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ABSTRACT

Earthen structures are buildings and structures primarily made from soil. Since soil is a widely
available and inexpensive material, it has been used in construction since prehistoric times. In the
modern era of concrete and steel, earthen structures have seen a significantly reduced usage, due
to their relatively low strength and lack of standardization. However, they are once again getting
attention because of their low cost, low carbon footprint, energy efficiency, use of indigenous
materials, and inherent simplicity. In particular, compressed and stabilized earth block (CSEB)
construction is appealing as a viable response to the lack of affordable housing in the US and all
around the world. CSEBs can be easily engineered to improve their properties, and CSEB
construction shares many similarities with ordinary masonry, for which extensive experience and
a vast engineering literature are available. Currently, US is facing a shortage of nearly 3.3 million
affordable homes, and over two billion new houses will be needed worldwide in the next 80 years
to address the predicted world population increase and expected improvements of living standards.
CSEB construction can address this rapidly growing housing demand in the US and all around the

world in an innovative, sustainable, and affordable manner.

Despite the advantages of CSEB structures over other industrial materials, only few building
codes adopted in the US allow the use of CSEB construction through an empirical/prescriptive
approach adapted from ordinary and concrete block masonry, without properly taking advantage
of the specific characteristics of the CSEB materials and construction techniques. As a
consequence, earthen buildings represent only a small fraction of the building inventory in the US,
even in places where this type of construction is historically established and culturally appreciated

(e.g., NM, CO, AZ, TX, CA). Furthermore, CSEB construction is even rarer in locations with



humid and rainy climates such as the US Gulf Coast, because of the poor resistance to degradation
experienced by earthen construction in these climate conditions and the widespread perception of

earthen construction as a substandard choice for resistance to extreme wind loads.

The present research aims to: (1) demonstrate the feasibility of earthen masonry housing in the
US Gulf Coast region to endure humid climate and hurricane winds, (2) enhance the strength and
deformability of CSEBs using sugarcane bagasse fibers (SCBFs) that can be used for the
construction of affordable eco-friendly low-rise dwellings, and (3) develop a finite element (FE)

micro-modeling technique to understand the behavior of CSEB masonry at the structural level.

A structural, architectural, and economic feasibility study for CSEB structural systems in the
US Gulf Coast was performed. The structural feasibility study concluded that CSEBs fabricated
with local soil and protected with a soil-cement plaster can provide sufficient resistance against
weathering and hurricane wind loads. The architectural feasibility study investigated the use of
CSEB systems in vernacular housing typologies in Southern Louisiana. Finally, the economic
feasibility study compared the cost of a reference house built using CSEBs and other ordinary
construction materials. The results suggest that CSEB systems have the potential to provide a
modern, cost-effective, sustainable, hurricane-resistant housing construction system as an

alternative to more commonly used constructions systems in the US Gulf Coast region.

The effect of SCBFs on the mechanical strength and durability properties of CSEBs was also
examined. A total of nine different soil mix compositions containing different amounts of SCBFs
(0%, 0.5%, and 1.0% in weight) and Type II Portland cement (0%, 6%, and 12%) were considered.
The flexural, dry compressive, and wet compressive strengths of the different CSEBs were

evaluated experimentally. The CSEB durability was also examined by measuring mass loss, dry
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density, water absorption, and wet compressive strength after 12 wetting and drying cycles. The
morphology and chemical composition of the CSEBs were investigated via scanning electron
microscopy and energy-dispersive X-ray spectroscopy, whereas the mineralogical characteristics
were evaluated using X-ray crystallography. The results show that including 0.5% to 1.0% by
weight of SCBFs in CSEBs stabilized with 12% by weight of cement can significantly improve
the CSEB mechanical properties without compromising their durability properties. The use of
CSEBs in conjunction with SCBFs represents a promising solution for the construction of

affordable, eco-friendly, low-rise dwellings.

A new interface element’s constitutive model was proposed for modeling masonry structure.
The newly-developed model can simulate tension cracking, shear slipping, and compression
failure and is defined by a convex composite failure surface comprising a tension-shear and a
compression cap failure criterion. The proposed model removes the singularity in the tension-shear
region but not in the compression-shear region and is based on the hypothesis of strain hardening.
The robustness and computational cost of the proposed model were compared, through a series of
one-element tests and through the comparison of FE response of an unreinforced masonry shear
wall, to different existing constitutive models that have been widely used in the literature to
describe masonry behavior and that are based on three-, two-, and single-surface failure criteria.
The FE response results show that the proposed constitutive model is more efficient than and at
least as accurate as the other existing constitutive models for simulating the mechanical behavior

of masonry structures.

Using the newly-developed interface element’s constitutive model for masonry structures, the

capabilities and limitations of different FE simplified micro-modeling techniques were
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investigated for fired-clay brick (FCB) and CSEB masonry walls, for which well-documented
experimental results are available in the literature. The FCB unreinforced masonry wall showed
inelastic behavior and cracks limited to the masonry joints (i.e., mortar and unit-mortar interfaces),
whereas the CSEB masonry showed inelastic behavior and cracks spread over the different
masonry constituents. Three different simplified micro-model were developed for each benchmark
example, based on the different material constitutive models used for the masonry units, i.e., rigid,
elastic, and elasto-plastic constitutive models. The FE responses of the different simplified micro-
model considered were compared with experimental results in terms of predicted load-
displacement response, strength, initial stiffness, collapse mechanism, computational efficiency,
and output information. The results show that simplified micro-models can properly simulate the
FE behavior for the FCB masonry shear walls. However, this technique is not suitable for the

CSEB masonry since the simplified micro-models does not allow free crack propagations.

Based on the investigation of capabilities and limitation of simplified FE micro-modeling
techniques, it was concluded that a FE detailed micro-modeling approach is required to simulate
the mechanical behavior of CSEB masonry systems, for which the inelastic behavior is not
necessarily concentrated at the masonry joints but can spread to the masonry units. Therefore, a
FE detailed micro-model was developed specifically tailored for earth block masonry systems.
Through a series of FE simulations of representative volume elements of masonry, it is shown that
the detailed micro-model and the simplified micro-models provide consistent predictions of the
mechanical behavior of masonry systems only under specific conditions depending on the relative
strength and stiffness of masonry units and mortar, as well as on the loading conditions. However,
the proposed detailed micro-model is able to accurately simulate the experimentally-measured

mechanical response of earth block wallettes subject to diagonal load testing, for which simplified

viil



micro-models were demonstrated to be inaccurate. The results of this research provide a new tool
for accurate prediction and simulation of masonry systems in which the masonry units have
strength and stiffness that are similar or lower than those of the mortar and the mortar-unit

interfaces.
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CHAPTER 1. INTRODUCTION

1.1. Background

Earthen structures are buildings and structures primarily made from soil [1]. Since soil is a
widely available and inexpensive material, it has been used in construction since prehistoric times
[2]. When compared to other traditional construction methods (e.g., reinforced concrete, fired
masonry, concrete masonry, and wood construction), earthen structures: (1) can be more affordable
[2—7]; (2) are environmentally friendly, with an embodied energy that can be up to 85% lower than
concrete masonry units and fired clay bricks [8—12]; (3) require lower operational energy due to
advanced thermal efficiency and high volumetric heat capacity, which reduces energy
consumption for heating and cooling [13—18]; (4) are able to passively maintain a healthy indoor
relative humidity between 40-60% [2,12,19], which represents an ideal range for healthy indoor
relative humidity [18]; (5) have a longer useful life [12]; (6) are naturally resistant to mold, fungi,
rot, insects, and pests [18]; (7) are extremely efficient for noise reduction [20]; (8) are built using
almost exclusively locally available materials [13,14,21]; (9) are fire-resistance [22—24]; and (10)
are equitable, community engaging, and inherently recyclable [25], which significantly reduces

their carbon footprint compared to traditional structures.

Earthen construction is one of the most ancient and sustainable approaches to building
structures, as evidenced by construction remains dating back thousands of years ago, e.g., in Italy,
Iran, and China [2]. Soil can be combined with water to make mud, can be improved with straws
or some form of stabilizing material such as lime and/or cement, and can be compacted to increase
its strength [12,26]. Different traditional earthen structure systems were developed over the

centuries, such as [12,27-31]:



1. Cob structures: cob, sometimes referred to as "monolithic adobe", is a natural building material

composed by a soil mixture, which includes clay, sand or small stones, fibrous organic material
such as straw, and water [30,31]. Cob walls are usually built up in courses, have no mortar
joints and need 30% or more clay in the soil.

2. Rammed earth structures: rammed earth is a technique for building walls using natural raw

materials such as earth, chalk, lime, and/or gravel [27,28]. A rammed earth wall is built by
placing damp soil in a temporary form. The soil is manually or mechanically compacted and
then the form is removed. Rammed earth is made using relatively small amounts of water, thus

requiring shorter drying times than other earthen construction techniques.

(b)
Figure 1.1. Traditionally earthen structure systems: (a) 'cob stitch' repair on old traditional cob
cottage in Devon, England; (b) Taipa section of the Great Wall of China; (c) adobe brick
house under construction in Kyrgyzstan (courtesy: https://en.wikipedia.org/wiki/).

3. Adobe (earth block) structures: adobe structures are masonry constructions made of unfired

bricks (adobe) produced using a mixture of sand, clay, water, and some kind of fibrous material
(sticks, straw, or manure) [28]. Adobe bricks are fabricated with the help of molds and are
dried in the sun. Then, these bricks are used to build walls (with or without mortar) as ordinary
masonry. The word “adobe” has existed for around 4,000 years, as it can be traced to the
Middle Egyptian era (about 2000 BC) before being introduced in Arabic, in Old Spanish, and

later in English [29] in the early 18™ century.
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Traditionally-built earthen structures (i.e., non-engineered earthen constructions) are often not
capable of resisting extreme loads from natural hazards such as earthquakes and strong winds, due
to the inherent brittleness of the material [32—-36]. However, in the last few decades, significant
research has been devoted to develop engineered earthen structures as a more affordable and
ecologically-friendly alternative to structures built using other construction methods based on
industrial materials (e.g., reinforced concrete, fired-brick masonry, concrete masonry, and wood
construction) [37-40]. Consequently, engineered earthen construction has emerged as a viable
modern construction technique due to its eco-efficiency and extreme affordability [12,41]. Among
the different typologies of earthen structures, adobe or earth block structures have been used more
frequently in industrialized society due to their advantages, i.e., (1) the individual components (i.e.,
earth block and mortar) of the earth block structures can be easily engineered to improve their
strength and durability [37,42,43], and (2) the earth block construction technique shared many
similarities with ordinary masonry [42], for which extensive experience and a vast engineering
literature are available. The modern adobe or earth blocks can be categorized into three different
broad categories:

1. Compressed earth blocks (CEB): CEBs are bricks produced using a mix of dry inorganic

subsoil, non-expansive clay, and aggregates compressed at high pressure [44,45]. Generally, a
hydraulic or a manual press is used to mechanically compress the soil mix into strong blocks.
The binding of the material is provided by the mechanical compression.

2. Stabilized earth blocks (SEB): the soil mix is stabilized with a chemical binder such as Portland

cement or lime to form SEB [46]. These blocks are not compressed like CEBs; however, the

stabilizer binds the mix, and provides strength and durability to the blocks.



3. Compressed and stabilized earth blocks (CSEB): a soil mix is first stabilized with a chemical

binder and then compressed at high pressure to form CSEBs [43,47]. CSEBs use both
mechanisms of CEBs and SEBs to form strong and durable earth blocks, which are more

suitable for modern construction.

Earthen buildings represent only a small fraction of the building inventory in U.S., even in
places where this type of construction is historically established and culturally appreciated (e.g.,
in NM, CO, AZ, TX, and CA). Earthen construction is viewed with hesitation by the construction
industry and its use is negatively affected by the widespread perception of it as a substandard
choice for construction [18]. In addition, earthen construction is even less common in humid and
rainy climates such as those of the U.S. Gulf Coast [48], because traditional earthen construction
exhibits a poor resistance to degradation in such climates [43] and to extreme wind loads [18].
These issues are related to the inherent brittleness of traditional non-engineered structures, as well
as to the lack of engineering knowledge needed to model and predict the mechanical behavior of

CSEB masonry at the structural level.

Because of the limited understanding, material-specific design standards for CSEB masonry
construction are also lacking. In fact, despite the potential advantages of CSEB structures over
other construction techniques, the international acceptance of this type of construction
[3,20,42,49-54], and the availability of an ASTM standard for the design of earth block masonry
systems [55], only few building codes in the U.S. allow the use of earth block construction,
generally through an empirical/prescriptive approach adapted from ordinary and concrete block
masonry [56—59], which does not properly take advantage of the specific characteristics of the

CSEB materials and construction techniques. Similarly, earthen building codes from around the



world, e.g., those developed by the International Code Council [57,58], Standards New Zealand
[51,60], and Indian Standard [61], depend heavily on established methods for ordinary masonry
and reinforced concrete structures when providing guidance on engineering analysis of earthen
structure [62,63]. In recent years, most of the research studies focused on understanding the
engineering characteristics of the CSEB components [22,23,69-78,24,79—-83,26,43,64—68]. Only
few studies have been performed to investigate the mechanical behavior of CSEB masonry systems
at the structure level [21,84-90]. In addition, numerical studies to simulate or understand the
behavior of CSEB masonry have been limited [91-93], and these numerical studies generally used
finite element (FE) modeling technique originally developed for ordinary masonry. To the author’s
knowledge, no attempt has been made to develop FE modeling techniques that are specifically
tailored to CSEB masonry. As a result, there is a significant gap between the current state of
knowledge and the engineering understanding that is necessary for developing material-specific

design standards of CSEB masonry systems.

1.2. Objectives

This dissertation focuses on CSEB construction by investigating the feasibility of using earthen
masonry for building house in a humid climate, improving the mechanical properties of CSEBs to
reduce their inherent brittleness, and advancing the engineering knowledge needed to understand
the mechanical behavior of CSEB masonry at the material, component, and system level. The

specific objectives are:

1. Investigating the structural, architectural, and economic feasibility of CSEB systems as a
hurricane-resistant, affordable, and durable housing typology that can be reliably used even in

the U.S. Gulf Coast’s humid climate.



. Investigating the effects of sugarcane bagasse fiber (SCBF) on the mechanical (i.e., toughness
and ductility) and durability properties of CSEBs fabricated using different levels of cement
stabilization and SCBF amounts.

. Developing a computationally efficient and robust interface element’s constitutive model that
can simulate tension cracking, shear slipping, and compression failure for simulating and
analyzing the mechanical behavior of masonry.

. Investigating the capabilities and limitations of the FE simplified micro-modeling techniques
that are frequently used for simulating the behavior of ordinary masonry by comparing
experimentally measured and numerically simulated responses of fired-clay brick masonry and
CSEB masonry.

. Developing a FE detailed micro-modeling technique for simulating and analyzing the behavior
of CSEB masonry systems and identifying the specific conditions under which simplified
micro-modeling techniques can predict the mechanical behavior of masonry systems depends
on the relative strength of masonry units and mortar, as well as on the loading conditions,
through a series of FE simulations of representative volume elements of masonry subjected to

three points bending and shear loading.

1.3. Motivation

In the modern era of industrial materials such as concrete, steel, and engineered timber, earthen

structures have seen a significantly reduced usage, due to their relatively low strength and lack of

standardization. However, they are once again getting attention because of their low cost, low

carbon footprint, energy efficiency, use of indigenous materials, and inherent simplicity [1,94]. In

particular, earth block construction is appealing as a viable response to the lack of affordable

housing in the U.S. and all around the world. Currently, U.S. is facing a shortage of nearly 3.3
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million economical affordable homes [95]. In addition, it is expected that over two billion new

houses will be needed worldwide in the next 80 years [96] to address the predicted world

population increase [97,98] and expected improvements of living standards [99]. If properly

engineered, earth block construction has the potential to address this rapidly growing housing

demand in the U.S. and all around the world in an innovative, sustainable, and economical

affordable manner.

1.4. Research Novelty and Significance

The research presented in this study provides several novel contributions to engineering

knowledge of earthen structures. The following specific contributions are noteworthy:

1.

This study demonstrates for the first time that CSEB structures are feasible from a structural,
architectural, and economic point of view even for affordable hurricane-resistant housing in
the U.S. Gulf coast, which represents a very challenging environment for earthen construction.
The inclusion of SCBF in the production of reinforced CSEBs is shown to radically improve
the mechanical and durability properties of CSEBs. The presented results suggest that SCBF-
reinforced CSEBs potentially represent a more sustainable alternative to other conventional
modern construction techniques, such as light-framed wooden construction, ordinary masonry,
and concrete block masonry. The use of SCBFs in the fabrication of CSEBs can also address
the waste disposal problems associated with excess production of SCBFs.

A novel mechanical constitutive model for interface elements is introduced in the context of
the FE simplified micro-modeling approach for masonry structures. It is shown that the newly
proposed constitutive model is more efficient than and at least as accurate as the other existing

constitutive models for modeling masonry structures.



4. This study clearly demonstrates for the first time the capabilities and limitations of existing FE
simplified micro-modeling techniques for ordinary and CSEB unreinforced masonry. In
particular, this study shows that FE simplified micro-models (SMMs) of unreinforced masonry
walls can provide accurate response results when the inelastic behavior is concentrated in the
masonry joints (as it is usually the case for fired-brick and concrete block masonry), but it can
produce very inaccurate response results when the inelastic behavior is spread across both
masonry joints and masonry units, which is typical for CSEB unreinforced masonry because
masonry units and mortar have often similar mechanical properties.

5. This investigation extends the use of FE detailed micro-modeling to analyze the mechanical
behavior of earth block masonry systems for the first time. It also identifies the range of validity
for SMMs of masonry walls as a function of the relative strength and stiffness of mortar and
masonry units, and of the type of loading conditions. The new knowledge presented in this
dissertation advances the FE modeling of unreinforced masonry, particularly for systems
characterized by masonry units that are very weak or very strong when compared to the
associated mortar. These results and the FE detailed micro-modeling approach developed in
this study are critical to promote the practical use of earth block masonry, as they provide the
structural engineering community with an accurate tool for the numerical modeling of the

structural behavior of unreinforced masonry.

The results of this research represent an advancement in the engineering knowledge necessary
for: (1) promoting CSEB construction that can endure humid climate and hurricane wind, and (2)
understanding the structural behavior of CSEB masonry, which will ultimately be required for

developing material-specific design standards of CSEB masonry system.



1.5. Outline of Dissertation

The research presented in this dissertation is the collection of several papers that have been
published in, are under review by, or are in preparation for submission to peer-reviewed journals
publishing research in the field of Structural Engineering. The complete list of these papers is

provided in Section 1.6 of this introductory chapter.

Chapter 2 presents the structural, architectural, and economic feasibility study for CSEB
structural systems in the U.S. Gulf Coast. The structural feasibility study presented in this chapter
included the identification of locally available soils for CSEB fabrication, the experimental
investigation of the mechanical properties of CSEBs and mortar as functions of their composition;
a durability study for a CSEB wall with and without protective plastering, and the calculation of
the wind resistance for a representative CSEB house. The architectural feasibility study
investigated the use of CSEB systems in vernacular housing typologies of Southern Louisiana.
Finally, the economic feasibility study compared the cost of a reference house built using CSEBs

and other construction materials that are more commonly used in Southern Louisiana.

Chapter 3 investigates the effects of SCBFs on the mechanical strength and durability
properties of CSEBs. CSEBs were fabricated using natural soil and SCBFs collected from
Lakeland, LA, with a manually operated compression machine. Nine different soil mix
compositions containing different amounts of sugarcane bagasse fiber (0%, 0.5%, and 1.0% by
weight) and Type II Portland cement (0%, 6%, and 12% by weight) were considered. The flexural,
dry compressive, and wet compressive strengths of the different CSEBs were evaluated
experimentally. Durability was also examined by measuring mass loss, dry density, water
absorption, and wet compressive strength after 12 wetting and drying cycles. The morphology and

chemical composition of the CSEBs were investigated via scanning electron microscopy and
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energy-dispersive X-ray spectroscopy, whereas the mineralogical characteristics were evaluated

using X-ray crystallography.

In chapter 4, a new interface element’s constitutive model is proposed for analyzing masonry
using the simplified micro-modeling approach, in which the mortar layer and the two adjacent
unit-mortar interfaces are lumped into a zero-thickness joint (modeled using an interface element)
between expanded masonry units. The new model is capable of simulating tension cracking, shear
slipping, and compression failure and is defined by a convex composite failure surface consisting
of a tension-shear and a compression cap failure criterion. It removes the singularity in the tension-
shear region but not in the compression-shear region. In addition, the proposed model is based on
the hypothesis of strain hardening. The robustness and computational cost of the proposed model
are compared to different constitutive models (which are based on three, two and single failure
criterion) that have been widely used in the literature to describe masonry behavior through a series
of one-element tests and through the comparison of FE response simulation of an unreinforced

masonry shear wall.

Chapter 5 of this dissertation highlights the capabilities and limitations of different SMMs by
comparing their relative performance for two different types of masonry, i.e., fired-clay brick and
CSEB masonry, for which well-documented experimental results are available in the literature.
This chapter presents existing FE simplified micro-modeling techniques that have been widely
used for simulating the mechanical behavior of ordinary masonry. It then provides
recommendations on constitutive models, FE solvers, and discretization requirements for FE
simplified micro-modeling of unreinforced masonry. Finally, two benchmark examples

corresponding to fired-clay brick and CSEB masonry are investigated by comparing the FE
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responses numerically obtained from the different SMMs with experimental results in terms of
predicted load-displacement response, strength, initial stiffness, collapse mechanism,

computational efficiency, and output information.

Chapter 6 presents presents a detailed micro-model (DMM) specifically tailored to model earth
block masonry systems. Then, through a series of FE simulations of representative volume
elements of masonry subjected to three-point bending and to shear loading, this study identifies
the conditions (in terms of relative strength of masonry units and mortar, and of loading conditions)
under which the structural response results obtained using different SMMs and the DMM are
consistent. Finally, the new DMM is validated through a comparison of its FE response with
existing experimental results for earth block masonry wallettes subject to diagonal compression,

for which SMMs were demonstrated to provide inaccurate results in the Chapter 5.

Finally, Chapter 7 provides a summary of the research performed, identifies the conclusions
achieved in this study, and suggests future research directions. Six appendices provide additional
material and data that did not find space in the journal articles, but that are complementary to the

core material of this dissertation.

1.6. Journal publications derived from this dissertation

Journal article based on chapter 2 (published):

e Kumar, N.!, Barbato, M.2, Holton, R.* (2018). “Feasibility Study of Affordable Earth Masonry
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CHAPTER 2. FEASIBILITY STUDY OF AFFORDABLE EARTH MASONRY

HOUSING IN THE U.S. GULF COAST

2.1. Introduction

A significant portion of the world’s population currently lives in earth-based dwellings [100].
Earth construction provides several advantages over other traditional construction methods (e.g.,
reinforced concrete, fired masonry, and wood construction). In particular, earth construction is: (1)
affordable and locally appropriate, since inexpensive and locally available soils are used as the
primary structural materials [2,101]; (2) energy and humidity efficient, due to its relatively high
volumetric heat capacity and excellent ability to passively maintain a healthy indoor relative
humidity [2,12]; and (3) environmentally friendly, with an embodied energy that can be over 80%

lower than that of concrete masonry units and fired clay bricks [12,101].

Earth construction is also one of the most ancient and sustainable approaches for building
construction, dating back over 9000 years ago [2], and with examples found all over the world
[102]. Different earth construction techniques were developed over the centuries, the most
prominent of which are cob construction, rammed earth construction, and earth block or adobe
construction [12,30]. These traditionally built earthen structures (i.e., non-engineered
constructions) are not capable of resisting extreme loads from natural hazards such as earthquakes
and strong winds, due to the inherent brittleness of the material [32-36]; therefore, they are
inadequate for mainstream modern construction. However, in the last few decades, significant
research has been devoted to develop engineered earth blocks as a more affordable and
ecologically friendly alternative to other masonry elements, e.g., fired bricks and concrete blocks

[37-40]. Consequently, engineered earth block construction has emerged as a viable modern
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construction technique due to its eco-efficiency and extreme affordability [12,41]. In particular,
earth block construction is a promising technique because: (1) its individual components (i.e., earth
block and mortar) can be engineered to improve their strength and durability [37,42,43], and (2)
the construction technique has many commonalities with ordinary masonry [42], for which
extensive experience and a vast engineering literature are available. Modern earth blocks can be
categorized into three different broad categories: (1) compressed earth blocks (CEBs), which are
produced by compressing an appropriate soil mix with the help of a hydraulic or a manual press
[12,44,45]; (2) stabilized earth blocks (SEBs), which are made from a soil mix that is stabilized
using a chemical binder such as Portland cement or lime [46]; and (3) compressed and stabilized
earth blocks (CSEBs), which are fabricated by mechanically compressing a stabilized soil mix
[43.,47]. CSEBs use both mechanisms of CEBs and SEBs to form strong and durable earth blocks,

which are more suitable than other earth blocks to satisfy modern construction requirements.

Currently, earth construction in the USA is mainly used in dry and arid regions, e.g., New
Mexico, Colorado, Arizona, California, and West Texas [15]. New Mexico has also incorporated
the use of earth blocks for non-hurricane prone areas into the state’s building code [56]. However,
CSEB construction has rarely been used in the U.S. Gulf Coast [48] because of the poor resistance
to degradation generally experienced by earth construction in a humid and rainy climate [43], and
the widespread perception of earth construction as a substandard choice for resistance to extreme
wind loads. By contrast, recent research based on structural analysis results and controlled
laboratory experiments has demonstrated that earth masonry can safely withstand extreme wind

loads [21] and windborne debris impacts [89,103] due to hurricanes or tornadoes.
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The goal of this study is to investigate the feasibility of CSEB systems as a hurricane-resistant,
affordable, and durable housing typology that can be reliably used even in the U.S. Gulf Coast’s
humid climate. This study includes the investigation of structural, architectural, and economic
feasibility of a typical earth block house compared with one of a similar size built with common
construction techniques. A preliminary investigation of the use of a soil-cement plaster protection

for CSEB walls is also presented as part of the structural feasibility study.

2.2. Motivation and Significance

A significant portion of the U.S. population (including a significant number of
underrepresented and underprivileged groups) live in rural and remote areas, particularly in
Louisiana. In these rural areas, affordable housing is key to reducing homelessness, creating jobs,
and fostering economic development. According to data published by the U.S. Department of
Housing and Urban Development in 2010, 386,000 low-income households in Louisiana are in
need of affordable housing [104]. The National Association of Home Builders [ 105] estimates that,
for each newly built house, three full-time equivalent new jobs are created, particularly in the
construction and manufacturing industry, and $111,000 in government revenue (including income
taxes, government social insurance, permit and license fees, and sales taxes) is generated ($74,400
in federal taxes and $36,600 in state and local taxes). This estimate does not include the indirect
economic impact of the new house, e.g., due to the relocation and future earnings of the building
owners, which is generated over a prolonged period of time. The critical demand for low-cost
housing in the U.S. Gulf Coast is exacerbated by recurring tropical storm, flooding events,
subsidence, and water level rising, as recently documented by Davenport and Robertson [106], in
which thousands of residents across southern Louisiana were displaced by the land loss induced

by coastal erosion and climate change effects.
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In our current period of rising global temperatures, unpredictable events have and will continue
to displace thousands of residents in the coastal region of Louisiana. This historic unseating of
entire communities necessitates a reconsideration of standard housing solutions. Constructed
primarily of materials accessible from the building site, CSEB design and building techniques offer
an economical and sustainable approach to the current increase in demand for affordable weather
resistant housing. The research presented in this chapter proposes the novel use of CSEBs in a hot
wet environment and provides the preliminary engineering basis needed to offer affordable,

resilient, and sustainable housing for the many individuals in need in the U.S. Gulf Coast region.

2.3. Structural Feasibility Study

The structural feasibility of CSEB housing in the U.S. Gulf Coast depends on the mechanical
properties of CSEB elements (i.e., blocks and mortar) and CSEB systems (e.g., walls and pillars).
These properties need to satisfy several minimum standard requirements to ensure sufficient
resistance of the construction to extreme winds as those associated with hurricanes. In addition,
the CSEB walls need to achieve a sufficient durability when exposed to the humid weather typical
of this region of the U.S. The CSEB mechanical properties depend mainly on the properties and
composition of the available soil, the fabrication process, and the amount of stabilizer used in the
soil mix. This section presents: (1) the identification of appropriate soil in the East Baton Rouge
area, (2) the description of the CSEB fabrication process adopted in this study, (3) the investigation
of the mechanical properties of CSEBs as a function of the amount of cement used as stabilizer,
(4) the investigation of the mechanical properties of soil-based mortar as a function of cement and
sand content, (5) a durability study of an actual CSEB wall subject to the humid weather in Baton
Rouge, and (6) the estimation of the resistance of the main wind-force resisting system for a

hypothetical house built using locally produced CSEBs. It is noted here that Portland cement was

16



used as the stabilizer material and as an ingredient of the weather protection plaster. This
preliminary selection was made based on the wide availability of this material and on existing
literature, which suggests that cement is highly efficient in increasing the mechanical strength and
durability of CSEBs [43,46]. However, other more sustainable solutions could also be considered
in future studies, e.g., using lime as stabilizer [48], or modifying foundations, roofing, and building
geometry to minimize the weather effects in rainy environments [53], and/or investigate other
rendering solutions to protect the building envelopes (e.g., earthen plasters stabilized with lime,

acrylic emulsions, polymers, asphalt emulsions, agave juice, see [107,108].

2.3.1. Soil Identification

Production of high-quality CSEBs requires soils with specific compositions, i.e., the
appropriate proportions of sand, silt, and clay contents. Existing literature provides recommended
soil composition ranges for fabrication of CEBs [12,38,42,44]. These soil compositions can be
obtained through a particle size analysis and can be classified using the Unified Soil Classification
System (USCS) [109]. Figure 2.1(a) shows the United State Department of Agriculture [110] soil
texture triangle, which provides a graphical representation of the composition of a soil. In this
figure, the thick blue line identifies the optimal soil compositions for fabricating CEBs, the thick
magenta dashed line identifies sub-optimal soil compositions that can still be used for CEBs, and
the region outside the above lines represents soil compositions that are generally considered
inappropriate for CEB fabrication, according to the existing literature. Additional criteria have
been suggested in terms of Atterberg limits ASTM D4318-17el [111], e.g., with optimal liquid
limits (LL) ranging from 25 to 50, and optimal plasticity indexes (PI) ranging from 2.5 to 29
[12,44]. It is noted here that only scarce information is available in the literature for optimal soil

compositions and Atterberg limits for fabrication of CSEBs. However, it is reasonable to expect
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that a wider range of soil compositions and values of Atterberg limits can be considered acceptable
when compared to those for CEB fabrication, since the soil can be partially ameliorated by using
appropriate stabilizers.

