 
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somewhat expected results. In general, those properties that diminish the stiffness 

disparity between the columns and masonry panel improve overall response.  

Again, the results found here are particular to this numerical investigation. At 

this time, and given the lack of existing parametric studies on CM, these conclusions 

are only suggestive. Additional experimentally based parametric studies should be 

undertaken to create a more complete picture of this problem. 
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APPENDIX A SELECTION OF HAZUS PARAMETERS FOR THE 

WHE-PAGER PROJECT 

A.1  ORIENTATION 

The information herein was originally gathered for submission to the WHE-

PAGER project. As such, the scope was applicable to generalized confined masonry 

performance and was clearly defined. The research selected was chosen with the idea 

of extracting HAZUS parameters in mind. In the process of contributing to the WHE-

PAGER project the author was compelled to take a different research path than 

originally intended. While efforts could have continued pursuing and extracting 

parameters for the HAZUS framework, the fact remained that research was lacking on 

the large deformation behavior of confined masonry. At most, experimental 

investigations terminated at 85% post-peak strength. Trying to determine “collapse” 

from this was little more than extrapolation. All the while, relatively very little 

documentation existed on the collapse mechanisms of this system, and what did exist 

was descriptive in nature and offered no quantification. 

The fact remained that the research had not been conducted to quantify the 

large deformation behavior of confined masonry. And those numerical efforts that had 

been undertaken generally assumed a failure mode and characterized in-plane 

performance only. The research gap grew larger.  

 The focus of this literature review at the time was to characterize typical CM 

building performance. Emphasis was placed on common construction practices, not 
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necessarily code-designed or engineered structures. CM construction is widespread 

globally, but is particularly prevalent in Mexico, Central and South America. For this 

reason, the majority of investigations considered are from these locations. 

A.2  HAZUS PARAMETER SELECTION FOR CONVERSION FROM BASE 

SHEAR TO SPECTRAL SPACE 

Confined masonry structures are very similar in construction and performance 

as the HAZUS-defined structure type C3 (NIBS and FEMA 2003), defined as: 

This is a “composite” structural system where the initial lateral resistance is 

provided by the infill walls. Upon cracking of the infills, further lateral resistance is 

provided by the concrete frame “braced” by the infill acting as diagonal compression 

struts. Collapse of the structure results when the infill walls disintegrate (due to 

compression failure of the masonry “struts”) and the frame loses stability, or when the 

concrete columns suffer shear failures due to reduced effective height and the high 

shear forces imposed on them by the masonry compression struts. 

For comparison, HAZUS parameters are shown for both C3 and URM 

structures. 

Table A-1: Values selected for low/pre-code (identical); Values taken from HAZUS-MH MR-3, 
Tables 5.5 and 5.6 (NIBS and FEMA 2003). 

Description 
HAZUS 

Label 
Stories 

Period 
Te (sec) 

Modal 
Weight α1 

Modal 
Height α2 

Ductility 
µ* 

C3L 1-3 0.35 0.75 0.75 5.0 Concrete Frame 
w/URM Infill C3M 4-7 0.56 0.75 0.75 3.3 

URML 1-2 0.35 0.50 0.75 5.0 
URM Bearing Walls 

URMM 3+ 0.50 0.75 0.75 3.3 
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In HAZUS, the effective mass and height factors, 1 and 2 are both taken to 

be 0.75 for both C3 and URM structures, as shown in the table above. However, these 

modal factors presented in Table AppIB-7 of the SEAOC Blue Book and discussed in 

Robert Englekirk’s text appear more refined and accurate for the structures we are 

considering (i.e., 1, 2, and 3+ stories) (SEAOC 1999; Englekirk 2003). Thus, our 

calculations reflect selection of the Blue Book parameters for a displacement shape 

similar to Shape 1 (see Table AppIB-7, SEAOC Blue Book). While this deflected 

shape is intended for a moment frame system, it also reflects the failure mechanism we 

are considering: damage concentration at the first level (i.e., soft story). Based on 

available experimental results – which assume, test for, and report damage to the first 

level – our calculations account for wall displacement at the first level only. Hence, 

the effective height is taken to be a single story. The effective mass reflects the height 

the investigators intended to replicate. In other words, if a single wall was tested and 

vertically loaded to represent a 4-story structure, then the effective mass reflects a 4-

story structure while the effective height remains at 1-story. 

To be consistent with use of the Blue Book’s parameters, we have also used 

the effective mass parameter, “k3” which corresponds to Shape 1. The modal factors 

used in this investigation are as follows: 



379 
 

 

Table A-2: Summary of effective height and mass factors. 

# Stories
Effective Height 

Factor, k1 
Effective Mass 

Factor, k3 
1 1.0 1.0 
2 0.83 0.90 
3 0.78 0.85 
4 0.75 0.85 
5 0.73 0.85 

 

For comparison, HAZUS has identified the following spectral coordinates for 

the capacity curve formation for C3 and URM structures. In general, these values 

agree with findings from this investigation (see spectral plots). Ultimate drift values 

appear larger than what we found, however, most experimental tests defined ultimate 

or collapse as 80% of peak strength. 

Table A-3: Low/Pre-Code Design (identical) as found in Tables 5.7c and d, (NIBS and FEMA 
2003). 

Yield Capacity Point Ultimate Capacity Point Building 
Type 

Dy (in) Ay (g) Du (in) Au (g) 

C3L 0.12 0.100 1.35 0.225 

C3M 0.26 0.083 1.95 0.188 

URML 0.24 0.200 2.40 0.400 

URMM 0.27 0.111 1.81 0.222 

 

Table A-4: Values used by HAZUS for URM and C3 for low- and pre-code design (Table 5.18, 
(NIBS and FEMA 2003)). 

Building Type Low-Code Design Pre-Code Design 

No. Label Description Short Moderate Long Short Moderate Long 

22 C3L 0.5 0.3 0.1 0.4 0.2 0.0 

23 C3M 0.5 0.3 0.1 0.4 0.2 0.0 

24 C3H 

Concrete Frame with 
Unreinforced Masonry 

Infill Walls 0.5 0.3 0.1 0.4 0.2 0.0 

34 URML 0.5 0.3 0.1 0.4 0.2 0.0 

35 URMM 
Unreinforced Masonry 

Bearing Walls 0.5 0.3 0.1 0.4 0.2 0.0 
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Table A-5: Summary of HAZUS methodology parameters. 

HAZUS 
Parameter 

Definition 
Notes from this 

investigation 

Dy 
displacement at yield point of capacity curve 

in displacement spectra space 

Ay 
acceleration at yield point of capacity curve in 

displacement spectra space 

“Yield” was typically 
defined and chosen as 
first diagonal cracking 

Du 
displacement at ultimate point of capacity 

curve in displacement spectra space 

Au 
acceleration at ultimate point of capacity 

curve in displacement spectra space 

“Ultimate” or 
“Collapse” was 

typically defined by 
experimenters at 80% 

peak strength 

Sdc 
Damage-State Median spectral displacement 

at collapse 
TBD 

BE Small-displacement elastic damping ratio 
Some tests indicate 4%; 

more info sought 

kshort 
Degradation factor associated with short-

duration shaking, corresponding with M ≤ 5.5 
0.4 (see HAZUS Table 

5.18 excerpt) 

kmed 
Degradation factor associated with medium-

duration shaking, corresponding with  
5.5≤M≤7.5 

0.2 

klong 
Degradation factor associated with long-

duration shaking, corresponding with  7.5≤M 
0 

L15 
Fraction of indoor occupants killed, given 

collapse 
n/a 

θ 14 
Median spectral displacement at which 

structural component enters complete damage 
state 

Approximately 1.0 in, 
but tests typically not 
brought to complete 

damage 

β 14 
Logarithmic standard deviation of spectral 

displacement at which structural component 
enters complete damage state 

Beta values available 
for yield & max 

Pc 
Fraction of buildings (by area) in complete 

damage state that collapse 
n/a 

Natural 
Period 

T= 2*pi*(disp/acc*g)^1/2; Through 
experimental or period obtained through 

dynamic modeling 

Chilean structures 
measured in field: 
median elastic T = 

0.098s & 0.157s for 3 & 
4 story 

Ductility 
Factor 

µ = Ratio between max displacement and 
yield displacement 

µ = 3-6 from 
experimental wall tests 
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Table A-5: Summary of HAZUS methodology parameters (continued). 

HAZUS 
Parameter 

Definition 
Notes from this 

investigation 

Strength 
Reduction 

Factor 

R = (mu-1)*(T/Tc)+1, if T < Tc 
R = mu if T >= Tc 

Tc - Chara. Period of ground motion e.g., 0.6-
0.7 s 

Published values 
reported by country; Tc 
not considered at this 

time 

Failure Mode 

Describe it: For example, out-of-plane failure, 
Pancake, Failure in Torsional mode or any 
other mechanism (also refer fig 1-4 in data 

spreadsheet) 

In-plane wall tests 
forced shear failure of 

wall panels and RC 
columns; pancake 

mechanism. 
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APPENDIX B CONFINED MASONRY RESEARCH NEEDS 

 

Contributions to the body of knowledge of confined masonry systems are 

needed to characterize the structural response and load-sharing mechanism under in-

plane as well as out-of-plane seismic loads. This knowledge base requires both 

experimental as well analytical studies. While robust research efforts have been 

undertaken to address the many aspects of confined masonry behavior, especially in 

Latin America, much remains unknown. A globally collaborative effort can help 

accomplish unknowns in a more concerted and productive manner. As such, an 

international coalition of researchers brought together by EERI’s Confined Masonry 

Network has identified research areas which need further investigation. The 

International Strategy Meeting on Global Dissemination of Confined Masonry 

Construction Technique was held in January 2008 at the Indian Institute of 

Technology Kanpur (IITK). A summary of their findings prepared by Dr. Durgesh C. 

Rai (Professor, IITK) is as follows (Rai 2009): 

I) Analysis Aspects of Confined Masonry 

◊ Modeling issues 

♦ Idealization of CM system (modeling) for the analysis procedure for both 

in-plane and out-of-plane response (e.g., system of strut and tie, wide 

beam-column model for coupling beams, macro-modeling as assemblages 

of rigid blocks, FEM, etc.) 

♦ Simplified analysis procedure 
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• Qualifying criteria, such as limitations on building size, layout of 

openings in walls, expected seismic loading, etc. 

• Leads to prescriptive design and detailing of CM components 

◊ Capacity and fragility curves 

• Structural behaviour of CM in terms of ‘generic’ load-deformation 

response (pushover curve) and failure pattern/mechanisms 

• Fragility curves for comparison with other structural systems and for 

loss estimation studies 

 

II) Structural Design Aspects for Confined Masonry 

◊ Response reduction (or behavior) factor  

♦ Rational estimate based on key CM parameters which control its seismic 

performance (e.g., wall density, building characteristics, seismic zone, site 

soils, etc) 

◊ Primary structural requirement in terms of strength/stiffness for various 

components/elements of CM 

♦ Out-of-plane resistance and height/thickness ratio (Current limits appear to 

be conservative. Is it true even if the wall is damaged due to in-plane 

action?) 

♦ Minimum size of tie-columns (usually controlled by wall thickness) 

♦ Frame vs. wall lateral stiffness (Is it a controlling factor? Does it 

distinguish CM from infilled frames?Should there be a limit on lateral 

stiffness of confining elements?)    

♦ Openings – restrictions on size and spacing/location of openings, tie-

columns around openings (Should they be different from main tie-columns 

at wall ends?) 

♦ Reinforcement issues: number and size of vertical reinforcement, tie size 

and spacing, uniform/nonuniform tie spacing along column length, 

transverse stirrups at tighter spacing near tie-column ends  
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♦ Horizontal reinforcement versus sill and lintel bands, concentrated versus 

distributed horizontal steel, its effectiveness against bed-joint sliding  

♦ Soft story mechanism in multi-storied CM buildings (When does it happen 

and how can it be checked?) 

 

III) Construction Aspects of Confined Masonry 

◊ Masonry bond (e.g., Flemish versus English, what if bricks are not modular in 

size) 

◊ Interface connection (e.g., need for such connection, such as toothing, joint 

rebar anchorage as its alternative to prevent separation from tie-columns )  

◊ Diaphragm issues (flexible versus rigid, tall gable walls versus hipped roofs) 

◊ Use of mesh (embedded in plaster) as damage control strategy (i.e., 

enumeration of possible benefits and design guidelines, etc.) 

 

IV) Material Aspects of Confined Masonry 

◊ Bond related issues (e.g., use of lime in mortar, water transport between mortar 

& units, mortars filling voids in perforated units, etc.) 

◊ Strength of units (e.g., compressive and tensile strength of units, especially 

hollow concrete blocks, perforated clay units, etc., Should there be minimum 

strength for units, mortar, masonry, concrete and rebar? Should strength of 

confining elements be related to that of masonry? ) 

◊ Easy and reliable field testing (What tests are must for quality control? How 

can they be determined at the site?) 
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APPENDIX C INPUT SCRIPTS FOR LMGC90 

 

The following pages contain sample input files for the analysis of 2D masonry 

structures using the software program LMGC90. The modular structure of LMGC90 is 

controlled by a central command script, command.py. This file calls and executes the 

time stepping and contact solver algorithms in accordance with input parameters stated 

by the user. The command script also reads input files and writes output files, which 

are provided and edited by the user as well. 

Table C-6: Summary of key integration parameters used in LMGC90. 

Parameter Description Value 

dt Time step 0.003 sec 

theta NSCD time stepping θ-method: designation of implicit 
vs explicit solution 

1.0 (joint models) 
0.51 (URM & CM models) 

relax 
Relaxation: weighted solution for faster convergence of 

time stepping 
1.0 

gs_it1 Number of NLGS iterations req’d for tolerance check 1700 

gs_it2 Max number of NLGS gs_it1 iteration loops 30 

tol Tolerance: criteria for convergence check 
0.1666e-3  
(default) 

freq_detect 
Contact Detection: solver is executed ever freq_detect 

steps 
1 

 

Description of input file types include the following: 

The command.py script executes the time integration and contact detection 

algorithms. Integration parameters are user-defined in this script (e.g., time step, 

number of iteration loops). 



386 
 

 

BODIES.DAT defines the geometric shape and location of each body element 

in a model, as well as assigns material properties to each. 

BULK_BEHAV.DAT defines the available materials in a model (e.g., rigid or 

deformable) and associated material properties (e.g., density, elastic modulus). 

TACT_BEHAV.DAT defines the available interaction laws and assigns them to 

each element combination. 

DRV_DOF. DAT assigns fixities or velocity/force time histories to individual 

elements (e.g., fixed rotation). Velocity or force time histories are separate files named 

within DRV_DOF.DAT.  

POSTPRO.DAT defines the elements and data to be saved for later post-

processing by the user.  
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C.1  MASONRY JOINT TENSION MODEL 

C.1.1  Command.py Script 

 

from chipy import * 

 

checkDirectories() 

 

### lecture du modele ### 

 

utilities_DisableLogMes() 

 

### definition des parametres du calcul ###  

 

dt = 3.e-3 

theta = 1.0 

 

freq_detect = 1 

tol = 0.1666e-3 

relax = 1.0 

type = 'Stored_Delassus_Loops         ' 

norm = 'Quad ' 

gs_it1 = 1701 

gs_it2 = 31 

freq_display = 400 

 

utilities_logMes('INIT TIME STEPPING') 

TimeEvolution_SetTimeStep(dt) 

Integrator_InitTheta(theta) 

 

### model reading ### 

utilities_logMes('READ BODIES') 

RBDY2_ReadBodies() 

 

utilities_logMes('READ BEHAVIOURS') 

bulk_behav_ReadBehaviours() 

tact_behav_ReadBehaviours() 

 

#LOADS 

POLYG_LoadTactors() 

JONCx_LoadTactors() 

RBDY2_LoadBehaviours() 

 

utilities_logMes('READ INI DOF') 

TimeEvolution_ReadIniDof() 

RBDY2_ReadIniDof() 

 

utilities_logMes('READ INI Vloc Rloc') 

TimeEvolution_ReadIniVlocRloc() 

PLPLx_ReadIniVlocRloc() 

PLJCx_ReadIniVlocRloc() 

 

utilities_logMes('READ DRIVEN DOF') 

RBDY2_ReadDrivenDof() 

 

### ecriture paranoiaque du modele ### 

utilities_logMes('WRITE BODIES') 

overall_WriteBodies() 

RBDY2_WriteBodies() 

 

utilities_logMes('WRITE BEHAVIOURS') 

bulk_behav_WriteBehaviours() 

tact_behav_WriteBehaviours() 
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utilities_logMes('WRITE DRIVEN DOF') 

overall_WriteDrivenDof() 

RBDY2_WriteDrivenDof() 

 

### post2D ## 

post2D_SetReferenceRadius(1.e-2) 

post2D_SetDisplayedField('CONTACT POINT') 

post2D_SetDisplayedField('TACTOR') 

post2D_Init() 

 

### postpro ### 

postpro_PostproBeforeComputation() 

 

utilities_logMes('COMPUTE MASS') 

RBDY2_ComputeMass() 

 

SetDimension(2) 

OpenDisplayFiles() 

 

for k in xrange(1,8001,1): 

   # 

   utilities_logMes('itere : '+str(k)) 

   # 

   utilities_logMes('INCREMENT STEP') 

   TimeEvolution_IncrementStep() 

   RBDY2_IncrementStep() 

 

   utilities_logMes('DISPLAY TIMES') 

   TimeEvolution_DisplayStep() 

 

   utilities_logMes('COMPUTE Fext') 

   RBDY2_ComputeFext() 

 

   utilities_logMes('COMPUTE Fint') 

   RBDY2_ComputeBulk() 

    

   utilities_logMes('COMPUTE Free Vlocy') 

   RBDY2_ComputeFreeVelocity() 

   # 

   utilities_logMes('SELECT PROX TACTORS') 

   overall_SelectProxTactors(freq_detect) 

   PLPLx_SelectProxTactors() 

   PLJCx_SelectProxTactors() 

   # 

   PLPLx_RecupRloc() 

   PLJCx_RecupRloc() 

   nlgs_ExSolver(type, norm, tol, relax, gs_it1, gs_it2) 

 

   nlgs_UpdateTactBehav() 

 

   PLPLx_StockRloc() 

   PLJCx_StockRloc() 

   # 

   utilities_logMes('COMPUTE DOF') 

   RBDY2_ComputeDof() 

   # 

   utilities_logMes('UPDATE DOF') 

   TimeEvolution_UpdateStep() 

   RBDY2_UpdateDof() 

   # 

   #utilities_logMes('WRITE LAST DOF') 

   #TimeEvolution_WriteLastDof() 

   #RBDY2_WriteLastDof() 

   # 

   utilities_logMes('WRITE out DOF') 

   TimeEvolution_WriteOutDof(1) 
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   RBDY2_WriteOutDof() 

   # 

   #utilities_logMes('WRITE LAST Vloc Rloc') 

   #TimeEvolution_WriteLastVlocRloc() 

   #PLPLx_WriteLastVlocRloc() 

   #PLJCx_WriteLastVlocRloc() 

   # 

   utilities_logMes('WRITE out Vloc Rloc') 

   TimeEvolution_WriteOutVlocRloc(1) 

   PLPLx_WriteOutVlocRloc() 

   PLJCx_WriteOutVlocRloc() 

   # 

   ### post2D ### 

   #overall_WriteOutDisplayFile(freq_display) 

   #post2D_WriteOutDisplayFile(0) 

    

   ### postpro ### 

   postpro_PostproDuringComputation() 

    

   ### wrtieout handling ### 

   overall_CleanWriteOutFlags() 

   

   if k%freq_display == 0: 

      WriteDisplayFiles() 

 

### postpro ### 

postpro_ClosePostproFiles() 

 

CloseDisplayFiles() 

 

C.1.2  BODIES.DAT Script  

$bdyty                                                                   

 RBDY2      1 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 0.0000000E-02  gyrd= 0.0000000E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 1.0890000E-01  coo2= 3.0470000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BLEUx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

 

$$$$$$ 

$bdyty                                                                   

 RBDY2      2 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 0.0000000E-02  gyrd= 0.0000000E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 1.0890000E-01  coo2= 9.1410000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BLEUx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

 

$$$$$$ 
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C.1.3  BULK_BEHAV.DAT Script  

$gravy   

                   grv1= 0.0000000e+00  grv2=-9.8100000e+00  grv3=  0.0000000e+00 

$behav  lawty 

 brick  RIGID                           Umas= 1.9940000e+03 

 

C.1.4  TACT_BEHAV.DAT Script  

 

$behav  

 mac01  IQS_MAC_CZM                     dyfr= 7.5000000e-01 stfr= 0.7500000e-00 

                                        cn  = 0.2950000e+12 ct  = 1.4200000e+11 

                                        v   = 0.0000000D+00 w   = 0.3000000e+00 

  

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 RBDY2  POLYG  BLEUx  mac01  RBDY2  POLYG  BLEUx       5.0000000e-03       

 

C.1.5  DRV_DOF.DAT Script 

! DOF 

$bdyty 

 RBDY2     1 

$nodty 

 NO3xx      1 

$dofty  numbr 

[CT......+......AMP..*..cos.(..OMEGA.*.time.+.PHI..)]...*...[RAMPI.....+.....RAMP.*.ti

me] 

 vlocy      1  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

 vlocy      2  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

 vlocy      3  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

$$$$$$ 

 

$bdyty 

 RBDY2     2 

$nodty 

 NO3xx      1 

$dofty  numbr 

[CT......+......AMP..*..cos.(..OMEGA.*.time.+.PHI..)]...*...[RAMPI.....+.....RAMP.*.ti

me] 

 vlocy      1  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

 vlocy      2 evolution v_imposeY.DAT 

 vlocy      3  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

$$$$$$ 
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C.1.6  v_imposeY.DAT Script  

    0.000000000000000         0.0000000000000000 

    10.00000000000000         0.0000000000000000 

    10.50000000000000         0.000002800000000 

    12.00000000000000         0.000002800000000 

    60.00000000000000         0.000002800000000 

 

C.1.7  POSTPRO.DAT Script  

#23456789012345678901234567890: 

DISSIPATED ENERGY             : 

STEP 1                        : 

KINETIC ENERGY 

STEP 1 

DRY CONTACT NATURE 

STEP 1 

TORQUE EVOLUTION 

STEP 1 

2 

1 

2 

BODY TRACKING 

STEP 1 

2 

1 

2 

END                           : 
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C.2  MASONRY JOINT SHEAR MODEL 

C.2.1  Command.py Script 

 

from chipy import * 

 

checkDirectories() 

 

### lecture du modele ### 

 

utilities_DisableLogMes() 

 

### definition des parametres du calcul ###  

 

dt = 3.e-3 

theta = 1.0 

 

freq_detect = 1 

tol = 0.1666e-3 

relax = 1.0 

type = 'Stored_Delassus_Loops         ' 

norm = 'Quad ' 

gs_it1 = 1701 

gs_it2 = 31 

freq_display = 400 

 

utilities_logMes('INIT TIME STEPPING') 

TimeEvolution_SetTimeStep(dt) 

Integrator_InitTheta(theta) 

 

### model reading ### 

utilities_logMes('READ BODIES') 

RBDY2_ReadBodies() 

 

utilities_logMes('READ BEHAVIOURS') 

bulk_behav_ReadBehaviours() 

tact_behav_ReadBehaviours() 

 

#LOADS 

POLYG_LoadTactors() 

JONCx_LoadTactors() 

RBDY2_LoadBehaviours() 

 

utilities_logMes('READ INI DOF') 

TimeEvolution_ReadIniDof() 

RBDY2_ReadIniDof() 

 

utilities_logMes('READ INI Vloc Rloc') 

TimeEvolution_ReadIniVlocRloc() 

PLPLx_ReadIniVlocRloc() 

PLJCx_ReadIniVlocRloc() 

 

utilities_logMes('READ DRIVEN DOF') 

RBDY2_ReadDrivenDof() 

 

### ecriture paranoiaque du modele ### 

utilities_logMes('WRITE BODIES') 

overall_WriteBodies() 

RBDY2_WriteBodies() 

 

utilities_logMes('WRITE BEHAVIOURS') 

bulk_behav_WriteBehaviours() 

tact_behav_WriteBehaviours() 
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utilities_logMes('WRITE DRIVEN DOF') 

overall_WriteDrivenDof() 

RBDY2_WriteDrivenDof() 

 

### post2D ## 

post2D_SetReferenceRadius(1.e-2) 

post2D_SetDisplayedField('CONTACT POINT') 

post2D_SetDisplayedField('TACTOR') 

post2D_Init() 

 

### postpro ### 

postpro_PostproBeforeComputation() 

 

utilities_logMes('COMPUTE MASS') 

RBDY2_ComputeMass() 

 

SetDimension(2) 

OpenDisplayFiles() 

 

for k in xrange(1,25001,1): 

   # 

   utilities_logMes('itere : '+str(k)) 

   # 

   utilities_logMes('INCREMENT STEP') 

   TimeEvolution_IncrementStep() 

   RBDY2_IncrementStep() 

 

   utilities_logMes('DISPLAY TIMES') 

   TimeEvolution_DisplayStep() 

 

   utilities_logMes('COMPUTE Fext') 

   RBDY2_ComputeFext() 

 

   utilities_logMes('COMPUTE Fint') 