Baton Rouge

€

SOil A © ‘ ‘ ?Lnulsnana State Univ/WA ﬁ
o] g
Soil B
Soil C g
Soil BC *A’ o
SoilD @
Soil E
|

<— Sand (%)
(a) (b)
Figure 2.1. Tested soils: (a) USDA soil texture triangle with optimal soil grading region and

composition of tested soils from Baton Rouge, LA; and (b) map of Baton Rouge with site
locations of different soils.

Soil samples were taken from five different locations (A, B, C, D and E) in Baton Rouge from
the layer between 1 and 2 m below the surface, as shown in Figure 2.1(b)). Simple preliminary
in-situ tests (i.e., “cigar” and jar tests) were used to verify if these soils were appropriate for CSEB
fabrication based on suggestions provided in the literature [42]. The average “cigar” lengths were
in the range between 12-15 cm (see Figure 2.2(a)), which is considered an acceptable range for
CEB fabrication [42]. In the jar test, only one layer of soil particle was observed for all soils, as
shown in Figure 2.2(b), which indicates that these soils contain almost exclusively fine particles

(i.e., silt and clay).
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Figure 2.2. In-situ soil identification tests: (a) cigar test; (b) jar test.

After performing in-situ tests, the granulometry and Atterberg limits of the soil samples were
obtained by performing standard laboratory tests. The results of the particle size analysis,
performed according to ASTM D6913-17 [112] and ASTM D7928-17 [113], are presented in
Figure 2.3 and were used to classify the different soils on the USDA soil texture triangle presented
in Figure 2.1(a). The Atterberg limits were measured according to ASTM D4318-17el [111]. The
LL were 35.5%, 30%, 28%, 27.5%, and 26.5% for soil A, B, C, D, and E respectively, whereas
the PI were 12.5%, 8.0%, 11.5%, and 12% for soil A, B, C, D, and E, respectively. The results of
the laboratory test indicate that the used soils: (1) have LL and PI values within the optimal ranges,
and (2) lay within the sub-optimal composition region (soil B and C) or immediately outside this
region as identified on the USDA soil texture triangle (see Fig. 1). The soils used in this study are

representative of the soil available in the East Baton Rouge area.
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Figure 2.3. Grain size analysis of soils collected from different locations in Baton Rouge, LA.

2.3.2. Fabrication Process of CSEBs

The fabrication process of CSEBs, and in particular the compaction process, can significantly
affect the CSEB mechanical and physical properties [38,114]. CSEBs can be fabricated using: (1)
quasi-static compaction, through a slowly applied pressure in single-side compaction, double-side
compaction, or extrusion [38,115]; or (2) dynamic compaction, through impact or vibration [116].
Quasi-static compaction is most commonly applied by using manually operated or hydraulic
compression machines. A single-stroke manual one-side compaction machine made of steel was

fabricated purposely for this study and is shown in Figure 2.4.

The CSEB fabrication was performed by: (1) extracting, drying, and pulverizing of the soil;
(2) sieving the pulverized soil to remove any organic and course particle; (3) weighing the soil,
cement, and water to obtain the desired amounts; (4) mixing soil and cement thoroughly with the
help of a power-driven mixer for at least 10 min; (5) adding the water to the soil-cement blend in
multiple steps while mixing it; and (6) compressing the wet soil-cement blend by using the

compaction machine to form blocks. The production time between material mixing and fabrication
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of all blocks was maintained below 45 minutes for all batches, in order to avoid excessive curing
of the cement. Each batch consisted of five to eight blocks. After fabrication, the blocks were cured
for 28 days by wet-and-dry curing [42], i.e., the blocks were wrapped in a plastic sheet inside the
laboratory for the first 14 days to maintain a high humidity environment, and avoid rapid
evaporation and formation of shrinkage cracks, then they were left to dry for 14 additional days

without being directly exposed to sun and wind.

Figure 2.4. Single-stroke manually operated one-side compaction machine.

2.3.3. Mechanical Properties of CSEBs

This study investigated the effects of different amounts of cement used as a stabilizer on the
compressive and flexural strength of earth blocks made with soil from East Baton Rouge, LA.
Compressed earth blocks of dimension 290 x 145 x 75 mm3 were fabricated with soil A and
different percentages in weight (wt.%) of type Il Portland cement (PC), namely 0 wt.% (CEB), 3
wt.% (CSEBO03), 6 wt.% (CSEB06), 9 wt.% (CSEBO09), and 12 wt.% (CSEB12). Five equally-built
specimens for each cement content of CSEBs were tested using an MTS universal testing machine

with a 50 kN load cell capacity to determine the block’s average dry compressive strength, f,,,
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wet compressive strength, f, , and modulus of rupture (MOR). The specimens were loaded in

displacement-control mode at the rate of 2 mm/min.

First, a three-point bending flexure test was performed on the full-size blocks [56]. The
displacement was applied at the middle of the block with a 20 mm distance between edge and
support, giving a 250 mm clear span, as shown in Figure 2.5(b). Figure 2.6 plots the applied load-
midspan deflection curves for all tested specimens. The results of the flexure test in terms of
sample means, minimum/maximum values, and coefficients of variation for MOR and modulus of
elasticity (MOE) are reported in Table 2.1. The flexure test resulted in the formation of a well-
defined large crack in the middle of the earth blocks. The two halves of each tested specimen,
produced by the fracture of the block in the flexure test, were trimmed using masonry cutting tools
to produce two specimens of dimension 100 x 100 x 75 mm? to be used in a direct compression
test [117]. For each cement content, five half-block specimens (one from each original earth block)
were tested for dry compression tests, whereas the remaining five specimens were immersed in
water for 24 hours before being tested for wet compressive strength. Neoprene pads were placed

between the steel plates and test specimens during each compression test.

Figure 2.7(a) and (b) plot the stress-strain curves for all tested specimens corresponding to the
dry and wet compression tests, respectively. The results of the dry and wet compression tests in
terms of sample means, minimum/maximum values, and coefficients of variation for compressive
strength and MOE are reported in Table 2.1, which also reports the estimate of the characteristic

uniaxial dry and wet compressive strengths, f,,, and f,, respectively, accounting for shape and

aspect ratio corrections [118]. The failure mode observed during wet and dry compression tests

corresponded to the development of an hour-glass shape following the spalling of the vertical sides
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of the tested specimen, as shown in Figure 2.6(b). This failure mode is similar to that commonly

observed in compression tests of typical concrete cubic specimens.

(b)
Figure 2.5. Experimental mechanical tests: (a) specimen after flexure test; (b) specimen after
compression test.

Table 2.1. Mechanical properties of CSEBs for different cement content.

Cement Strength” MOE .
content Min. Max. Avg. COV Min. Max. Avg. cov  Ju
Test (%) (MPa) (MPa) (MPa) (%) (MPa) (MPa) (MPa) (%)  (MPa)
0 0.29 0.36 0.33 9.50 56.40 82.86 67.00 17.10 -
3 0.34 0.44 039 11.40 71.18 97.63 86.26  12.36 -
Flexure 6 0.50 0.58 0.53 6.38 10990 130.29 118.84  6.38 -
9 0.63 0.71 0.66 4.87 131.33 180.78 154.47 1249 -
12 0.75 0.82 0.78 4.17 170.49 241.86 19490 14.39 -
0 1.15 1.33 1.22 6.38 19.42 25.93 2328 1140 0.74
3 1.51 1.86 1.66 8.74 29.90 50.20 38.53 2049 096
Dry . 6 1.83 2.16 2.01 6.13 36.95 51.33 4482 1147 1.23
Compression
9 2.70 3.27 2.97 7.19 59.05 62.27 60.45 2.34 1.78
12 3.73 4.24 3.89 5.47 62.28 88.96 7420  13.41 242
0 - - - - - - - - -
0.72 0.81 0.75 491 17.26 25.48 22.07 1453 047
Wet . 0.88 1.11 0.97 9.91 22.17 27.76 24.33 8.97 0.54
Compression
1.51 1.68 1.58 4.32 37.03 54.05 44.63 1546 1.01
12 1.98 2.33 2.16 5.84 48.00 58.19 52.21 7.26 1.34

* Strength = MOR for flexure test, f,, for dry compression test, and f,, for wet compression test.

" fox = S for dry compression test, and f,, for wet compression test.
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The average MOR of CSEBs is 18% to 136% higher than the average MOR of CEB by
increasing the cement content from 3 wt.% to 12 wt.%. The average dry compressive strength of
CSEBs is 36% to 219% higher than the average dry compressive strength of CEB by increasing
the cement content from 3 wt.% to 12 wt.%. For the wet compressive strength, CEBs shows a
strength equal to zero since the blocks dissolved after 24 hours of water submersion. The average
wet compressive strength of CSEBs increases by 29%, 111%, and 188% for the CSEBO6,
CSEBO09, and CSEBI12, respectively, when compared to the strength of the CSEB03. The wet
compressive strength is significantly lower than the dry compressive strength for equal amounts
of cement content. In particular, the average wet compressive strength of CSEB03, CSEBO06,
CSEBO09, and CSEB12 are 55%, 52%, 47%, and 44% lower when compared to the corresponding
dry compressive strength. This reduction in the compressive strength can be attributed to the
development of pore water pressures and a decrease in soil cohesion. As expected, for all three
sets of tests performed, the strength of CSEBs increases with increasing cement content. In
addition, it is observed that the MOE measured in all tests also follows the same trend as the

corresponding strength, i.e., it increases with increasing cement content.
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Figure 2.6. Load-displacement curves from flexure test of CSEBs.
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These experimental results were compared to the minimum requirements suggested in current
design codes and existing literature. In particular, the New Mexico Administrative Code [56]
recommends a minimum average dry compressive strength of 2.07 MPa (300 psi), a minimum
sample dry compression strength of 1.72 MPa (250 psi), and minimum average MOR of 0.35 MPa
(50 psi) for compressed earth blocks. In addition, in humid environments, CSEBs should also have
a minimum average wet compressive strength of 1.5 MPa [37,114] or a minimum unconfined
characteristic wet compressive strength of 1.0 MPa [66]. From the results obtained in this study, it

is observed that CSEB09 and CSEB12 satisfy these strength requirements.

CEB
------- CSEB03
--------- CSEB06
-------------- CSEB09
———-CSEBI2

0.20
Strain
(b)
Figure 2.7. Stress-strain curves of CSEBs: (a) dry compression test; and (b) wet compression

test.

2.3.4. Mechanical Properties of Soil-Based Mortar

The mechanical properties of cement-soil mortars produced with the same soil used for CSEBs
were investigated to identify mortars that are compatible with the earth blocks for the construction
of CSEB structures. It is noteworthy that the New Mexico Administrative Code allows the use of
both soil-cement mortar and conventional mortars for CSEB walls [56]; however, Venkatarama

Reddy and Gupta [119,120] suggested that soil-cement mortars can provide better bond strength,
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higher initial stiffness, and lower cost than conventional cement-based mortar. In particular, the
effects on the compressive strength of soil-based mortar were investigated for: (1) different
amounts of cement used as a stabilizer (soil-cement mortar), and (2) different amount of sand used
to ameliorate the soil for a fixed 15 wt% cement content (soil-sand-cement mortar). Mortar cubes
with a side dimension equal to 50 mm were fabricated by adding: (1) different amounts of Type II
PC (varying between 3 wt% and 30 wt%, with increment intervals of 3 wt%) to soil A; and (2)
different amounts of sand (varying between 10 wt% and 50 wt%, with increment intervals of 10
wt%) to a mix of soil A and 15 wt% cement. The samples were tested after being cured for 28 days
(using the same curing procedure used for the CSEBs) to obtain the average dry compressive

strength of the mortar, f [121]. The results of the compression tests in terms of sample means

and coefficients of variation for the dry compressive strength and MOE as functions of the cement
and sand contents are reported in Table 2.2 together with the estimates of the unconfined

characteristic compressive strength of the mortar, f,, [122].

The results indicate that the soil-cement mortar compressive strength increases with increasing
cement content. However, a significantly larger cement content is required to achieve a
compressive strength that is comparable to that of the CSEBs. In particular, a soil-cement mortar
with at least 24 wt% and 30 wt% cement contents should be used with CSEB09 and CSEB12
blocks, respectively. This result is most likely due to the high clay content (35-40 wt%) in the soil,
which is significantly higher than the amount recommended for soil-cement mortar in CSEB
masonry, i.e., up to 10-20 wt% of clay [64,119,120]. As expected, the addition of sand increases
the mortar compressive strength for a given amount of cement. It is observed that soil-sand-cement

mortars with 15 wt% cement and 30 or 40 wt% sand have a similar compressive strength to that
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of CSEB09 and CSEB12 blocks, respectively. Thus, these soil-sand-cement mortars can be used

in conjunction with CSEB09 and CSEB12.

Table 2.2. Dry compressive strength and MOE of mortar cubes.

Cement Sand o MOE
content content Avg. Cov Avg. CoV Sk
(%) (%) (MPa) (%) (MPa) (%) (MPa)
3 0 0.38 7.47 5.44 17.55 0.23
6 0 0.55 17.89 11.44 27.50 0.25
9 0 0.94 2.19 18.24 45.98 0.63
12 0 1.33 7.28 27.06 15.26 0.79
15 0 1.74 4.89 34.32 14.52 1.10
18 0 1.94 9.43 39.94 18.58 1.10
21 0 2.38 9.06 44.88 24.12 1.36
24 0 2.88 6.87 51.78 24.70 1.74
27 0 3.40 4.10 57.50 23.18 2.18
30 0 3.89 8.39 61.18 13.38 2.26
15 20 2.22 2.17 53.76 30.78 1.49
15 30 3.01 6.92 68.54 10.79 1.81
15 40 3.91 9.21 77.84 15.47 2.23
15 50 4.41 10.83 86.02 20.48 2.41

2.3.5. Durability Investigation of CSEB Wall

The performance of a plaster protection for a CSEB masonry wall exposed to the humid
weather in Baton Rouge was investigated. A single-wythe 1220 x 920 mm?2 (4 x 3 {t2) wall was
constructed with CSEBs of dimensions 290 x 150 x 75 mm3 on June 6, 2015, outside Atkinson
Hall, at the LSU School of Architecture in Baton Rouge, LA. Soils B and C were mixed in equal
parts into soil BC to produce CSEBs with 6 wt.% type Il PC. The particle size distribution of the
reconstituted soil BC is reported in Figure 2.3. Five of these earth blocks were tested after 28 days
curing to determine their flexural and dry compressive strength, which are reported in Table 2.3 in
terms of sample means and coefficients of variation. These specimens are identified as CSEB!

hereinafter to indicate that they were tested before the construction of the wall.
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Table 2.3. Mechanical properties of CBEBs before construction and after demolition of the wall.

Flexure test Compression test
MOR MOE Joa MOE
Tested Avg. COoV Avg. CoVv Avg. Cov Avg. COV
specimens (MPa) (%) (MPa) (%) (MPa) (%) (MPa) (%)
CSEB! 0.57 11.28 164.32 22.00 1.38 6.40 31.22 16.98
CSEBP 0.64 22.68 279.51 17.11 1.79 5.55 55.61 20.21
CSEBY 0.37 21.82 143.33 31.60 1.50 13.80 44.78 26.82

The wall was divided into two parts: a protected side (side P) and an unprotected side (side U).
The plaster protection of side P comprised two layers: a 12-mm-thick layer of soil-cement stucco
made with soil BC and 6 wt% PC covered by a thin layer of cement paste paint, as shown in Figure
2.8. The wall was left exposed to outdoor weather conditions for six months and was visually
inspected twice a week to observe and document the condition of the wall. After one-month of the
exposure, the initiation of erosion was observed on the surface of the CSEBs on the unprotected
side of the wall. This erosion progressed with time on the unprotected side, as shown in Figure
2.8(b). After three months, the CSEBs at the top corner of the unprotected side of the wall lost
their bond with the wall due to degradation of the blocks and the mortar in the top two courses, as
shown in Figure 2.8(c). Figure 2.8(d) shows the wall on December 10, 2015, before it was
carefully dismantled. Two blocks at the top corner of the unprotected side were slightly dislodged,
and one of them was cracked in the middle. By contrast, the protected side of the wall did not show
any sign of distress after six months of weather exposure. The blocks from both the protected
(CSEBP) and unprotected (CSEBV) side were recovered and carefully moved to the structural
laboratory. Among the recovered blocks that were undamaged under visual inspection, five
specimens from each side of the wall were subjected to flexure and compression testing using the

same procedure previously described. The results of these experimental tests are reported in Table
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2.3 in terms of sample means and coefficients of variation for the flexural and dry compressive

strengths and the corresponding MOE.

© (d)
Figure 2.8. Durability study of CSEB masonry wall at LSU: (a) wall after construction; (b)
wall after one month; (c) wall after three months; (d) wall after six months of exposure to
Baton Rouge weather.

The average MOR and dry compressive strength of the CSEBP are 72% and 19% higher than
those of the CSEBVY, respectively, which demonstrates the effectiveness of the double layer plaster
in protecting the wall from deterioration due to weather action. In addition, the average MOR and
dry compressive strength of the CSEBP are 11% and 23% higher than those of the CSEB!. This
phenomenon may be due to the progress of cement hydration under the high humidity conditions

experienced by the wall. It is also observed that the average compressive strength of the CSEBV is
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slightly higher than that of the CSEB!, whereas the average MOR is significantly lower. This
phenomenon may be due to the counteracting effects of cement hydration (which tends to increase
the block strength and seems to be dominant for compressive strength) and superficial erosion

(which tends to produce imperfections and cracks and seems to be dominant for flexural strength).

The results of this durability investigation confirm that humid weather produces very
demanding conditions for CSEBs and that an exterior coating is needed to mitigate erosion and
degradation induced by severe weather conditions. The proposed dual layer plaster consisting of a
soil-cement stucco with a coat of cement paste was effective in protecting a CSEB wall from the
humid climate that is typical of the U.S. Gulf Coast. However, further investigation is needed to

determine an optimal, cost-effective option for protection of CSEB structures.

2.3.6. Hurricane Wind Resistance of CSEB Systems

The hurricane wind resistance of CSEB systems built using local soil was investigated by using
the parametric strength demand curves developed by Matta et al. [21] to identify the minimum
acceptable wall thickness for the main wind-force resisting system of one-story single-family
dwellings made of CSEB masonry and located in exposure zone C [123]. These parametric curves
for CSEB structures with flat roofs are shown in Figure 2.9. The horizontal axis represents the
basic wind speed (defined as the 3-s gust speed at 10 m above ground in exposure zone C), the
vertical axis indicates the compressive strength of earth block masonry, and the different curves
with markers identify the masonry strength required at any given wind speed for CSEB systems
with walls of different thickness. The horizontal dashed lines labeled as M09 and M 12 identify the
characteristic masonry strength for earth block masonry built with: (1) CSEB09 blocks and soil-

sand-cement mortar with 15 wt.% cement and 30 wt.% sand, and (2) CSEB12 blocks soil-sand-
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cement mortar with 15 wt.% cement and 40 wt.% sand, respectively. The characteristic

compressive strength of the masonry walls was determined as f, = 1.64 MPa for M09 and f, =

2.14 MPa for M12, respectively, by using the following equation recommended in Eurocode 6

[124]

£, =055£07£03 2.1

where f, denotes the characteristic compressive strength of the masonry. This equation was

preferred to other expressions available in the literature and in other design codes [125-128]
because it applies to the strength ranges considered in this study and it is the most conservative
relations among those available in the literature [129]. The vertical solid lines identify the design
wind speeds [123] for some of the major cities in Louisiana, i.e., Shreveport, Lafayette, Baton

Rouge, New Orleans, and Houma.
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Figure 2.9. Parametric design curves for main wind-force resisting system of CSEB single-
story houses with flat roof.

The results reported in Figure 2.9 indicate that: (1) in Shreveport and Lafayette, a wall

thickness # = 254 mm is sufficient for both M09 and M12; (2) in Baton Rouge, a wall thickness ¢
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=305 mm and 254 mm are needed for M09 and M12, respectively; and (3) in New Orleans and
Houma, the minimum wall thickness for M09 and M12 increases to £ = 356 mm and 305 mm
respectively. Considering the dimension of the blocks, an earth block wall with # = 254 mm can
be built using a single-wythe configuration [53,130], whereas larger wall thicknesses would
require a double-wythe configuration. It is noted here that the required wall thickness could be
further reduced, e.g., by using steel reinforcement [21], or a different set of optimized block sizes

could be used [42,53,130].

2.4. Architectural Feasibility Study

In response to the need for affordable and climate responsive housing in coastal Louisiana,
single-family prototype designs were developed using CSEBs as the primary construction element.
In appreciation of the rich cultural heritage and environmental context of the Gulf Coast, the
proposed prototype housing designs embrace many qualities inherent to local vernacular
architecture, which includes Creole and Acadian influences and presents a heritage of building
types composed of common elements that evolved from living in a hot wet climate [131].
Fundamental aspects, incorporated into the housing designs, include deep porches, high ceilings,
and floor to ceiling openings, raised ground floors, and program specific room volumes, which all

help to facilitate air movement by means of passive cross ventilation.

Two significant housing types, i.e., the shotgun and the dogtrot [131], were considered in the
design of two single-family prototypes. Each prototype was based on a single-family program of
around 1000 square feet on one level with an interior volume of 10 to 12 feet in height. They are
composed of a main living area, kitchen, bathroom, two bedrooms, and outdoor porches. Beyond

these equivalent features, unique characteristics of the housing designs were developed based on
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specific contextual qualities. The shotgun prototype, based on customs of the Creole who migrated
from Haiti, represents an urban house and has a long thin linear arrangement of rooms for efficient
cross ventilation and minimal frontage following the organization of dense inner-city land
allotment (see Figure 2.10). A covered exterior porch faces the street and is open on the sides to
promote social interaction with adjacent neighbors. The dogtrot prototype, based on customs of
the Acadian who stemmed from Nova Scotia, represents a rural house and has an organization
based on a central porch (which provides ventilation for adjacent rooms), flanked by public living
spaces on one side and private on the other (see Figure 2.11). The mass of the dogtrot house has
a recessed, inward facing porch that functions as an entry way and a private social space in less

dense rural communities.
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Figure 2.10. Drawings of the shotgun prototypes house: (a) floor plan, (b) front perspective
(rendering), and (c) front elevation (1’ = 30.48 cm, 17 =2.54 cm, and 1 sf=0.093 m?).
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Figure 2.11. Drawings of the dogtrot prototypes house: (a) floor plan, (b) front perspective
(rendering), and (c) front elevation (1’ = 30.48 cm, 17 =2.54 cm, and 1 sf=0.093 m?).

The proposed designs were developed around an architectural logic based on the 10”x6”x3”
(25.4 cm x 15.2 cm x 7.6 cm) module of the CSEB. On top of the foundation, a 2°-6”-high (76.2
cm) stem wall (made of a triple layer of earth blocks) supports an elevated floor to promote
improved air circulation and ventilation. For the shotgun prototype, the load bearing exterior wall
continues vertically from the stem wall and is reinforced by a series of transverse walls that
function as buttress bracing for lateral loads, with a maximum span between transverse walls of
30’ (9.14 m). The exterior wall is finished with the proposed dual layer plaster to provide weather
protection. Doors and windows openings are supported by wood box frames. All components,
details, and connections were kept intentionally simple to help achieve the goal of affordable
materials and labor that are readily available. An exploded axonometric illustration of the different
assemblies for the shotgun prototype house is presented in Figure 2.12. Roof, foundations, and

their connections with the walls were dimensioned to resist the wind lateral and uplift forces, which
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were calculated based on the envelope procedure for enclosed simple diaphragm low-rise buildings

given in ASCE 7-10 [123]. The roof joists are connected to the walls through steel hurricane ties.
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Figure 2.12. Exploded axonometric illustrations of the different assemblies in the shotgun
prototype house.

It is concluded that CSEB systems can be adapted to design and build simple houses based on

local vernacular architecture. Thus, CSEB houses can have the same appearance of houses built
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using other more traditional construction techniques, which could promote their acceptance from

the local population.

2.5. Economic Feasibility Study

An economic feasibility study was performed to determine if CSEB structures could represent
a sustainable approach for affordable, safe, and weather resistant housing in the U.S. Gulf Coast
region. Based on the mechanical properties identified in the structural feasibility study, the shotgun
prototype with 1000 ft2 area was considered as reference single-family dwelling. The cost to build
this house was compared to the costs of equivalent houses built using light-frame wood
construction, fired brick masonry, and concrete block masonry. For the sake of comparison,
components other than the walls (e.g., foundation, roof, and floor systems) were assumed to be
equal and, thus, have the same costs for all houses compared here. It is noted here that this
assumption is only an approximation, and that further study is needed to investigate if and how
much the cost of these other components is affected by the usage of different wall systems.

However, this investigation is outside the scope of this study.

Two construction options were considered for the CSEB walls, namely: (1) CSEB walls built
using mortar layers of typical thickness to provide the bond between blocks [53], referred to as
mortared CSEB wall hereinafter (Figure 2.13); and (2) CSEB walls built with interlocking CSEBs
(ICSEBs) with thin layers of mortar slurry and grouted vertical steel reinforcement [132], referred
to as mortarless ICSEB wall (Figure 2.13). In the mortarless ICSEB wall option, the reinforcement
consisted of #4 steel reinforcing bars at 406.4 mm center-to-center spacing and was used to speed
up the construction process. The detailed cost estimates for all components of these two CSEB

wall options are reported in Table 2.4.
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Figure 2.13. CSEB wall systems: (a) ordinary CSEB element, (b) ICSEB element, (c)
mortared CSEB wall system, and (d) mortarless ICSEB wall system.

The total number of blocks needed for construction was estimated at 9680 for the mortared

CSEB wall and 10938 for the mortarless ICSEB wall. All costs were determined using the average

national costs of material and labor and applying the appropriate city cost index for Baton Rouge,

LA [133]. The labor cost for the CSEB walls includes block fabrication, construction, stucco

installation (only on exterior walls), and masonry painting. The number of man-hours hour

required for building a unit area of mortared CSEB wall was assumed equal to those required to

build ordinary fired clay masonry walls when using skilled labor [133]. A 50% reduction of labor

hours was considered for building mortarless ICSEB wall walls when compared to the labor

needed for mortared CSEB wall [134]. In addition, it was assumed that semi-skilled workers could
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build mortarless ICSEB wall walls under the supervision of a skilled mason [134]. These two

assumptions were based on existing literature on dry stack mortarless masonry [135,136] and on

information obtained by conducting a survey among active U.S. earth block builders (De Jong B.,

Dwell Earth, personal communication).

Table 2.4. Detailed cost estimates of CSEB walls for reference prototype house

Mortarless ICSEB Wall Mortared CSEB Wall
Components Items Quantity Unit Cost ($) Quantity Unit Cost ($)
Soil 133.3 Ton - 132.6 Ton -
Blocks Cement 40,055 Ibs. 3,676 39,851 Ibs. 3,651
Labor 584 Hours 4,234 528 Hours 3,828
Machine 73 Hours 2,555 66 Hours 2,310
Reinforcement Material 1,610 Ibs. 483 - Ibs. -
Labor 29 Hour 580 - Hour -
Soil 10.6 Ton - 10.6 Ton -
Mortar & grout Cement 7,806 Ibs. 720 7,806 Ibs. 720
Sand 10.6 Ton 531 10.6 Ton 530
Stem walls 113 Hours 2,250 225 Hours 5,721
Masonry Work Long walls 288 Hours 5,766 577 Hours 14,755
Short walls 92 Hours 1,830 183 Hours 4,683
Soil 2.7 Ton - 2.7 Ton -
Cement 2,938 Ibs. 271 2,938 Ibs. 271
Rendering Sand . 2.7 Ton 133 2.7 Ton 133
Masonry paint 5,964 ft2 1,372 5,964 ft2 1,372
Plastering 87 Hours 2,185 87 Hours 2,185
Painting 48 Hours 1,193 48 Hours 1,193
Total cost 27,779 41,352

The costs of light-frame wood, fired brick, and concrete block walls for the same reference

prototype house were also determined by considering national average costs adjusted by the city

cost index for Baton Rouge, LA [133,137], as shown in Table 2.5. In addition to the costs of

materials and labor, the overhead for general contractors and the costs associated with other

components of the house (i.e., concrete footing, light-frame wooden floor, light-frame wooden
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roof, interior ceiling, doors and windows, kitchen, bathroom, and electric system) were estimated
and reported in Table 2.5. Finally, Table 2.5 reports the relative costs of the wall systems and
entire houses built using the different materials and considering the mortarless ICSEB wall system

as reference.

Table 2.5. Cost comparison of different wall systems for reference prototype house.

Mortarless Mortared Light frame Concrete
Items ICSEB CSEB Wood Bricks Blocks
Material 7,186 6,676 15,638 19,533 12,844
Labor 20,593 34,674 13,068 27,625 20,255
Overheads 11,112 16,540 12,264 19,840 13,882
Total wall cost 38,891 57,890 40,970 66,997 46,981
Total cost of assemblies 65,110 65,110 65,110 65,110 65,110
Total cost of house 104,001 123,000 106,080 132,107 112,091
Wall cost ratio (wcr) 1.000 1.489 1.053 1.723 1.208
House cost ratio (her) 1.000 1.183 1.020 1.270 1.078

It is observed that, among the solutions considered in this study, the mortarless ICSEB wall
system 1is the least expensive option with a wall cost ratio (wcr) equal to 1.00, followed by the
light-frame wood (wer = 1.053), concrete block (wer = 1.208), mortared CSEB (wcr = 1.489), and
fired brick (wer = 1.723) wall systems. The cost of the mortarless ICSEB system is very similar to
that of a light-frame wood wall system, which is the most commonly used construction technique
for housing construction in the region [138]. On the contrary, the cost of the mortared CSEB wall
system is significantly higher than that of wooden frame walls. This result makes the mortared
CSEB wall system economically unfeasible unless the owners of the house can also be its builders.
It is noteworthy that this circumstance is quite common in rural settings and in developing
countries, where this type of construction is often adopted by low-income families that can provide

the labor [37,139].
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2.6. Conclusion

This chapter presented the results of a feasibility study for compressed and stabilized earth
block (CSEB) construction in the U.S. Gulf Coast, which included structural, architectural, and
economic components. Based on the results of the structural component of this feasibility study,
the following conclusions are drawn: (1) the soil available in the East Baton Rouge area is suitable
for fabricating CSEBs; (2) the CSEBs fabricated with at least 9% in weight (wt.%) of cement
content satisfy the minimum strength requirements for building single-story dwellings; (3) soil-
sand-cement mortars with 15 wt.% cement and at least 30 wt.% sand can be used in conjunction
with CSEBs; (4) exterior CSEB walls need a protection from the weather conditions in a humid
climate, and a dual layer plaster consisting of a soil-cement stucco with a coat of cement paste
seems to provide a sufficient protection; and (5) hurricane-resistant earthen dwellings can be built
using single- or double-wythe earth block masonry walls. The architectural feasibility
investigation indicates that CSEB systems can be adapted to design based on local vernacular
architecture, which could promote their acceptance from the local population. Finally, the
economic feasibility study suggests that mortarless ICSEB wall can be built at a lower cost than
other traditional wall systems, i.e. (in order of increasing average cost), light-frame wood, concrete
block, and fired clay brick wall systems; whereas mortared CSEB wall system is less expensive

than only fired clay brick walls, due to the high labor required for their construction.