   RBDY2_ComputeBulk() 

    

   utilities_logMes('COMPUTE Free Vlocy') 

   RBDY2_ComputeFreeVelocity() 

   # 

   utilities_logMes('SELECT PROX TACTORS') 

   overall_SelectProxTactors(freq_detect) 

   PLPLx_SelectProxTactors() 

   PLJCx_SelectProxTactors() 

   # 

   PLPLx_RecupRloc() 

   PLJCx_RecupRloc() 

   nlgs_ExSolver(type, norm, tol, relax, gs_it1, gs_it2) 

 

   nlgs_UpdateTactBehav() 

 

   PLPLx_StockRloc() 

   PLJCx_StockRloc() 

   # 

   utilities_logMes('COMPUTE DOF') 

   RBDY2_ComputeDof() 

   # 

   utilities_logMes('UPDATE DOF') 

   TimeEvolution_UpdateStep() 

   RBDY2_UpdateDof() 

   # 

   #utilities_logMes('WRITE LAST DOF') 

   #TimeEvolution_WriteLastDof() 

   #RBDY2_WriteLastDof() 

   # 

   utilities_logMes('WRITE out DOF') 

   TimeEvolution_WriteOutDof(1) 
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   RBDY2_WriteOutDof() 

   # 

   #utilities_logMes('WRITE LAST Vloc Rloc') 

   #TimeEvolution_WriteLastVlocRloc() 

   #PLPLx_WriteLastVlocRloc() 

   #PLJCx_WriteLastVlocRloc() 

   # 

   utilities_logMes('WRITE out Vloc Rloc') 

   TimeEvolution_WriteOutVlocRloc(1) 

   PLPLx_WriteOutVlocRloc() 

   PLJCx_WriteOutVlocRloc() 

   # 

   ### post2D ### 

   #overall_WriteOutDisplayFile(freq_display) 

   #post2D_WriteOutDisplayFile(0) 

    

   ### postpro ### 

   postpro_PostproDuringComputation() 

    

   ### wrtieout handling ### 

   overall_CleanWriteOutFlags() 

   

   if k%freq_display == 0: 

      WriteDisplayFiles() 

 

### postpro ### 

postpro_ClosePostproFiles() 

 

CloseDisplayFiles() 

 

#execfile('/home/tyler/SCRIPTS/python_email.py') 

 

 

C.2.2  BODIES.DAT Script  

$bdyty                                                                   

 RBDY2      1 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 0.0000000E-02  gyrd= 0.0000000E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 1.0200000E-01  coo2= 2.8750000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BLEUx  nb_vertex=      4 

                             coo1=-1.5000000E-01  coo2=-2.8750000E-02 

                             coo1= 1.5000000E-01  coo2=-2.8750000E-02 

                             coo1= 1.5000000E-01  coo2= 2.8750000E-02 

                             coo1=-1.5000000E-01  coo2= 2.8750000E-02 

 

$$$$$$ 

$bdyty                                                                   

 RBDY2      2 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 0.0000000E-02  gyrd= 0.0000000E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 1.0200000E-01  coo2= 8.6250000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BLEUx  nb_vertex=      4 

                             coo1=-1.0200000E-01  coo2=-2.8750000E-02 

                             coo1= 1.0200000E-01  coo2=-2.8750000E-02 

                             coo1= 1.0200000E-01  coo2= 2.8750000E-02 
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                             coo1=-1.0200000E-01  coo2= 2.8750000E-02 

 

$$$$$$ 

$bdyty                                                                   

 RBDY2      3 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 0.0000000E-02  gyrd= 0.0000000E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 1.0200000E-01  coo2= 1.4375000E-01  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BLEUx  nb_vertex=      4 

                             coo1=-1.5000000E-01  coo2=-2.8750000E-02 

                             coo1= 1.5000000E-01  coo2=-2.8750000E-02 

                             coo1= 1.5000000E-01  coo2= 2.8750000E-02 

                             coo1=-1.5000000E-01  coo2= 2.8750000E-02 

 

$$$$$$     

 

 

C.2.3  BULK_BEHAV.DAT Script  

$gravy   

                   grv1= 0.0000000e+00  grv2=-9.8100000e+00  grv3=  0.0000000e+00 

$behav  lawty 

 brick  RIGID                           Umas= 1.9940000e+03 

 

C.2.4  TACT_BEHAV.DAT Script  

$behav  

 mac01  IQS_MAC_CZM                     dyfr= 7.4000000e-01 stfr= 0.7400000e-00 

                                        cn  = 0.2950000e+12 ct  = 1.4210000e+11 

                                        v   = 0.0000000D+00 w   = 25.137000e+00 

  

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 RBDY2  POLYG  BLEUx  mac01  RBDY2  POLYG  BLEUx       5.0000000e-03 

 

C.2.5  DRV_DOF.DAT Script 

! DOF 

$bdyty 

 RBDY2     1 

$nodty 

 NO3xx      1 

$dofty  numbr 

[CT......+......AMP..*..cos.(..OMEGA.*.time.+.PHI..)]...*...[RAMPI.....+.....RAMP.*.ti

me] 

 vlocy      1  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

 vlocy      2  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

 vlocy      3  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

$$$$$$ 
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$bdyty 

 RBDY2     2 

$nodty 

 NO3xx      1 

$dofty  numbr 

[CT......+......AMP..*..cos.(..OMEGA.*.time.+.PHI..)]...*...[RAMPI.....+.....RAMP.*.ti

me] 

 vlocy      1 evolution v_imposeX.DAT 

$$$$$$ 

 

$bdyty 

 RBDY2     3 

$nodty 

 NO3xx      1 

$dofty  numbr 

[CT......+......AMP..*..cos.(..OMEGA.*.time.+.PHI..)]...*...[RAMPI.....+.....RAMP.*.ti

me] 

 vlocy      1  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

 force      2 evolution f_imposeY.DAT 

 vlocy      3  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

$$$$$$ 

 

C.2.6  v_imposeX.DAT Script  

    0.000000000000000         0.0000000000000000 

    5.000000000000000         0.0000028000000000 

    60.00000000000000         0.000002800000000 

 

C.2.7  f_imposeY.DAT Script  

    0.000000000000000         0.0000000000000000 

    5.000000000000000        -204000.0000000000000 

    70.00000000000000        -204000.0000000000000 

 

C.2.8  POSTPRO.DAT Script  

#23456789012345678901234567890: 

DISSIPATED ENERGY             : 

STEP 1                        : 

KINETIC ENERGY 

STEP 1 

DRY CONTACT NATURE 

STEP 1 

TORQUE EVOLUTION 

STEP 1 

3 

1 

2 

3 

BODY TRACKING 

STEP 1 

3 

1 
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2 

3 

END                           : 

 

C.3  UNREINFORCED MASONRY SHEARWALL MODEL 

C.3.1  Command.py Script 

 

from chipy import * 

 

checkDirectories() 

 

### lecture du modele ### 

 

utilities_DisableLogMes() 

 

### definition des parametres du calcul ###  

 

dt = 3.e-3 

theta = 0.51 

 

freq_detect = 1 

tol = 0.1666e-3 

relax = 1.0 

type = 'Stored_Delassus_Loops         ' 

norm = 'Quad ' 

gs_it1 = 1701 

gs_it2 = 31 

freq_display = 1500 

 

utilities_logMes('INIT TIME STEPPING') 

TimeEvolution_SetTimeStep(dt) 

Integrator_InitTheta(theta) 

 

### model reading ### 

utilities_logMes('READ BODIES') 

RBDY2_ReadBodies() 

 

utilities_logMes('READ BEHAVIOURS') 

bulk_behav_ReadBehaviours() 

tact_behav_ReadBehaviours() 

 

#LOADS 

POLYG_LoadTactors() 

JONCx_LoadTactors() 

RBDY2_LoadBehaviours() 

 

utilities_logMes('READ INI DOF') 

TimeEvolution_ReadIniDof() 

RBDY2_ReadIniDof() 

 

utilities_logMes('READ INI Vloc Rloc') 

TimeEvolution_ReadIniVlocRloc() 

PLPLx_ReadIniVlocRloc() 

PLJCx_ReadIniVlocRloc() 

 

utilities_logMes('READ DRIVEN DOF') 

RBDY2_ReadDrivenDof() 

 

### ecriture paranoiaque du modele ### 

utilities_logMes('WRITE BODIES') 

overall_WriteBodies() 

RBDY2_WriteBodies() 
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utilities_logMes('WRITE BEHAVIOURS') 

bulk_behav_WriteBehaviours() 

tact_behav_WriteBehaviours() 

 

utilities_logMes('WRITE DRIVEN DOF') 

overall_WriteDrivenDof() 

RBDY2_WriteDrivenDof() 

 

### post2D ## 

post2D_SetReferenceRadius(1.e-2) 

post2D_SetDisplayedField('CONTACT POINT') 

post2D_SetDisplayedField('TACTOR') 

post2D_Init() 

 

### postpro ### 

postpro_PostproBeforeComputation() 

 

utilities_logMes('COMPUTE MASS') 

RBDY2_ComputeMass() 

 

SetDimensionForDummies(2) 

OpenDisplayFiles() 

 

for k in xrange(1,3014001,1): 

   # 

   utilities_logMes('itere : '+str(k)) 

   # 

   utilities_logMes('INCREMENT STEP') 

   TimeEvolution_IncrementStep() 

   RBDY2_IncrementStep() 

 

   utilities_logMes('DISPLAY TIMES') 

   TimeEvolution_DisplayStep() 

 

   utilities_logMes('COMPUTE Fext') 

   RBDY2_ComputeFext() 

 

   utilities_logMes('COMPUTE Fint') 

   RBDY2_ComputeBulk() 

    

   utilities_logMes('COMPUTE Free Vlocy') 

   RBDY2_ComputeFreeVelocity() 

   # 

   utilities_logMes('SELECT PROX TACTORS') 

   overall_SelectProxTactors(freq_detect) 

   PLPLx_SelectProxTactors() 

   PLJCx_SelectProxTactors() 

   # 

   PLPLx_RecupRloc() 

   PLJCx_RecupRloc() 

   nlgs_ExSolver(type, norm, tol, relax, gs_it1, gs_it2) 

 

   nlgs_UpdateTactBehav() 

 

   PLPLx_StockRloc() 

   PLJCx_StockRloc() 

   # 

   utilities_logMes('COMPUTE DOF') 

   RBDY2_ComputeDof() 

   # 

   utilities_logMes('UPDATE DOF') 

   TimeEvolution_UpdateStep() 

   RBDY2_UpdateDof() 

   # 

   #utilities_logMes('WRITE LAST DOF') 

   #TimeEvolution_WriteLastDof() 
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   #RBDY2_WriteLastDof() 

   # 

   utilities_logMes('WRITE out DOF') 

   TimeEvolution_WriteOutDof(1500) 

   RBDY2_WriteOutDof() 

   # 

   #utilities_logMes('WRITE LAST Vloc Rloc') 

   #TimeEvolution_WriteLastVlocRloc() 

   #PLPLx_WriteLastVlocRloc() 

   #PLJCx_WriteLastVlocRloc() 

   # 

   utilities_logMes('WRITE out Vloc Rloc') 

   TimeEvolution_WriteOutVlocRloc(1500) 

   PLPLx_WriteOutVlocRloc() 

   PLJCx_WriteOutVlocRloc() 

   # 

   ### post2D ### 

   #overall_WriteOutDisplayFile(freq_display) 

   #post2D_WriteOutDisplayFile(0) 

    

   ### postpro ### 

   postpro_PostproDuringComputation() 

    

   ### wrtieout handling ### 

   overall_CleanWriteOutFlags() 

   

   if k%freq_display == 0: 

      WriteDisplayFiles() 

 

### postpro ### 

postpro_ClosePostproFiles() 

 

CloseDisplayFiles() 

 

execfile('/home/anna/SCRIPTS/python_email.py') 

 

C.3.2  BODIES.DAT Script  

$bdyty                                                                   

 RBDY2      1 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 1.0890000E-01  coo2= 3.0470000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BONDx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2      2 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 3.2670000E-01  coo2= 3.0470000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BONDx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 
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                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2      3 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 5.4450000E-01  coo2= 3.0470000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BONDx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2      4 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 7.6230000E-01  coo2= 3.0470000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BONDx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2      5 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 9.8010000E-01  coo2= 3.0470000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BONDx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2      6 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 4.5961080E-02  gyrd= 3.6024174E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 1.0890000E-01  coo2= 9.1410000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  REDxx  nb_vertex=      4 

                             coo1=-5.4450000E-02  coo2=-3.0470000E-02 

                             coo1= 5.4450000E-02  coo2=-3.0470000E-02 

                             coo1= 5.4450000E-02  coo2= 3.0470000E-02 

                             coo1=-5.4450000E-02  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2      7 

$blmty                                                                   
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 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 2.7225000E-01  coo2= 9.1410000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  REDxx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2      8 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 4.9005000E-01  coo2= 9.1410000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  REDxx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2      9 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 7.0785000E-01  coo2= 9.1410000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  REDxx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     10 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 9.2565000E-01  coo2= 9.1410000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  REDxx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 

... 