The feasibility study presented in this chapter shows that earthen dwellings built using
mortarless ICSEB wall systems can be an attractive choice for low-cost hurricane-resistant housing
in the U.S. Gulf Coast region. However, further detailed investigations are required to understand
the performance of earthen dwellings and to provide guidance in the design and code development

for this type of structures. In particular, both experimental and numerical investigations are needed
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to determine the structural resistance and reliability of CSEB systems against extreme loads due
to natural hazards (e.g., high winds and earthquakes), the appropriate dimensioning and
performance of different type of reinforcements, the effects of different stabilizers and fabrication
procedures on the performance of CSEBs and CSEB masonry, as well as the proper configurations
of architectural and structural details (e.g., taller foundation walls to separate the wall from the wet
soil, alternative wall coating and/or rendering surfaces, shading/shielding elements, specific
roofing and grading details, connections between walls and foundation and/or between walls and

roof, details of window and door openings).
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CHAPTER 3. EFFECTS OF SUGARCANE BAGASSE FIBERS ON THE

PROPERTIES OF COMPRESSED AND STABILIZED EARTH BLOCKS

3.1. Introduction

Earthen structures represent one of the most ancient construction techniques, dating back over
9000 years ago [102]. Even today, a significant portion of the world’s population lives in earthen
dwellings [140]. Traditional earthen constructions are generally non-engineered buildings made
using cob, rammed earth, or adobe; whereas modern earthen constructions are often built using
engineering principles in conjunction with rammed earth and compressed earth blocks [12]. More
recently, compressed and stabilized earth block (CSEB) construction (in which soil is mixed with
a chemical stabilizer and then compressed) has seen a rapid development [141]. In the last few
decades, significant research has been devoted to developing CSEBs as a more affordable and eco-
friendly alternative to other more common construction elements, e.g., fired clay bricks and
concrete blocks [41]. CSEBs are emerging as a viable modern construction technique for low-rise
buildings due to their eco-efficiency and extreme affordability [12]. However, CSEBs have some
inherent limitations, such as low tensile strength, brittle behavior, and poor durability against
humidity [12,43]. Over the centuries, various natural fibers have been used for improving the
mechanical (e.g., shrinkage, tensile strength, and ductility) and durability properties of traditional
earthen structures [12]. Recently, considerable effort has been directed to develop reinforced
compressed earth blocks using agricultural waste fibers [26]. The use of these fibers is often shown
to improve the mechanical and durability properties of earthen materials while addressing

sustainability issues [26,142].
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Sugarcane bagasse fibers (SCBF) have received particular attention for their use in earthen
construction because of their abundance worldwide [26,142]. Bock-Hyeng et al. [143] and
Lertwattanaruk and Choksiriwanna [144] observed improvement in the compressive strength,
shrinkage, and moisture absorption of adobe bricks with the inclusion of SCBFs. Eko and
Riskowski [145] observed that it is unnecessary to remove sugar from SCBF for fabricating
reinforced CSEBs, as the sugar present in SCBFs forms polysaccharides, which are known to bind
soil particles together. By investigating the effects of cement content (i.e., 5%, 10%, and 15% by
weight) and SCBF content (i.e., 10%, 20%, and 30% by volume) on the compressive strength of
SCBF-reinforced CSEBs, they concluded that the compressive strength of SCBF-reinforced
CSEBs increases for increasing cement content and constant fiber content and decreases for
increasing SCBF levels and constant cement content. Danso [26] investigated SCBF-reinforced
compressed earth blocks (CEBs) fabricated using different soil types and fiber contents, and
concluded that: (1) the density, shrinkage, and water absorption rate of CEBs improve for
increasing SCBF content; (2) the inclusion of SCBFs enhances the compressive and tensile
properties of CEBs, with optimum performance achieved at 0.5 % by weight (wt. %) of SCBF
content; and (3) the SCBF reinforcement in CEBs reduces the rate of erosion when the blocks are
subjected to water spray test. The same study also observed that: (1) the SCBF reinforcement is
randomly distributed in the soil matrix, with gaps between the fibers and soil matrix caused by

fiber shrinkage; and (2) the SCBFs in the soil matrix can either fail by pull out or by fracture [26].

Previous studies on SCBF-reinforced CSEBs focused mainly on compressive and/or tensile
peak strength. However, to the best of the authors’ knowledge, mechanical properties associated
with energy dissipation, such as toughness and ductility, have not been investigated for SCBF-

reinforced CSEBs. These properties are crucial to assess the performance of CSEB constructions
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subjected to dynamic horizontal loading, such as seismic and wind excitations. Another aspect that
has not been investigated in the previous studies is the durability of SCBF-reinforced CSEBs. The
present study addresses this knowledge gap by investigating the effects of SCBF on the mechanical
(i.e., toughness and ductility) and durability properties of CSEBs fabricated using different levels

of cement stabilization and SCBF amounts.

3.2. Motivation and Significance

The study presented in this chapter has two major motivations. The first motivation is the
increasing need for affordable housing worldwide, which incentivizes the development of
sustainable construction solutions, such as engineered earthen building techniques. Based on
2018’s data, the USA housing supply is about 2.5-4.0 million housing units below what is needed
to match its long-term demand [146]. On a global scale, more than two billion new homes are
expected to be needed in the next 80 years due to a combination of increasing world population
and decreasing household size [96]. The second motivation is the abundance of residual SCBFs
produced every year and the associated waste disposal issues, which promote the interest in
valorizing this agricultural by-product material by identifying new beneficial applications. In fact,
the juice extraction from sugarcane produces a large volume (32%) of SCBFs as a waste product
[143,147]. In 2018 alone, Brazil produced 746.8 million metric tons of sugarcane, followed by
India with 376.9 million metric tons, and China with 108.7 million metric tons, with an estimated
production of more than 400 million metric tons of SCBFs [148]. In 2017, the USA produced 28.0
million metric tons of sugarcane, mostly in Florida, Louisiana, and Texas [149], yielding
approximately 9 million metric tons of SCBFs. Only about half of the produced SCBF is used for
energy generation in the sugar mills, whereas the remaining portion is disposed of in landfills,

creating environmental issues and a potential fire hazard [143,150].
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The research presented in this study could represent an important step toward the adoption of
SCBF-reinforced CSEBs as a more sustainable alternative to other conventional modern
construction techniques, such as light-framed wooden construction, ordinary masonry, and
concrete block masonry. The usage of SCBFs in the fabrication of CSEBs has the potential to
address both the waste disposal problems associated with excess production of SCBFs, and the
need for improved mechanical and durability properties of CSEBs, which have been historically
an impediment to the broad adoption of this construction technique, particularly in developed
countries and in regions affected by extreme seismic and wind loading conditions. An additional
potential benefit of this study could be the improvement of the living conditions for low-income,
under-represented, and under-served populations around the world, both in developing and

developed countries.

3.3. Materials and Methods

3.3.1. Materials

This study used natural soil collected in the East Baton Rouge Parish, LA, which was extracted
from the layer contained between 1 m and 2 m below the ground surface to minimize the organic
content. This soil was selected for this investigation because it is representative of local Southern
Louisiana’s soil and is most likely to be used in conjunction with SCBFs for the fabrication of
CSEBs. Standard laboratory tests were performed to determine the physical properties of the soil.
The results of these tests are summarized in Table 3.1 and indicate that the used soil had a high
content of fines (i.e., clay and silt were more than 89% of the soil), thus resulting in a composition
that was within the sub-optimal region on the USDA soil texture triangle, see chapter 2. It is

highlighted here that such compositions are generally inappropriate for use in the fabrication of
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CEBs but can still be used for CSEBs. The values of the Atterberg limits measured for this soil

were contained within the ranges considered appropriate for fabrication of earth blocks [12].

Table 3.1. Physical properties of soil.

Laboratory tests Standards Properties Values

Particle-size analysis ASTM D6913-04 [112] Gravel (>2 mm) (%) <1.00
and D7928-16 [113] Sand (2-0.063 mm) (%) 9.85

Silt (0.063—0.002 mm) (%) 58.03

Clay (<0.002 mm) (%) 31.12

Atterberg limits ASTM D4318-10 [111] Liquid limit LL (%) 35.47
Plastic limit PL (%) 22.94

Plasticity index PI (%) 12.53

Soil compaction tests ASTM D698-12 [151] Optimum moisture content (%) 23.42
Maximum dry density (kg/m®) 1571.53

Specific gravity of soil (-) 2.59

The SCBF used in this investigation was obtained from a sugarcane mill in Alma Plantation,
Lakeland, LA. The average length and thickness of the SCBFs were obtained by using a Vernier
caliper as 55 mm and 0.2 mm, respectively. The SCBF received from the sugarcane mill was
soaked in cold water for one day to remove any impurities and white spruce sawdust before being
used to fabricate the CSEBs. Type II ordinary Portland cement (PC), as per ASTM C150/C150M-

17 [152], was used in this investigation to stabilize the earth blocks.

3.3.2. Earth block fabrication

The earth block specimens were manufactured using a manual single-stroke one-side
compaction machine, which can apply a pressure of 2-4 MPa. The material for the CSEBs was
prepared by mixing pulverized dry soil, saturated SCBF, and cement using a power-driven mixer
for at least 10 min, and then gradually adding water to the soil-cement-SCBF blend while mixing
it [153]. The optimum moisture content for each soil-cement mixture was obtained through a
standard Proctor test [151], thus accounting also for the water demand of cement, and was used in

the fabrication of the earth block specimens. In addition, the SCBFs were soaked in water for 24
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h till saturation before being added to each mixture (in order to satisfy the water requirement of
fibers). The production time between material mixing and fabrication of each batch of blocks was
maintained below 45 minutes, to avoid excessive hardening of the cement. Each batch consisted
of four blocks. After fabrication, the blocks were cured for 28 days by wet-and-dry curing at room

temperature before further testing [153].

3.3.3. Experimental test matrix

The experimental test matrix considered two variable parameters: (1) the percent amount of
cement by weight of the soil, with three different levels, i.e., 0 wt.%, 6 wt.%, and 12 wt.%; and (2)
the percent amount of SCBF by weight of soil, with three different levels, i.e., 0.0 wt.%, 0.5 wt.%,
and 1.0 wt.%. The water content for the soil-cement mixtures with 0 wt.%, 6 wt.%, and 12 wt.%
cement was equal to 23.42%, 24.08%, and 24.88%, respectively, of the dry mass. Eight earth
blocks of nominal dimensions 290 mm x 145 mm x 75 mm were fabricated for each of the nine
soil-cement-SCBF compositions, yielding a total of 72 earth blocks. The dimension tolerance in
the two major directions was +0.1%, whereas the dimension tolerance in the thickness was +4.0%.
The soil-cement-SCBF compositions were identified as EB-X-Y, in which X = 00, 06, or 12
indicates the amount of cement, and Y = 00, 05, 10 indicates the amount of SCBF. Within each
group, the eight CSEB specimens were identified as T1 through TS5 and U1 through U3. The first
five specimens (T1 through T5) were used for three-point flexure tests (hereinafter referred to as
flexurally tested blocks), and the last three specimens (U1 through U3) were not tested in flexure
(hereinafter referred to as pristine blocks). After the flexural test, each of the flexurally tested (T1
through T5) and pristine (U1 through U3) specimens were trimmed using masonry cutting tools to

produce two specimens of dimensions 100 mm X 100 mm X 75 mm, which were then used in
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the dry compression test (T1b, T3a, T5b, Ulb, and U2a), wet compression test (T1a, T2a, T4b,
Ula, and U3b), and durability test (T2b, T3b, T4a, T5a, U2b, and U3a). This experimental matrix
was designed to have at least five specimens for each test, as recommended in [65]. The specimens
were randomly selected such that: (1) three flexurally tested and two pristine specimens were used
for each compression test, and (2) four flexurally tested and two pristine specimens were used for
the durability investigation (see Figure 3.1 for the summary of the experimental test program). It
is noted here that, originally, a total of 10 specimens was planned to be tested for each soil-cement-
SCBF composition, i.e., the number of pristine blocks for each composition was also supposed to
be equal to five, as for the flexurally tested specimens. However, only eight blocks for each soil-
cement-SCBF composition were fabricated due to the limited availability of natural soil; thus, the

initial experimental matrix was accordingly modified.

Earth blocks of dimension 290 mm x 150 mm x 75 mm were fabricated for each soil mix (8 specimens)
(T1, T2, T3, T4, T5,Ul, U2, and U3)

A 4 \ 4
<
[ Three-point flexure tests (5 specimens) ] [ Pristine blocks (3 specimens)

(T1, T2, T3, T4, and T5) (U1, U2, and U3)

\ 4 \ 4

Earth block specimens of dimension 100 mm x 100 mm x 75 mm were trimmed (16 specimens)
(T1a, T2a, T3a, T4a, T5a, Ula, U2a, U3a, T1b, T2b, T3b, T4b, T5b, Ulb, U2b, and U3b)

\ 4 A 4 \ 4
Dry compression test (5 specimens)|| Wet compression test (5 specimens) Durability test (6 specimens)
(T1b, T3a, T5b, Ulb, and U2a) (T1a, T2a, T4b, Ula, and U3b) (T2b, T3b, T4a, TS5a, U2b, and U3a)

Figure 3.1. Experimental test program for all considered soil-cement-SCBF compositions.

3.3.4. Scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS)
A Quanta™ 3D Dual Beam™ FEG FIB-SEM, with EDAX Pegasus EDS/EBSD detectors, was

utilized to evaluate the morphology and chemical composition of natural soil, SCBFs, and earth
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blocks via scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS),
respectively. The EDS was used to collect spectra via area mode with a 20kV accelerating voltage

and a 4pA current.

3.3.5. X-ray diffraction (XRD)

The mineralogical characteristics of the natural soil and earth blocks (corresponding to each
soil-cement mix) were evaluated utilizing a Panalytical Empyrean X-ray Diffractometer. The XRD
technique was conducted using Cuka radiation at 40 mA and 45 kV. The scan ranged between 5°-
70° 26, where 0 denotes the Bragg’s angle, with a step size of 0.026°. The quantitative XRD
analysis was performed on GSAS-II [154], based on the Rietveld method with an estimated error
smaller than or equal to + 8%. In addition, the crystalline phase identification was performed by

using the DIFFRAC.SUITE EVA Version 4.1 [155].

3.3.6. Experimental strength testing

A TestResources 313 Family universal testing machine with a 50 kN load cell capacity in both
tension and compression (with an accuracy of + 0.5% for the load measurement) was used for the
experimental strength testing of the earth block specimens. This universal testing machine was
equipped with two internal displacement transducers, which were used to measure the
displacements at the moving crosshead of the equipment during both flexure and compression
tests. All tests were performed in displacement-control mode at a loading rate of 2 mm/min. A
three-point flexure test was performed on five full-block specimens for each soil-cement-SCBF
mixture, as per the New Mexico Administrative Code [56]. The displacement was applied in the
middle of the blocks with a 250 mm clear span and a 20 mm clearance between edges and supports.

This test was used to determine the modulus of rupture (MOR), flexural modulus of elasticity
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(MOEy), flexural displacement ductility factor (), and flexural toughness index corresponding to
a mid-span flexural displacement equal to 3 times the first crack-deflection (FT-Is). The flexural
displacement ductility factor & was defined as the ratio of mid-span deflection at failure and the
mid-span deflection at the peak load. The FT-Is was determined according to ASTM C1018-97
[156]. The flexure test resulted in the formation of a well-defined large crack in the middle of the
earth block specimens. The resulting two halves of each flexurally tested specimen were trimmed
using masonry cutting tools to produce two specimens, which were then used in the direct
compression test [117] and for the durability investigation. Five of these trimmed specimens were
tested for dry compression after being left for 48 hours at room conditions (i.e., 22 = 1 °C and 60
+ 5% relative humidity), and the other five specimens were immersed in water for 24 hours, then
tested to obtain their wet compressive strength. In addition, neoprene pads were placed between
the steel plates and test specimens during each compression test to minimize the confinement
effects due to friction. The dry compression test was used to determine the dry compressive
strength (fp4), dry compressive modulus of elasticity (MOEd), and dry compressive toughness
index (DCT-Is); whereas the wet compression test provided the wet compressive strength (fp,),
wet compressive modulus of elasticity (MOEw), and wet compressive toughness index (WCT-Is).
In addition, the characteristic uniaxial dry compressive strengths (f,x4) and characteristic uniaxial
wet compressive strengths (fr,, ) Were also calculated by accounting for shape and aspect ratio

corrections as follows
Joe =5, '(,uf,, ~Loos. 'Ufl,) G3.1)

where fpr = fpra OF forw, s, = shape and aspect ratio correction factor [118], 4, = sample mean

of the (dry or wet) compressive strength, #,,;,, = one-side Student's t-distribution factor
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corresponding to a probability equal to 0.05 and n - 1 degrees of freedom [157], n = number of

samples for each batch, o, = sample standard deviation of the (dry or wet) compressive strength.

Eq. (3.1) is valid for n > 3.

3.3.7. Durability test

The dry density (p) and water absorption (o) of the specimens were determined according to
ASTM C67-14 [158] during the first cycle of the durability test. Then, a wetting and drying test
was carried out on six half-block specimens for each soil-cement-SCBF mixture as per the ASTM
D559-03 standard [159], as described in Figure 3.1. This durability test was selected because it is
appropriate to assess the performance of CSEBs in hot and humid weather conditions such as those
typically encountered in Southern Louisiana. The specimens were submerged in water at room
temperature (22 £+ 1 °C) for 5 hours, and then they were dried in an oven at 71+ 1 °C for 42 hours.
After each wetting and drying cycle, two vertical wire scratch brushstrokes were applied to all the
surface areas of the specimens using a 13.3 N force for each stroke. A total of 12 wetting and
drying cycles were performed, and the percentage loss in mass (LIM) was recorded for each
specimen. The p and ® of the eroded specimens were also determined at the end of the wetting
and drying cycles, to find the change in dry density (Ap) and water absorption (Aw) due to the 12
cycles of wetting and drying. Finally, a wet compression test was performed on the eroded

specimens using the same procedure previously described.

3.3.8. Statistical analysis of experimental data
A series of one-way analysis of variance (ANOVA) [160] was conducted on the experimental
data to evaluate the statistical significance of the differences among the sample groups for each of

the investigated properties of the CSEBs made with different soil-cement-SCBF compositions. A
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significance level value @ = 0.05 was used to decide rejection of the null hypothesis (i.e., that
properties measured from different groups of specimens could be drawn from the same probability
distribution). The corresponding p-values were compared with the assumed a-value. If the p-
values of any statistical tests were lower than 0.05, then, the test was considered to reject the null
hypothesis. The statistical analysis was performed using the commercial software MATLAB
R2019b [161]. Three different sample groups were considered for each given cement amount, i.e.,
0-0.5 wt.% SCBF, 0-1.0 wt.% SCBF, and 0.5-1.0 wt.% SCBF. The classical ANOVA assumes:
(1) independence of observations, (2) normal distribution of residuals, and (3) homogeneity of data
variances [160,162]. The first assumption was satisfied because the data samples used in the study
were collected from randomly grouped specimens. The second assumption was not explicitly
checked because the results from classical ANOVA are in general only weakly sensitive to
departures from normality [162]. The third assumption was explicitly checked by employing
Levene’s test [163], since violating the variance homogeneity assumption can have a significant
effect on the statistical results [162]. For the groups that failed to meet the assumption of variance
homogeneity, a Welch’s ANOVA test [164] was performed to identify if the differences between
mean values were statistically significant. In the cases in which the (classical or Welch’s) ANOVA
tests rejected the null hypothesis, the Games-Howell post-hoc test [165] was used to determine
the mean of which group(s) presented statistically significant differences from the means of the
other groups. The Games-Howell test was selected among other possible post-hoc tests because it

does not rely on equal variances and can accommodate different sample sizes.

52



3.4. Results and Discussion

3.4.1. Morphology and chemical composition

Figure 3.2 presents the SEM micrographs of typical SCBFs, EB-00-05, EB-06-05, EB-12-05
and matrix-fiber interfaces for EB-12-05. Figure 3.2(a) shows the SEM micrograph at 500 pm
scale of the SCBFs used for fabricating the reinforced earth blocks, which reveals the typical
morphological features on the surface of the SCBFs [166], i.e., fiber structures and surface residual
pith. Figure 3.2(b) and (c) show the SEM micrographs at 100 um scale of the fiber surface (which
is characterized by parallel stripes) and of the pith (which is a fragmented structure containing
small pores), respectively. Figure 3.2(d) through (f) presents the SEM micrographs of the soil-
cement matrix for the EB-00-05, EB-06-05, and EB-12-05 specimens, respectively, at 500 pm
scale. Only earth blocks reinforced with 0.5% SCBF were selected for SEM micrographs since the
soil-cement matrix of earth blocks having different fiber content was assumed to be similar. Figure
3.2(d) shows that the matrix of the EB-00-05 specimen presents discontinuities of different sizes
and shapes, with prevalent grain-like particles. By contrast, the surface of the EB-06-05 specimen
shown in Figure 3.2(e) appears more uniform, with a prevalence of compacted fine particles with
only a few grain-like particles. The micrograph of the EB-12-05 specimen reported in Figure
3.2(f) shows that the soil-cement matrix features well-distributed pores that are typically 10 pm or
less in diameter, thus relatively small compared to those seen in the EB-00-05 and EB-06-05
specimens. The visual evidence indicates that increasing the cement content in the earth block
leads to a denser and more homogeneous soil-cement matrix, with smaller and more uniformly
distributed voids. These results are consistent with the finding reported by other researchers for
CSEBs [167,168]. Figure 3.2(g-1) shows three different SEM images of matrix-fiber interfaces for

the EB-12-05 specimen. In Figure 3.2(g), the SCBF is mostly covered under the soil-cement
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matrix, whereas Figure 3.2(h) shows a fiber that is not entirely embedded inside the soil-cement
matrix. Figure 3.2(i) shows the different textures of soil-cement matrix (Al), matrix-fiber

interface (A2), and fibers (A3).

(2 (h) (1)

Figure 3.2. SEM micrographs: (a) SCBFs at 500 um scale; (b) fiber surface of SCBF-1 at 100 um
scale; (c) residual pith of SCBF-2 at 100 um scale; (d) EB-00-05; (e) EB-06-05; (f) EB-12-05;
and (g) through (i) matrix-fiber interfaces for EB-12-05.
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Table 3.2 reports the results of the EDS microanalysis (in terms of percentage mass of
chemical elements) for the soil, SCBF-1, SCBF-2, and the different regions identified in the EB-
12-05 specimen. Figure 3.3(a) presents the EDS spectra corresponding to natural soil and the
SCBFs. The natural soil mainly contains silicon (Si) and oxygen (O), with lesser amounts of
aluminum (Al), iron (Fe), calcium (Ca), potassium (K), magnesium (Mg), sulfur (S), and
phosphorus (P). The carbon (C) content was found to be negligible. As expected, the SCBFs
predominantly contain C and O, with lesser amounts of Si, Al, Fe, Ca, K, and other minor elements.
Figure 3.3(b) shows the EDS spectra for the three different regions identified in Figure 3.2(i), i.e.,
soil-cement matrix (A1), matrix-fiber interface (A2), and fiber (A3). Region Al has a higher
percentage of O, Si, Ca, Al, and Fe elements when compared to region A3, which contains a very
high portion of C, confirming that A1 corresponds to the soil-cement matrix, whereas region A3
corresponds to SCBFs. As expected, the composition of region A2, which corresponds to the

matrix-fiber interface, is somewhere in between the compositions of A1 and A3.

Al: Aluminum, C: Carbon, Ca: Calcium, Fe: Iron, K: Potassium, Mg: Magnesium, O: Oxygen, Si: Silica
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Figure 3.3. EDS spectra: (a) natural soil and SCBFs; and (b) different regions of EB-12-05.

Table 3.2. EDS microanalysis results (wt.% of chemical elements) of different materials.

Materials Regions C o Si Ca Al Fe K Mg Na *Other
Soil - - 43.1 355 0.6 9.7 5.8 2.6 1.0 0.6 1.1
SCBF-1 - 579 382 1.3 0.7 0.3 0.4 0.1 - - 1.3
SCBF-2 - 67.8  30.1 0.4 0.4 0.2 0.1 - - - 1.0
EB-12-05 Al 8.5 48.1 11.9 249 32 29 0.5 0.0 0.0 <0.1
EB-12-05 A2 299 400 127 9.5 1.9 1.8 0.2 0.0 0.0 4.0
EB-12-05 A3 541 393 0.4 5.9 0.0 0.0 0.0 0.0 0.0 0.3

3.4.2. Mineralogical characteristics

The XRD was conducted on natural soil, EB-00-05, EB-06-05, and EB-12-05 specimens. The

XRD results of these specimens are expected to be representative of all CSEBs with a given

amount of cement and different SCBF content considered in this study, since the XRD was

performed on the soil-cement matrix of the specimens. The X-ray diffraction pattern of the natural

soil, EB-00-05, EB-06-05, and EB-12-05 are presented in Figure 3.4, and the XRD quantitative

analysis in terms of the percentage weight of the different phases identified are reported in Table

3.3.
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A: Aluminum mineral, Al: Albite, An: Anorthite, C: Calcite, M: Muscovite, I: Illite, P: Portlandite, Q: Quartz
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Figure 3.4. X-ray diffraction patterns: (a) natural soil, (b) EB-00-05, (¢c) EB-06-05, and (d)

EB-12-05.

As expected, a significant amount of quartz was observed in both the natural soil and the earth
blocks. The percentage amount of quartz decreases with increasing cement content in the earth
blocks. In addition to the quartz, a significant amount of anorthite, albite, and muscovite was also
found in the natural soil and the EB-00-05 specimen. By contrast, illite, ettringite, portlandite, were
identified only in the EB-06-05 and EB-12-05 specimens. Furthermore, an increase in the amount

of Ca-bearing minerals (i.e., anorthite, rankinite, ettringite, and portlandite) was observed for
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increasing cement content in the earth blocks. It is hypothesized that these Ca-bearing minerals
and the cement hydration products may be responsible for making the soil-cement matrix of earth
blocks denser and more homogeneous for increasing cement content. It is also observed that the
amounts of feldspar minerals, i.e., anorthite, orthoclase, and albite, are comparatively higher than

the amount of portlandite.

Table 3.3. XRD mineralogy results (% weight) of soil and earth blocks.

Minerals Chemical Formula Soil EB-00-05 EB-06-05 EB-12-05
Quartz SiO, 64.4 65.1 60.8 57.5
Portlandite ~ Ca(OH); - - 0.2 0.5
Anorthite®  CaAlLSi,Og 6.1 6.4 7.9 8.2
Albite” NaAlSi;Os 12.4 11.6 11.4 7.8
Orthoclase”™ KAIOsSi; 0.4 0.5 0.9 1.5
Illite (K,H30)(Al,Mg,Fe),(Si,Al)4010[(OH),,(H.0)] - - 1.9 2.9
Ettringite (Ca0)s(Al205)(S03)3.32 H,O - - 0.3 0.4
Calcite CaCOs; 0.5 0.4 1.1 1.9
Muscovite (KF)z(Ale3)3(SlOz)g(HzO) 10.4 10.3 9.0 10.1
Rankinite Caz(Si,07) 2.3 2.2 2.5 4.9
Andalusite  Al,OsSi 1.9 1.8 2.5 3.1
Almandine  Fe3;Alx(SiO4)3 1.6 1.7 1.5 1.2

Total 100.0 100.0 100.0 100.0

* Feldspar mineral

3.4.3. Physical properties

The specimens selected for the durability test were used for determining the physical properties
of the earth blocks before the wetting and drying cycles. The measured dry density, p, and water
absorption, ®, of the earth blocks are reported in Table 3.4 in terms of sample means and
coefficients of variation (COV). The results of the statistical investigation are given in Table 3.5.
All EB-00-Y specimens lost their integrity after submersion in water for the durability test.
Therefore, p and © for EB-00-Y specimens could not be determined. The differences among the
dry densities of earth block specimens and the maximum dry density of the raw soil obtained from

the standard Proctor compaction test are small, i.e., they are contained between +3.6% and -5.5%
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of the maximum dry density of the raw soil. The average p values for the EB-06-05 and EB-06-10
specimens are 2.9% higher and 3.0% lower, respectively, than those for the EB-06-00 specimens,
whereas the corresponding average o values are 13.5% and 6.9% lower, respectively than the EB-
06-00 specimens. The statistical study shows that the difference between the average p value for
the EB-06-05 specimens and the EB-06-00 and EB-06-10 specimens is statistically significant.
Moreover, the difference between the average value of ® for the EB-06-00 specimens and those
for the EB-06-05 and EB-06-10 specimens is also statistically significant. Among the EB-12-Y
compositions, the average p values of the EB-12-05 and EB-12-10 specimens are 4.5% and 1.9%
higher than that for the EB-12-00 specimens. In addition, their average o values are 6.2% and
11.4% lower than that for the EB-12-00 specimens. A statistical significance in the differences
between the average p values is observed for EB-12-00 and EB-12-05 specimens, whereas the
differences between the average w values for the different EB-12-Y compositions are not
statistically significant. These results show that the earth blocks achieved the maximum dry density

and resistance to water absorption when the blocks were reinforced with 0.5 wt.% SCBF.

Table 3.4. Physical properties.

Earth block Dry density (p) Water absorption (®)
specimens Mean (kg/m®) COV (%) Mean (%) COV (%)
EB-06-00 1531 1.70 24.35 2.73
EB-06-05 1575 1.45 21.07 4.12
EB-06-10 1485 2.79 22.68 5.29
EB-12-00 1558 0.51 20.22 3.34
EB-12-05 1628 1.61 18.97 8.07
EB-12-10 1588 3.87 17.91 12.55

The obtained results on reinforced CSEBs are in disagreement with those reported by Danso
et al. [83] on reinforced CEBs, in which a monotonic decrease in density and an increase in water

absorption (obtained by capillary testing performed per BS EN772-11 [169]) were observed for

59



increasing SCBF content. It is noteworthy that three major differences exist between the specimens
used in the present study and those used in [83]: (1) the total content of clay and silt in the present
study was significantly higher (i.e., more than 89%, versus less than or equal to 46%); (2) the
present specimens were fabricated using soil stabilized with cement, whereas those in [83] were
fabricated using only soil with no stabilization; and (3) the present specimens were manufactured
using a single-stroke manual one-side compaction machine with a pressure approximately equal
to 2-4 MPa, whereas those in [83] were fabricated using a hydraulic compaction machine with
pressures as high as 10 MPa. However, further investigation is needed to identify how each of
these differences affects the changes in the trend for the dry density and water absorption with
increasing SCBF content observed in this investigation when compared to those reported in Danso

et al. [83].

Table 3.5. Statistical tests and corresponding p-values for the physical properties.