 

$$$$$$ 

$bdyty                                                                   

 RBDY2     77 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 
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$nodty                                                                   

 NO3xx      1                coo1= 9.2565000E-01  coo2= 9.4457000E-01  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  REDxx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     78 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 1.6335000E-01  coo2= 1.0055100E+00  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BLEUx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     79 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 3.8115000E-01  coo2= 1.0055100E+00  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BLEUx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     80 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 5.9895000E-01  coo2= 1.0055100E+00  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BLEUx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     81 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 8.1675000E-01  coo2= 1.0055100E+00  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BLEUx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 
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                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     82 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 4.5961080E-02  gyrd= 3.6024174E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 9.8010000E-01  coo2= 1.0055100E+00  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BLEUx  nb_vertex=      4 

                             coo1=-5.4450000E-02  coo2=-3.0470000E-02 

                             coo1= 5.4450000E-02  coo2=-3.0470000E-02 

                             coo1= 5.4450000E-02  coo2= 3.0470000E-02 

                             coo1=-5.4450000E-02  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     83 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 1.0890000E-01  coo2= 1.0664500E+00  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BONDx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     84 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 3.2670000E-01  coo2= 1.0664500E+00  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BONDx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     85 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 5.4450000E-01  coo2= 1.0664500E+00  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BONDx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     86 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 
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$nodty                                                                   

 NO3xx      1                coo1= 7.6230000E-01  coo2= 1.0664500E+00  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BONDx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     87 

$blmty                                                                   

 PLAIN      1  behav  brick  avrd= 6.4998783E-02  gyrd= 6.5288158E-02 

 

$nodty                                                                   

 NO3xx      1                coo1= 9.8010000E-01  coo2= 1.0664500E+00  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  BONDx  nb_vertex=      4 

                             coo1=-1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2=-3.0470000E-02 

                             coo1= 1.0890000E-01  coo2= 3.0470000E-02 

                             coo1=-1.0890000E-01  coo2= 3.0470000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     88 

$blmty                                                                   

 PLAIN      1  behav  TDURx  avrd= 2.0028111E-01  gyrd= 4.7500205E-01 

 

$nodty                                                                   

 NO3xx      1                coo1= 5.4450000E-01  coo2=-4.5705000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  WALLx  nb_vertex=      4 

                             coo1=-6.5340000E-01  coo2=-4.5705000E-02 

                             coo1= 6.5340000E-01  coo2=-4.5705000E-02 

                             coo1= 6.5340000E-01  coo2= 4.5705000E-02 

                             coo1=-6.5340000E-01  coo2= 4.5705000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2     89 

$blmty                                                                   

 PLAIN      1  behav  TDURx  avrd= 2.0028111E-01  gyrd= 4.7500205E-01 

 

$nodty                                                                   

 NO3xx      1                coo1= 5.4450000E-01  coo2= 1.1426250E+00  coo3= 

0.0000000E+00   

$tacty                                                                   

 POLYG      1  color  WALLx  nb_vertex=      4 

                             coo1=-6.5340000E-01  coo2=-4.5705000E-02 

                             coo1= 6.5340000E-01  coo2=-4.5705000E-02 

                             coo1= 6.5340000E-01  coo2= 4.5705000E-02 

                             coo1=-6.5340000E-01  coo2= 4.5705000E-02 

$$$$$$ 

 

C.3.3  BULK_BEHAV.DAT Script  

$gravy   

                   grv1= 0.0000000e+00  grv2=-9.8100000e+00  grv3=  0.0000000e+00 

$behav  lawty 

 TDURx  RIGID                           Umas= 5.0000000e+02 

$behav  lawty 
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 brick  RIGID                           Umas= 1.9940000e+03 

 

C.3.4  TACT_BEHAV.DAT Script  

 

$behav  

 cpd01  COUPLED_DOF 

 

$behav  

 mac01  IQS_MAC_CZM                     dyfr= 7.5000000e-01 stfr= 0.7500000e-00 

                                        cn  = 0.2950000e+12 ct  = 0.2120000e+12 

                                        v   = 0.0000000D+00 w   = 16.700000e+00 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 RBDY2  POLYG  BLEUx  mac01  RBDY2  POLYG  BLEUx       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 RBDY2  POLYG  REDxx  mac01  RBDY2  POLYG  REDxx       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 RBDY2  POLYG  BLEUx  mac01  RBDY2  POLYG  REDxx       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 RBDY2  POLYG  BONDx  mac01  RBDY2  POLYG  REDxx       5.0000000e-03       

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 RBDY2  POLYG  BONDx  mac01  RBDY2  POLYG  BLEUx       5.0000000e-03 

  

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 RBDY2  POLYG  BONDx  cpd01  RBDY2  POLYG  WALLx       5.0000000e-03 

 

C.3.5  DRV_DOF.DAT Script 

! DOF 

$bdyty 

 RBDY2     88 

$nodty 

 NO3xx      1 

$dofty  numbr 

[CT......+......AMP..*..cos.(..OMEGA.*.time.+.PHI..)]...*...[RAMPI.....+.....RAMP.*.ti

me] 

 vlocy      1  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

 vlocy      2  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

 vlocy      3  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

$$$$$$ 

 

$bdyty 

 RBDY2     89 

$nodty 

 NO3xx      1 
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$dofty  numbr 

[CT......+......AMP..*..cos.(..OMEGA.*.time.+.PHI..)]...*...[RAMPI.....+.....RAMP.*.ti

me] 

 vlocy      1 evolution v_imposeX.DAT 

 force      2 evolution f_imposeY.DAT 

 vlocy      3  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

0.0000000e+00  0.0000000e+00 

$$$$$$ 

 

C.3.6  v_imposeX.DAT Script  

    0.000000000000000         0.0000000000000000 

    40.00000000000000         0.0000000000000000 

    41.00000000000000        -0.00000280000000000 

    2000.000000000000        -0.00000280000000000 

 

C.3.7  f_imposeY.DAT Script  

    0.000000000000000         0.0000000000000000 

    10.00000000000000         0.0000000000000000 

    20.00000000000000        -300000.00000000000 

    41.00000000000000        -254900.00000000000 

    111.7400000000000        -259400.00000000000 

    260.7440000000000        -517300.00000000000 

    512.6000000000000        -739400.00000000000 

    848.8400000000000        -836300.00000000000 

    1167.080000000000        -909300.00000000000 

    1617.800000000000        -980900.00000000000 

    1772.600000000000        -1008000.0000000000 

    2006.960000000000        -988300.00000000000 

    2510.960000000000        -1024000.0000000000 

    2744.960000000000        -1017000.0000000000 

    2917.400000000000        -1045000.0000000000 

    3240.320000000000        -1015000.0000000000 

    4004.600000000000        -1046000.0000000000 

    4609.400000000000        -1060000.0000000000 

    4872.200000000000        -970400.00000000000 

    5221.400000000000        -889900.00000000000 

    5714.600000000000        -815400.00000000000 

 

C.3.8  POSTPRO.DAT Script  

#23456789012345678901234567890: 

SOLVER INFORMATIONS 

STEP 1 

DISSIPATED ENERGY             : 

STEP 1                        : 

KINETIC ENERGY 

STEP 1 

DRY CONTACT NATURE 

STEP 1 

TORQUE EVOLUTION 

STEP 1 

2 

88 

89 
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BODY TRACKING 

STEP 1 

2 

88 

89 

END                           : 

 

C.4  CONFINED MASONRY SHEARWALL MODEL 

C.4.1  Command.py Script 

import sys 

sys.path.insert(0,'/Users/dubois/WORK/CODING/v2_cmake/build_ifort/LMGC90-ori/lib') 

 

from chipy import * 

from numpy import * 

#### 

 

checkDirectories() 

#wrap_overall.setworkingdirectory('/home/dubois/tmp_EXAMPLES/test_v2/LMGC90v2_Examples

/mecaMAILx_2D/Rocking/') 

 

Initialize() 

 

#utilities_DisableLogMes() 

timer_InitializeTimers() 

overall_Initialize() 

 

### parameters setting ### 

dt = 3.e-3 

theta = 0.51 

 

#   * detection frequency 

freq_detect = 1 

#   * visualization frequency 

freq_display = 250 

#       123456789012345678901234567890 

#   * nlgs solver parameters 

type = 'Stored_Delassus_Loop          ' 

norm = 'Quad ' 

tol = 1e-4 

relax = 1.0 

gs_it1 = 1601 

gs_it2 = 31 

nb_steps = 101700 

freq_writeout = 500 

 

SetDimension(dim=2,mod=1) 

 

utilities_logMes('INIT TIME STEPPING') 

TimeEvolution_SetTimeStep(dt) 

Integrator_InitTheta(theta) 

 

### lecture du modele ### 

utilities_logMes('READ BODIES') 

MAILx_ReadBodies() 

RBDY2_ReadBodies() 

 

utilities_logMes('READ BEHAVIOURS') 

bulk_behav_ReadBehaviours() 

tact_behav_ReadBehaviours() 
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utilities_logMes('READ MODELS') 

models_ReadModels() 

 

utilities_logMes('INIT MODELS') 

# on dimensionne et on initie la construction des mapping 

models_InitModels() 

ExternalModels_InitModels() 

 

utilities_logMes('LOADS') 

# on charge les choses et on construit les mapping 

mecaMAILx_LoadModels() 

mecaMAILx_LoadBehaviours() 

 

RBDY2_LoadBehaviours() 

 

utilities_logMes('PUSH') 

mecaMAILx_PushProperties() 

# 

utilities_logMes('STORE') 

# on finalise la construction des mapping 

models_StoreProperties() 

 

utilities_logMes('CHECK') 

ExternalModels_CheckProperties() 

 

utilities_logMes('READ INI DOF') 

TimeEvolution_ReadIniDof() 

mecaMAILx_ReadIniDof() 

RBDY2_ReadIniDof() 

 

utilities_logMes('READ INI GPV') 

TimeEvolution_ReadIniGPV() 

mecaMAILx_ReadIniGPV() 

 

utilities_logMes('READ DRIVEN DOF') 

mecaMAILx_ReadDrivenDof() 

RBDY2_ReadDrivenDof() 

 

POLYG_LoadTactors() 

CLxxx_LoadTactors() 

ALpxx_LoadTactors() 

JONCx_LoadTactors() 

PT2DL_LoadTactors() 

 

utilities_logMes('READ INI Vloc Rloc') 

TimeEvolution_ReadIniVlocRloc() 

CLALp_ReadIniVlocRloc() 

CLJCx_ReadIniVlocRloc() 

PLPLx_ReadIniVlocRloc() 

PLJCx_ReadIniVlocRloc() 

PLALp_ReadIniVlocRloc() 

P2P2L_ReadIniVlocRloc() 

 

### ecriture paranoiaque du modele ### 

utilities_logMes('WRITE BODIES') 

overall_WriteBodies() 

MAILx_WriteBodies() 

RBDY2_WriteBodies() 

 

utilities_logMes('WRITE MODELS') 

models_WriteModels() 

 

utilities_logMes('WRITE BEHAVIOURS') 

bulk_behav_WriteBehaviours() 

tact_behav_WriteBehaviours() 
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utilities_logMes('WRITE DRIVEN DOF') 

overall_WriteDrivenDof() 

mecaMAILx_WriteDrivenDof() 

RBDY2_WriteDrivenDof() 

 

### postpro ### 

postpro_PostproBeforeComputation() 

 

utilities_logMes('SET NB CLxxx BY EDGE') 

CLxxx_SetNbNodesByCLxxx(2) 

 

utilities_logMes('COMPUTE MASS') 

mecaMAILx_ComputeMass() 

RBDY2_ComputeMass() 

 

utilities_logMes('COMPUTE STIFFNESS') 

mecaMAILx_ComputeBulk() 

 

#### 

mecaMAILx_SetPreconAllBodies() 

#nb_mecaMAILx = mecaMAILx_GetNbMecaMAILx() 

#for i in xrange(0, nb_mecaMAILx): 

#   mecaMAILx_SetPreconBody(i + 1)   

CLxxx_PushPreconNodes() 

ALpxx_PushPreconNodes() 

mecaMAILx_ComputePreconW() 

#### 

mecaMAILx_AssembKT() 

# 

OpenDisplayFiles() 

 

for k in xrange(1,nb_steps + 1,1): 

   # 

   utilities_logMes('INCREMENT STEP') 

   TimeEvolution_IncrementStep() 

   mecaMAILx_IncrementStep() 