Parameters Earth block Levene’s ANOVA/Welch Games-Howell post-hoc tests
specimens test test 0-0.5wt.% 0-1.0wt%  0.5-1.0 wt.%
Dry density (p) EB-06-Y 0.13 <0.01 0.03 0.11 <0.01
EB-12-Y 0.04 <0.01 <0.01 0.50 0.36
Water absorption ()  EB-06-Y 0.21 <0.01 <0.01 0.04 0.06
EB-12-Y 0.08 0.08 - - -

* indicates rejection of the null hypothesis by the statistical test.

The comparison of physical properties for earth blocks having different cement content
indicates that p increases and ® decreases for increasing cement content and given SCBF
reinforcement level. This observed trend is consistent with the SEM micrographs and the results
of the XRD quantitative analysis. The changes in the physical properties of earth blocks for
increasing cement content can be attributed to the increase in Ca-bearing minerals, which are
primarily responsible for making the earth block’s soil-cement matrix denser and more

homogeneous.
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The measured COV < 4% for the dry density and < 13% for the water absorption of all groups
of earth block specimens. It is observed that, in general, the COVs of both dry density and water
absorption increase (1) for a given amount of cement and increasing SCBF content, and (2) for a
given amount of SCBFs and increasing cement content, with the exception of the COV for the dry
density of the EB-06-00 specimens. The increase in COV for dry density with increasing SCBF
content may be caused by the fabrication method used in this research, which is unable to fully
remove all voids around the SCBFs through the relatively small compaction pressure produced by
manual compaction. The increase in the COV of the water absorption may be produced by the
random distribution and orientation of the SCBFs near the surface of the specimens, which can
increase the variability of the capillarity effect. However, these hypotheses need further testing in

future investigations.

3.4.4. Flexure test

The flexure test results for MOR, MOEy¢, 6, and FT-Is are reported in Table 3.6 in terms of
sample means and COV. Figure 3.5 plots representative load-displacement curves obtained from
the flexure tests of EB-12-Y and EB-X-05 specimens. The results of the statistical analysis
performed on the flexure test results are reported in Table 3.7. All the EB-X-00 specimens (i.e.,
the unreinforced earth block specimens) failed immediately after reaching the peak strength and
significantly before reaching the flexural displacement needed to estimate FT-Is, which was

assumed to be deterministic and equal to one.

It is observed that the mean value of MOR for the EB-00-Y specimens increases by 34.5%
when the SCBF content increases from 0 to 0.5 wt.% and decreases by 12.8% when the SCBF

content is further increased from 0.5 to 1.0 wt.%. However, only the mean MOR of the EB-00-05

61



specimens is statistically different from the mean MOR of the EB-00-00 specimens, whereas the
difference in the mean MOR values of other sample groups is not statistically significant. The
mean values of MOR for the EB-06-Y and EB-12-Y specimens increase with increasing SCBF
content (with increments ranging from 12.8% to 21.3%, and from 9.9% to 25.4%, respectively,
when compared to the corresponding unreinforced CSEB specimens), which is consistent with the
results reported in Bouhicha et al. [170] for CSEBs reinforced with barley straw. The statistical
study shows that the increase in the mean value of MOR for the EB-06-Y specimens are not
statistically significant, whereas the mean MOR for the EB-12-10 specimens is statistically
different from those of the EB-12-00 and EB-12-05 specimens. The mean values of MOEs
consistently decrease with increasing SCBF content for any given cement content. These decreases
range from 13.7% to 55.0%, 9.7% to 19.4%, and 21.8% to 47.4% for EB-00-Y, EB-06-Y, and EB-
12-Y specimens, respectively, when compared to the corresponding unreinforced CSEB
specimens. This observed trend is similar to that obtained from tensile tests reported in [83] for
CEB:s reinforced with SCBFs and from flexure tests reported in [171] for CSEBs reinforced with
banana fibers. The range of MOEs values obtained in the present study for the EB-06-Y specimens
(i.e., 80.8-100.4 MPa) is also consistent with the range reported in [171] for CSEBs with similar
compositions (i.e., 63-175 MPa). The decrease in MOE¢ with increasing SCBFs is statistically
significant only when the reinforcement in CSEBs is increased to 1.0 wt.% from 0 or 0.5 wt.%,
except for the EB-06-Y specimens, for which only the sample groups of 0-1.0 wt.% SCBF content

have a statistically significant difference in the mean value of MOE.

The mean values of & for the EB-00-Y specimens increase by 338.9% when the SCBF content
increases from 0 to 0.5 wt.% and decrease by 46.8% when the SCBF content is further increased
from 0.5 to 1.0 wt.%. The statistical results show that only the mean values of 6 for the EB-00-00
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specimens differ significantly from those of the EB-00-05 and EB-00-10 specimens. The mean
values of § for the EB-06-Y and EB-12-Y specimens increase with increasing SCBF content (with
increments ranging from 222.6% to 278.8%, and from 124.1% to 259.3%, respectively, when
compared to the corresponding unreinforced CSEB specimens), which is in agreement with the
findings of other studies on natural fiber-reinforced earth blocks [26,170]. The increase in the mean
values of 6 with increasing SCBFs is statistically significant, except for the sample groups of 0.5-
1.0 wt.% SCBF content. The mean values of FT-Is for reinforced CSEB specimens are
significantly higher than for the corresponding unreinforced CSEBs, with increases contained
between 75% and 198%. The mean value of FT-Is for the EB-00-10 specimens is 3.4% lower than
that for the EB-00-05 specimens; however, this decrease is not statistically significant. By contrast,
the mean values of FT-Is for the EB-06-10 and EB-12-10 specimens are 21.8% and 54.9% higher
than those for the EB-06-05 and EB-12-05 specimens, respectively, and these increases are

statistically significant.

Table 3.6. Flexure test results.

MOR MOE¢ o) FT-Is
Earth block
. Mean CoVv Mean CoVv Mean CoVv Mean Ccov
specimens
(MPa) (%) (MPa) (%) ) (%) () (%)
EB-00-00 0.29 17.86 67.2 17.6 1.85 14.24 1.00 -
EB-00-05 0.39 5.66 57.98 14.89 8.12 29.12 2.98 493
EB-00-10 0.34 7.96 30.27 11.42 432 62.00 2.88 10.64
EB-06-00 0.47 10.06 100.36 8.17 1.37 11.22 1.00 -
EB-06-05 0.53 16.70 90.65 17.69 4.42 21.96 2.20 11.24
EB-06-10 0.57 4.64 80.84 8.47 5.19 17.42 2.68 9.17
EB-12-00 0.71 4.17 195.12 14.31 1.45 8.59 1.00 -
EB-12-05 0.78 6.19 152.64 14.61 3.25 28.72 1.75 58.02
EB-12-10 0.89 4.55 102.73 5.49 5.21 28.82 2.71 10.78

For any given SCBF reinforcement level, the mean values of the MOR and MOEs consistently

increase for increasing cement content. When compared to the corresponding EB-00-Y specimens,
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these increases range between 35.9% and 161.8% for the MOR, and between 49.3% and 239.4%
for the MOE¢. The mean value of d reaches its minimum value at 6 wt.% cement for the EB-X-00
specimens, and it monotonically decreases with increasing cement content for the EB-X-05 and
EB-X-10 specimens (although the change between the EB-06-10 and EB-12-10 is negligible, i.e.,
less than 0.4%, and not statistically significant). The mean values of FT-Is decrease with
increasing cement content for the EB-X-05 specimens, by 26.2% for EB-06-05 specimens and by
41.3% for the EB-12-05 specimens when compared to the EB-00-05 specimens. By contrast, for
the EB-X-10 specimens, the mean values of FT-Is reach their lowest value at 6 wt.% cement
contents, i.e., 6.9% lower that the corresponding value for the EB-00-10 (although, also in this
case, the change between the EB-06-10 and EB-12-10 is negligible, i.e., less than 1.1% and not

statistically significant).

Table 3.7. Statistical tests and corresponding p-values for the flexure test results.

Parameters Earth. block Levene’s ANOVA/Welch Games-Howell post-hoc tests
specimens test test 0-0.5 wt.% 0-1.0 wt.% 0.5-1.0 wt.%
MOR EB-00-Y 0.04 0.01 0.03 0.26 0.05
EB-06-Y 0.23 0.08 - - -
EB-12-Y 0.66 <0.01 0.08 <0.01 0.01
MOE¢ EB-00-Y 0.02 0.00 0.39 <0.01 <0.01
EB-06-Y 0.02 0.02 0.49 0.01 0.47
EB-12-Y 0.33 <0.01 0.07 <0.01 0.01
I} EB-00-Y 0.01 <0.01 0.01 0.01 0.20
EB-06-Y 0.29 <0.01 <0.01 <0.01 0.44
EB-12-Y 0.02 <0.01 0.03 0.01 0.10
FT-I;s EB-00-Y 0.11 <0.01 <0.01 <0.01 0.80
EB-06-Y 0.35 <0.01 <0.01 <0.01 0.04
EB-12-Y 0.17 <0.01 <0.01 <0.01 0.04

* indicates rejection of the null hypothesis by the statistical test.

The observed behavior is due to contrasting and interacting effects produced by the increase
of cement and SCBF contents: the increase in cement content generally has a positive effect on

flexural strength and stiffness, but a negative effect on the ductility of the specimens; whereas the
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addition of SCBF generally has a negative effect on stiffness, but a positive effect on flexural
strength and ductility up to a critical fiber content, the value of which depends on the cement
content (i.e., 0.5 wt.% for EB-00-Y specimens). For increasing SCBF content and constant cement
content, the CSEB’s MOEr decreases because the SCBFs are significantly less stiff than the soil-
cement matrix, they induce discontinuities and micro-cracks in the soil-cement matrix, and there
is some slip between the fibers and the soil-cement matrix at their interfaces. The observed increase
in MOR and FT-Is with increasing SCBF content can be attributed to the fiber-bridging effect of
SCBF, which prevents and resists the opening of cracks in the earth blocks until failure of the
fibers through pull out or rupture. The failure mechanism (i.e., pull-out or rupture of the fiber)
depends on the relative values of the fiber’s tensile strength and the bond strength (due to friction
and cohesion) between the fiber and the soil-cement matrix [26,82]. In this study, the critical fiber
content was identified only for the EB-00-Y specimens; however, it is expected that a similar but
higher critical fiber content exists also for CSEB specimens with higher cement content. In fact,
increasing the SCBF content increases the formation of micro-cracks in the soil-cement matrix at
the matrix-fiber interface, as also observed in adobe blocks reinforced with Hibiscus cannabinus
fibers [172]. These micro-cracks limit the fiber-bridging effect of the SCBFs by weakening the
soil-cement matrix and thus reducing the pull-out strength of the fiber. At the same time, increasing
cement content strengthen the soil-cement matrix (due to the increase in Ca-bearing materials,
which make the matrix denser and more homogeneous, as shown in Figure 3.2), thus increasing
the pull-out strength of the fiber and the critical fiber content. A theoretical upper limit for the
fiber-bridging effect of SCBF is given by the condition in which the fiber failure mechanism is
only fiber rupture, which is fully controlled by the tensile strength of the individual fiber and by

the amount of SCBF. It is observed that, for 1.0 wt.% SCBF, FT-Is is practically independent on
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the cement amount, i.e., within the investigated ranges of SCBF and cement contents, the increase
in ductility provided by the SCBFs at 1.0 wt.% counterbalances the decrease in ductility produced
by increasing the cement content from 0 wt.% to 12 wt.%. Further studies are needed to better
understand and quantify the interaction between soil properties, fiber properties, cement amount,
and SCBF amount under different conditions and, ideally, to develop a mechanistic model that can

be used to select the optimal amounts of cement and SCBF for a given soil and predict the

mechanical properties of the corresponding CSEBs.
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Figure 3.5. Representative load-displacement curve from flexure test: (a) EB-12-Ys,
and (b) EB-X-05s.

The flexure tests resulted in the formation of a well-defined large crack in the middle of the
earth blocks, as shown in Figure 3.6(a) and Figure 3.6(c) for an EB-00-00 specimen, and in
Figure 3.6(b) and Figure 3.6(d) for an EB-12-10 specimen. The failure of the unreinforced blocks
was sudden (brittle) and corresponded to a significant reduction in the sustained load at small
levels of deformation, whereas the failure of the SCBF-reinforced blocks was more gradual
(ductile), with larger deformations, larger crack openings, and higher residual strength after the
formation of the middle cracks. These results are consistent with the behavior observed for other

66



fiber-reinforced earth blocks [26]. By visual (naked eye) inspection, it was observed that some
SCBFs were pulled out from the soil-cement matrix, whereas other fibers fractured, similar to what

was observed in Danso et al. [82].

(©) (d)

Figure 3.6. Failure and crack pattern of earth blocks under three-point flexure test: (a) global
view of EB-00-00, (b) global view of EB-12-05, (c) zoom view of the crack in EB-06-00,
and (d) zoom view of the crack in EB-12-05.

It is noteworthy that, with the exception of the EB-00-00 and EB-00-10 specimens, all CSEB
groups satisfied the minimum requirement by the New Mexico Administrative Code [56] of an

average MOR > 0.35 MPa (50 psi).

3.4.5. Compression test
The results of the dry and wet compression tests in terms of sample means and COV for f,4,
MOE4, DCT-Is, fpy, MOEw, and WCT-Is are reported in Table 3.8, which reports also the

estimated values of the characteristic compressive strengths f,rq and fpr,,. Figure 3.7 show
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representative axial load-displacement curves of EB-12-Y and EB-X-05 specimens obtained from
the dry and wet compression tests. It is noted that the force-displacement response is preferred
over stress-strain curve for representing the compressive behavior of CSEB specimens in the
present study. In fact, the stress-strain curve obtained from this test do not represent the uniaxial
compressive behavior (particularly after peak load) of the CSEB material because of the effects
associated with the specimens’ aspect ratio and the potential confinement at the platen restraints
(i.e., friction along the interface between the platen and test specimens can confine the lateral
expansion of the specimens) [65]. To obtain, the compressive stress-strain curve of CSEBs, the
Digital Image Correlation (DIC) testing procedure proposed in [79,173] can be used. The results

of the statistical tests are tabulated in Table 3.9.

Table 3.8. Compression test results.

Strength” MOE™ CT-Is
Earth block  Mean COoV Mean COoV Mean COV for
Tests specimens (MPa) (%) (MPa) (%) ) (%) (MPa)
Dry EB-00-00 1.22 6.38 22.92 11.01 5.46 7.22 0.74
compression EB-00-05 1.57 12.47 18.07 17.15 6.34 8.18 0.81
EB-00-10 1.38 13.80 14.04 19.80 6.16 3.22 0.68
EB-06-00 1.95 12.70 37.79 15.28 4.89 16.31 1.00
EB-06-05 2.34 7.57 34.85 10.78 5.33 10.03 1.37
EB-06-10 2.28 8.63 30.96 8.49 5.62 2.13 1.30
EB-12-00 3.70 5.47 75.29 10.97 4.69 14.53 2.28
EB-12-05 4.50 6.26 69.07 7.30 5.01 4.78 2.73
EB-12-10 4.48 7.09 65.20 10.64 5.37 8.32 2.66
Wet EB-00-00 - - - - - - -
compression EB-00-05 - - - - - - -
EB-00-10 - - - - - - -
EB-06-00 0.97 9.91 24.37 8.55 4.81 6.30 0.53
EB-06-05 1.36 6.76 20.73 13.63 5.10 3.45 0.82
EB-06-10 0.92 9.45 17.51 13.61 5.30 6.56 0.52
EB-12-00 2.16 5.84 52.38 6.61 5.12 11.83 1.33
EB-12-05 2.39 7.67 48.82 7.70 5.11 7.16 1.40
EB-12-10 2.28 7.74 45.50 8.54 5.39 9.18 1.33

* Strength = f;,; for dry compression test or fj,, for wet compression test; “* MOE = MOE, for dry compression
test or MOE,, wet compression test; and *** fy, = frq for dry compression test or fi,, for wet compression test.
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The experimental results show that, for a fixed cement content, the average f;,; reaches its peak
value for 0.5 wt.% SCBF, which is 28.6%, 19.9%, and 21.7% higher for EB-00-05, EB-06-05, and
EB-12-05 specimens, respectively, when compared to the corresponding unreinforced CSEB
specimens. This observation is consistent with previous studies on earth blocks reinforced with
other natural fibers, which also reported an initial increase in strength at low fiber contents
followed by a subsequent decline at higher fiber contents [26,142,170]. The statistical study shows
that the differences in mean f;; between EB-X-00 and EB-X-05 specimens, as well as between
EB-12-00 and EB-12-10 specimens, are statistically significant. However, these differences are
not statistically significant for other sample groups. The mean values of MOEq4 consistently
decrease with increasing SCBF content and constant cement content, with increments ranging from
21.2% to 38.7%, 7.8% to 18.1%, and 8.3% to 13.4% for EB-00-Y, EB-06-Y, and EB-12-Y
specimens, respectively, when compared to the corresponding unreinforced CSEB specimens. The
statistical significance is only observed for the EB-00-00 specimen when compared with the EB-
00-05 and EB-00-10 specimens. The average DCT-Is of the EB-00-Y specimens reaches its
maximum value for 0.5 wt.% SCBF content, which is 16.0% higher than that for the EB-00-00
specimens. However, the statistical study indicates that the only statistically significant differences
in mean DCT-Is are those between the EB-00-00 specimens and other EB-00-Y specimens. By
contrast, the mean values of DCT-Is for the EB-06-Y and EB-12-Y specimens monotonically
increase with increasing SCBF content, with increments ranging from 9.0% to 14.9% and from
6.9% to 14.5%, respectively, when compared with the values for the corresponding unreinforced
CSEB specimens. However, the differences in mean DCT-Is are not statistically significant. For
any given amount of SCBF reinforcement and increasing cement content, the dry compressive

strength and stiffness of CSEBs significantly increase, whereas the DCT-Is slightly decreases.
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Figure 3.7. Representative load-displacement curves for compression test: (a) EB-12-Y from
dry compression test and (b) EB-X-05 from dry compression test, (¢c) EB-12-Y from wet
compression test, and (d) EB-X-05 from wet compression test.

It is noteworthy that all EB-00-Y specimens lost their integrity after 24 hours of immersion in
water; thus, the average f},, for these specimens is considered equal to zero. The average f},,
values of the EB-06-Y and EB-12-Y specimens follow a trend that is similar to that observed for
fpa (i.e., they reach a peak for 0.5 wt.% SCBF content). In particular, the average f3,, values for

the EB-06-05 and EB-12-05 specimens are 40.8% and 10.3% higher, respectively, than those of
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the corresponding EB-X-00 specimens. The average f3,,, values are approximately 41.4% to 59.5%
lower than the corresponding f;,4. This reduction in the compressive strength can be attributed to
the development of pore water pressures and a decrease in clay cohesion [66,174]. The differences
in the mean value of f;,, between the EB-06-05 and other EB-06-Y specimens are statistically
significant; however, all other differences are not statistically significant. For any given cement
content, the MOEw mean values monotonically decrease with increasing SCBF content, similar to
the trend observed for MOE.. In particular, the increments in the MOEw mean values for the EB-
06Y and EB-12-Y specimens range from 14.9% to 28.1%, and from 6.8% to 13.1%, respectively,
when compared to the values for the corresponding unreinforced CSEB specimens. However,
statistical significance is found only for the differences between the mean MOEw of the EB-X-00
and EB-X-10 specimens. The MOEw mean values are approximately 29.3% to 43.4% lower than
those of the corresponding MOEq4. The average WCT-Is values for the EB-06-Y and EB-12-Y
specimens increase with increasing SCBF content, but these differences are not statistically
significant. For any given SCBF content, the mean values of f,,,, MOEw, and WCT-Is increase for
increasing cement content. In particular, the mean values of f,,, increase by 122.7%, 75.7%, and
147.8% going from 6 wt.% to 12 wt.% cement for 0.0, 0.5, and 1.0 wt.% SCBF, whereas the mean
values of MOEw increase by 114.9%, 135.5%, and 159.9% going from 6 wt.% to 12 wt.% cement
for 0.0, 0.5, and 1.0 wt.% SCBF. By contrast, the differences in WCT-Is between EB-06-Y and
EB-12-Y specimens are very small for 0 wt.% cement and negligible for 0.5 wt.% and 1.0wt.%
cement. From the results reported in Table 3.8, it is observed that both the MOE4 and MOEw
values are relatively low. However, these values are consistent with results presented in the

literature for earth blocks with similar density and soil composition [175].
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Table 3.9. Statistical tests and corresponding p-values for the compressive test results.

Parameters Earth block Levene’s ANOVA/Welch Games-Howell post-hoc tests
specimens test test 0-0.5 wt.% 0-1.0 wt.% 0.5-1.0 wt.%
foa EB-00-Y 0.37 0.02 0.03 0.28 0.32
EB-06-Y 0.70 0.03 0.04 0.11 0.88
EB-12-Y 0.60 <0.01 <0.01 <0.01 1.00
MOEq4 EB-00-Y 0.80 <0.01 0.04 <0.01 0.14
EB-06-Y 0.44 0.0 - - -
EB-12-Y 0.28 0.10 - - -
DCT-Is EB-00-Y 0.13 <0.01 0.04 0.03 0.77
EB-06-Y 0.26 0.16 - -
EB-12-Y 0.13 0.13 - - -
fow EB-00-Y - - - - -
EB-06-Y 0.96 <0.01 <0.01 0.74 <0.01
EB-12-Y 0.74 0.14 - - -
MOE, EB-00-Y - - - - -
EB-06-Y 0.66 <0.01 0.11 <0.01 0.19
EB-12-Y 0.96 0.04 0.32 0.04 0.40
WCT- 15 EB-00-Y - - - - -
EB-06-Y 0.47 0.05 - - -
EB-12-Y 0.63 0.62 - - -

* indicates rejection of the null hypothesis by the statistical test.

Similar to the behavior observed for the flexural properties, increasing amounts of cement were

generally associated with increases in strength, stiffness, and brittleness of the CSEB specimens.

However, cement content had a significantly smaller effect on the CSEB toughness in compression

than of that in flexure. Also in this case, these results can be explained by the increase in Ca-

bearing materials, which made the soil-cement matrix denser and more homogeneous. This study

identified a critical fiber content of 0.5 wt.% for the three considered cement content levels, beyond

which the CSEB compressive behavior started degrading (0 wt.% and 6 wt.% cement) or not

improving (12 wt.% cement). It is hypothesized that the increase in compressive strength and

toughness observed for increasing SCBF content below the critical fiber content may be due to a

confinement effect produced by the SCBF fibers on the soil-cement matrix. Under these

conditions, the fibers oppose the formation of vertical cracks and more uniformly distribute the
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tension stresses within the material by acting as a structural mesh, as it has been observed in adobe
bricks reinforced with SCBFs [143]. However, for SCBF reinforcement amounts higher than the
critical value, several combined effects tend to reduce the strength and toughness of the material
e.g.: (1) it becomes more difficult to ensure a uniform distribution of the fibers, with potential
formation of knots and lumps of SCBF [176], (2) some of the fibers are unable to properly bond
with the soil-cement matrix [177], and (3) increasing fiber amounts produce an increase in the

micro-cracks and pores within the soil-cement matrix and at the matrix-fiber interface [26,172].

The failure mode observed during the compression tests of the unreinforced CSEB specimens
corresponded to the development of an hour-glass shape following the spalling of the vertical sides,
as shown in Figure 3.8(a) for an EB-12-00 specimen. This failure mode is typical of brittle material
behavior and is commonly observed in compression tests of ordinary concrete cubic specimens
[178]. For the reinforced CSEB specimens, the SCBFs prevent the spread of large cracks in the
CSEBs through friction and chemical bonds between the SCBFs and the soil-cement matrix.
Because of this phenomenon, the CSEB specimens maintain their integrity even after their failure,

as shown in Figure 3.8(b) for an EB-12-05 specimen.

(b)
Figure 3.8. Failure under direct dry compression test: (a) EB-12-00 and (b) EB-12-05.
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It is observed that the New Mexico Administrative Code requires a minimum average dry
compressive strength of 2.07 MPa, and a minimum sample dry compressive strength of 1.72 MPa
for CEBs and CSEBs [56]. A minimum average wet compressive strength of 1.96 MPa [179] or a
minimum unconfined characteristic wet compressive strength of 1.00 MPa [66] are also
recommended in the literature. The obtained experimental results obtained indicate that, among
the specimens considered in this study, only the EB-12-Y specimens satisfy all of these strength

requirements.

3.4.6. Durability test

The results of the durability test after 12 cycles of wetting and drying are reported in Table
3.10 in terms of sample means and COVs for LIM, A,, and Aw. The EB-00-Y specimens lost their
integrity after a five-hour water immersion; thus, their corresponding results are not reported in
the table. The results of the statistical study are reported in Table 3.11. Figure 3.9 shows one

specimen for each group that survived the twelve wetting-and-drying cycles of the durability tests.

Table 3.10. Wetting-and-drying durability test results.

Earth block Loss in mass (LIM) Change in dry density (Ap) Change in water absorption (Ay)
specimens  Mean (%) COV (%) Mean (%) COV (%) Mean (%) COV (%)
EB-06-00 13.07 33.33 -2.04 52.71 -2.09 57.97
EB-06-05 15.13 25.45 -4.76 28.32 3.76 59.99
EB-06-10 19.63 24.57 -3.81 52.83 243 28.08
EB-12-00 1.40 53.29 -1.43 92.52 1.60 51.47
EB-12-05 2.34 25.92 -3.70 70.28 1.29 36.10
EB-12-10 5.29 30.35 -4.35 38.66 3.84 35.49

When considering only the specimens that survived the durability test, the average LIM of the
EB-06-Y and EB-12-Y specimens increases from 13.07% to 19.63% and from 1.40% to 5.29%,
respectively, with increasing SCBF content from 0.0 wt.% to 1.0 wt.%., see the Figure 3.9. For

EB-06-Y specimens, the differences in mean LIM values for different SCBF contents are not

74



statistically significant. For EB-12-Y specimens, only the mean LIM for the EB-12-10 specimen
is statistically significantly different from those of the EB-12-00 and EB-12-05 specimens.
Overall, the LIM of CSEBs slightly increases with increasing SCBF content and a given cement
content, and significantly decreases with increasing cement content at a given SCBF content.
These results are consistent with the SEM results in the Figure 3.2(d) through (f), which show that
the soil-cement matrix becomes more compact and homogeneous with increasing cement content.
The increase in LIM for increasing SCBF content can be explained by the corresponding increase
in micro-cracks and pores [26,172], which make the CSEBs more vulnerable to water penetration
and, thus, less durable. These trends are also similar to those observed in Gowda [142] for
reinforcement of CSEBs with guayule plant fibers. However, Danso [26] observed a rapid
reduction in the LIM of CEBs with increasing SCBF content up to 0.5 wt.%, after which the LIM
levelled off or increased slightly with further fiber inclusion. This different behavior could be
because in Danso [26] a modified version of the durability test described in the ASTM D559-03
standard [159] was used, where the CEBs specimens were exposed to water through capillary
action for only 2 minutes (instead of submersion in water for 5 hours) during the wetting and
drying cycles. Recommendations found in the literature for acceptable LIM’s limits suggest LIM
smaller than 10% [141,142]. The experimental results obtained in this study show that, among the
specimens considered in this study, only the EB-12-Y specimens satisfy this durability

requirement.

A decrease in dry density (ranging from 1.43% to 4.76%) and an increase in water absorption
(ranging from 1.29% to 3.84%) is observed for all specimens between before and after the
durability test, except for the water absorption of the EB-06-00 specimens, which decreases by

2.09%. The average A, values of the EB-06-Y specimens reach their minimum for 0.5 wt.% SCBF
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content (i.e., -4.76%), whereas they decrease monotonically with increasing SCBF content for EB-
12-Y specimens (ranging from -1.43% to -4.35%). However, the observed differences are
statistically significant only between EB-06-00 and EB-06-05 specimens and between EB-12-00
and EB-12-10 specimens. At 0.5 wt.% SCBF content, the average A, values reach their maximum
for the EB-06-Y specimens (i.e., 3.76%) and their minimum for the EB-12-Y specimens (i.e.,
1.29%). The observed differences are statistically significant only between EB-06-00 and the other

EB-06-Y specimens, and between the EB-12-10 and the other EB-12-Y specimens.

@ ‘ (©) ®
Figure 3.9. Specimens after 12 cycles of wetting and drying: (a) EB-06-00, (b) EB-06-05,
(c) EB-06-10, (d) EB-12-00, (¢) EB-12-05, and (f) EB-12-10.
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Table 3.11. Statistical tests and corresponding p-values for the durability test results.

Parameters Earth. block Levene’s ANOVA/Welch Games-Howell post-hoc tests
specimens test test 0-0.5 wt.% 0-1.0 wt.% 0.5-1.0 wt.%
LIM EB-06-Y 0.82 0.05 - - -

EB-12-Y 0.02 <0.01 0.09 <0.01 0.01

Ap EB-06-Y 0.27 0.02 <0.01 0.2 0.62
EB-12-Y 0.31 0.04 0.20 0.02 0.87

Ao EB-06-Y 0.13 <0.01 <0.01 <0.01 0.41
EB-12-Y 0.16 <0.01 0.71 0.02 0.01

* indicates rejection of the null hypothesis by the statistical test.

A wet compression test was performed on the CSEBs that survived the durability test (i.e., EB-

06-Y and EB-12-Y specimens). Table 3.12 reports the sample means and COV for f,,,, MOEw,

and WCT-Is, as well as the estimates of fjy,,. Figure 3.10 shows some representative axial load-

displacement curves for EB-12-Y and EB-X-05 specimens. The corresponding statistical analysis

results are reported in Table 3.13.
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Figure 3.10. Representative load-displacement curves from wet compression test performed
after durability investigation: (a) EB-12-Y and (b) EB-X-05.