   RBDY2_IncrementStep() 

    

   utilities_logMes('DISPLAY TIMES') 

   TimeEvolution_DisplayStep() 

 

   utilities_logMes('COMPUTE Fext') 

   mecaMAILx_ComputeFext() 

   RBDY2_ComputeFext() 

 

   utilities_logMes('COMPUTE Fint') 

   mecaMAILx_ComputeBulk() 

   RBDY2_ComputeBulk() 

 

   utilities_logMes('ASSEMBLAGE') 

   mecaMAILx_AssembRHS() 

   #mecaMAILx_AssembKT() 

 

   utilities_logMes('COMPUTE Free Vlocy') 

   mecaMAILx_ComputeFreeVelocity() 

   RBDY2_ComputeFreeVelocity() 

   # 

   utilities_logMes('SELECT PROX TACTORS') 

   overall_SelectProxTactors(freq_detect) 

   CLALp_SelectProxTactors() 

   CLJCx_SelectProxTactors() 

   PLPLx_SelectProxTactors() 

   PLJCx_SelectProxTactors() 

   PLALp_SelectProxTactors() 

   P2P2L_SelectProxTactors() 

   # 

   PLPLx_RecupRloc() 
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   PLJCx_RecupRloc() 

   CLALp_RecupRloc() 

   CLJCx_RecupRloc() 

   PLALp_RecupRloc() 

   P2P2L_RecupRloc() 

   # 

   nlgs_ExSolver(type, norm, tol, relax, gs_it1, gs_it2) 

   nlgs_UpdateTactBehav() 

   # 

   CLALp_StockRloc() 

   CLJCx_StockRloc() 

   PLPLx_StockRloc() 

   PLJCx_StockRloc() 

   PLALp_StockRloc() 

   P2P2L_StockRloc() 

   # 

   utilities_logMes('COMPUTE DOF, FIELDS, etc.') 

   mecaMAILx_ComputeDof() 

   RBDY2_ComputeDof() 

   mecaMAILx_ComputeField() 

   # 

   utilities_logMes('UPDATE DOF, FIELDS') 

   TimeEvolution_UpdateStep() 

   mecaMAILx_UpdateDof() 

   mecaMAILx_UpdateBulk() 

   RBDY2_UpdateDof() 

   # 

   # 

   utilities_logMes('WRITE out DOF') 

   TimeEvolution_WriteOutDof(freq_writeout) 

   mecaMAILx_WriteOutDof() 

   RBDY2_WriteOutDof() 

   # 

   utilities_logMes('WRITE out Vloc Rloc') 

   TimeEvolution_WriteOutVlocRloc(freq_writeout) 

   CLALp_WriteOutVlocRloc() 

   CLJCx_WriteOutVlocRloc() 

   PLPLx_WriteOutVlocRloc() 

   PLJCx_WriteOutVlocRloc() 

   PLALp_WriteOutVlocRloc() 

   P2P2L_WriteOutVlocRloc() 

   # 

   utilities_logMes('WRITE Out GPV') 

   TimeEvolution_WriteOutGPV(freq_writeout) 

   MAILx_WriteOutGPV() 

 

   ### post2D ### 

   #overall_WriteOutDisplayFile(freq_display) 

   #post2D_WriteOutDisplayFile(0) 

 

   ### postpro ### 

   postpro_PostproDuringComputation() 

 

   ### gestion des writeout ### 

   overall_CleanWriteOutFlags() 

 

   WriteDisplayFiles(freq=freq_display,ref_radius=7e-3) 

 

 

### postpro ### 

postpro_ClosePostproFiles() 

 

CloseDisplayFiles() 

 

Finalize() 

 

execfile('/home/anna/SCRIPTS/python_email.py') 
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C.4.2  BODIES.DAT Script 

$bdyty                                                                   

 MAILx      1 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  CONCR 

$nodty                                                                   

 NO2xx      1                coo1= 0.0000000E+00  coo2= 0.0000000E+00   

 NO2xx      2                coo1= 0.0000000E+00  coo2= 7.0000000E-02   

 NO2xx      3                coo1= 1.5000000E-01  coo2= 0.0000000E+00   

 NO2xx      4                coo1= 1.5000000E-01  coo2= 7.0000000E-02   

$tacty 

 ALpxx      1  color  HORIx  noda=    2  nodb=    4 

 CLxxx      2  color  HORIx  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  VERTx  noda=    1  nodb=    2 

 CLxxx      4  color  VERTx  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  VERTx  noda=    4  nodb=    3  apab= 7.5000000E-01 

 PT2DL      5  color  UPxx2  noda=    2  nodb=    4  apab= 7.6666667E-01 

+PT2DL      5  color  UPxx2  noda=    2  nodb=    4  apab= 2.3333333E-01 

 PT2DL      6  color  DOWN2  noda=    3  nodb=    1  apab= 7.6666667E-01 

+PT2DL      6  color  DOWN2  noda=    3  nodb=    1  apab= 2.3333333E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx      2 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 1.5000000E-01  coo2= 0.0000000E+00   

 NO2xx      2                coo1= 1.5000000E-01  coo2= 7.0000000E-02   

 NO2xx      3                coo1= 3.9500000E-01  coo2= 0.0000000E+00   

 NO2xx      4                coo1= 3.9500000E-01  coo2= 7.0000000E-02   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx      3 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 3.9500000E-01  coo2= 0.0000000E+00   

 NO2xx      2                coo1= 3.9500000E-01  coo2= 7.0000000E-02   

 NO2xx      3                coo1= 6.4000000E-01  coo2= 0.0000000E+00   

 NO2xx      4                coo1= 6.4000000E-01  coo2= 7.0000000E-02   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx      4 

$blmty 
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 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 6.4000000E-01  coo2= 0.0000000E+00   

 NO2xx      2                coo1= 6.4000000E-01  coo2= 7.0000000E-02   

 NO2xx      3                coo1= 8.8500000E-01  coo2= 0.0000000E+00   

 NO2xx      4                coo1= 8.8500000E-01  coo2= 7.0000000E-02   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx      5 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 8.8500000E-01  coo2= 0.0000000E+00   

 NO2xx      2                coo1= 8.8500000E-01  coo2= 7.0000000E-02   

 NO2xx      3                coo1= 1.1300000E+00  coo2= 0.0000000E+00   

 NO2xx      4                coo1= 1.1300000E+00  coo2= 7.0000000E-02   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx      6 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 1.1300000E+00  coo2= 0.0000000E+00   

 NO2xx      2                coo1= 1.1300000E+00  coo2= 7.0000000E-02   

 NO2xx      3                coo1= 1.3750000E+00  coo2= 0.0000000E+00   

 NO2xx      4                coo1= 1.3750000E+00  coo2= 7.0000000E-02   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx      7 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 1.3750000E+00  coo2= 0.0000000E+00   

 NO2xx      2                coo1= 1.3750000E+00  coo2= 7.0000000E-02   

 NO2xx      3                coo1= 1.6200000E+00  coo2= 0.0000000E+00   

 NO2xx      4                coo1= 1.6200000E+00  coo2= 7.0000000E-02   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 
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+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx      8 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 1.6200000E+00  coo2= 0.0000000E+00   

 NO2xx      2                coo1= 1.6200000E+00  coo2= 7.0000000E-02   

 NO2xx      3                coo1= 1.8650000E+00  coo2= 0.0000000E+00   

 NO2xx      4                coo1= 1.8650000E+00  coo2= 7.0000000E-02   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx      9 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 1.8650000E+00  coo2= 0.0000000E+00   

 NO2xx      2                coo1= 1.8650000E+00  coo2= 7.0000000E-02   

 NO2xx      3                coo1= 2.1100000E+00  coo2= 0.0000000E+00   

 NO2xx      4                coo1= 2.1100000E+00  coo2= 7.0000000E-02   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx     10 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 2.1100000E+00  coo2= 0.0000000E+00   

 NO2xx      2                coo1= 2.1100000E+00  coo2= 7.0000000E-02   

 NO2xx      3                coo1= 2.3550000E+00  coo2= 0.0000000E+00   

 NO2xx      4                coo1= 2.3550000E+00  coo2= 7.0000000E-02   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx     11 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  CONCR 

$nodty                                                                   

 NO2xx      1                coo1= 2.3550000E+00  coo2= 0.0000000E+00   

 NO2xx      2                coo1= 2.3550000E+00  coo2= 7.0000000E-02   

 NO2xx      3                coo1= 2.5050000E+00  coo2= 0.0000000E+00   

 NO2xx      4                coo1= 2.5050000E+00  coo2= 7.0000000E-02   

$tacty 
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 ALpxx      1  color  HORIx  noda=    2  nodb=    4 

 CLxxx      2  color  HORIx  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  VERTx  noda=    1  nodb=    2 

 CLxxx      4  color  VERTx  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  VERTx  noda=    4  nodb=    3  apab= 7.5000000E-01 

 PT2DL      5  color  UPxx2  noda=    2  nodb=    4  apab= 7.6666667E-01 

+PT2DL      5  color  UPxx2  noda=    2  nodb=    4  apab= 2.3333333E-01 

 PT2DL      6  color  DOWN2  noda=    3  nodb=    1  apab= 7.6666667E-01 

+PT2DL      6  color  DOWN2  noda=    3  nodb=    1  apab= 2.3333333E-01 

$$$$$$ 

 

... 

 

$bdyty                                                                   

 MAILx    357 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  CONCR 

$nodty                                                                   

 NO2xx      1                coo1= 0.0000000E+00  coo2= 2.1700000E+00   

 NO2xx      2                coo1= 0.0000000E+00  coo2= 2.2400000E+00   

 NO2xx      3                coo1= 1.6225000E-01  coo2= 2.1700000E+00   

 NO2xx      4                coo1= 1.6225000E-01  coo2= 2.2400000E+00   

$tacty 

 ALpxx      1  color  HORIx  noda=    2  nodb=    4 

 CLxxx      2  color  HORIx  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  VERTx  noda=    1  nodb=    2 

 CLxxx      4  color  VERTx  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  VERTx  noda=    4  nodb=    3  apab= 7.5000000E-01 

 PT2DL      5  color  UPxx1  noda=    2  nodb=    4  apab= 2.9121726E-01 

+PT2DL      5  color  UPxx1  noda=    2  nodb=    4  apab= 7.8428351E-01 

 PT2DL      6  color  DOWN1  noda=    3  nodb=    1  apab= 2.9121726E-01 

+PT2DL      6  color  DOWN1  noda=    3  nodb=    1  apab= 7.8428351E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx    358 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 1.6225000E-01  coo2= 2.1700000E+00   

 NO2xx      2                coo1= 1.6225000E-01  coo2= 2.2400000E+00   

 NO2xx      3                coo1= 2.7250000E-01  coo2= 2.1700000E+00   

 NO2xx      4                coo1= 2.7250000E-01  coo2= 2.2400000E+00   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx    359 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 2.7250000E-01  coo2= 2.1700000E+00   

 NO2xx      2                coo1= 2.7250000E-01  coo2= 2.2400000E+00   

 NO2xx      3                coo1= 5.1750000E-01  coo2= 2.1700000E+00   

 NO2xx      4                coo1= 5.1750000E-01  coo2= 2.2400000E+00   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 
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+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx    360 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 5.1750000E-01  coo2= 2.1700000E+00   

 NO2xx      2                coo1= 5.1750000E-01  coo2= 2.2400000E+00   

 NO2xx      3                coo1= 7.6250000E-01  coo2= 2.1700000E+00   

 NO2xx      4                coo1= 7.6250000E-01  coo2= 2.2400000E+00   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx    361 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 7.6250000E-01  coo2= 2.1700000E+00   

 NO2xx      2                coo1= 7.6250000E-01  coo2= 2.2400000E+00   

 NO2xx      3                coo1= 1.0075000E+00  coo2= 2.1700000E+00   

 NO2xx      4                coo1= 1.0075000E+00  coo2= 2.2400000E+00   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx    362 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 1.0075000E+00  coo2= 2.1700000E+00   

 NO2xx      2                coo1= 1.0075000E+00  coo2= 2.2400000E+00   

 NO2xx      3                coo1= 1.2525000E+00  coo2= 2.1700000E+00   

 NO2xx      4                coo1= 1.2525000E+00  coo2= 2.2400000E+00   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx    363 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 1.2525000E+00  coo2= 2.1700000E+00   

 NO2xx      2                coo1= 1.2525000E+00  coo2= 2.2400000E+00   
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 NO2xx      3                coo1= 1.4975000E+00  coo2= 2.1700000E+00   

 NO2xx      4                coo1= 1.4975000E+00  coo2= 2.2400000E+00   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx    364 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 1.4975000E+00  coo2= 2.1700000E+00   