The EB-06-Y specimens show a 29.4% to 60.9% reduction in the average f3,, compared to the

corresponding CSEBs tested before subjecting them to the durability test. By contrast, the EB-12-

Y specimens exhibit an 11.2% to 25.6% increase in the average f3,, after the durability test. This
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observed increase in strength may be due to the progress of cement hydration during the wet cycle
of the durability test, as the high content of clay and silt combined with the relatively high cement
content may have prevented full hydration of the cement during the 28-day curing period after
which the specimens not subjected to the durability test were originally tested. This result is
consistent with the findings of the chapter 2 of this dissertation, where the mechanical properties
of CSEBs were found to improve after exposure to wet climate conditions. However, further
investigation is needed to fully test this hypothesis. The average f},, of the EB-06-Y and EB-12-
Y specimens reach their maximum values at 0.5 wt.% SCBF content, with the mean f;,,, values
for the EB-06-05 and EB-12-05 specimens 154.3%, and 19.0% higher, respectively, than the
corresponding values for the EB-06-00 and EB-12-00 specimens. This trend is identical to that
observed for the wet compressive strength of CSEBs before the durability test. The statistical
analysis indicates that only the differences in the f,, mean values between EB-06-00 specimens
and other EB-06-Y specimens are statistically significant. The average MOEw after the durability
test are 23.5% to 61.7% lower for the EB-06-Y specimens and 11.4% to 17.3% higher for the EB-
12-Y specimens, when compared to the corresponding values before the durability test. The
average MOEw reaches its maximum value at 0.5 wt.% SCBF content for the EB-06-Y specimens
(i.e., 70.2% and 68.3% higher than for EB-06-00 and EB-06-12 specimens, respectively), whereas
it slightly decreases with increasing SCBF content for EB-12-Y specimens (i.e., 4.0% and 8.5%
lower for EB-12-05 and EB-12-10 specimens than for EB-12-00 specimens). However, the
differences in MOEw mean values are statistically significant only between EB-06-05 and EB-06-
10 specimens. It is also observed that the average WCT-Is after the durability test is between 1.0%
and 23.1% lower than the corresponding value obtained before the durability test, except for the

EB-06-00 specimens, for which the average WCT-Is increases by 16.7% after the durability test.
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For increasing SCBF content, the mean value of WCT-Is decreases for EB-06-Y specimens (with
reductions equal to 9.9% and 11.7% for EB-06-05 and EB-06-10 specimens, respectively, when
compared to EB-06-00 specimens) and increases for EB-12-Y specimens (with increments equal
t0 9.7% and 32.1% for EB-12-05 and EB-12-10 specimens, respectively, when compared to EB-
12-00 specimens). However, the differences in average WCT-Is are statistically significant only

between EB-12-00 and other EB-12-Y specimens.

Table 3.12. Compression test results after the durability test.

Wet compressive strength MOE,, WCT- Is
Earth block Mean Cov Mean COoVv Mean Cov forw
specimens (MPa) (%) (MPa) (%) (MPa) (%) (MPa)
EB-06-00 0.38 42.29 9.32 48.12 5.61 28.59 0.04
EB-06-05 0.96 32.89 15.86 32.27 5.05 24.21 0.23
EB-06-10 0.60 15.26 9.42 14.67 4.95 9.65 0.29
EB-12-00 241 10.51 58.34 13.54 3.94 13.21 1.33
EB-12-05 2.86 22.69 55.99 29.34 432 9.83 1.08
EB-12-10 2.84 12.10 53.39 20.16 5.20 10.37 1.52

For a given SCBF reinforcement level, the mean values of f;,,, and MOEw obtained after the
durability test monotonically increase with increasing cement content. The mean f;,, values for
the EB-12-00, EB-12-05, and EB-12-10 specimens are 535.7%, 195.4%, and 374.3% higher,
respectively, than those for the corresponding EB-06-Y specimens, whereas the mean MOEw
values for EB-12-00, EB-12-05, and EB-12-10 specimens are 525.9%, 252.9%, and 466.5%
higher, respectively, than those for the corresponding EB-06-Y specimens. In addition, for
increasing cement content, the mean values of WCT-Is for EB-12-00 and EB-12-05 specimens
decrease by 29.7% and 14.4%, respectively, when compared to the corresponding EB-06-Y
specimens, whereas the average WCT-Is increases by 5.1% from the EB-06-10 to the EB-12-10
specimens. These trends for the compressive behavior of CSEBs after the durability test are

identical to the trends observed for their flexural behavior, i.e., for increasing cement content, the
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EB-X-00 and EB-X-05 specimens become stronger and more brittle, whereas the EB-X-10
specimens become stronger without losing ductility. It is also observed that only the EB-12-Y
specimens satisfy the wet compressive strength requirements recommended in the Indian Standard
[179] (i.e., minimum average wet compressive strength of 1.96 MPa) and in Walker and Stace [66]
(i.e., minimum unconfined characteristic wet compressive strength of 1.00 MPa) after the

durability test.

Table 3.13. Statistical tests and corresponding p-values for the compressive properties of the
earth blocks subjecting to durability test.

Parameters Earth block Levene’s ANOVA/Welch Games-Howell post-hoc tests
specimens test test 0-0.5wt.% 0-1.0wt.% 0.5-1.0 wt.%

fow EB-00-Y - - - - -
EB-06-Y 0.96 <0.01 0.01 0.04 0.08

EB-12-Y 0.74 0.17 - - -

MOE,, EB-00-Y - - - - -
EB-06-Y 0.96 0.02 0.09 1.00 0.04

EB-12-Y 0.74 0.78 - - -

WCT- 15 EB-00-Y - - - - -

EB-06-Y 0.96 0.60 - - -
EB-12-Y 0.74 <0.01 0.38 <0.01 0.03

* indicates rejection of the null hypothesis by the statistical test.

3.4.7. Comparison of flexurally tested and pristine specimens

Figure 3.11 presents the comparison of dry and wet compressive strength for the flexurally
tested and pristine specimens. It is observed that the results from different flexurally tested and
pristine specimens are overall very similar. Comparable results were also obtained by comparing
MOEd4, MOEw, DCT-Is, WCT-Is, p, @, LIM, Ap, and Ae. Albeit the number of specimens belonging
to the two different groups was insufficient to perform a rigorous statistical analysis, these results
seem to suggest that the mechanical and physical properties of flexurally tested and pristine
specimens with the same soil-cement-SCBF composition can be considered as describing the same

group of specimens, i.e., it is hypothesized that the flexure test induces only insignificant damage,
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if any, in the trimmed specimens. Further investigations are recommended to rigorously test this

hypothesis.
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Figure 3.11. Comparison of dry and wet compressive strength for flexurally tested and
pristine specimens.

3.5. Conclusions

This study presents the properties of compressed and stabilized earth blocks (CSEBs)
reinforced with different amounts (i.e., 0%, 0.5% and 1.0% by weight, or wt.%) of sugarcane
bagasse fibers (SCBF) and containing different amounts (i.e., 0 wt.%, 6 wt.%, and 12 wt.%) of
type II ordinary Portland cement. The CSEBs were fabricated using a single-stroke manual
compaction machine. Based on the experimental test results and the statistical analysis of the
experimental data, the following conclusions are drawn:
1. The scanning electron microscopy results show that increasing the cement content in the

CSEBs led to a denser and more homogeneous soil-cement matrix. The X-ray crystallography
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results suggest that the formation of Ca-bearing minerals (e.g., anorthite, rankinite, ettringite,
and portlandite) were responsible for making the soil-cement matrix denser and stronger.

The modulus of rupture (MOR) and the flexural modulus of elasticity (MOEs) of CSEBs
improved with increasing cement content and given SCBF content; however, the flexural
toughness index (FT-Is) decreased. The effect of the SCBF content for a given cement content
was dependent on the amount of cement, with positive effects on both MOR and FT-Isup to a
critical fiber content due to fiber-bridging of the cracks. The critical fiber content was identified
as 0.5 wt.% for CSEBs without cement. It is hypothesized that the value of the critical fiber
content increases with the cement content until the failure mechanism is controlled by fiber
fracture. Increasing SCBF content always corresponded to a decrease in MOEs for any constant
cement content.

For a constant SCBF content, the dry compressive strength (fod) and modulus of elasticity
(MOEqu) increased, whereas the dry compressive toughness index (DCT-Is) showed only a
small decrease for increasing cement content. For any given cement content, the fod reached
their maximum values at 0.5 wt.% SCBF content, the MOE4 decreased, and the DCT-Is
behavior was dependent on the cement amount. In particular, the DCT-I5 reached a peak value
for 0.5 wt.% SCBF content at 0.0 wt.% cement, whereas it monotonically increased for
increasing SCBF content at both 6 wt.% and 12 wt.% cement contents. Similar to the flexural
properties, it is hypothesized that a critical fiber content exists for different cement contents;
however, the compressive behavior is controlled by a confinement effect produced by the

fibers on the soil-cement matrix.
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4. The earth blocks fabricated without stabilization (i.e., without cement addition) did not survive
the wet compression test nor the wetting and drying cycles of the durability test. Therefore,
stabilization is necessary to produce durable earth blocks.

5. For the CSEBs that maintained their integrity after 24 hours submersion in water, the
mechanical properties under wet conditions followed trends similar to those of the
corresponding dry mechanical properties. The wet compressive strength and wet modulus of
elasticity were 41-59% and 29-43% lower, respectively, than their dry counterparts, whereas
the wet compressive toughness index values are very similar to their dry counterparts.

6. Higher amounts of cement corresponded to better durability for any given SCBF amount. The
CSEBs that survived the durability test showed an increase in loss in mass and water absorption
with increasing SCBF content and constant cement content; however, variations of SCBF
amount did not affect the dry density of CSEBs.

7. Among the CSEBs that survived the durability test, by comparing the wet mechanical
properties before and after the 12 cycles of the wetting and drying, the CSEBs stabilized with
6 wt.% cement showed a reduction in wet compressive strength (between 29% and 61%) and
modulus of elasticity (between 23% and 62%); whereas the wet compressive toughness index
showed changes between 17% increase and 7% decrease. By contrast, the CSEBs stabilized
with 12 wt.% cement had an 11-26% increase in wet compressive strength, an 11-17% increase

in wet modulus of elasticity, and a 3-23% reduction in wet compressive toughness index.

It is concluded that, among the CSEBs considered in this study, the CSEBs with 0.5 wt.% or
1.0 wt.% SCBF and 12 wt.% cement contents provided the best compromise between strength and
durability and satisfied the corresponding recommendations available in design standards and the

literature.
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CHAPTER 4. NEW CONSTITUTIVE MODEL FOR INTERFACE ELEMENTS

IN FINITE-ELEMENT MODELING OF MASONRY

4.1. Introduction

Finite element (FE) modeling of masonry structures is a very complex problem in
computational mechanics, which continues to attract the interest of the research community after
several decades of investigations. Several FE approaches have been proposed, with different levels
of accuracy, computational cost, and information details [180,181]. The highest level of accuracy
and detail on the mechanical behavior of masonry could be achieved using the FE micro-modeling
approach, in which different masonry components, i.e., masonry units (bricks/blocks) and mortar,
are distinctly represented through continuum elements, and the unit-mortar interface is represented
by interface elements [180]. Thus, micro-modeling explicitly addresses the intrinsic discontinuity
and heterogeneity of masonry elements. However, it is also computationally very intensive and,
thus, rarely employed for analyzing masonry. The computational cost can be reduced by lumping
mortar and two unit-mortar interfaces into a zero-thickness joint (generally modeled using an
interface element) between expanded masonry units [180,182]. This modelling approach is
referred to as simplified micro-modeling (SMM) and has been widely employed to investigate the

local behavior of masonry [180,182—188].

The capability of the SMM approach to simulate the mechanical response of masonry properly
relies upon the accuracy and robustness of the employed interface element, which relates the
traction vector with the relative displacement vector. In fact, in most SMM approaches, the
nonlinearity of the system is often concentrated in the interface element, and masonry units are

assumed to be elastic in nature [180,182—184,189,190]. Hence, interface elements should be able
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to describe all major failure mechanisms of masonry under multi-axial stress conditions
[167,180,191-193] which include: (a) cracking of masonry units in direct tension, (b) cracking of
mortar joints, (c) bed or head joint failure due to sliding under normal stress, (d) diagonal tension

cracking of masonry units, and (e) masonry crushing.

Zero-thickness interface elements formulated in terms of traction-separation relationships were
originally introduced by Goodman, Taylor and Brekke [194] to model discontinuity in rock
mechanics. Page [182] introduced the use of interface elements between elastic continuum
elements (representing expanded masonry units) in failure analysis of masonry. The non-linear
behavior of masonry was simulated through the interface behavior, which was modeled through a
constitutive model that included a brittle failure in tension and hardening in shear/compression.
However, compression (crushing) failure was not included in the interface elements
[182,190,195,196], until an appropriate constitutive model for analysis of masonry shear walls was
developed by Lourenco and Rots [197] to simulate/predict the ultimate strength and post-peak
behavior of masonry. The Lourenco and Rots’ model is a multi-surface composite interface model
(CIM) that consists of three different failure criteria (failure surfaces), i.e., a Rankine failure
criterion (tension cut-off criterion) for mode-I failure (opening in tension), a Mohr-Coulomb
failure criterion for mode-II failure (in plane shearing or sliding), and a compression cap failure
criterion for compression failure. The Rankine and the Mohr-Coulomb failure surfaces are coupled
through internal softening parameters, whereas the Mohr-Coulomb and the compression cap
failure surfaces are uncoupled. This multi-surface CIM has been used by many researchers to

investigate the behavior of masonry structures [91,183,198-200].
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Numerous interface element’s constitutive models (based on numbers of failure surfaces,
different failure criteria, and softening/hardening hypotheses) have been proposed to investigate
the behavior of masonry by using the SMM approach. The simplest approach in defining an
interface element’s constitutive model is to adopt one failure surface to describe each of the three
major failure mechanisms, i.e., tension, shear, and compression, [180,189,198,201]. However, the
use of multiple failure surfaces leads to singularity problems at the intersections between two of
these surfaces [202]. Therefore, several constitutive models were developed with failure surfaces
representing two [184,203] or three [186,204,205] failure mechanisms at a time. The usage of
these more complex failure surfaces can introduce issues of robustness and may increase the

computational cost of the constitutive model [203].

This chapter proposes a new interface element’s constitutive model that is capable of
simulating tension cracking, shear slipping, and compression failure for masonry analysis using
the SMM approach. The proposed constitutive model is developed within the framework of non-
associative elastoplastic materials with softening. It is noted here that other approaches could be
used to improve the efficiency and robustness of masonry modeling based on the SMM approach,
e.g., the plasticity-damage approach [201,206,207], the variational approach [208], the damage
approach [209], and the -elasto-viscoplastic modeling approach [210,211]. However, the
consideration of these alternative approaches is beyond the scope of this study. The robustness and
computational cost of the proposed constitutive model are compared to those of different
constitutive models that have been widely used in the literature to describe masonry behavior
through a one-element test. In addition, the performance of the different constitutive models is

investigated in terms of accuracy and computational cost by simulating an unreinforced masonry
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shear wall for which well-documented experimental results are available in the literature. Finally,

conclusions are made based on the results obtained in the present study.

4.2. Research significance

This chapter introduces a novel mechanical constitutive model for interface elements used in
the context of the SMM approach for masonry structures. The proposed constitutive model
achieves robustness, computational efficiency, and accuracy in modeling masonry structures under
multi-axial stress conditions by (1) overcoming the singularity problem that arises from the
interaction between the Mohr-Coulomb failure criterion and the Rankine failure criterion, and (2)
using the strain hardening/softening hypothesis to improve the numerical robustness of the solution
during the evolution of the yield surfaces. In addition, the proposed constitutive model is easily
extendable to cyclic/hysteretic behavior. Therefore, the constitutive model developed here for
interface elements can extend the usage of the SMM approach to investigate the behavior of

masonry components and structures.

This chapter also investigates the advantages and disadvantages of different constitutive
models for interface elements when using the same integration scheme. This comparison provides
useful information for further development of interface element’s constitutive models to simulate

the mechanical behavior of masonry and other quasi-brittle materials.

4.3. Proposed coupled tension-shear interface model (CTSIM)

Interface elements permit discontinuities in the displacement field, and their behavior can be
described in terms of a relation between the traction, ¢, and relative displacements, u, across the
interface. Thus, the generalized elastic behavior of the interface element’s constitutive model can

be written in standard form as
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oc=k-u (4.1)

where, for a 3D configuration, 6 ={o,7,,7, }T, u={u,u,u }T ,and k =diag[k,.k k], diag[e]

50Tt s Uy
denotes the diagonal matrix operator, n denotes the normal components, and s and ¢ denote the
shear components in two orthogonal directions. The component of the elastic stiffness matrix, k,
for the constitutive model in the SMM approach can be obtained from the properties of the masonry
components (i.e., masonry units and mortar), and can be written as follows (Rots and Picavet,
1997):

L BRI h R (4.2)
k Em Eb ks kt Gm Gb

n

where £, and E, are Young’s modulus for mortar and masonry units, respectively; G, and G,
denote the shear modulus for mortar and masonry units, respectively; and 4, is the thickness of

the mortar joints. It is noted that Eq. (4.2) may significantly overestimate the elastic stiffness of
the masonry joint’s interface, particularly when the masonry units are weaker than the mortar or
when the bond surface between mortar and units presents gaps [212,213]. Thus, several approaches
have been proposed to obtain a better representation of the actual response of unreinforced
masonry, e.g., by introducing a reduction factor in the calculation of the elastic stiffness based on
Eq. (4.2) [189,212,214], or by proposing more refined model parameter calibration strategies

[215].

The inelastic behavior of the proposed constitutive model for interface elements, referred to as
coupled tension-shear interface model (CTSIM) hereafter, is defined by a convex composite failure

surface (shown in Figure 4.1), which consists of a tension-shear failure criterion F|(o,x,,x,) and
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a compression cap failure criterion F)(o,x;), where x,, k,, and «, are the scalar softening/

hardening parameters. The selection of this composite failure surface, which removes the
singularity in the tension-shear region but not in the compression-shear region, is based on the fact
the shear and tensile behaviors of masonry are coupled while the compression and shear behaviors
can be considered as uncoupled [180]. Thus, removing the singularity in the tension-shear region
can reduce the computational cost of the interface element, whereas removing the singularity in
the compression-shear region is not effective in reducing the computational cost of the interface

element [203]. It is noteworthy that the specific form of F(o,x,,x,) used in this study presents

several novel characteristics when compared to other existing models and has been used here for

the first time in the context of interface elements for masonry modeled using the SMM approach.

T= \/7'.92‘{‘%2

Figure 4.1. Typical composite failure surface for the proposed CTSIM in stress space.

4.3.1. Tension-shear failure criterion

A single hyperbolic surface is used for representing pressure-dependent shear failure and
tensile cracking. The usage of this surface overcomes the singularity problem that occurs in multi-
surfaces failure criteria, i.e., in the combination of the Mohr-Coulomb and Rankine failure criterion

[202] and it enables the proposed interface element’s constitutive model to converge faster for
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larger load steps at the Gauss point level. The failure criterion originally proposed by [216] for
concrete fracture problem is adopted here for the first time to describe the tension-shear yield

surface, which is given as:

F(e,x,,k,) =—{C(x,,k,) -0 - tan ¢(K1>K2)]+\/72 +[C(x,,k,) =0, (k;,k,) - tan #(x,, k) (4.3)

where 7° =72 +77, ¢ is the frictional angle, o, (k;,k,) 1s the tensile yield stress, and C(x;,x,)

is the cohesive yield stress. This hyperbolic failure criterion represents an improvement with
respect to other criteria described by quadratic terms [184,204,217], which consist of two
hyperbolic branches, only one of which has physical meaning. Therefore, this modified yield
function relaxes the requirement for small load steps at the Gauss point level, which otherwise
would be needed to guarantee that the computed stress is associated with the correct branch of the
hyperbolic surface [216]. A strain-softening hypothesis is considered for this failure criterion, in
which the normal and shear plastic relative displacements jointly control the softening of both
tensile and cohesive yield stresses. The tensile and cohesive yield stresses are implicitly coupled
and softening in the tensile yield stress produces a proportional softening in the cohesive yield
stress and vice versa. Thus, the rates of the scalar softening parameters are defined as follows by
adapting the expressions originally derived in Lourenco [180] to satisfy simultaneously the Mohr-

Coulomb and Rankine failure criteria at their singularity point:

k= (i) )+ (4.4)
K, _f}_;: £<u,f’>+ |up| +a” 2 (4.5)
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respectively, where f, is the tensile strength; C; is the initial cohesion; G} is the mode-I fracture

P
n o

energy; G}’ is the mode-II fracture energy; u”, u’, and u” denote the plastic relative

displacements in the n, s, and ¢ directions, respectively; <0> denotes the Macaulay brackets; and

a superposed dot indicates differentiation with respect to (pseudo-)time. This form of the rates of
the softening parameters allows their efficient computation when using a single smooth yield
surface. In fact, the usage of the Macaulay brackets ensures that the softening parameters are
affected by tensile stresses in the shear-tension region, whereas they are not affected by
compression stresses in the shear-compression region, consistently with the typical behavior of
masonry joints (which are damaged by tension and shear stresses, but not by low compression

stresses). The tensile yield stress 7, (k;,k,) and cohesive yield stress C(x;,x,) are defined as

2 2
_ : C
o, (K, Kk,) = f,-exp| — (%-Klj +[G—;’1-K2J (4.6)
S S
f 2 C 2
C(x,,k,)=C,-exp| — (th -K‘lj -{G_?I.sz 4.7
A A

respectively. The exponential terms are defined so to ensure that the tensile and cohesive yield
stresses evolve in a proportional fashion (i.e., the shape of the yield function remains the same
during the analysis) and include the effects of both softening parameters. The softening of the

friction angle is assumed proportional to the softening of the cohesive yield stress, i.e.

C(x,,K,)

¢ (4.8)

tan ¢(k;, k,) = tan @, +(tan ¢, —tan g, )-

91



where ¢, is the initial friction angle and ¢ 1is the residual friction angle. A non-associative
formulation is assumed for the tension-shear failure criterion because the friction angle, ¢, and
the dilatancy angle, y, are generally considerably different for masonry [218,219]. The plastic

potential function Q,(o,x,,x,) is defined as [217]:
Q1 (Ga Ki» Kz) = _[CQ(KI > Kz) —0o-tan '//(Kl ) Ky )]2 +77 + [CQ (Kl > Kz) - a-fr (Kl > Kz) -tan W(Kl > K‘z)]2 (4-9)

where C,(k;,x,) is the apparent cohesive yield stress. The behavior of parameters C, and y are
obtained by substituting C,, and C,, to C and C,, respectively, in Eq. (4.7), and, y, and y, to

¢, @,, and ¢ respectively, in Eq. (4.8). The plastic potential function in Eq. (4.9) consists of

quadratic terms and, thus, of two hyperbolic branches, similar to the failure yield criterion used,
e.g., in Caballero [217], Macorini and Izzuddin [184], and Citto [204], in which the same
functional form was employed for both yield criterion and plastic potential function. However,
since for the proposed CTSIM the yield criterion functional form is different from that of the plastic
potential function, the existence of a non-physically meaningful branch does not introduce
convergence issues, because only the physically meaningful branch is actually used due to the
constraints imposed by the consistency condition during the plastic-corrector step of the CTSIM’s
return mapping algorithm [220]. The plastic potential function defined by Eq. (4.9) presents
several computational advantages when compared to other existing expressions, e.g., the
derivatives of the plastic potential function with respect to stress are simpler than those for the

plastic potential function proposed in Caballero, Willam and Carol [216].
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4.3.2. Compression cap failure criterion
The compression cap model used in the proposed constitutive model used here is described by
an elliptical yield function originally introduced for orthotropic plasticity of soil materials [221],

which is given by

F(6,5,)=C, 0> +C, -T°+C,-0-5>, (k) (4.10)

comp

where C,, and C, are parameters that control the coordinates of the center of the compression cap
failure surface, C is a parameter that controls the width of the cap failure surface in the shear

stress axis, and ., (x,) is the compressive yield stress, which determines the width of the cap

comp
failure surface in the compressive stress axis. In the present study, the center of the cap failure

surface is assumed to coincide with the origin of the o —7 plane with C,, =1 and C, =0, in order

to avoid the activation of this surface in the tension-shear region, which is controlled by the
tension-shear failure criterion described in the previous subsection. A strain hardening/softening
hypothesis is introduced for the compressive yield stress, which describes the rate of the

corresponding scalar softening parameter as

£, =\/(a,f)2 w(ar) +(ar) (4.11)

K, K,
2
K,—K
~ — ey — — 3 P .
O pomp (K3) =1 T, +(0'm —o-p){:] if x, <K<k, (4.12)
P




O,

where m=2(6,-6,)/(x,—k,); G,, G,,

and o, are initial (i.e., corresponding to the
transition from linear to nonlinear behavior), peak, intermediate (i.e., corresponding to the

inflection point in the softening branch), and residual compressive yield stress, respectively; and

Kk, and x, denote the total plastic strain at peak and intermediate compressive yield stress. Figure

4.2 illustrates the evolution of the compressive yield stress, &

comp ?

as a function of the parameter
Kk, . In Eq. (4.12), the first branch was taken from Lotfi and Shing [222], whereas the second and

third branches were taken from Lourengo [180]. An associative flow rule is assumed for the

compression cap failure criterion, thus, Q,(o,x;) = F,(0,k;).

5'(:omp A

Op -

Figure 4.2. Hardening/softening law for compression cap failure criterion.

The CTSIM has been implemented in the commercial finite element software package
ABAQUS [223] through an user-defined material subroutine (UMAT) written in FORTRAN [224]
for an implicit integration scheme [225]. The implicit backward Euler integration method [220] is
used to integrate the different constitutive equations of the CTSIM, which leads to a system of
nonlinear algebraic equations. These nonlinear equations are solved monolithically with the

local/global Newton-Raphson technique as described in Ottosen and Ristinmaa [226], Caballero
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et al. [216], and Macorini and I1zzuddin [184] which leads to a combined local and global solution
strategy. In addition, the CTSIM is combined with an adaptive sub-stepping strategy to ensure

convergence and accuracy of the final solution at both local and global levels [184,216,227].

4.4. Comparison of constitutive models using one-element test

In this section, the robustness, computational cost, and accuracy of the CTSIM are compared
with three interface element’s constitutive models that are available in the literature, namely the
constitutive models proposed by Lourenco and Rots [197], Macorini and Izzuddin [184] and Citto
[204]. Figure 4.3 shows the typical failure surfaces corresponding to each of these constitutive

models and compares them with the failure surface corresponding to the CTSIM.

T=1/T2+ 1} T =112+ 7} T =112+ 7}

Macorini and Izzuddin
------ CTSIM --------CTSIM

Lourenco and Rots

(a) (b)
Figure 4.3. Typical failure surface in stress space for: (a) Lourenco's model, (b) Macorini’s
model, and (c) Citto's model.

These failure surfaces are plotted using the following values of the material parameters:

C=0.35MPa, 5}3 =0.25MPa, 5, =3.50 MPa, and tang =0.65. The Lourenco’s model

comp
consists of three failure surfaces, as previously described in the section 4.1 (i.e. in the Introduction
of this chapter). The Macorini’s model is defined by two hyperbolic failure surfaces (failure
criteria), i.e., a tension-shear failure surface that represents Mode-I and Mode-II fracture, and a

compression failure surface. Both failure surfaces shrink when the plastic work (which drives the
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softening of the material parameters) increases. The Citto’s model is comprised of a single failure
surface (failure criteria), which represents all three failure mechanisms of the interface element,
i.e., Mode-I, Mode-II, and compression failure. The evolution of the hardening parameters is
governed by a set of work hardening/softening rules and the rate of plastic work [204]. It is also
observed that the CTSIM and Lourenco’s model use the hypothesis of strain hardening for the
evolution of the hardening/softening parameters, whereas, the Macorini’s and Citto’s models use
the hypothesis of work hardening. All these constitutive models were also implemented in the FE
software ABAQUS [223] by using a UMAT subroutine, similar to the implementation of the
CTSIM, in order to provide a common platform for the comparison of these models with the

CTSIM by removing the bias that could arise from the usage of different integration schemes.

4.4.1. One-element test
In the following section, the performance of the different models is assessed through a one-

element test. A single zero-thickness interface element is subjected to thirteen different load paths
defined by the angle @ =arctan (u, /u,) , where u, =.fu; +u; (as shown in Figure 4.4), i.c., by

considering a proportional increase of axial and shear relative displacements corresponding to €
=0°,15°,30°,45°,60°,75°,90°, 105°, 120°, 135°, 150°, 165°, and 180°. The relative displacement
magnitude was incremented from |u| =0mm to |u| =0.2 mmusing a displacement control
analysis. Four different load step sizes were considered by dividing the final relative displacements
into 5, 10, 50, and 100 equal increments (designated as N5, N10, N50, and N100 respectively).

The material parameters corresponding to the masonry joint and potential cracks of a shear wall

described in Vermeltfoort and Raijmakers [228] and Raijmakers and Vermeltfoort [229] and given
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in Table 4.1 were used in these one-element tests. In addition, an elastic modulus Ep = 16700 MPa

and a Poisson ratio w = 0.15 are used for the masonry units.

Table 4.1. Inelastic properties for joints and potential cracks.

Properties Joints Potential cracks
k, (N/mm?) 82.00 16700
k, (N/mm?) 36.00 7260
fi (MPa) 0.250 2.0
G, (MPa) 0.362 2.9
Cyo (MPa) 18.125 2.9

tan ¢, ¢) 0.75 0.75
tan @, ) 0.75 0.75
tany/, () 0.001 0.001
tany, -) 0.0001 0.0001
' (N/mm) 0.018 0.008
+ (N/mm) 0.125 0.050
5, (MPa) 3.5 -
o, (MPa) 10.5 -
G, (MPa) 5.25 -
. (MPa) 1.5 -
K, ©) 0.09 -
K, ) 0.49 -
C, “) 9.0 -
TA
105° 90°

120°

165°

180° >0,

Figure 4.4. Load paths used in the one-element test of the different constitutive models.

The adaptive sub-stepping algorithm was not activated in any of the considered constitutive

models during these analyses to ensure a consistent (i.e., fixed) load step size for all constitutive
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models during each set of analyses. A total of 52 finite element response simulations
(corresponding to 13 load paths each with four load step sizes) were carried out for each
constitutive model, and these simulations were performed in ABAQUS [223] with one CPU on a

computer having an Intel(R) Core(TM) 15-2400S CPU @ 2.50 GHz processor and 12.0 GB RAM.

For determining the accuracy of the constitutive models, a base load step size corresponding
to 1,000 relative displacement increments (i.e., N1000 with |Au| =2x10"" mm ) is used to compare
the results of the one-element tests. This load step size is considered sufficiently small to serve as

an accurate reference solution for estimating the percentage error, ¢, which is evaluated through

the expression [230]:

T
5 — \/(Gn _Gexact) .(Gn _Gexact) XlOO

T

exact

(4.13)

() (9

exact

in which o, denotes the numerical traction response of the single interface element obtained by

using different relative displacement increments, and o, denotes the reference solution of the

exact

traction response corresponding to the same constitutive model used to evaluate ¢, with 1000

relative displacement increments (i.e., for N1000 load step sizes). The CPU time ratio (CTR) of
the simulations for the different constitutive models with respect to the CPU time of the reference
solution obtained using the CTSIM for each load path is also calculated. The results in terms of
CTR and ¢ for the different constitutive models are reported in Table 4.2 and Table 4.3 for the
tension-shear region (load paths 8 =0°, 15°,30°,45°, 60°, 75°, 90°) and compression-shear region
(load paths @ = 105°, 120°, 135°, 150°, 165°, and 180°), respectively. Simulation results having

percentage errors ¢ higher than 5% are identified by underlines in these tables. Some simulations
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did not converge to a solution for large (fixed) load step sizes and are identified by a hyphen. As
expected, the presented results indicate that the o increase for decreasing CTR along all load paths

for all constitutive models.

4.4.2. Tension-shear region

In the tension-shear region, nine simulations (out of 28 simulations) did not converge for both
Macorini’s and Citto’s models, whereas all simulations for the CTSIM and Lourenco’s model
reached convergence for all load step sizes. Among the converged simulations, 27 simulations
converged with less than 5% errors for the CTSIM (i.e., only one simulation had ¢ larger than
5%), 25 simulations converged with less than 5% errors for the Lourenco’s model (i.e., three
simulations had ¢ larger than 5%), 17 simulations converged with less than 5% errors for the
Macorini’s model (i.e., two simulations had ¢ larger than 5% in addition to the nine simulations
that did not converge), and 13 simulations converged with less than 5% errors for the Citto’s model
(i.e., six simulations had ¢ larger than 5% in addition to the nine simulations that did not
converge). Considering only the converged cases, the CPU time used by the simulation based on
the CTSIM is less than or equal to the CPU time corresponding to the Lourenco's, Macorini’s, and

Citto’s models in 25 (out of 28), 17 (out of 19), and 12 (out of 19) simulations, respectively.

The results presented in Table 4.2 for the tension-shear region indicate that the CTSIM is: (1)
computationally robust for all load step sizes except for case N5 of load path 6 =90°, (2) generally
more accurate and computationally robust than the other three constitutive models considered here,
and (3) computationally efficient, since for all considered load paths it can provide accurate results
with load step sizes that are larger than or equal to those needed for any other constitutive models.

In order to understand better the mechanical differences among the different models, iso-error
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maps [230-232] were developed for all four constitutive models at the point on the yield surfaces
corresponding to load path & =36.13° (see Figure 4.5). This point was selected as representative
of the tension-shear region because it corresponds to the singularity point between the Rankine
and Mohr-Coulomb failure criteria in the Lourenco’s model and, thus, can be used to illustrate the
advantages of using a single surface failure criterion by eliminating the singularity in the tension-
shear region. The iso-error maps plot the error defined in Eq. (4.13) as a function of the normalized

increment of relative displacement in the axial direction, u,, and in the shear direction, u_. The

normalization parameter for each of these relative displacement increments corresponds to the
elastic relative displacement associated with the initial yielding in each of the two directions,
respectively. Figure 4.5(a) through Figure 4.5(d) plot the iso-error maps for the CTSIM,
Lourenco’s, Macorini’s, and Citto’s models, respectively. The inset in each subfigure shows the
location on the corresponding yield surface of the point selected as the origin of the iso-error map.
The shaded region in each subfigure indicates the combinations of relative displacement
increments for which the corresponding model cannot achieve convergence. It is observed that,
within the range of normalized relative displacement increments considered here, the CTSIM is
the only model that can always achieve convergence. The Lourenco’s model does not converge

within a region that corresponds approximately to Au, /u,, >1 and Au, [u,, > Au, [u,, . This result

was first qualitatively observed in Lourenco and Rots [203] and is due both to the presence of a
singularity in the yield surface and to the heuristic (i.e., trial-and-error) approach adopted in the
Lourenco’s model to identify the active yield surface(s), which cannot guarantee convergence of
the analysis for large load step sizes [203]. The Macorini’s and Citto’s models also present a region

of non-convergence, corresponding approximately to Au, / u, 22 and Au, / u,, =3, respectively.
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Table 4.2. CPU time ratio (CTR) vs percentage error (9) for tension-shear region.

CTSIM Lourenco’s model Macorini’s model Citto’s model

o N CTR o CTR o CTR o CTR 1)
0 N100 0.093 <0.01 0.106 <0.01 0.106 2.62 0.087 96.45
N50 0.050 <0.01 0.050 <0.01 0.050 5.58 0.043 >100
N10 0.012 <0.01 0.012 <0.01 - - - -
N5 0.006 <0.01 0.006 <0.01 - - - -

15 NI100 0.099 <0.01 0.106 <0.01 0.113 2.26 0.134 1.67
N50 0.042 <0.01 0.049 <0.01 0.049 4.81 0.056 >100
N10 0.014 <0.01 0.021 <0.01 - - - -

N5 0.007 <0.01 0.007 0.02 - - - -

30  NI100 0.101 <0.01 0.101 <0.01 0.109 1.60 0.116 1.44
N50 0.058 <0.01 0.051 <0.01 0.051 3.40 0.051 >100
N10 0.014 <0.01 0.014 0.03 - - - -
N5 0.007 <0.01 0.007 0.04 - - - -

45  NI100 0.093 <0.01 0.099 <0.01 0.105 0.92 0.099 1.09
N50 0.049 <0.01 0.062 <0.01 0.049 1.94 0.049 2.30
N10 0.019 <0.01 0.019 <0.01 - - - -

N5 0.006 <0.01 0.006 67.70 - - - -

60 N100 0.096 <0.01 0.110 <0.01 0.103 0.03 0.103 0.68
N50 0.062 <0.01 0.062 <0.01 0.055 0.08 0.055 1.42
N10 0.014 <0.01 0.021 <0.01 0.021 1.28 0.014 >100

N5 0.007 <0.01 0.007 >100 - - - -

75  NI100 0.097 <0.01 0.090 <0.01 0.111 0.10 0.097 0.29
N50 0.056 <0.01 0.049 <0.01 0.056 0.21 0.049 0.61
N10 0.014 <0.01 0.014 <0.01 0.014 1.67 0.014 4.04

N5 0.007 0.03 0.007 37.87 0.007 1.83 0.007  10.16

90 NI100 0.097 0.42 0.103 0.02 0.109 0.35 0.085 0.22
N50 0.048 0.87 0.048 0.04 0.055 0.72 0.042 0.46
N10 0.012 342 0.012 0.33 0.018 3.50 0.018 2.60

N5 0.006 5.90 0.006 1.46 0.012 8.37 0.006 4.58

This non-convergence region for these two models is due to the presence of a non-physically
meaningful branch of the yield surface having a quadratic functional form, as previously discussed.
In particular, the convergence of these models is impaired as soon as the imposed relative

displacement increment intercepts the non-physically meaningful branch of the corresponding
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yield surface. It is observed that, when the models converge, the magnitude of the errors is smallest
for the Lourenco’s model (i.e., less than 0.01%), followed by the CTSIM (i.e., less than or equal
to approximately 2%), and then by the Macorini’s and Citto’s models (i.e., less than 10%). These
error’s magnitudes increase with the complexity of the functional form used for the corresponding
yield surfaces (i.e., the Lourenco’s model is represented by linear yield functions, which
correspond to the simplest functional form and the smallest percentage errors). The errors also
depend on the hardening/softening hypothesis used in each model (i.e., the Macorini’s and Citto’s
models use a work hardening/softening hypothesis, which negatively affects the accuracy of their
solutions when compared with the results obtained using the CTSIM and Lourenco’s model, which
adopt a strain hardening/softening hypothesis). Finally, it is also observed that the percentage error
for all models is more sensitive to the size of the relative displacement increments in the axial
direction than to that of the relative displacement increments in the shear direction. Based on these
results, it is concluded that the CTSIM provides the best compromise between accuracy and

robustness in the tension-shear region among all models considered in this study.
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Figure 4.5. Iso-error maps for the point on the yield surfaces at & =36.13°: (a) CTSIM, (b)
Lourenco’s model, (¢) Macorini’s model, and (d) Citto’s model.

4.4.3. Compression-shear region

In the compression-shear region, two simulations (out of 24 simulations) did not converge for
both Macorini’s and Citto’s models, whereas all simulations for the CTSIM and Lourenco’s model
reached convergence. Among the converged simulations, 19 simulations converged with less than
5% errors for the CTSIM and Lourenco’s model (i.e., five simulations had ¢ larger than 5%), 18
simulations converged with less than 5% errors for the Macorini’s model (i.e., four simulations
had 6 larger than 5% in addition to the two simulations that did not converge), and 12 simulations
converged with less than 5% errors for the Citto’s model (i.e., nine simulations had 6 larger than
5% in addition to the three simulations that did not converge). Considering only the converged
cases, the CPU time used by the simulation based on the CTSIM is less than or equal to the CPU
time corresponding to the Lourenco's, Macorini’s, and Citto’s models in 21 (out of 24), 16 (out of

22), and 18 (out of 22).
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Table 4.3. CPU time ratio (CTR) vs percentage error () for compression-shear region.

N CTSIM Lourenco’s model Macorini’s model Citto’s model
(2] CTR b CTR 5 CTR 5 CTR 1)
105 N100 0.105 0.02 0.105 0.01 0.112 0.03 0.112 0.12
N50 0.049 0.05 0.056 0.02 0.042 0.31 0.042 0.29
N10 0.014 0.39 0.014 0.33 0.014 3.53 0.014 1.09
N5 0.007 0.76 0.007 0.45 0.007 10.39 0.007 1.72
120 N100 0.101 0.06 0.109 0.06 0.109 0.05 0.109 6.19
N50 0.051 0.12 0.065 0.13 0.051 0.11 0.051 7.19
N10 0.014 1.17 0.014 1.31 0.014 3.16 0.014 10.60
N5 0.007  49.53 0.007 54.68 0.007 73.19 0.007  >100
135 N100 0.102 0.07 0.102 0.08 0.102 0.11 0.109 0.57
N50 0.054 0.14 0.048 0.16 0.048 0.24 0.051 1.23
N10 0.014 1.32 0.014 1.54 0.014 0.60 0.014 57.20
N5 0.007 3545 0.007 35.56 0.007 52.46 0.007 >100
150 N100 0.094 0.05 0.101 0.07 0.081 0.12 0.107 0.65
N50 0.054 0.11 0.054 0.14 0.047 0.24 0.040 1.34
N10 0.013 1.03 0.013 1.26 0.013 2.24 0.013  98.96
N5 0.007  49.10 0.007 48.81 - - - -
165 N100 0.104 0.02 0.090 0.03 0.097 0.02 0.111 0.14
N50 0.056 0.05 0.042 0.06 0.049 0.05 0.049 0.20
N10 0.014 0.81 0.014 0.57 0.014 0.32 0.021  11.19
N5 0.007  55.63 0.007 54.73 0.007 61.02 - -
180 N100 0.097 <0.01 0.097 <0.01 0.103 0.01 0.097 1.18
N50 0.055 <0.01 0.055 <0.01 0.055 0.02 0.055 2.10
N10 0.014 <0.01 0.014 <0.01 0.014 0.22 0.014 1343
N5 0.007 59.35 0.007 57.99 - - - -

The results presented in Table 4.3 indicate that the performance of CTSIM in the compression-
shear region is practically identical to that of the Lourenco's model since both models use the same
compression cap model for representing the compression failure. These models are: (1)
computationally robust for all load step sizes except for the N5 (load paths 8 = 120°, 135°, 150°,
165°, and 180°) and N10 (load paths & = 150° and 165°); (2) more accurate and computationally
robust than the Macorini’s, and Citto’s models; and (3) computationally efficient, since both
models provide accurate results with load step sizes that are larger than or equal to those for the

Macorini’s and Citto’s models.
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4.4.4. Discussion of one-element test results

The different performance of the constitutive models considered here can be more easily
interpreted by analyzing the properties of the integration algorithm (i.e., the elastic predictor-
plastic corrector strategy with local/global Newton-Raphson integration) and its interaction with
the constitutive models’ equations. During the plastic-corrector step, different sets of equations are
solved in the different constitutive models depending upon which failure surface(s) is(are)
violated, leading to different sizes of the Jacobian matrix that needs to be inverted. The size of this
Jacobian matrix and the complexity of each Jacobian component both contribute towards the
computational cost and accuracy of the different constitutive models in the different regions (i.e.,
tension, shear, and compression cap regions). For the CTSIM, three different cases can be
encountered during the plastic-corrector step: (1) violation of the tension-shear failure surface,
which involves a 6x6 Jacobian matrix (see Eq. (E.1) in Appendix E); (2) violation of the
compression cap failure surface, which involves a 5x5 Jacobian matrix (see Eq. (E.2) in Appendix
E); and (3) violation of both failure surfaces, which involves an 8§x8 Jacobian matrix (see Eq. (E.3)
in Appendix E). Figure 4.6 illustrates the size of the Jacobian matrix used in the different regions

of the different constitutive models.
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Figure 4.6. Size of the Jacobian matrix for different regions of the constitutive models: (a)
CTSIM, (b) Lourenco’s model, (¢) Macorini’s model, and (d) Citto’s model.

The CTSIM is at least as efficient as the Lourenco's model along load paths 8 = 0°, 15°, 30°,
45° and 60°. In this region, the return mapping algorithm for the Lourenco’s model requires
inverting a 3x3, 5x5, and/or 7x7 Jacobian matrix, depending on which failure surface(s) is(are)
violated, whereas the the CTSIM requires the inversion of a 6x6 Jacobian matrix. However, the
Jacobian matrix for the Lourenco’s model mainly assumes a 7x7 dimension because, in most of
the cases, both the Rankine and the Mohr-Coulomb failure surfaces are simultaneously violated,
generally for large load steps or even for small load steps after the failure surfaces have
experienced softening of their scalar parameters. The accuracy of the results obtained using the
Lourenco's model is very similar or slightly lower than the accuracy of the CTSIM’s results for
load paths 15°, 30°, 45°, and 60° since the Lourenco’s model requires the solution of a multi-surface
plasticity problem (with a singularity located along the load path & = 33.02° for the specific
problem considered in this study), whereas the CTSIM uses a single surface in the same region.
For load paths 8 = 75° and 90°, the Lourenco’s model is slightly more efficient than the CTSIM
because the Jacobian matrix has dimensions 5x5 for the Lourenco’s model and 6x6 for the CTSIM.

However, the CTSIM is consistently more accurate than the Lourenco’s model along these load
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paths, particularly for large load step sizes. In the shear-tension region, the Macorini’s and the
Citto’s models are very similar, because they use the same equation to define the failure surface
and the hypothesis of work hardening. When compared to the CTSIM, the Macorini’s and Citto's
model perform poorly for load paths with small angles, i.e., < 60°. These two models perform
better for load paths € = 75° and 90°, and Citto’s model is the most efficient and accurate model

for @ =90°.

In the compression-shear region, both the CTSIM and Lourenco’s model have a similar
efficient and accurate behavior, with the exception of cases corresponding to large load step sizes.
This is due to the fact that in this region the two models use the same failure criteria. In the
compression-shear region, the Macorini’s and Citto's model are very different from each other and
from the other constitutive models. In general, the Macorini’s model is generally more efficient
than the CTSIM and Lourenco’s model for small load step sizes but is less accurate (or lacks
convergence) for large load step sizes. The Citto’s model generally performs poorly, both in terms
of efficiency and accuracy. The efficiency of the Macorini’s model for small load step sizes can
be attributed to its evolution model for the compressive yield stress, which assumes a linear
behavior up to the peak compressive yield stress, after which softening of the compressive yield
stress takes place [184]. By contrast, the CTSIM and Lourenco’s model assume a linear behavior
only up to an initial compressive yield stress that is significantly lower than the peak compressive
yield stress (e.g., approximately 1/3 of it for quasi-brittle materials [205]), which is followed by
hardening till the peak compressive yield stress and by softening afterward (see Figure 4.2 and Eq
(4.12)). In addition, it appears that the lower accuracy of the Macorini’s and Citto's models may
be related to their use of the work hardening hypothesis, in contrast with the CTSIM and

Lourenco’s model that use the hypothesis of strain hardening. In particular, for the specific
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problem considered in this chapter of interface element’s constitutive models for masonry analysis
based on the SMM approach, the hypothesis of strain hardening/softening appears to improve the
robustness of the numerical response for yield surfaces that evolve for increasing plastic

deformation, as assumed by the softening plasticity framework adopted in this study.

4.5. Constitutive model comparison using masonry shear wall experimental data

The performance of the proposed CTSIM is compared with the other constitutive models
considered in this study through the numerical response analysis of an unreinforced masonry shear
wall for which experimental data are available in Vermeltfoort and Raijmakers [228] and
Raijmakers and Vermeltfoort [229]. The numerical analyses were performed for all constitutive
models using the FE software ABAQUS [223]. The masonry shear wall consisted of a pier with a
width to height ratio approximately equal to one, i.e., with dimensions 990 mm X 1000 mm, as

shown in Figure 4.7(a).
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Figure 4.7. Masonry shear walls: (a) shear walls, and (b) SMM used for simulating the shear

wall.

The wall was built using wire cut solid clay blocks of dimensions 210 mm X% 52 mm x 100 mm
and mortar layers of thickness equal to 10 mm, and consisted of 18 courses of blocks, two of which

(the bottom and top ones) were clamped to steel beams that were used to transfer the lateral load
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to the system, as shown in Figure 4.7(a). The mortar was prepared with one part of cement, two

parts of lime, and nine parts of sand. The experimental test involved a uniformly distributed normal

pressure ( p=0.30 MPa), followed by a monotonically increasing horizontal loading phase, in

which a horizontal displacement A was applied quasi-statically to the top of the wall through a
steel beam while keeping the bottom boundary fixed horizontally. The material properties of
blocks and mortar were obtained from experimental results of tension, shear, and compression
tests reported in the literature Vermeltfoort and Raijmakers [228] and Raijmakers and
Vermeltfoort [229] and are the same as those reported in Table 4.1. In addition, an elastic modulus

Eb»=16700 MPa and a Poisson ratio v = 0.15 are used for the masonry units.

4.6. Definition of FE models for unreinforced masonry shear wall

The SMM approach with elastic masonry units and non-linear joints was adopted here for the
FE modeling of the unreinforced masonry shear wall described above. Plane stress conditions were
assumed, and geometric non-linearity (i.e., large strains and large displacements [223] was also
included in the simulation of the FE models. The FE model consisted of a set of elastic masonry
units bonded by potential crack, potential slip, and crushing planes at joints, see Figure 4.7(b).
For modelling cracking of the masonry units, a potential crack was placed vertically in the middle
of each unit as shown in Figure 4.7(b). All the degrees of freedoms are restrained at the bottom
of the FE model, and a monotonically increasing horizontal displacement is applied on the side of
the top course of the FE model while keeping the top edge of the FE model vertically fixed. A
general procedure for static loading based on an incremental-iterative globally-convergent
Newton-Raphson method with the line search technique was used in ABAQUS [223] for solving

the nonlinear system of equilibrium equations for the different FE models [223]. In addition, an
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automatic load step increment technique was adopted for efficient and robust simulation of the
response of the different FE models with initial, minimum, and maximum normalized increment

sizes equal to 1x104, 1x107, 5x10, respectively.

In the FE models of the masonry shear wall, the masonry units were modeled using a 4-node
bilinear plane stress quadrilateral element with reduced integration and hourglass control (CPS4R
element [223]), and the joints and potential cracks were modeled by using a 4-node two-
dimensional cohesive element (COH2D4 element [223]). A mesh sensitivity analysis of the FE
Model was performed to ensure a good compromise between accuracy and computational costs
for all the constitutive models. The mesh used in this study consisted of six interface elements
employed for each bed joints (i.e., three interface elements for the bed joint of each half masonry
unit), two interface elements employed for each head joint and for potential vertical cracks, and
six CPS4R elements for each half masonry unit. One FE model was built for each of the
constitutive models considered in this study, i.e., CTSIM, Lourenco’s, Macorini’s, and Citto’s
models. The adaptive sub-stepping algorithm was activated for all considered constitutive models
to achieve maximum computational efficiency in all FE analyses. It should be noted here that the
behavior of the potential vertical cracks did not include the compression failure mechanism. Thus,
the compression failure surface of the CTSIM, Lourenco’s model, and Macorini’s model was
deactivated for the interface element of potential vertical cracks, and a high ‘dummy’ value in the
Citto’s model was used for the compressive yield stress to avoid activation of the failure surface

in the compression region of this constitutive model.
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4.6.1. Comparison of FE responses and experimental data

The comparison of the experimental load-displacement curves with their numerical
counterparts for all constitutive models is shown in Figure 4.8. The FE response results obtained
using any of the interface element’s constitutive models considered in this study are in very good
agreement with the experimental behavior, with a ratio of the numerically simulated peak load
over the average experimental peak load equal to 1.04, 1.01, 1.10, and 0.98 for the CTSIM,

Lourenco's, Macorini’s, and Citto’s models, respectively.
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Figure 4.8. Comparison of experimental and numerical results in terms of load-displacement
response of the shear wall.

The deformed shape and the minimum principal stress distribution (corresponding to the
maximum compressive stress) at an applied top horizontal displacement A =4 mm (i.e., the
maximum displacement recorded in the experimental tests) of the FE analyses using different
constitutive models are presented in Figure 4.9. For the sake of visualization, the interface
elements are represented by white empty spaces in this figure so that highly plasticized interface
elements appear as openings between masonry units. The stress distributions of the shear wall FE

models corresponding to the different constitutive models were very similar. In addition, the crack
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patterns were also similar to those observed experimentally for all FE models, except for that

corresponding to the Citto’s model.
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Figure 4.9. Comparison of experimental and numerical results: (a) and (b) experimental crack
patterns for the two specimens; and deformed shaped and distribution of minimum principal
stress for (¢c) CTSIM, (d) Lourenco’s model, (¢) Macorini’s model, and (f) Citto’s model.

During the application of the monotonically increasing horizontal load, horizontal tensile cracks
developed at the bottom and top of the wall, particularly in the bed joint at an early loading stage,
followed by the formation of a diagonal stepped crack due to a combined tension-shear failure of
the joints. For large horizontal load levels, the diagonal stepped crack was followed by crushing
of the toes of the masonry and tensile cracking within the masonry units, leading to the overall
failure of the masonry wall. The cracking of the masonry units is significant for all constitutive

models except for the Citto’s model, in which the behavior of the potential vertical crack within a
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unit is more ductile than for the other constitutive models, leading to smaller crack’s openings.
This behavior is due to the use of a high ‘dummy’ value for the compressive yield stress of cracks
within the masonry units, which is required to avoid the activation of the compressive failure
surface in the Citto’s model. In fact, while for the CTSIM, Lourenco's, and Macorini’s models the
compressive failure surface is independent of the tension-shear behavior, a change of the
compressive yield stress in the Citto’s model also affects the shape of the failure surface in the
tension-shear region. This shape change deteriorates the capability of the Citto’s model to simulate

the brittle cracking of masonry units.

4.6.2. Assessment of computational cost

The FE models corresponding to the different constitutive models were also compared in terms
of computational cost. In particular, Table 4.4 reports the number of increments, cutbacks
(reduction of load/displacement increment size when the iterative global solution algorithm cannot
converge within a specified number of iterations), and total iterations [223], as well as the CPU
time ratios (CTR) corresponding to the FE analyses for each of the considered constitutive models.
The CTRs were calculated with respect to the total CPU time corresponding to the FE analysis
using the CTSIM, which was assumed as a reference with CTR = 1.00. The FE analysis based on
the CTSIM took 9.53 hours of CPU time using an Intel(R) Core(TM) 15-2400S CPU @ 2.50 GHz
processor and 12.0 GB RAM. It is noteworthy that the FE analysis using the CTSIM was found to
be the least computationally expensive one among those considered in this study. The second most
computationally efficient model was the Macorini’s model with CTR = 1.22, followed by the
Lourenco's model (CTR = 1.37) and the Citto’s model (CTR = 1.48). Moreover, the CTSIM
completed the simulation with the smallest numbers of increments, cutbacks, and total iterations.

This result indicates that the CTSIM can allow FE simulation of the masonry shear wall with larger
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load steps than those corresponding to the other interface element’s constitutive models, which

explains the lower computational cost of the proposed constitutive model.

Table 4.4. Load increments and CPU time ratio for different constitutive models in the analysis
of the benchmark masonry shear wall.

Item CTSIM Lourenco’s model Macorini’s model Citto’s model
Increments 26,620 29,679 35,564 40,119
Cutback 6,796 7,861 9,538 11,137
Total iterations 106,567 114,378 136,680 170,495
CPU time ratio (CTR) 1.00 1.37 1.22 1.48

Table 4.5 reports the number of the local iterations corresponding to the different regions of
constitutive models during the FE simulations of the benchmark masonry shear wall. It is observed
that the CTSIM requires the least number of local iterations, i.e., 21.15 million, followed by the
Macorini’s (24.77 million), Lourenco’s (27.68 million), and Citto’s models (29.81 million). The
FE simulation with the CTSIM requires 17.96 local iterations (out of 21.15 million) occurring in
the tension and shear failure region, which corresponds to a 6x6 Jacobian matrix. For the
Lourenco’s model, 24.58 million local iterations (out of 27.68 million) occur in the failure region.
These local iterations are associated with three different failure conditions, i.e.: (1) violation of the
Rankine failure criterion that requires the inversion of a 3x3 Jacobian matrix (0.52 million
iterations); (2) violation of the Mohr-Coulomb failure criterion that requires the inversion of a 5x5
Jacobian matrix (18.47 million iterations); and (3) violation of both failure criteria simultaneously
(T-S corner), which requires the inversion of a 7x7 Jacobian matrix (5.59 million iterations). By
contrast, Thus, by comparing the FE simulations with the CTSIM and the Lourenco’s model, it is
observed that the use of a smooth failure surface instead of the two different failure surfaces (the
Rankine and Mohr-Coulomb failure surfaces) results in 6.62 million fewer local iterations. Even
though the computational cost associated with each local iteration for the two constitutive models

is different (generally lower for the Lourenco’s model), the CTSIM results in lower CPU times
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because of the significantly smaller number of iterations required. Therefore, it can be concluded
that the use of smooth failure surface to describe the shear and tension failure region results in a
more computationally efficient interface element’s constitutive model. Furthermore, the FE
simulation with the Macorini’s model requires 24.42 million local iterations violating the tension
and shear failure criterion, which is 6.46 million iterations more (approximately 35.97%) than the
corresponding total local iterations for the CTSIM. In addition, the FE simulation with the
Macorini’s model required a comparatively higher number of global increments (approximately
33.60% higher) when compared with the CTSIM, as reported in Table 4.4. The higher number of
local iteration and global increments may be since the Macorini’s model requires smaller load step
sizes to achieve the same accuracy of the CTSIM, as shown by the results reported for the one-

element test.

Table 4.5. Number of iterations under different conditions for different models.

CTSIM Lourenco’s model Macorini’s model Citto’s model
Violation of Iteration Iteration Iteration Iteration
failure criterion (Millions) % (Millions) % (Millions) % (Millions) %
Rankine - - 0.52 1.89 - - 29.81 100
Mohr-Coulomb - - 18.47 66.74 - -
Tension-shear 17.96 82.60 - - 24.42 98.58
Compression cap 3.01 16.58 2.93 10.58 0.32 1.31
T-S corner* - - 5.59 20.19 - -
S-C corner** 0.18 0.82 0.17 0.60 0.03 0.11
Total 21.15 27.68 24.77 29.81

* Multi-surface singularity between Rankine and Mohr-Coulomb failure criterion
** Multi-surface singularity between Mohr-Coulomb or tension-shear and compression cap failure criterion

In the compression cap failure region, the FE simulations of the masonry shear wall with the
CTSIM and Lourenco’s model results in 3.19 million and 3.10 million local iterations,
respectively, which require the inversion of a 5x5 Jacobian matrix. Thus, the Lourenco’s model is
slightly more efficient than the CTSIM in the compression cap failure region. The Macorini’s

model requires only 0.35 million local iterations that correspond to violating the compression
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failure surface. This difference in the number of local iterations when compared to the CTSIM and
Lourenco’s models is mainly due to the different assumptions for the evolution of the compressive
yield stress and the different values for the initial compressive yield stress. In fact, these different
assumptions result in the Macorini’s model exhibiting linear elastic behavior for a much wider

range of strains and stresses when compared to the CTSIM and Lourenco’s model.

The FE simulation of the masonry shear wall with the Citto’s model results in the largest
number of local iterations, i.e., 26.81 million local iterations, compared to the other constitutive
models. Thus, the Citto’s model is the least efficient model among those considered in this study
for simulating the response of this masonry shear wall. This result is due to: (1) the lower accuracy
in normal and shear stress evaluations for a given load/displacement step size (as shown by the
results reported for the one-element test); (2) the larger size of the Jacobian matrix (10%10) that
needs to be inverted in the local iterations; (3) the more complex equation used for representation
of the single failure surface. The comparison of the computational costs of the FE simulations
corresponding to the different constitutive models considered in this study (i.e., the CTSIM,
Lourenco’s model, Macorini’s model, and the Citto’s model) indicate that the use of single failure
surface for all failure modes decreases the overall computational efficiency of the interface

element’s constitutive model.

4.7. Conclusions

A new interface element’s constitutive model, referred to as coupled tension-shear interface
model (CTSIM), is proposed in this chapter for finite element (FE) analysis of masonry using the
simplified micro-modeling approach. This new model is capable of simulating tension cracking,

shear slipping, and compression failure and is defined by a convex composite failure surface
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consisting of a tension-shear failure criterion and a compression cap failure criterion. The
constitutive model is implemented in the FE software ABAQUS through a user-defined material
subroutine. The different constitutive equations of the CTSIM are integrated using the implicit
backward Euler integration method, and the integrated equations are solved monolithically with
the local/global Newton-Raphson technique, which leads to a combined local and global solution
strategy. Moreover, the CTSIM is combined with an adaptive sub-stepping strategy to ensure

convergence and accuracy of the final solution for larger load step sizes.

The performance of the CTSIM is assessed through a series of one-element tests and through
the comparison of FE response simulation and experimental results for an unreinforced shear wall.
Furthermore, the robustness, computational cost, and accuracy of the CTSIM are also compared
with three constitutive models that are available in the literature, i.e., the Lourenco’s, Macorini’s
and Citto’s models. The comparison of one-element test’s results shows that the CTSIM is at least
as efficient as and generally more robust than the other constitutive models for varying load step
sizes and load paths. The comparison of the FE results for the masonry shear wall indicates that
the CTSIM is more efficient than and at least as accurate as the other constitutive models.
Moreover, it is observed that: (1) the use of a single failure surface for mode-I and mode-II failure
can improve the computational efficiency and robustness of the constitutive model when compared
to constitutive models that use two separate failure surfaces; (2) the use of a single failure surface
for all failure mechanisms has negative effects on the computational efficiency and robustness of
the constitutive model when compared to constitutive models that use multi-surface criteria; and
(3) constitutive models based on the hypothesis of strain hardening seem to be more efficient and

robust than those based on the hypothesis of work hardening.
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CHAPTER 5. LIMITATIONS OF EXISTING FINITE ELEMENT SIMPLIFIED

MICRO-MODELING TECHNIQUES FOR UNREINFORCED MASONRY

5.1. Introduction

Over the last three decades, finite element (FE) simplified micro-modeling techniques have
been commonly employed to investigate the local and global mechanical response of masonry
structures [184,186,236,187,195,197,198,204,233-235]. Simplified micro-models (SMMs) have
been used as a computationally efficient alternative to detailed micro-models, which require the
FE discretization of all masonry constituents, i.e., masonry units (bricks or blocks), mortar layers,
and unit-mortar interfaces, and have been used only for small masonry components due to their
high computational cost [182,237-242]. In SMMs, the mortar joint and the two adjacent unit-
mortar interfaces (referred to as masonry joints hereinafter) are lumped into zero-thickness
interfaces (referred to as masonry joint interfaces hereinafter), which connect expanded masonry
units (with dimensions equal to those of the masonry unit and half of the mortar thickness) [180].
The expanded masonry units are generally augmented with an additional zero-thickness interface
(referred to as potential crack interface hereinafter), which is vertically placed in the middle of the
expanded masonry units to model the potential crack that is often experimentally observed within
the masonry units [180]. Based on the different constitutive models adopted for the expanded
masonry units, three SMMs are commonly found in the literature, i.e., SMMs with rigid (referred
to SMM-I hereinafter), elastic (referred to SMM-II hereinafter), and inelastic (referred to SMM-

IIT hereinafter) constitutive models for the expanded masonry units.