 NO2xx      2                coo1= 1.4975000E+00  coo2= 2.2400000E+00   

 NO2xx      3                coo1= 1.7425000E+00  coo2= 2.1700000E+00   

 NO2xx      4                coo1= 1.7425000E+00  coo2= 2.2400000E+00   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx    365 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 1.7425000E+00  coo2= 2.1700000E+00   

 NO2xx      2                coo1= 1.7425000E+00  coo2= 2.2400000E+00   

 NO2xx      3                coo1= 1.9875000E+00  coo2= 2.1700000E+00   

 NO2xx      4                coo1= 1.9875000E+00  coo2= 2.2400000E+00   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx    366 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 1.9875000E+00  coo2= 2.1700000E+00   

 NO2xx      2                coo1= 1.9875000E+00  coo2= 2.2400000E+00   

 NO2xx      3                coo1= 2.2325000E+00  coo2= 2.1700000E+00   

 NO2xx      4                coo1= 2.2325000E+00  coo2= 2.2400000E+00   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx    367 

$blmty 
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 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  BRICK 

$nodty                                                                   

 NO2xx      1                coo1= 2.2325000E+00  coo2= 2.1700000E+00   

 NO2xx      2                coo1= 2.2325000E+00  coo2= 2.2400000E+00   

 NO2xx      3                coo1= 2.3427500E+00  coo2= 2.1700000E+00   

 NO2xx      4                coo1= 2.3427500E+00  coo2= 2.2400000E+00   

$tacty 

 ALpxx      1  color  brHOR  noda=    2  nodb=    4 

 CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  brHOR  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  brVER  noda=    1  nodb=    2 

 CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  brVER  noda=    4  nodb=    3  apab= 7.5000000E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx    368 

$blmty 

 Q4xxx      1  nodes      1      3      4      2  

               model  M2D_C  behav  CONCR 

$nodty                                                                   

 NO2xx      1                coo1= 2.3427500E+00  coo2= 2.1700000E+00   

 NO2xx      2                coo1= 2.3427500E+00  coo2= 2.2400000E+00   

 NO2xx      3                coo1= 2.5050000E+00  coo2= 2.1700000E+00   

 NO2xx      4                coo1= 2.5050000E+00  coo2= 2.2400000E+00   

$tacty 

 ALpxx      1  color  HORIx  noda=    2  nodb=    4 

 CLxxx      2  color  HORIx  noda=    3  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=    3  nodb=    1  apab= 7.5000000E-01 

 ALpxx      3  color  VERTx  noda=    1  nodb=    2 

 CLxxx      4  color  VERTx  noda=    4  nodb=    3  apab= 2.5000000E-01 

+CLxxx      4  color  VERTx  noda=    4  nodb=    3  apab= 7.5000000E-01 

 PT2DL      5  color  UPxx1  noda=    2  nodb=    4  apab= 7.0878274E-01 

+PT2DL      5  color  UPxx1  noda=    2  nodb=    4  apab= 2.1571649E-01 

 PT2DL      6  color  DOWN1  noda=    3  nodb=    1  apab= 7.0878274E-01 

+PT2DL      6  color  DOWN1  noda=    3  nodb=    1  apab= 2.1571649E-01 

$$$$$$ 

$bdyty                                                                   

 MAILx    369 

$blmty 

 Q4xxx      1  nodes      1      5      6      2  

               model  M2D_C  behav  CONCR 

 Q4xxx      2  nodes      2      6      7      3  

               model  M2D_C  behav  CONCR 

 Q4xxx      3  nodes      3      7      8      4  

               model  M2D_C  behav  CONCR 

 Q4xxx      4  nodes      5      9     10      6  

               model  M2D_C  behav  CONCR 

 Q4xxx      5  nodes      6     10     11      7  

               model  M2D_C  behav  CONCR 

 Q4xxx      6  nodes      7     11     12      8  

               model  M2D_C  behav  CONCR 

 Q4xxx      7  nodes      9     13     14     10  

               model  M2D_C  behav  CONCR 

 Q4xxx      8  nodes     10     14     15     11  

               model  M2D_C  behav  CONCR 

 Q4xxx      9  nodes     11     15     16     12  

               model  M2D_C  behav  CONCR 

 Q4xxx     10  nodes     13     17     18     14  

               model  M2D_C  behav  CONCR 

 Q4xxx     11  nodes     14     18     19     15  

               model  M2D_C  behav  CONCR 

 Q4xxx     12  nodes     15     19     20     16  

               model  M2D_C  behav  CONCR 

 Q4xxx     13  nodes     17     21     22     18  

               model  M2D_C  behav  CONCR 

 Q4xxx     14  nodes     18     22     23     19  
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               model  M2D_C  behav  CONCR 

 Q4xxx     15  nodes     19     23     24     20  

               model  M2D_C  behav  CONCR 

 Q4xxx     16  nodes     21     25     26     22  

               model  M2D_C  behav  CONCR 

 Q4xxx     17  nodes     22     26     27     23  

               model  M2D_C  behav  CONCR 

 Q4xxx     18  nodes     23     27     28     24  

               model  M2D_C  behav  CONCR 

 Q4xxx     19  nodes     25     29     30     26  

               model  M2D_C  behav  CONCR 

 Q4xxx     20  nodes     26     30     31     27  

               model  M2D_C  behav  CONCR 

 Q4xxx     21  nodes     27     31     32     28  

               model  M2D_C  behav  CONCR 

 Q4xxx     22  nodes     29     33     34     30  

               model  M2D_C  behav  CONCR 

 Q4xxx     23  nodes     30     34     35     31  

               model  M2D_C  behav  CONCR 

 Q4xxx     24  nodes     31     35     36     32  

               model  M2D_C  behav  CONCR 

 Q4xxx     25  nodes     33     37     38     34  

               model  M2D_C  behav  CONCR 

 Q4xxx     26  nodes     34     38     39     35  

               model  M2D_C  behav  CONCR 

 Q4xxx     27  nodes     35     39     40     36  

               model  M2D_C  behav  CONCR 

 Q4xxx     28  nodes     37     41     42     38  

               model  M2D_C  behav  CONCR 

 Q4xxx     29  nodes     38     42     43     39  

               model  M2D_C  behav  CONCR 

 Q4xxx     30  nodes     39     43     44     40  

               model  M2D_C  behav  CONCR 

$nodty                                                                   

 NO2xx      1                coo1= 0.0000000E+00  coo2= 2.2400000E+00   

 NO2xx      2                coo1= 0.0000000E+00  coo2= 2.3233333E+00   

 NO2xx      3                coo1= 0.0000000E+00  coo2= 2.4066667E+00   

 NO2xx      4                coo1= 0.0000000E+00  coo2= 2.4900000E+00   

 NO2xx      5                coo1= 2.5050000E-01  coo2= 2.2400000E+00   

 NO2xx      6                coo1= 2.5050000E-01  coo2= 2.3233333E+00   

 NO2xx      7                coo1= 2.5050000E-01  coo2= 2.4066667E+00   

 NO2xx      8                coo1= 2.5050000E-01  coo2= 2.4900000E+00   

 NO2xx      9                coo1= 5.0100000E-01  coo2= 2.2400000E+00   

 NO2xx     10                coo1= 5.0100000E-01  coo2= 2.3233333E+00   

 NO2xx     11                coo1= 5.0100000E-01  coo2= 2.4066667E+00   

 NO2xx     12                coo1= 5.0100000E-01  coo2= 2.4900000E+00   

 NO2xx     13                coo1= 7.5150000E-01  coo2= 2.2400000E+00   

 NO2xx     14                coo1= 7.5150000E-01  coo2= 2.3233333E+00   

 NO2xx     15                coo1= 7.5150000E-01  coo2= 2.4066667E+00   

 NO2xx     16                coo1= 7.5150000E-01  coo2= 2.4900000E+00   

 NO2xx     17                coo1= 1.0020000E+00  coo2= 2.2400000E+00   

 NO2xx     18                coo1= 1.0020000E+00  coo2= 2.3233333E+00   

 NO2xx     19                coo1= 1.0020000E+00  coo2= 2.4066667E+00   

 NO2xx     20                coo1= 1.0020000E+00  coo2= 2.4900000E+00   

 NO2xx     21                coo1= 1.2525000E+00  coo2= 2.2400000E+00   

 NO2xx     22                coo1= 1.2525000E+00  coo2= 2.3233333E+00   

 NO2xx     23                coo1= 1.2525000E+00  coo2= 2.4066667E+00   

 NO2xx     24                coo1= 1.2525000E+00  coo2= 2.4900000E+00   

 NO2xx     25                coo1= 1.5030000E+00  coo2= 2.2400000E+00   

 NO2xx     26                coo1= 1.5030000E+00  coo2= 2.3233333E+00   

 NO2xx     27                coo1= 1.5030000E+00  coo2= 2.4066667E+00   

 NO2xx     28                coo1= 1.5030000E+00  coo2= 2.4900000E+00   

 NO2xx     29                coo1= 1.7535000E+00  coo2= 2.2400000E+00   

 NO2xx     30                coo1= 1.7535000E+00  coo2= 2.3233333E+00   

 NO2xx     31                coo1= 1.7535000E+00  coo2= 2.4066667E+00   

 NO2xx     32                coo1= 1.7535000E+00  coo2= 2.4900000E+00   

 NO2xx     33                coo1= 2.0040000E+00  coo2= 2.2400000E+00   
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 NO2xx     34                coo1= 2.0040000E+00  coo2= 2.3233333E+00   

 NO2xx     35                coo1= 2.0040000E+00  coo2= 2.4066667E+00   

 NO2xx     36                coo1= 2.0040000E+00  coo2= 2.4900000E+00   

 NO2xx     37                coo1= 2.2545000E+00  coo2= 2.2400000E+00   

 NO2xx     38                coo1= 2.2545000E+00  coo2= 2.3233333E+00   

 NO2xx     39                coo1= 2.2545000E+00  coo2= 2.4066667E+00   

 NO2xx     40                coo1= 2.2545000E+00  coo2= 2.4900000E+00   

 NO2xx     41                coo1= 2.5050000E+00  coo2= 2.2400000E+00   

 NO2xx     42                coo1= 2.5050000E+00  coo2= 2.3233333E+00   

 NO2xx     43                coo1= 2.5050000E+00  coo2= 2.4066667E+00   

 NO2xx     44                coo1= 2.5050000E+00  coo2= 2.4900000E+00   

$tacty 

 ALpxx      1  color  HORIx  noda=    4  nodb=    8 

+ALpxx      1  color  HORIx  noda=    8  nodb=   12 

+ALpxx      1  color  HORIx  noda=   12  nodb=   16 

+ALpxx      1  color  HORIx  noda=   16  nodb=   20 

+ALpxx      1  color  HORIx  noda=   20  nodb=   24 

+ALpxx      1  color  HORIx  noda=   24  nodb=   28 

+ALpxx      1  color  HORIx  noda=   28  nodb=   32 

+ALpxx      1  color  HORIx  noda=   32  nodb=   36 

+ALpxx      1  color  HORIx  noda=   36  nodb=   40 

+ALpxx      1  color  HORIx  noda=   40  nodb=   44 

 CLxxx      2  color  HORIx  noda=    5  nodb=    1  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=    5  nodb=    1  apab= 7.5000000E-01 

+CLxxx      2  color  HORIx  noda=    9  nodb=    5  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=    9  nodb=    5  apab= 7.5000000E-01 

+CLxxx      2  color  HORIx  noda=   13  nodb=    9  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=   13  nodb=    9  apab= 7.5000000E-01 

+CLxxx      2  color  HORIx  noda=   17  nodb=   13  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=   17  nodb=   13  apab= 7.5000000E-01 

+CLxxx      2  color  HORIx  noda=   21  nodb=   17  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=   21  nodb=   17  apab= 7.5000000E-01 

+CLxxx      2  color  HORIx  noda=   25  nodb=   21  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=   25  nodb=   21  apab= 7.5000000E-01 

+CLxxx      2  color  HORIx  noda=   29  nodb=   25  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=   29  nodb=   25  apab= 7.5000000E-01 

+CLxxx      2  color  HORIx  noda=   33  nodb=   29  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=   33  nodb=   29  apab= 7.5000000E-01 

+CLxxx      2  color  HORIx  noda=   37  nodb=   33  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=   37  nodb=   33  apab= 7.5000000E-01 