Early uses of SMMs did not include potential-crack elements [182,243], which were

introduced only later to better describe the experimental behavior of unreinforced masonry
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[212,244]. Lourengo and Rots [197] proposed an SMM-II approach in which the response of the
interface elements was described by a three-surface interface constitutive model based on
softening plasticity. This constitutive model could simulate shear sliding, tensile cracking, and
compressive crushing, and was later extended, based on plasticity theory, to simulate the cyclic
response of masonry structures [198] in many different applications [91,183,199,200,245-248].
Macorini and Izzudin [184] proposed a three-dimensional two-surface interface constitutive model
that used a co-rotational approach to account for geometric nonlinearity. This model has also been
widely used for numerical modeling of masonry structures [213,215,249], and has been extended
based on a damage-plasticity framework to simulate the cyclic behavior of masonry [201]. In
addition, the chapter 4 of this dissertation proposed a new three-dimensional two-surface interface
constitutive model with improved computational efficiency and robustness. Other SMM-II
approaches available in literature are based on different interface constitutive models based on
damage and friction [206,250-252], elasto-plasticity [186,187,204], damage-plasticity [201,209],
softening fracture [189], and viscoplasticity [210]. More recently, SMM-I [183] and SMM-III
approaches [185,253-255] have been developed to simulate the cyclic behavior of masonry
systems. Bolhassani et al. [256] also used an SMM-III approach to model hollow and partially
grouted concrete block masonry walls. The SMM-I was originally introduced to reduce the number
of models’ degrees-of-freedom and the corresponding computational time; however, subsequent
developments of the SMM-I lead to its most common use within a discrete element method

framework [257-261].

The major assumption of existing SMMs is that most of the inelastic behavior of a masonry
wall is concentrated at known locations that can be modeled using interface elements, i.e., at the

masonry joint and potential crack interfaces [197]. This basic assumption is valid only when (1)
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the geometry of masonry units and mortar joints is regular (i.e., the masonry units have a uniform
cuboid shape and the mortar layers have uniform thickness), and (2) the masonry units are
significantly stronger in compression and shear than the masonry joints (i.e., for masonry built
with fired clay bricks, concrete blocks, or regularly shaped stones [236]). However, specific
instances exist in which the compressive and shear strengths of masonry units is similar to or
smaller than those of the masonry joints, e.g., in earth block masonry, for which significant
cracking through the earth blocks has been experimentally observed [167]. To the authors’
knowledge, the only study available in the literature that employed SMMs to reproduce the
mechanical response of earth block masonry did not achieve an accurate match between
experimental and numerical results when using the experimentally-measured modeling parameters
[91]. The same study was able to numerically reproduce the experimental results only after

modifying the modeling parameter values through a numerical parametric study.

This chapter investigates the capabilities and limitations of different SMMs by comparing their
relative performance for two different types of masonry, i.e., fired-clay brick (FCB) and
compressed and stabilized earth block (CSEB) masonry. After describing the different SMMs, this
chapter provides recommendations on constitutive models, FE solvers, and discretization
requirements for FE SMMs of unreinforced masonry. Appropriate error measures are suggested to
facilitate this comparison. Two benchmark examples are investigated, which correspond to FCB
walls and CSEB panels for which well-documented experimental results are available in the
literature. The FE responses of the different SMMs considered in this study are compared with
experimental results in terms of predicted load-displacement response, strength, initial stiffness,

collapse mechanism, computational efficiency, and output information.
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5.2. Research Novelty and Significance

This chapter fills several gaps in knowledge with regard to the use of SMMs to model the
inelastic response behavior of unreinforced masonry walls. In particular, this study investigates
the FE modeling of unreinforced masonry walls that do not satisfy the basic hypothesis of inelastic
behavior concentrated at known locations by providing useful information for: (1) selecting
constitutive models, FE solvers, and mesh discretization; (2) identifying under which conditions
different SMMs can be used; and (3) suggesting potential development directions for more
accurate, robust, and computationally efficient FE models of unreinforced masonry walls. To the
authors’ knowledge, this dissertation also represents the first rigorous investigation of the
performance (in terms of accuracy and computational cost) of different SMMs in modeling the
inelastic response of earth block masonry, which also acknowledges and identifies the inherent

limitations of SMM approaches applied to earth block construction.

The present study aims to advance the FE modeling of unreinforced masonry with masonry
units and masonry joints of similar mechanical properties, e.g., earth block masonry. Although this
type of masonry is currently uncommon among new constructions, it is representative of many
constructions with important historical value [262] and has the potential to expand into a
significant portion of new low-rise buildings because of its sustainability, affordability, and safety

advantages over other ordinary industrial construction materials [18,21].

5.3. Existing Simplified Micro-Modeling Techniques
The typical FE discretization of an unreinforced masonry wall using SMMs is shown in Figure
5.1. In general, the masonry joint and potential crack interfaces are represented by zero-thickness

interface elements, the response of which is described by a relation between the traction vector
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and the relative displacement vector. By contrast, the expanded masonry units are modeled using
continuum FE elements, the mechanical behavior of which can be described by different material
constitutive models, i.e., rigid, elastic, and inelastic constitutive models, corresponding to SMM-

I, SMM-II, and SMM-III, respectively.

Potential crack interface Expanded masonry unit

I I I Mortar

(Interface elements) (Continuum elements)
Masonry unit
\ M joint interf:
I I Unit-mortar interface ASONTY JOINt itertace

(Interface elements)

(a) (b) (c)
Figure 5.1. Simplified micro-modeling techniques for unreinforced masonry: (a) masonry
wall, (b) representative volume element of masonry, and (¢c) SMM representation.

In order to accurately model the masonry’s local and global mechanical behavior, SMMs need
to account for all major failure mechanisms of masonry under multi-axial stress conditions
[181,191,192,218,219,263-266], i.e.: (a) masonry crushing, (b) diagonal tension cracking of
masonry units, (c) cracking of masonry joints, (d) failure of masonry joints due to sliding under
combined normal and shear stress, and (e) cracking of masonry units in direct tension. In SMM-I
and SMM-II, all failure mechanisms are modeled through the constitutive model of the interface
elements used to describe the masonry joint and potential crack interfaces. In particular, failure
mechanisms (a) through (d) are modeled via the masonry joint interface elements, and failure
mechanism (e) is modeled via the potential crack interface elements. In SMM-III, failure

mechanism (a) is modeled via the expanded masonry unit elements, failure mechanisms (b)
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through (d) are modeled via the masonry joint interface elements, and failure mechanism (e) is
modeled via the potential crack interface elements. SMM-I also requires the addition of an
auxiliary interface element between the rigid expanded masonry units and the interface elements

to ensure compatibility under large relative displacements among the rigid components [183].

In this chapter, the capabilities and limitations of different SMMs were investigated using two
benchmark examples representative of FCB and CSEB masonry, for which the SMMs were built
using ABAQUS 6.14 [223], which is a general-purpose multiphysics commercial FE software
widely used for unreinforced masonry modeling and simulation [183,185,186,204]. The accuracy,
robustness, and computational efficiency of the different SMMs in simulating the structural
response of masonry rely upon: (1) the material constitutive models used for the interface and
expanded masonry unit element; (2) the FE solver; and (3) the FE mesh discretization. The
selection of material constitutive models, FE solvers, and FE mesh discretization is discussed in

the following sections.

5.3.1. Nonlinear material constitutive models

SMMs employ nonlinear constitutive models for the interface elements corresponding to the
masonry joint and potential crack interfaces in all SMMs and for the expanded masonry units in
SMM-III. For SMM-I and SMM-II, rigid and elastic constitutive model, respectively, are used for
the expanded masonry units. In this study, the coupled tension-shear interface model (CTSIM),
presented in the chapter 4, is employed for the interface elements, whereas the concrete damaged

plasticity model (CDPM) [267,268] is used for the expanded masonry units in SMM-III.

The CTSIM is based on a convex composite failure surface comprising a tension-shear and a

compression cap failure criterion, and requires the following input parameters: tensile strength
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(f;); initial cohesion (C,); apparent initial cohesion (C ); initial friction angle (¢, ); residual

Q0
friction angle (¢, ); initial dilatancy angle (v, ); residual dilatancy angle (,); mode-I fracture
energy (Gf) ; mode-II fracture energy (Gf); compressive stress at proportional limit (&, ); peak
compressive stress (EP ); intermediate compressive stress corresponding to the inflection point in

the softening branch (&, ); residual compressive yield stresses (G, ); plastic strain at peak

compressive stress (Kp); total plastic strain at intermediate compressive stress (K'm); and

parameter that controls the width of the compression cap failure surface in the shear stress axis

(CSs ) These input parameters are derived from the experimental testing of: (1) masonry couplet
specimens under uniaxial tensile loading, which provide f, and G| ; (2) masonry triplet specimens
subjected to direct shear test with different pre-compression loads, which provide C;, Cy,, ¢, 4,
, W,» v, and G,'; (3) masonry prism or wallette specimens subjected to compression load, which
provide G,, Gys Ops Ops Ky and x_; and (4) masonry wallettes subjected to biaxial compression

loads, which provide C_. The compression cap failure criterion in the CTSIM can be easily

disabled to better simulate the behavior of the potential crack interfaces, which cannot fail in

compression in SMMs. Thus, when used in potential crack interfaces, the CSTIM requires only

the following input parameters: f;, C,, Coq, ¢, 45 Vo, ¥, Gy, and G;'. Of these parameters,
f, and G; are generally obtained from tensile test of masonry units; ¢,, 4., ¥, and y, are

assumed equal to 1; and other parameters are defined as functions of £, and/or G; [184].
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The CDPM is a continuum, plasticity-based, damage model for concrete and other quasi-brittle
materials such as rocks, mortar, and ceramics [267,268]. This model requires the following input

parameters: compressive stress-plastic strain curve, tensile stress-plastic strain curve, dilation

angle (), eccentricity (e, ), ratio of bi-axial compressive strength and uniaxial compressive
strength ( B ) , ratio of the second stress invariant on the tensile meridian and on the compressive

meridian (K_), and viscosity parameter (7). These input parameters are derived from the

experimental testing of: (1) masonry unit specimens under uniaxial tensile loading, which provide
the tensile stress-plastic strain curve; (2) masonry prism or wallette subjected to compression load,
which provide the compressive stress-plastic strain curve; (3) masonry wallette subjected to shear

load, which provides v ; and (4) masonry wallettes subjected to biaxial loads, which provide S,
and K_. Typically, the parameters e, and 7 are obtained from calibration of the constitutive

model to the experimental results used to obtain the other parameters.

5.3.2. FE solver

The FE solver represents the set of algorithms used to solve the system on nonlinear
equilibrium equations corresponding to a given FE model [223,269,270]. Three different families
of FE solvers have been commonly used to simulate the nonlinear structural response of masonry
structures: (1) implicit static FE solvers [197,246], (2) implicit dynamic FE solvers [271,272], and
(3) explicit dynamic FE solvers [183,184,253]. The implicit static FE solvers are based on an
iterative method (e.g., the Newton-Raphson method [220,269]) to solve the system of nonlinear
equilibrium equations corresponding to a quasi-static loading (i.e., without inertial effects) applied
incrementally. The implicit dynamic FE solvers use the same type of iterative algorithms for the

system of nonlinear equilibrium equations as the implicit static FE solvers in conjunction with a
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time-stepping scheme that accounts for inertial forces, e.g., the Newmark-beta family of
algorithms [269,273]. The explicit dynamic FE solvers are based on an explicit integration
algorithm (e.g., a central difference time integration or a predictor-corrector algorithm [274]) to
extrapolate the nonlinear response of the structural model under consideration by using sufficiently
small time increments to avoid instability (i.e., without using the equation of motion of the current
time step to determine the current time step displacement) [223,270]. Implicit methods can be

conditionally or unconditionally stable [223,269], whereas explicit methods are always

conditionally stable with a maximum critical time step At

crit

=min(L,/C,) [223,270], in which
L, denotes the characteristic length of any FE within the model, and C, denotes the dilatational

wave speed of the material in the given FE. In addition, static solvers can be used only for
problems in which inertial effects can be neglected, whereas dynamic solvers can be used for
problems in which inertial effects are significant or negligible. In fact, implicit static FE solvers
used to simulate the mechanical behavior of masonry with SMMs could be affected by
convergence issues due to the sudden release of elastic energy when cracks spread along the
masonry joint interfaces and potential crack interface [184]. For these problems, dynamic FE
solvers have been adopted to balance this sudden release of elastic energy through changes in the
kinetic and viscous energy [184]. All three types of FE solvers are readily available in the FE

software ABAQUS [223].

5.3.3. FE discretization
A general SMM requires the full three-dimensional discretization of expanded masonry units
and interface elements, which in general is very computationally demanding. The computational

cost of three-dimensional SMMs can be reduced when the loads are applied in the plane of a wall
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by assuming a two-dimensional plane stress condition [180,246]. This assumption can provide
accurate results for structures with single-wythe masonry walls and moderate levels of
compressions [246,275]. When this assumption is not satisfied, a generalized or kinematic-
enriched plane state can be used with good approximation for nonlinear analysis of masonry

subjected to high levels of compressions [275,276].

A mesh sensitivity analysis must also be performed to ensure a good compromise between
accuracy (i.e., convergence of FE response to a unique solution) and computational cost for a given
SMM. For unconditionally stable implicit (static and dynamic) FE solvers, the mesh sensitivity
analysis alone is sufficient to determine an acceptable FE mesh size [223]. However, for explicit
dynamic FE solvers that are only conditionally stable, the maximum stable time step depends on
both the mesh size and the material properties of the FE model. Therefore, the mesh sensitivity
and the determination of the stable time step must be performed simultaneously for SMMs
developed using explicit dynamic FE solvers. The identification of the coarser converged mesh
and the corresponding maximum stable time step is needed to ensure the best compromise between

accuracy, computational costs, and stability of the FE model.

In this investigation, plane stress conditions were assumed for all the SMMs because the two
benchmark examples considered in this study (i.e., FCB and CSEB masonry walls) were single-
wythe walls and these walls were not subjected to extreme compression stress. Therefore, the two-
dimensional plane stress assumption can provide reasonably accurate results while considerably

reducing the computational cost [246].
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5.4. Performance comparison of FE response analyses using SMMs

The performance of different SMMs can be expressed in terms of the comparison between the
experimentally-measured and numerically-estimated force-displacement responses, deformed
shapes, stress distributions, and strain distributions. Often, a few global response parameters such
as peak strength and initial stiffness are sufficient for design purposes; however, these parameters
need to be integrated at least with the information regarding the failure mode identified by the FE

model. In this study, the FE response are compared with the experimental results by estimating the

following point-wise relative error in the peak load (PmaX ) , initial stiffness (k) , and displacement

at failure (A,):

Xo—X
gxz% (5.1

exp

where X, = P__, k,or A, obtained from a FE analysis. When multiple nominally-identical
replicas are experimentally tested, X, is taken as the average of the corresponding

experimentally-measured values. Furthermore, the accuracy of the different FE models in

estimating the force-displacement response curve is evaluated using three different global relative

errors, i.e., the mean error (&,,,, ), root mean squared error (& ), and mean absolute error (&,,,)

, which are defined as follows:
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in which P

exp, j

and P!} denote the experimentally-measured and numerically-simulated values,

respectively, of the reaction force for a given masonry wall measured at a given level of

displacement, A" n, denotes the number of recorded displacement levels for the j-th

experimental sample, in which the maximum displacement level corresponds to the experimental

displacement at failure; and n, denotes the number of experimental specimens.

Another comparison criterion is provided by the computational efficiency of FE models with
similar accuracy in reproducing the experimental behavior of masonry. The computational
efficiency of different SMMs is expressed hereinafter in terms of computational time ratio (CTR),
which is defined as the ratio of the computational CPU time corresponding to two different models

and obtained using the same computer for a given FE response simulation.

5.5. Benchmark Example #1: Fired-Clay Brick (FCB) Masonry

The first benchmark example considered in this study consists of a series of FCB unreinforced
masonry shear walls, tested by Vermeltfoort and Raijmakers [228,229], in which the masonry units
are considerably stronger than the mortar and the unit-mortar interfaces. For this type of masonry,

most of the inelastic behavior is expected to be concentrated at the masonry joints.

5.5.1. Description of experimental tests
The considered masonry shear walls considered in this example had a width-to-height ratio
approximately equal to one, with dimensions 990 mm (length) x 1000 mm (height) x 100 mm

(thickness). The walls were single-wythe walls consisting of 18 courses, with the bottom and top
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courses clamped to steel beams, as shown in Figure 5.2(a). The masonry shear walls comprised
wire-cut solid clay bricks with dimensions of 210 mm * 52 mm X 100 mm, and mortar layers of

thickness equal to 10 mm. The experimental test involved a uniformly distributed normal pressure

( p) applied vertically at the top of the walls, followed by a monotonically increasing horizontal
displacement (A,) applied to the top steel beam, while the bottom boundary was fixed.

p=0.30, 1.21 or 2.12 MPa
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Figure 5.2. FCB masonry: (a) shear walls and (b) SMM discretization of the shear wall.

The FCB masonry shear walls were experimentally tested for three different vertical pressures,
i.e., wall SW030 (with two specimens SW030a and SW030b) was subjected to a constant pressure
equal to 0.30 MPa, wall SW121 to a constant pressure equal to 1.21 MPa, and wall SW212 to a
constant pressure equal to 2.12 MPa. The experimental failure patterns for the different walls are
shown in Figure 5.3. All the walls exhibited very similar failure mechanisms and, as expected,
most of the cracking and inelastic behavior was concentrated at the masonry joints. During the
application of the monotonically increasing horizontal displacement, horizontal tensile cracks

developed first at the bottom and top of the wall in the bed joints at earlier loading stages, and
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were followed by diagonal stepped cracks. Finally, the crushing of the toes of the masonry and the

tensile cracking in the middle of some masonry units led to the overall failure of each shear wall.

SW030a, p =0.30 MPa SWO030b, p =0.30 MPa SW121,p=1.21 MPa SW212, p=2.12 MPa
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Figure 5.3. Experimental crack patterns of the different FCB unreinforced masonry shear walls.

5.5.2. Description of SMMs developed for the FCB unreinforced masonry

Figure 5.2(b) shows the SMM discretization of the FCB unreinforced masonry shear walls.
The FE models were constructed using two-dimensional elements under the assumption of plane
stress. The masonry joints and potential cracks interface were modeled by using a 4-node two-
dimensional cohesive element, i.e., the COH2D4 element in ABAQUS 6.14 [223], and the
expanded masonry units were modeled using a 4-node bilinear plane stress quadrilateral element
with reduced integration and hourglass control, i.e., the CPS4R element in ABAQUS 6.14 [223].
Auxiliary interface elements were not needed in the SMM-I because the shear deformations in the

masonry joints and potential crack interfaces were sufficiently small [183].

The material properties used for developing different SMMs were obtained from existing
experimental results on tension, shear, and compression tests available in the literature [228,229].
An elastic modulus E, =16,700 MPa and a Poisson ratio v, = 0.15 were used for the expanded
masonry units in SMM-II and SMM-III. The elastic and inelastic properties of the masonry joint

interface for the different SMMs are given in Table 5.1, where & and £ denote the normal and
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shear stiffness, respectively, of the masonry joint interfaces corresponding to the bed masonry
joints; and k' and k! denote the normal and shear stiffness, respectively, of the masonry joint

interfaces corresponding to the head masonry joints. The compressive input parameters given in

the Table 5.1, i.e., G, 0,, O

m> Op» K, and k, , were used to describe the stress-strain curve for
the expanded masonry units in SMM-III based on a hardening/softening constitutive law used for
the compression cap failure criterion of the CTSIM, see chapter 4. The other parameters needed to
fully define the CDPM for the expanded masonry units in the SMM-III were taken from the
literature [277-279] and are: v, = 38°, e¢,= 0.1, B,,=1.16, K, =0.67, n=8.5x10"".

Table 5.1. Properties of masonry joint interfaces (SMM-I, SMM-II, and SMM-III) and inelastic
compressive properties for the expanded masonry units (SMM-III) of the FCB unreinforced
masonry shear walls.

e SMM-I SMM-II SMM-III
SW030 SWI21 SW212  SW030 SWI21 SW212 SW030 SWI2I SW2I2

K (Nmm®) 629  78.1 62.9 82 110 82 82 110 82
K (N'mm®) 276 35.5 27.6 36 50 110 36 50 110
K (Nmm®) 394 638 39.4 82 110 82 82 110 82
K Nmm®) 173 29.0 17.3 36 50 110 36 50 110
f (MPa) 0250 0.160  0.160 0250 0.160 0.160 0250 0.160  0.160
C, (MPa) 0362 0232 0232 0362 0232 0232 0362 0232 0232
Coo  (MPa) 18125 116 11.6 18.125 116 11.6 18125 116 116
tan ¢, ) 075 075 0.75 075 075 0.75 075 075 075
tan ¢, ) 075 0.5 0.75 075 075  0.75 075 075 075
tany, ) 0.001  0.001  0.001 0001 0001 000l 0001 0001  0.001
tany, ) 0.0001  0.0001  0.0001  0.0001 0.0001 0.0001  0.0001 0.0001 0.0001
Y (N/mm) 0018 0012 0012 0018 0012 0012 0018 0012 0012
Y (N/mm)  0.125 0050  0.050 0.125  0.050  0.050  0.125 0.050  0.050
&, (MPa) 350  3.83 3.83 350 3.83 3.83 350  3.83  3.83
5, (MPa) 1050 1150  11.50 1050 1150 1150 1050 1150  11.50
G, (MPa) 525 575 5.75 525 575 5.75 525 575 575
G, (MPa) 150  1.64 1.64 150  1.64 1.64 150 164  1.64
K, ) 0.090  0.090  0.090 0.090 0.090 0090  0.007 0.07 0.007
K, ) 0490 0490  0.490 0490 0490 0490  0.033  0.033 0.033
C. ) 9.0 9.0 9.0 9.0 9.0 9.0 - - -

Note: underlined values are for expanded masonry units of SMM-III.
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The properties of potential crack interfaces used in the different SMMs are given in Table 5.2,

where k_and k_ are the normal and shear stiffness, respectively, of the potential crack interfaces.

Table 5.2. Properties of potential cracks used in the SMMs of the FCB unreinforced masonry
shear walls.

k, k, f G, C, Cyp  tang, /tang tany,/tany, G}
FE Model (N/mm®) (N/mm?®) (MPa) (N/mm) (MPa) (MPa) () () (N/mm)
SMM-I 159 69 2.00  0.008 2.90 2.90 1.0/1.0 1.0/1.0 0.50
SMM-II 16700 7260 2.00  0.008 2.90 2.90 1.0/1.0 1.0/1.0 0.50
SMM-IIT 16700 7260 2.00  0.008 2.90 2.90 1.0/1.0 1.0/1.0 0.50

5.5.3. Selection of FE solver and mesh size

The implicit static, implicit dynamic, and explicit dynamic FE solvers, which are readily
available in the FE software ABAQUS [223], were compared in terms of accuracy and
computational effort for the SMM-IIs of the FCB masonry shear wall SW030. In the FE model
based on the implicit static solver, all the degrees of freedoms were restrained at all the nodes at
the top edge of the model, and a monotonically increasing horizontal displacement was applied on
the side of the top course of the FE model while keeping the top edge of the FE model vertically
fixed. A general procedure for static loading based on an incremental-iterative globally convergent
Newton-Raphson method with the line search technique was used in ABAQUS [223]. In addition,
an automatic load step increment technique was adopted for efficient and robust simulation of the
response of the different FE models with initial, minimum, and maximum normalized increment
sizes equal to 1x10%, 1x10, 5x10, respectively. In the FE model based on the implicit dynamic
and explicit dynamic FE solvers, all the degrees of freedoms were restrained at the bottom edge of
the model, and a fixed value of velocity V"= 0.1 mm/s was applied at all nodes of the top edge of
the wall. In addition, zero acceleration was assigned to the top edge of the model during the

analysis to ensure a linear variation with time of the top wall displacements. A density p, =
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1.9x10° kg/m® and mass-proportional damping, corresponding to a damping ratio { = 5%, were
used for the solid elements to represent inertia and damping effects. For the implicit dynamic FE
solver, a general implicit dynamic procedure was used, which was based on an incremental-
iterative version of the globally convergent Newton-Raphson method [223] and an automatic load
step increment having minimum normalized increment sizes equal to 5x10™. For the explicit
dynamic FE solver, an implicit dynamic procedure based on the central-difference time integration

was employed, with the critical time step equal to 3.3 x 10 s.

Figure 5.4 shows the experimental and numerical load-displacement responses and the CTR
of the SMM-II corresponding to the different FE solvers and same mesh discretization. Table 5.3
reports the different error estimates. All the FE solvers were able to simulate the behavior of the
FCB masonry shear wall SW030 up to failure, and the FE load-displacement responses

corresponding to the different solvers are similar. The value of &,,,, and ¢, for the different FE

solvers are almost identical, varying between 8.22% and 8.61% (approximately a 5.0% variation)

and between 6.19% and 6.79% (approximately a 9.0% variation), respectively. The ¢__  values

indicate that all solvers have a similar level of accuracy and slightly underestimate the FE response
of the masonry wall, i.e., by 1.42%, 3.17% and 3.67% corresponding to implicit static, implicit

dynamic, and explicit dynamic FE solvers. Also, the ¢, ~and ¢, corresponding to the different
FE solvers are small, i.e., less than 4.0% and 6.0%, respectively, showing that the different FE

solvers can very accurately predict the peak load, P

max ?

and initial stiffness, &, of FBC masonry
walls. By contrast, the &y, is equal to 26.66%, 10.34%, and 15.43% for implicit static, implicit

dynamic, and explicit dynamic FE solvers, respectively, which indicates that all FE solvers tend

to overestimate the ultimate displacement of the masonry walls. This observation is not surprising,
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as it is known that the prediction of the structural response of unreinforced masonry walls after the
peak strength has been reached is a very complex problem affected by significant uncertainties
[128,280]. However, this discrepancy between experimental and numerical estimates of the
displacement at failure could also be due to the fact that the criterion used to terminate the physical
experiments is unknown (e.g., the experiments may have been interrupted before the complete
collapse of the walls in order to protect the laboratory equipment); thus, the numerical results

relative to the displacements at failure may or may not be representative of the experimental

results.
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Figure 5.4. FE results corresponding to different FE solvers: (a) comparison of experimental
and FE load-displacement curves, and (b) comparison of CTR for different FE solvers.

Table 5.3. FE results of the FCB unreinforced masonry shear walls in term of errors between the
experimental and FE load-displacement curve corresponding to different FE solvers.

FE Solver Ep. & €, € nean Erus Eabs

(-) (%) (%) (%) (%) (%) (%)
Implicit Statics 1.89 3.05 26.66 -1.42 8.48 6.45
Implicit Dynamic 3.82 5.99 10.34 -3.17 8.22 6.19
Explicit Dynamic 0.31 4.01 15.43 -3.67 8.61 6.79
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In Figure 5.4(b), the comparison of the different CTRs shows that the explicit dynamic solver
is the most computationally efficient solver among those considered in this study, as it produces
FE analysis results 5.62 and 34.76 times faster than the implicit static and implicit dynamic FE
solver, respectively. Based on these results, the explicit dynamic solver seems to provide the best
compromise between accuracy and computational cost in simulating the behavior of masonry

among the three FE solvers considered in this study.

A mesh sensitivity analysis of the FE SMM-II model of masonry shear wall SW030 was
performed. The FE models were analyzed by using the explicit dynamic FE solver and a maximum
time increment equal to the critical time step. It was found that the critical time step of the SMMs
depends only on the thickness of the interface elements, and the mesh size of the expanded
masonry units does not affect the critical time step for any practical FE discretization. Thus, the
thickness of the interface elements was set equal to 0.05 mm, giving a critical time step equal to
3.3 x 10%s, and the mesh sensitivity analysis was performed by developing SMM-IIs with four
different mesh sizes for the expanded masonry units of the FCB masonry shear wall SW030. These
meshes are identified by two numbers representing the number of elements used along the length
and height of the expanded masonry units, respectively. The mesh sensitivity analysis was
performed starting from a coarse 6x2 mesh, and progressively increasing the number of elements

in each direction in a proportional manner until convergence was achieved. Convergence was

verified by calculating the point-wise changes in peak load (§Rm ), initial stiffness (6k), and

displacement at failure (5 N ), defined as:

N

-X
5)( — m2 ml (55)

ml
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in which X, and X = k,or A; obtained from the FE analysis corresponding to the two

max >

mesh discretization being compared; as well as the global relative difference (5abs) , which is
defined as:

@ _ (1)

P!
=— Z| 70 (5.6)

mll

in which P(’) and P(’) denote the reaction forces at displacement A" obtained from the FE

analysis corresponding to the two mesh discretization being compared; and n, denotes the

minimum of the number of displacement levels before failure for the two meshes being compared.
In particular, it was assumed the convergence was achieved when the four convergence measures
reached an absolute value smaller than 1%. The following meshes were developed: 6x2, 12x4,
18%6, and 24x8. The horizontal load-displacement responses of the considered SMM-IIs are
shown in Figure 5.5(a), and the corresponding CTRs are compared in Figure 5.5(b), in which
mesh 18%6 is used as reference. It is observed that the FE load-displacement curves corresponding
to meshes 18x6 and 24x8 are almost overlapped, whereas the other meshes provide significantly
different response results. In addition, it is observed that the computational cost increases by a

factor approximately equal to 3 going from one mesh size to the next finer mesh.

The values of the convergence measures are reported in Table 5.4. As expected, the
convergence measures rapidly decrease in absolute value when refining the mesh, and they are all
smaller than 1% in absolute value going from mesh 18x6 to mesh 24x8, which indicates that

convergence has been achieved. Based on the results obtained in this mesh convergence analysis,
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mesh 18x6 was used for SMM-II and SMM-III hereinafter in conjunction with the FE explicit

dynamic solver and a maximum time increment equal to 3.3 x 10-6 s.
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Figure 5.5. Comparison of different mesh discretizations for the SMM-IIs: (a) load-
displacement curves, and (b) CTRs with mesh 18x6 as reference mesh.