+CLxxx      2  color  HORIx  noda=   41  nodb=   37  apab= 2.5000000E-01 

+CLxxx      2  color  HORIx  noda=   41  nodb=   37  apab= 7.5000000E-01 

 ALpxx      3  color  VERTx  noda=    1  nodb=    2 

+ALpxx      3  color  VERTx  noda=    2  nodb=    3 

+ALpxx      3  color  VERTx  noda=    3  nodb=    4 

 CLxxx      4  color  VERTx  noda=   42  nodb=   41  apab= 2.5000000E-01 

+CLxxx      4  color  VERTx  noda=   42  nodb=   41  apab= 7.5000000E-01 

+CLxxx      4  color  VERTx  noda=   43  nodb=   42  apab= 2.5000000E-01 

+CLxxx      4  color  VERTx  noda=   43  nodb=   42  apab= 7.5000000E-01 

+CLxxx      4  color  VERTx  noda=   44  nodb=   43  apab= 2.5000000E-01 

+CLxxx      4  color  VERTx  noda=   44  nodb=   43  apab= 7.5000000E-01 

 CLxxx      5  color  HORIx  noda=    4  nodb=    8  apab= 2.5000000E-01 

+CLxxx      5  color  HORIx  noda=    4  nodb=    8  apab= 7.5000000E-01 

+CLxxx      5  color  HORIx  noda=    8  nodb=   12  apab= 2.5000000E-01 

+CLxxx      5  color  HORIx  noda=    8  nodb=   12  apab= 7.5000000E-01 

+CLxxx      5  color  HORIx  noda=   12  nodb=   16  apab= 2.5000000E-01 

+CLxxx      5  color  HORIx  noda=   12  nodb=   16  apab= 7.5000000E-01 

+CLxxx      5  color  HORIx  noda=   16  nodb=   20  apab= 2.5000000E-01 

+CLxxx      5  color  HORIx  noda=   16  nodb=   20  apab= 7.5000000E-01 

+CLxxx      5  color  HORIx  noda=   20  nodb=   24  apab= 2.5000000E-01 

+CLxxx      5  color  HORIx  noda=   20  nodb=   24  apab= 7.5000000E-01 

+CLxxx      5  color  HORIx  noda=   24  nodb=   28  apab= 2.5000000E-01 

+CLxxx      5  color  HORIx  noda=   24  nodb=   28  apab= 7.5000000E-01 

+CLxxx      5  color  HORIx  noda=   28  nodb=   32  apab= 2.5000000E-01 

+CLxxx      5  color  HORIx  noda=   28  nodb=   32  apab= 7.5000000E-01 

+CLxxx      5  color  HORIx  noda=   32  nodb=   36  apab= 2.5000000E-01 

+CLxxx      5  color  HORIx  noda=   32  nodb=   36  apab= 7.5000000E-01 
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+CLxxx      5  color  HORIx  noda=   36  nodb=   40  apab= 2.5000000E-01 

+CLxxx      5  color  HORIx  noda=   36  nodb=   40  apab= 7.5000000E-01 

+CLxxx      5  color  HORIx  noda=   40  nodb=   44  apab= 2.5000000E-01 

+CLxxx      5  color  HORIx  noda=   40  nodb=   44  apab= 7.5000000E-01 

 PT2DL      6  color  DOWNb  noda=    5  nodb=    1  apab= 1.3972000E-01 

+PT2DL      6  color  DOWNb  noda=    5  nodb=    1  apab= 4.5908000E-01 

+PT2DL      6  color  DOWNb  noda=    5  nodb=    1  apab= 5.4092000E-01 

+PT2DL      6  color  DOWNb  noda=    5  nodb=    1  apab= 8.6028000E-01 

+PT2DL      6  color  DOWNb  noda=    9  nodb=    5  apab= 1.3972000E-01 

+PT2DL      6  color  DOWNb  noda=    9  nodb=    5  apab= 4.5908000E-01 

+PT2DL      6  color  DOWNb  noda=    9  nodb=    5  apab= 5.4092000E-01 

+PT2DL      6  color  DOWNb  noda=    9  nodb=    5  apab= 8.6028000E-01 

+PT2DL      6  color  DOWNb  noda=   13  nodb=    9  apab= 1.3972000E-01 

+PT2DL      6  color  DOWNb  noda=   13  nodb=    9  apab= 4.5908000E-01 

+PT2DL      6  color  DOWNb  noda=   13  nodb=    9  apab= 5.4092000E-01 

+PT2DL      6  color  DOWNb  noda=   13  nodb=    9  apab= 8.6028000E-01 

+PT2DL      6  color  DOWNb  noda=   17  nodb=   13  apab= 1.3972000E-01 

+PT2DL      6  color  DOWNb  noda=   17  nodb=   13  apab= 4.5908000E-01 

+PT2DL      6  color  DOWNb  noda=   17  nodb=   13  apab= 5.4092000E-01 

+PT2DL      6  color  DOWNb  noda=   17  nodb=   13  apab= 8.6028000E-01 

+PT2DL      6  color  DOWNb  noda=   21  nodb=   17  apab= 1.3972000E-01 

+PT2DL      6  color  DOWNb  noda=   21  nodb=   17  apab= 4.5908000E-01 

+PT2DL      6  color  DOWNb  noda=   21  nodb=   17  apab= 5.4092000E-01 

+PT2DL      6  color  DOWNb  noda=   21  nodb=   17  apab= 8.6028000E-01 

+PT2DL      6  color  DOWNb  noda=   25  nodb=   21  apab= 1.3972000E-01 

+PT2DL      6  color  DOWNb  noda=   25  nodb=   21  apab= 4.5908000E-01 

+PT2DL      6  color  DOWNb  noda=   25  nodb=   21  apab= 5.4092000E-01 

+PT2DL      6  color  DOWNb  noda=   25  nodb=   21  apab= 8.6028000E-01 

+PT2DL      6  color  DOWNb  noda=   29  nodb=   25  apab= 1.3972000E-01 

+PT2DL      6  color  DOWNb  noda=   29  nodb=   25  apab= 4.5908000E-01 

+PT2DL      6  color  DOWNb  noda=   29  nodb=   25  apab= 5.4092000E-01 

+PT2DL      6  color  DOWNb  noda=   29  nodb=   25  apab= 8.6028000E-01 

+PT2DL      6  color  DOWNb  noda=   33  nodb=   29  apab= 1.3972000E-01 

+PT2DL      6  color  DOWNb  noda=   33  nodb=   29  apab= 4.5908000E-01 

+PT2DL      6  color  DOWNb  noda=   33  nodb=   29  apab= 5.4092000E-01 

+PT2DL      6  color  DOWNb  noda=   33  nodb=   29  apab= 8.6028000E-01 

+PT2DL      6  color  DOWNb  noda=   37  nodb=   33  apab= 1.3972000E-01 

+PT2DL      6  color  DOWNb  noda=   37  nodb=   33  apab= 4.5908000E-01 

+PT2DL      6  color  DOWNb  noda=   37  nodb=   33  apab= 5.4092000E-01 

+PT2DL      6  color  DOWNb  noda=   37  nodb=   33  apab= 8.6028000E-01 

+PT2DL      6  color  DOWNb  noda=   41  nodb=   37  apab= 1.3972000E-01 

+PT2DL      6  color  DOWNb  noda=   41  nodb=   37  apab= 4.5908000E-01 

+PT2DL      6  color  DOWNb  noda=   41  nodb=   37  apab= 5.4092000E-01 

+PT2DL      6  color  DOWNb  noda=   41  nodb=   37  apab= 8.6028000E-01 

$$$$$$ 

$bdyty                                                                   

 RBDY2      1 

$blmty                                                                   

 PLAIN      1  behav  FOUNx  avrd= 2.9812070E-01  gyrd= 8.6607297E-01 

 

$nodty                                                                   

 NO3xx      1                coo1= 1.2525000E+00  coo2=-5.6000000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 JONCx      1  color  FOUNm  axe1= 1.2025000E+00  axe2= 5.6000000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2      2 

$blmty                                                                   

 PLAIN      1  behav  FOUNx  avrd= 1.2495498E-01  gyrd= 1.4126569E-01 

 

$nodty                                                                   

 NO3xx      1                coo1= 7.5000000E-02  coo2=-5.6000000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 JONCx      1  color  FOUNc  axe1= 1.7500000E-01  axe2= 5.6000000E-02 

$$$$$$ 
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$bdyty                                                                   

 RBDY2      3 

$blmty                                                                   

 PLAIN      1  behav  FOUNx  avrd= 1.2495498E-01  gyrd= 1.4126569E-01 

 

$nodty                                                                   

 NO3xx      1                coo1= 2.4300000E+00  coo2=-5.6000000E-02  coo3= 

0.0000000E+00   

$tacty                                                                   

 JONCx      1  color  FOUNc  axe1= 1.7500000E-01  axe2= 5.6000000E-02 

$$$$$$ 

$bdyty                                                                   

 RBDY2      4 

$blmty                                                                   

 PLAIN      1  behav  FOUNx  avrd= 3.5414393E-01  gyrd= 1.2283942E+00 

 

$nodty                                                                   

 NO3xx      1                coo1= 1.2525000E+00  coo2= 2.5460000E+00  coo3= 

0.0000000E+00   

$tacty                                                                   

 JONCx      1  color  SLABx  axe1= 1.7150000E+00  axe2= 5.6000000E-02 

$$$$$$ 

 

C.4.3  BULK_BEHAV.DAT Script 

! File BEHAVIOUR 

 

!                                                                        

! The symbol   '$'       preceeds a keyword used in scanning files.    

!                                                                        

! The symbol   'behav'   stands for the nickname of a bulk or          

! contact behaviour law, character(LEN=5).                               

!                                                                        

! The symbol   'lawty'   stands for the name of a bulk or              

! contact behaviour law, character(LEN=30).                              

!                                                                        

! The symbol   'seety'   stands for description of a candidate    

! 'cdbdy' type of body, 'cdtac' type of contactor, 'cdcol' color   

! ready to meet with the contact behaviour law 'behav' an antagonist  

! 'anbdy' type of body, 'antac' type of contactor, 'ancol' color.   

!                                                                        

! Candidate antagonist objects are considered only within some distance  

! 'alert'.                                                             

!                                                                        

! STANDARD PACKAGE of bulk or contact behaviour laws                     

!                                                                        

! 123456789012345678901234567890:                                        

!                               :                                        

! bulk behaviour                :                                        

!                               :                                        

! 

                                                                         

$gravy   

                   grv1= 0.0000000e+00  grv2=-9.8100000e+00  grv3= 0.0000000e+00 

$behav  lawty 

 BRICK  ELAS                            Umas= 1.5700000e+03 

                                        elas: standard      

                                        ani_: isotropic     

                                        EYng= 7.1500000e+08  Epss= 1.5000000e-01 

$behav  lawty 

 CONCR  ELAS                            Umas= 1.9980000e+03 

                                        elas: standard      

                                        ani_: isotropic     

                                        EYng= 10.900000e+09  Epss= 1.8000000e-01 
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$behav  lawty 

 FOUNx  RIGID                           Umas= 2.2020000e+03 

 

C.4.4  TACT_BEHAV.DAT Script 

 

$behav  

 cpd01  COUPLED_DOF                                                   

       

$behav  

 elas0  ELASTIC_WIRE                    Fstr= 30.000000e+06  prst=-0.0000000e+00 

       

$behav  

 mac01  MAC_CZM                         dyfr= 7.5000000e-01 stfr= 0.7500000e-00 

                                        cn  = 0.2950000e+12 ct  = 1.9365000e+11 

                                        v   = 0.0000000D+00 w   = 18.450000e+00 

       

$behav  

 mac02  MAC_CZM                         dyfr= 7.5000000e-01 stfr= 0.7500000e-00 

                                        cn  = 0.2950000e+12 ct  = 1.9365000e+11 

                                        v   = 0.0000000D+00 w   = 18.450000e+00 

       

$behav  

 mac03  MAC_CZM                         dyfr= 8.5000000e-01  stfr= 8.5000000e-01 

                                        cn  = 1.5000000e+10  ct  = 1.5000000e+10 

                                        b   = 0.0000000e+00  w   = 1.3000000e+03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  CLxxx  brHOR  mac01  MAILx  ALpxx  brHOR       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  CLxxx  brVER  mac01  MAILx  ALpxx  brVER       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  CLxxx  brHOR  mac01  RBDY2  JONCx  FOUNm       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  CLxxx  brHOR  mac02  MAILx  ALpxx  HORIx       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  CLxxx  HORIx  mac02  MAILx  ALpxx  brHOR       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  CLxxx  brVER  mac02  MAILx  ALpxx  VERTx       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  CLxxx  VERTx  mac02  MAILx  ALpxx  brVER       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  CLxxx  HORIx  mac03  MAILx  ALpxx  HORIx       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  CLxxx  VERTx  mac03  MAILx  ALpxx  VERTx       5.0000000e-03 
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$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  CLxxx  HORIx  cpd01  RBDY2  JONCx  SLABx       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  CLxxx  HORIx  cpd01  RBDY2  JONCx  FOUNc       5.0000000e-03 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  PT2DL  DOWN2  elas0  MAILx  PT2DL  DOWN1       7.1000000e-02 

       

$seety 

 cdbdy  cdtac  cdcol  behav  anbdy  antac  ancol       alert 

 MAILx  PT2DL  DOWNb  elas0  MAILx  PT2DL  DOWN1       7.1000000e-02 

 

C.4.5  DRV_DOF.DAT Script 

! DOF 

$bdyty 

 RBDY2      1 

$nodty 

 NO3xx      1 

$dofty  numbr 

[CT......+......AMP..*..cos.(..OMEGA.*.time.+.PHI..)]...*...[RAMPI.....+.....RAMP.*.ti

me] 

 vlocy      1  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

1.0000000e+00  0.0000000e+00 

 vlocy      2  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

1.0000000e+00  0.0000000e+00 

 vlocy      3  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

1.0000000e+00  0.0000000e+00 

$$$$$$ 

 

$bdyty 

 RBDY2      4 

$nodty 

 NO3xx      1 

$dofty  numbr 

[CT......+......AMP..*..cos.(..OMEGA.*.time.+.PHI..)]...*...[RAMPI.....+.....RAMP.*.ti

me] 

 vlocy      1 evolution v_imposeX.DAT 

 force      2 evolution f_imposeYconst.DAT 

 vlocy      3  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

1.0000000e+00  0.0000000e+00 

$$$$$$ 

 

$bdyty 

 RBDY2      2 

$nodty 

 NO3xx      1 

$dofty  numbr 

[CT......+......AMP..*..cos.(..OMEGA.*.time.+.PHI..)]...*...[RAMPI.....+.....RAMP.*.ti

me] 

 vlocy      1  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

1.0000000e+00  0.0000000e+00 

 vlocy      2  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

1.0000000e+00  0.0000000e+00 

 vlocy      3  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

1.0000000e+00  0.0000000e+00 

$$$$$$ 

 

$bdyty 
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 RBDY2      3 

$nodty 

 NO3xx      1 

$dofty  numbr 

[CT......+......AMP..*..cos.(..OMEGA.*.time.+.PHI..)]...*...[RAMPI.....+.....RAMP.*.ti

me] 

 vlocy      1  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

1.0000000e+00  0.0000000e+00 

 vlocy      2  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

1.0000000e+00  0.0000000e+00 

 vlocy      3  0.0000000e+00  0.0000000e+00  0.0000000e+00  0.0000000e+00  

1.0000000e+00  0.0000000e+00 

$$$$$$ 

 

C.4.6  v_imposeX.DAT Script 

    0.000000000000000         0.0000000000000000 

    30.00000000000000         0.0000000000000000 

    30.00300000000000         0.0020000000000000          

    30.37200000000000         0.0020000000000000          

    30.37500000000000        -0.0020000000000000          

    31.15200000000000        -0.0020000000000000          

    31.15500000000000         0.0020000000000000 

    31.56000000000000         0.0020000000000000 

    32.88000000000000         0.0020000000000000 

    32.88300000000000        -0.0020000000000000 

    35.64000000000000        -0.0020000000000000 

    35.64300000000000         0.0020000000000000 

    38.52000000000000         0.0020000000000000 

    38.52300000000000        -0.0020000000000000 

    41.40000000000000        -0.0020000000000000 

    41.40300000000000         0.0020000000000000 

    42.84000000000000         0.0020000000000000 

    45.84000000000000         0.0020000000000000 

    45.84300000000000        -0.0020000000000000 

    51.84000000000000        -0.0020000000000000 

    51.84300000000000         0.0020000000000000 

    57.72000000000000         0.0020000000000000 

    57.72300000000000        -0.0020000000000000 

    63.96000000000000        -0.0020000000000000 

    63.96300000000000         0.0020000000000000 

    67.32000000000000         0.0020000000000000 

    72.84000000000000         0.0020000000000000 

    72.84300000000000        -0.0020000000000000 

    84.48000000000000        -0.0020000000000000 

    84.48300000000000         0.0020000000000000 

    96.48000000000000         0.0020000000000000 

    96.48300000000000        -0.0020000000000000 

    109.9200000000000        -0.0020000000000000 

    109.9230000000000         0.0020000000000000 

    117.4800000000000         0.0020000000000000 

    126.3600000000000         0.0020000000000000 

    126.3630000000000        -0.0020000000000000 

    149.2800000000000        -0.0020000000000000 

    149.2830000000000         0.0020000000000000 

    172.5600000000000         0.0020000000000000 

    172.5630000000000        -0.0020000000000000 

    191.2800000000000        -0.0020000000000000 

    191.2830000000000         0.0020000000000000 

    200.7600000000000         0.0020000000000000 

    213.9600000000000         0.0020000000000000 

    213.9630000000000        -0.0020000000000000 

    239.1600000000000        -0.0020000000000000 
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    239.1630000000000         0.0020000000000000 

    263.1600000000000         0.0020000000000000 

    263.1630000000000        -0.0020000000000000 

    287.1600000000000        -0.0020000000000000 

    287.1630000000000         0.0020000000000000 

    299.1600000000000         0.0020000000000000 

    299.1630000000000        -0.0020000000000000 

    305.1600000000000        -0.0020000000000000 

    305.1630000000000         0.0000000000000000 

 

C.4.7  f_imposeY.DAT Script 

    0.000000000000000         0.0000000000000000 

    20.00000000000000        -1422000.0000000000 

    2000.000000000000        -1422000.0000000000 

 

C.4.8  POST_PRO.DAT Script 

#23456789012345678901234567890: 

SOLVER INFORMATIONS 

STEP 1 

DISSIPATED ENERGY             : 

STEP 1                        : 

KINETIC ENERGY 

STEP 1 

DRY CONTACT NATURE 

STEP 1 

TORQUE EVOLUTION 

STEP 1 

4 

1 

2 

3 

4 

BODY TRACKING 

STEP 1 

4 

1 

2 

3 

4 

END                           : 
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C.5  HIGH PERFORMANCE COMPUTING SCRIPTS 

The scripts below are included to demonstrate application of high performance 

computing. While multiple jobs could be running on a cluster at any given time, post-

processing was still performed with similar Matlab scripts as used for the regular 

model analysis. 

C.5.1  Script for Multiple Job Submission to Cluster 

#!/bin/bash 

 

############################################################### 

cd /home/aflang/LMGC90v2/rev_2010/ANNA_testwall/2011_2_22_EVOLUTION 

############################################################### 

 

dir_list=`ls -1 -d *_*`; 

 

let count=0; 

for i in $dir_list;  

do 

  cd $i 

  echo $i 

#  rm *.e* 

#  rm *.o* 

  sh model_qsub 

  cd ../ 

  ((count++)) 

done 

echo ":::::" $count "JOBS SUBMITTED :::::" 

 

C.5.2  Script for Multiple Job Post-Processing with Matlab 

#!/bin/bash 

 

############################################################### 

head_dir=/home/aflang/LMGC90v2/rev_2010/ANNA_testwall/2011_2_22_EVOLUTION 

############################################################### 

 

cd $head_dir 

dir_list=`ls -1 -d *_*`; 

 

let count=0; 

for i in $dir_list;  

do 

  cd $i 

  echo $i 

  if MATLAB_Plots=`ls -1 -d *MATLAB_Plots*`;  

  then  

    echo "ALREADY DONE; REPEATING...";  

 sh model_matlab 

 echo "DONE..." 

  elif [ MATLAB_Plots!=`ls -1 -d *MATLAB_Plots*` ] && [ -e *.e* ] && [ -e *.o* ] ; 

  then 
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 echo "JOB COMPLETED; BEGIN POST-PROCESSING..." 

 sh model_matlab 

    echo "DONE..." 

  else  

    echo "STILL RUNNING; TRY LATER..."; 

 ((count++)) 

  fi 

  cd ../ 

done 

echo ":::::" $count "JOBS STILL RUNNING :::::" 

 

C.5.3  Multi-Job Results Summary 

function[] = LMGC_jobsummary() 

 

%% 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

head_dir ='/home/aflang/LMGC90v2/rev_2010/ANNA_testwall/2010_12_1_IQSC'; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%%%%% matlab -r "path(path,'/home/aflang/SCRIPTS'); LMGC_jobsummary; exit" 

 

experiment=imread('/home/aflang/SCRIPTS/experimentalbare.JPG'); 

[job_name,remainder]=strtok(head_dir,'/'); 

while ~isempty(remainder) 

    [job_name,remainder]=strtok(remainder,'/'); 

end 

 

cd (head_dir) 

mkdir('RESULTSSUMMARY') 

folder=dir('*_*'); 

f=length(folder); 

path(path,'/home/aflang/SCRIPTS'); 

 

% Create and format each figure 

for na = 1:ceil(f/6) 

 clf(figure(na)); 

 H = figure(na); 

 set(H,'NumberTitle','on','Units','inches','Position',[0.5 0.5 8 

10.5],'PaperOrientation','portrait','PaperPositionMode','auto'); 

 title1 = 'JOB SUMMARY: Hysteresis Plots'; title2 = job_name; header1 = 

sprintf('%s\n%s',title1,title2); 

 title3 = ['Page ' num2str(na)]; title4 = date; header2 = 

sprintf('%s\n%s',title3,title4); 

 annotation('textbox','Position',[.05 .97 .2 

.03],'LineStyle','none','string',header1,'Interpreter', 

'none','Fontsize',9,'HorizontalAlignment','left','VerticalAlignment','middle'); 

 annotation('textbox','Position',[.05 .97 .9 

.03],'LineStyle','none','string',header2,'Interpreter', 

'none','Fontsize',9,'HorizontalAlignment','right','VerticalAlignment','middle'); 

 annotation('line','X',[.05 .95],'Y',[.97 .97]); 

 annotation('textbox','Position',[.05 0 .9 .04],'string',head_dir,'Interpreter', 

'none','Fontsize',7,'LineWidth',0.2,'Color',[0.5 0.5 0.5],'EdgeColor',[0.5 0.5 

0.5],'HorizontalAlignment','center','VerticalAlignment','middle'); 

 subplot(4,2,1),imagesc(experiment),title('Experimental Test'),grid on, 

set(gca,'XTick',.5:95.5:670), 

set(gca,'XTickLabel',{'0','2','4','6','8','10','12','14'}), 

set(gca,'YTick',.5:99:499), 

set(gca,'YTickLabel',{'50','40','30','20','10','0'}),ylabel('X-Force 

(kN)');colormap(cool); 

end 

 

%% Create subplots 

for na = 1:f 

    directory = [head_dir '/' folder(na).name];  
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    disp(directory) 

 cd (directory);  

 check1 = dir('*.o*'); check2 = dir('*.e*'); check3 = dir('*MATLAB_Plots*'); 

 if ~isempty(check3) 

  clear normdata; clear global normdata; 

  cd ('MATLAB_Processed_Data'); load 'normalized_data.mat'; 

  H = figure(ceil(na/6)); 

  pos=rem(na-1,6)+3;  

  subplot(4,2,pos); 

plot(normdata.Txdispl,normdata.Txforce_app,normdata.Txdispl,normdata.Txforce_res); 

set(gca,'XTick',[0:2:14]), ylabel('X Force (kN)');grid on; title(folder(na).name, 

'Interpreter', 'none'); axis([0,14,0,50]); 

  if mod(pos,2)==0 % If pos is EVEN (ie, right side of page) 

            ylabel(''); 

        end 

        disp('...INCLUDED') 

  % Copy Individual job summaries to RESULTSSUMMARY directory 

  copyfile([directory '/MATLAB_Plots/' '*.pdf'], [head_dir 

'/RESULTSSUMMARY']); 

 elseif (~isempty(check1) && ~isempty(check2)) 

 disp('JOB DONE; MUST BE POST-PROCESSED') 

 else 

 disp('JOB RUNNING; TRY LATER...') 

 end 

end 

% Minimize x-axis labeling (only bottom-most x-axes) 

posit = [0]; 

for na = 1:f 

 H = figure(ceil(na/6)); 

 pos=rem(na-1,6)+3; 

 posit(ceil(na/6))=pos;  

end 

for na = 1:ceil(f/6) 

 H = figure(na); 

 pos = posit(na); 

 subplot(4,2,(pos-1)); xlabel('X Displacement (mm)'); 

 subplot(4,2,pos); xlabel('X Displacement (mm)'); 

end 

 

%% Create pdf  

cd ([head_dir '/RESULTSSUMMARY']); delete('*.ps'); 

n_figs=ceil(f/6); 

for i = 1:n_figs 

    figure(i) 

    cd ([head_dir '/RESULTSSUMMARY']); 

    saveas(gcf,[job_name '_Summary' num2str(i)]); 

    print (gcf,[job_name '_Summary'],'-append','-dpsc'); 

end 

cd ([head_dir '/RESULTSSUMMARY']); 

ps2pdf('psfile',[job_name '_Summary.ps'],'pdffile',[job_name '_Summary.pdf']); 

 

end 
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