Table 5.4. FE response of the SMM-IIs corresponding to the four different meshes in term of
relative difference among the FE load-displacement curve

Mesh 5P max 5]{ 5Af 6abs
m, m; (%) (%) (%) (%)
6x2 12x4 -4.60 -0.39 34.15 3.27
12x4 18%6 -1.95 -0.22 -10.30 1.54
18x%6 24x8 -0.01 -0.01 -0.68 0.21

5.5.4. Comparison of the FE results obtained using different SMMs

The FE results corresponding to the different SMMs of the FCB unreinforced masonry shear
wall having different initial pressure, i.e., SW030, SW121, and SW212 are presented in Figure
5.6. Figure S5.6(a-c) compares the experimentally-measured horizontal force-horizontal
displacement response of the shear walls with the corresponding numerically-estimated FE
responses of the different SMMs considered in this investigation. The sudden load drops in the FE

force-displacement responses are due to cracking of expanded masonry units at the potential crack
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locations. The FE results show that all SMMs can reproduce the complete load path of the FCB
unreinforced masonry shear wall up to and beyond the peak strength. Figure 5.6(d) presents the
CTRs corresponding to different FE models. All the FE simulations for the SMMs of the FCB
unreinforced masonry shear wall were run on a Microsoft Windows-based personal computer
having an Intel(R) Core (TM) 17-8700 CPU @ 3.19 GHz with 16.0 GB RAM, with only one CPU
core used in each simulation. The CPU time for the SMM-II is used as reference (i.e., CTR = 1.0)
for each FCB unreinforced masonry shear wall. As expected, the results show that the computation

demand is lowest for SMM-I and highest for SMM-III for all modeled shear walls.

The different error measures for all models are reported in Table 5.5. For the SW030 shear
wall, SMM-II provides the most accurate predictions for the peak load and the initial stiffness,
SMM-I provides the best prediction of the displacement at failure, and SMM-III presents the

lowest global relative errors (i.e., &, = 2.58%, &pys = 8.33%, and ¢, = 6.43%), although these

errors are very similar to those for SMM-II (¢,,.,, =-3.67%, &5 = 8.61%, and ¢, = 6.79%),

whereas they are significantly (approximately two to four times) higher for SMM-I. For the SW121

shear wall, SMM-I provides the most accurate estimate of P,

max ?

SMM-II provides the most

and ¢, i.e.,

accurate estimate of £ and A, and SMM-III has the lowest value for & RMS 5 b >

mean

&

1.32%, 4.15%, and 3.36%, respectively. For the SM212 shear wall, The SMM-II always provides

the lowest errors between the experimental and numerical estimates, with the exception of ¢,

for which SMM-I gives the lowest value, i.e., &, = 8.18%. SMM-I generally underestimate all
response quantities for all walls considered in this study, with the exception of the peak strength

of the SW212 wall, for which ¢, =8.18%. The SMM-I also presents the largest &, ¢

mean 2 SRMS
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,and ¢, among all the SMMs, these errors increase in magnitude for increasing values of the

initial vertical pressure applied to the shear wall. SMM-II always slightly overestimates the peak

load (with 0.31% <¢, <15.26%) and initial stiffness (with 1.59% < &, <5.34% ), with errors

Ep 5 &

b
max mean

Erms» and &, increasing in magnitude for increasing values of the initial vertical
pressure applied to the shear wall. SMM-III presents largest error in A, for all the shear walls
(with 24.43% <¢, <26.86%), always overestimating the displacement at failure. However,

SMM-III has also the lowest global relative errors for the SW030 and SW121 walls. It is noted

that £, for all SMMs increases for increasing levels of initial vertical pressure, whereas this

X

phenomenon is not observed for &, or ¢, . This phenomenon is likely due to the use of a single

vertical potential crack interface at a prescribed location, which provides a proper representation
of the cracking pattern observed for walls with lower initial vertical pressure. However, for higher
values of initial vertical pressure, the experimental cracking pattern show diagonal cracks in the
masonry units, which cannot be properly represented by the vertical potential crack interfaces in

the expanded masonry units of the SMMs.
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Figure 5.6. Comparison of the experimentally-measured and numerically-simulated force-
displacement response for the SMMs of the FCB unreinforced masonry shear walls: (a) SW030,
(b) SW121, (¢c) SW212, and (d) CTR corresponding to different FE models.

Table 5.5. FE Simulation results for the SMMs of the FCB unreinforced masonry shear walls in
term of errors between the experimental and FE load-displacement curve.

Shear Wall FE Modal & &k L Emean Erus Eabs
(%) (%) (%) (%) (%) (%)
SMM-I -4.08 -10.01 -3.24 -12.78 21.53 12.82

SWO030 SMM-II 0.31 4.01 15.43 -3.67 8.61 6.79
SMM-III 14.95 5.13 27.71 2.58 8.33 6.42
SMM-I -0.59 -10.56 -13.22 -17.02 35.31 19.48

SWi21 SMM-II 4.40 5.34 -2.27 -6.02 14.71 8.28
SMM-III 6.70 6.29 2443 1.32 4.15 3.36
SMM-I 8.18 -11.40 -11.49 -17.37 36.11 20.85
SW212 SMM-II 15.20 1.59 -0.61 11.48 18.33 13.09
SMM-III 15.26 1.80 26.86 16.70 28.23 18.96

The FE crack patterns and the distribution of the in-plane minimum principal stress for the
SMMs of the FCB unreinforced masonry shear walls are presented in Figure 5.7(a-c) for SMM-I,
Figure 5.7(d-f) for SMM-II, and Figure 5.7(g-1) are for SMM-III. In order to make the cracks

visible, the deformed shape in the Figure 5.7 is magnified by a factor 10. The numerically-
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simulated inelastic behavior of the shear wall is similar to the actual behavior observed in the
experimental tests: horizontal tensile cracks start developing first at the bottom and top of the shear
walls at approximately 1.0 mm of horizontal displacement, followed by a diagonal stepped crack
in the shear wall. After approximately 2.5 mm of horizontal displacement, a combined shear and
crushing mechanism develops at the toe of the shear wall, which leads to the failure of the model.
All the different SMMs reproduce almost the same crack patterns for each of the walls, and these
patterns are very similar to those observed experimentally. The distribution of the in-plane
minimum principal stress in the SMM-II and SMM-III shows that small compressive struts,
parallel to the diagonal line defined by the center of the bricks, form in all SMMs when horizontal
cracks develop at the bottom and top of the shear wall. With further increase in the displacement,
the formation of additional compressive struts is averted by the initiation of the diagonal crack in
the SMMs. Finally, when the diagonal crack is fully open, two distinct struts are formed on each
side of the diagonal crack, as shown in the Figure 5.7. The compressive stress in the struts
increases with increasing levels of initial vertical pressure, i.e., the compressive stress is lowest in
the SW030 walls and highest in the SW212 walls. The maximum compressive stress values in the
SMM-II for the SW030 and SW121 shear walls remain below 8.0 and 10.0 MPa, respectively,
which indicates that the assumption of linear elastic behavior in the expanded masonry units is
reasonable. In SMM-III, the compressive stress values for the SW030 and SW121 shear walls are
found to be slightly lower, i.e., approximately 7.5 and 9.5 MPa, respectively, than the
corresponding compressive stress values in the SMM-II, with a negligible plastic strain in the
expanded masonry units, i.e., less than 1.0x10*. The maximum compressive stress in the SMM-II
for the SW212 wall reaches approximately 14.0 MPa, which is close to the compressive strength

of the masonry units. In the SMM-III of the SW212 wall, the compressive stress is approximately
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equal to 12.5 MPa, and the plastic strain is approximately equal to 1.0x1072, indicating a significant

plasticization of the expanded masonry units.
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Figure 5.7. FE crack patterns and distribution of in-plane minimum principal stress for the
SMMs of the FCB unreinforced masonry shear walls: (a-c) SW030, SW121 and SW212 for
SMM-I; (d-f) SW030, SW121 and SW212 for SMM-II; and (g-i) SW030, SW121 and SW212
for SMM-IIIL.
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5.6. Benchmark Example #2: Compressed and Stabilized Earth Block (CSEB) Masonry
The second application example considered in this study is a CSEB unreinforced masonry
wallette, in which cracking and inelastic behavior is spread across the different components (i.e.,

masonry units, mortar, and unit-mortar interfaces) of the masonry walls.

5.6.1. Description of Experimental Tests

A diagonal compression test performed on three replicate CSEB masonry wallettes (Wall-1,
Wall-2 and Wall-3), reported in [55], was selected for this investigation. Each specimen consisted
of a single-leaf, eight-course CSEB masonry wallette having dimensions of 864 mm (length) X
787 mm (height) x 178 mm (thickness), as shown in Figure 5.8. The specimens were built using:
(1) CSEBs with dimensions equal to 254 mm % 178 mm x 89 mm and fabricated using silty loam
soil and 6% cement; and (2) earthen mortar layers of thickness equal to 13 mm and mortar
fabricated using a cement:soil:sand proportion by weight equal to 1:1:6 and water-to-cement ratio
equal to 2.4. The CSEB masonry wallettes were tested under diagonal compression force that was
imparted through steel shoes that were placed at the top and bottom corner of each specimen, as
illustrated in the Figure 5.8. The experimental test involved a monotonically increasing horizontal
displacement on the steel shoe at the top of the masonry wallettes, while keeping the boundaries
of the steel shoe at bottom of the masonry wallette fixed. The horizontal extension and vertical
contraction were recorded using two displacement transducers, which are labeled as “A” and “B”,

respectively, in Figure 5.8(a).

Figure 5.9 shows the experimental crack patterns of the three wallettes at the end of the
diagonal compression test. The specimens exhibited consistent failure modes with diagonal cracks

parallel to the direction of the load and inclined by approximately 45° with respect to the bed joints.
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As shown in Figure 5.9, the cracks at failure were observed mainly through the CSEBs and to a
lesser extent along the head and bed joints and affected in a minor manner the mortar joints. This
behavior is common for CSEB masonry and is fundamentally different from that of ordinary

masonry, in which specimens typically fail mostly along the bed and head joints.

Potential crack

/
HH

267 mm

Steel shoe Expanded unit

(a) (b)
Figure 5.8. CSEB masonry wallette: (a) test setup and (b) SMM discretization.

Figure 5.9. Experimental crack patterns of the CSEB masonry wallettes: (a) Wall-1, (b) Wall-2,
and (c) Wall-3.
5.6.2. Description of the SMMs for the CSEB masonry wallette
Figure 5.9(b) presents a schematic of the FE models that were developed to simulate the

response of the CSEB masonry wallettes. The models were constructed using the two-dimensional
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elements under the assumption of plane stress as those used for the FCB masonry walls, i.e., the
CPS4R and COH2D4 elements in ABAQUS 6.14 [223]. Also in this case, auxiliary interface
elements were not used in SMM-I. All FE models were analyzed using the explicit dynamic FE
solver with time step equal to the critical time step of 2.5 x 10 s. All degrees of freedoms at the
bottom edge of the bottom steel shoe were fixed in the FE models, and a constant vertical velocity
of V= 0.1 mm/s (i.e., with zero acceleration) was applied downward to the top edge of the top

steel shoe. A density p, = 1.8x10° kg/m® and mass-proportional damping corresponding to a

damping ratio € = 5% were used for the solid elements of the wall to model inertia and damping
effects. Based on a mesh sensitivity analysis performed as described for the previous benchmark
example, the mesh used for the SMMs of the CSEB masonry wallettes consisted of 12 interface
elements employed for each bed joints (i.e., six interface elements for the bed joint of each half
masonry unit), five interface elements for each head joint and for the potential vertical cracks, and
30 elements for each half of the expanded masonry units. Each half of the expanded masonry units

was represented by a rigid element for the SMM-I.

The material properties of the different components used in the SMMs were obtained from
existing experimental results on tension, shear, and compression tests available in [79,167,173].
An elastic modulus E, = 2550 MPa and a Poisson ratio v, = 0.17 were used for the expanded
masonry units in SMMs-II and SMM-III. The properties of the masonry joint and potential crack
interface used in the different SMMs are given in Table 5.6, where k° and &’ denote the normal
and shear stiffness, respectively, of the masonry joint interfaces corresponding to the bed masonry

joints; and k' and k! denote the normal and shear stiffness, respectively, of the masonry joint

interfaces corresponding to the head masonry joints. For the potential crack interfaces, k. = k

n
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denote the normal stiffness, and k” = k, denote the shear stiffness of the interface. The input

parameters given in the Table 5.6 were used to describe the stress-strain curve for the expanded
masonry units in SMM-III based on a hardening/softening constitutive law used for the
compression cap failure criterion of the CTSIM, see chapter 4. The other CDPM parameters used

in the SMM-III are: y,=38°, ¢,=0.1, B,.=1.16, K, =0.67, n =8.5x10°.

Table 5.6. Properties of masonry joint/potential crack interfaces (SMM-1, SMM-II, and SMM-
IIT) and inelastic compressive properties for the expanded masonry units (SMM-III) of the CSEB
masonry wallettes.

gt Masonry joint interface Potential crack interface
SMM-I SMM-II SMM-III SMM-I SMM-II SMM-III
kP (N/mm?) 24.38 907.10 907.10 159.00 2555.00 2555.00
k! (N/mm?) 10.44 429.67 429.67 69 1091.45 1091.45
k! (N/mm?) 17.89 907.10 907.10 - - -
k! (N/mm?) 7.66 429.67 429.67 - - -
/i (MPa) 0.146 0.146 0.146 0.510 0.510 0.510
G, (MPa) 0.290 0.290 0.290 0.714 0.714 0.714
Coo (MPa) 29.000 29.000 29.000 0.714 0.714 0.714
tan g, ) 1.51 1.51 1.51 1.00 1.00 1.00
tan g, ) 1.51 1.51 1.51 1.00 1.00 1.00
tany, ) 0.440 0.440 0.440 1.00 1.00 1.00
tany, ) 0.044 0.044 0.044 1.00 1.00 1.00
} (N/mm) 0.00212 0.00212 0.00212 0.0090 0.0090 0.0090
}l (N/mm) 0.02120 0.02120 0.02120 0.0495 0.0495 0.0495
o, (MPa) 1.29 1.29 1.29 - - -
C, (MPa) 3.88 3.88 3.88 - - -
o, (MPa) 1.94 1.94 1.94 - - -
o, (MPa) 0.55 0.55 0.55 - - -
K, ) 0.011 0.011 0.011 - - -
K, ) 0.044 0.044 0.044 - - -
C, ) 9.0 9.0 - - - -

Note: underlined values are for expanded masonry units of SMM-III.

The steel shoes were modeled as linear elastic for all the SMMs, with a surface-based tie

constraint [223] imposed between the masonry and the steel shoes. The steel shoes were modeled
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= 21,000 MPa, Poisson ratio v__, =

steel

also using CPS4R elements [223], with elastic modulus E

steel

0.30, density p,,, = 7.85 x 10° kg/m?, and damping ratio ¢, = 5%. The mesh of the steel shoes

teel
was extruded from the masonry wallettes in order to obtain a continuous mesh. Two elements were

used across the thickness of the steel shoes.

5.6.3. FE Results

Figure 5.10(a) compares the FE force-displacement responses obtained using the different
SMMs considered in this investigation with the corresponding experimentally-measured response
obtained from the diagonal compression test. Positive and negative displacements correspond to
horizontal extension and vertical contraction, respectively, which were experimentally recorded
using the displacement transducers A and B, as shown in the Figure 5.10(a). Figure 5.10(b)
presents the CTRs corresponding to the different FE models, which shows that SMM-I is the least
computationally demanding model, whereas SMM-III is the most computationally expensive one.
The six error measures considered in this study and corresponding to the different SMMs are
reported in Table 5.7. The crack patterns and distribution of in-plane minimum principal stress
observed at 0.25mm displacement and at the displacement corresponding to the peak load for the
SMMs of the CSEB masonry wallettes are presented in Figure 5.11(a) and (d) for SMM-I, Figure
5.11(b) and (e) for SMM-II, and Figure 5.11(c) and (f) for SMM-III. In order to make the cracks
visible, the deformed shape in Figure 5.11 is magnified by a factor 10. The FE crack patterns of
the SMMs do not match the experimental crack patterns of the CSEB masonry wallettes shown in
Figure 5.9. In fact, the cracks simulated in all SMMs are mostly concentrated at the bottom two
masonry bed joints and at the head joints and potential crack interfaces of the bottom two courses

of the masonry wallette. As expected, the SMMs are unable to simulate the diagonal cracks
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observed experimentally in the earthen blocks and, thus, cannot capture the experimental failure

mode of the CSEB masonry wallettes.
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Figure 5.10. FE results for the CSEB masonry wallettes: (a) comparison of the experimental and
FE load-displacement responses, and (b) CTRs corresponding to different FE models.

Table 5.7. Comparison of the FE simulation results for the CSEB masonry wallettes in term of
errors between experimental and FE load-displacement curves.

& &

Displacements 1#19 bilolel P €k & Emean Erms Eabs

©) %) (%) (%) (%) (%) (%)

Hori | SMM-I 129.85 4418 507.53 -11.59 22.95 18.35

orizonta SMM-II 68.44 31.01 1.80 10.01 27.62 22.39
extension

SMM-III 53.96 -31.01 49.95 451 20.54 17.45

) SMM-I - -10.55 44.50 53.09 59.24 54.45
Vertical

; SMM-II - 25.67 -6.96 16.49 47.32 39.87
contraction

SMM-III - 25.67 39.55 20.97 26.84 24.77

It is concluded that the SMMs are unable to simulate the behavior of the CSEB masonry
wallettes subjected to a diagonal compression test. This result is due to the fact that CSEB masonry
does not satisfy the hypothesis that mortar and unit-mortar interfaces are significantly weaker than
the masonry units, which is at the basis of the SMMs. In fact, the assumption that the inelastic

behavior is concentrated along the masonry joints and the middle plane of the masonry units is not
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valid for CSEB masonry, where the experimental evidence shows cracking patterns that are
similarly distributed across joints and masonry units. It is also concluded that a modeling approach
different than SMM is needed to properly describe the mechanical behavior of CSEB masonry
walls with masonry units of similar strength and stiffness as the mortar and the unit-mortar
interfaces. Such new modeling approach needs to be able to model the propagation of cracks with

any inclination within the masonry units and the mortar.
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Figure 5.11. FE crack patterns and distribution of in-plane minimum principal stress for the
SMMs of the CSEB masonry wallettes: (a-c) SMM-I, SMM-II and SMM-III, respectively, at
0.25 mm displacement; and (d-f) SMM-I, SMM-II and SMM-III, respectively, at displacement
corresponding to peak load.
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5.7. Conclusion

In this study, the capabilities and limitations of FE simplified micro-modeling techniques were
investigated through a comparative analysis of their simulation capabilities with respect to two
different types of masonry, i.e., fired-clay brick (FCB) and compressed and stabilized earth block
(CSEB) masonry. In the simplified micro-modeling technique, mortar and adjacent unit-mortar
interfaces in the masonry are represented by zero-thickness interface elements between expanded
masonry units, with a vertical potential crack interface placed in the middle of the expanded
masonry units. Different simplified micro-models (SMMs) can be developed based on the different
material constitutive models used for the masonry units. This study considered rigid (SMM-I),
elastic (SMM-II), and elasto-plastic (SMM-III) constitutive models. The comparative analysis was
made between experimentally-measured and numerically-simulated responses of benchmark
unreinforced masonry walls that are representative of the two masonry types and for which well-

documented experimental data are available in the literature.

This chapter also provides recommendations on the use of different FE solvers and on the mesh
and time step discretization for developing accurate and robust SMMs within the FE framework.
In particular, it is shown that implicit static, implicit dynamic, and explicit dynamic solvers
produce similar mechanical responses when used to simulate the nonlinear inelastic behavior of
unreinforced masonry walls; however, the explicit dynamic solver is significantly more efficient

than the other solvers from a computational point of view.

The FCB unreinforced masonry shear walls showed experimental inelastic behavior and cracks
concentrated in the masonry joints (i.e., mortar and unit-mortar interfaces) and in potential crack
zones corresponding to the vertical middle plane of the masonry units, whereas CSEB masonry

had an experimental inelastic behavior and cracks spread across all masonry constituents. This
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different behavior is likely because, in the FCB masonry walls, the masonry units are significantly
stronger and have higher stiffness than the mortar and the unit-mortar interfaces, whereas the

different masonry components have similar strength and stiffness in the CSEB masonry walls.

The FE simulation results indicate that simplified micro-modeling techniques can properly
simulate the FE behavior for the FCB masonry shear walls. In fact, all three SMM approaches (i.e.,
SMM-I, SMM-II, and SMM-III) appear to provide similarly accurate results in terms of global
load-displacement responses, peak loads (with errors contained between -4.08 and 15.26%), and
initial stiffnesses (with errors contained between -11.40 and 6.29%). The models are less accurate
in estimating the displacements at failure (with errors contained between -13.22% and 27.71%);
however, this result may also be due to the lack of knowledge on the specific criterion used to
terminate the experimental tests. It is observed that: (1) the computational costs increase from
SMM-I to SMM-II and from SMM-II to SMM-III, (2) the accuracy in predicting the mechanical
response of FCB masonry walls is similar for SMM-II and SMM-III and slightly better than SMM-

I, and (3) the accuracy slightly degrades for increasing axial compression applied on the walls.

By contrast, these SMMs are in general not suitable for modeling the mechanical response of
CSEB masonry walls, because they are unable to reproduce the failure mechanisms produced by
cracks propagating across all masonry components. Therefore, a different modeling approach is
needed to describe the mechanical behavior of masonry walls and systems in which the different
masonry components have similar strength and stiffness, as for CSEB masonry systems. A possible
alternative that should be investigated in future studies is the use of a FE detailed micro-modeling
approach, in which each component of a masonry system is modeled separately from the others

through an appropriate nonlinear constitutive model.
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CHAPTER 6. FINITE ELEMENT DETAILED MICRO-MODELING OF

UNREINFORCED EARTH BLOCK MASONRY SYSTEM

6.1. Introduction

Earth block masonry is one of the oldest construction techniques [2,28], which has lost its
prevalence in industrialized countries after the advent of modern materials such as concrete, steel,
and engineered timber [62,63]. Only recently, earth block masonry is receiving renewed attention
because of its low cost, low carbon footprint, high energy efficiency, use of indigenous materials,
and inherent simplicity [1,2,94]. Most of the recent research studies focused on investigating the
mechanical behavior of earth block masonry systems at the material, component, or structure level
[21,85,88,90,167]. Numerical studies to model the behavior of earth block masonry focused
mainly on the use of continuum finite element (FE) models based on homogenization [281] or FE

simplified micro-models (SMMs) originally developed for ordinary masonry [91,282].

In particular, SMMs have been commonly employed to investigate the local and global
mechanical response of masonry structures [180,183,184,198,236]. In an SMM, the mortar joint
and the two adjacent unit-mortar interfaces (referred to as masonry joints hereinafter) are lumped
into zero-thickness interfaces (referred to as masonry joint interfaces hereinafter), which connect
expanded masonry units. The expanded masonry units are augmented with an additional zero-
thickness interface (referred to as potential crack interface hereinafter), which is vertically placed
in the middle of the expanded masonry units to model the potential crack that are often
experimentally observed within the masonry units. Based on the different constitutive models
adopted for the expanded masonry units, three SMMs are commonly found in the literature, i.e.,

SMMs with rigid (referred to SMM-I hereinafter), elastic (referred to SMM-II hereinafter), and
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inelastic (referred to SMM-III hereinafter) constitutive models for the expanded masonry units.
SMMs assume that most of the inelastic behavior of a masonry wall is concentrated at known
locations that can be modeled using interface elements, i.e., at the masonry joint and potential
crack interfaces [180,236]. However, the chapter 5 demonstrated that, while SMMs can
successfully model the mechanical behavior of ordinary masonry satisfying the above hypothesis,
SMMs cannot accurately simulate the mechanical behavior of masonry systems in which cracks
and/or plasticity develop in the masonry units, as commonly observed in earth block masonry

[167].

The present study investigates the use of FE detailed micro-models (DMMs) to simulate the
mechanical behavior of earth block masonry systems for which cracks and plastic behavior is
spread across the different components, i.e., mortar, mortar-unit interfaces, and masonry units. In
a DMM, masonry units and mortar are represented by continuum elements, and the unit-mortar
interfaces are represented by zero-thickness interface elements with constitutive models describing
the relation between the traction vector and the relative displacement vector. Unlike SMMs, in
which all failure mechanisms are modeled through the masonry joint and potential crack interfaces
[180], a DMM explicitly models the behavior of the individual masonry constituents and addresses
the intrinsic discontinuity and heterogeneity of the masonry structure. In particular, crushing and
tension cracking of masonry units are modeled via the constitutive model associated with the
masonry units, crushing and tension cracking of mortar are modeled via the constitutive model
associated with the mortar, and sliding and cracking failures of unit-mortar interfaces are modeled
via the constitutive model associated with the zero-thickness interface. DMMs are computationally
expensive and, thus, have been rarely employed to simulate the mechanical behaviour of masonry

systems [180,236]. More recently, thanks to the advancement in computational capabilities,
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DMMs have been used to model multi-perforated clay brick masonry [283], partially-grouted
reinforced masonry [238], and brick masonry [237,240]. To the best of the authors’ knowledge,

DMMs have not yet been used to simulate the mechanical behavior of earth block masonry.

This chapter first presents a DMM specifically tailored to model earth block masonry systems.
Then, through a series of FE simulations of representative volume elements (RVEs) of masonry
subjected to three-point bending and to shear loading, this study identifies the conditions (in terms
of relative strength of masonry units and mortar, and of loading conditions) under which the
structural response results obtained using different SMMs and the DMM are consistent. Finally,
the new DMM is validated through a comparison of its FE response with existing experimental
results for earth block masonry wallettes subject to diagonal compression, for which SMMs were

previously demonstrated to provide inaccurate results.

6.2. Research Novelty and Significance

This investigation extends the use of FE DMMs to analyze the mechanical behavior of earth
block masonry systems for the first time. It also identifies the range of validity for SMMs of
masonry walls as a function of the relative strength and stiffness of mortar and masonry units, and
of the type of loading conditions. The new knowledge presented in this chapter advances the FE
modeling of unreinforced masonry (URM), particularly for systems characterized by masonry
units that are very weak or very strong when compared to the associated mortar. These results and
the FE DMM approach developed in this study are critical to promote the practical use of earth
block masonry, as they provides the structural engineering community with an accurate tool for

the numerical modeling of the structural behavior of URM.
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6.3. Finite Element (FE) Detailed Micro-Modeling

DMMs explicitly model the different components of unreinforced masonry, generally
providing a more realistic and detailed model than SMMs. Another advantage of DMMs over
SMMs is that the parameters needed to define the FE constitutive models can be obtained from
experimental testing of masonry components, which is easier and less expensive than the testing
typically needed to define the constitutive model paramaters used in SMMs. However, these
advantages come to the cost of additional computational effort. The description of a DMM of an
unreinforced masonry wall is shown in Figure 6.1, which also defines the RVE in Figure 6.1(b)

and shows a typical FE discretization in Figure 6.1(c).

Mort Masonry unit Mortar
I I I Splar (Continuum elements) (Continuum elements)
. Masonry unit
\ . .
I I Unit-mortar interface Unit-mortar interface

(Interface elements)
(a) (b) (c)
Figure 6.1. DMM of an URM wall: (a) masory wall, (b) RVE, and (c) FE discretization.

In this study, the nonlinear behavior of the zero-thickness interface elements is modeled using
the recently developed coupled tension-shear interface model (CTSIM), presented in the chapter
4, whereas the masonry units and mortar are modeled using the concrete damaged plasticity model
(CDPM) [267,268]. The CTSIM is based on a convex composite failure surface comprising a

tension-shear and a compression cap failure criterion, and requires the following input parameters:

tensile strength ( ft), initial cohesion (CO); apparent initial cohesion (C

Q0 ); initial friction angle
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(4,); residual friction angle (¢,); initial dilatancy angle (y,); residual dilatancy angle (v, );
mode-I fracture energy (GE); mode-II fracture energy (Gél); compressive stress at proportional
limit (50); peak compressive stress (Ep); intermediate compressive stress corresponding to the
inflection point in the softening branch (Em); residual compressive yield stresses (Er); plastic

strain at peak compressive stress (K‘p ) ; total plastic strain at intermediate compressive stress (Km)

; and the parameter that controls the width of the compression cap failure surface along the shear
stress axis (C, ). In DMMs, the compression cap failure criterion within the CTSIM can be

deactivated, as compression failure mechanisms are described through the constitutive models

associated with the mansonry units and the mortar, thus removing the need to evaluate the

c., 0., K, K

m? T p° m?

following constitutive parameters: &,, &

s and C_. The remaining input

parameters for the zero-thickness interface element are derived from the following experimental

tests: (1) masonry couplet specimens under uniaxial tensile loading, which provide f; and G| ; and

(2) masonry triplet specimens subjected to direct shear test with different pre-compression loads,

which provide C,, Cy,, ¢, ¢, ¥,, v, and G; .

The CDPM is a continuum, plasticity-based, damage model for concrete and other quasi-brittle

materials such as rocks, mortar, and ceramics [267,268]. This model requires a compressive stress-

plastic strain curve and the following additional input parameters: tensile strength ( ﬁ), mode-I
fracture energy (Gfl) , dilation angle (1//C ) , eccentricity (eC ) , ratio of bi-axial compressive strength
and uniaxial compressive strength ( B ) , ratio of the second stress invariant on the tensile meridian

and on the compressive meridian (K, ), and viscosity parameter (7). The input parameters for the
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masonry unit and mortar of the DMM are derived from the following experimental tests: (1)

masonry unit and mortar specimens subjected to uniaxial tensile and compressive loading, which

provide f,, G; and the compressive stress-plastic strain curve for each of the two components; (2)
masonry unit and mortar specimens subjected to shear load, which provides y_; and (3) masonry
unit and mortar specimens subjected to biaxial loads, which provide S, and K_ . The parameters
e, and 7 are generally obtained from calibration of the constitutive model to the results obtained

from the experimental tests listed above. In this study, the compressive stress-plastic strain curves
for both masonry units and mortar are assumed to follow the same hardening/softening relation
used for the compression cap failure criterion adopted in the CTSIM; therefore, they are fully

defined by the following parameters: &, &,

s Om> Ops Ky and x_ (see chapter 4).

In addition to the plastic properties previously described, the FE models require also the
definition of the elastic properties for the two material constitutive models. These properties are

defined by the following parameters: (1) normal and shear stiffness, k, and k_, respectively, for

the CTSIM; and (2) elastic modulus, £, and Poisson ratio, v, for the CDPM. In this study, the
materials are assumed isotropic and homogeneous, based on previous findings valid for CSEBs

[80,81,173].

6.4. FE Analysis Assumptions

In this study, a two-dimensional plane stress condition is assumed for all FE models of masonry
walls, which can provide accurate results for structures with single-wythe masonry walls and
moderate levels of compressions [246,275]. In addition, the FE analyses are performed using an

explicit dynamic integration algorithm with a maximum time step equal to the critical time step
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needed to ensure numerical stability [270,284]. In the chapter 5, the explicit dynamic integrator
was found to provide the best compromise between accuracy and computational cost in simulating
the behavior of masonry using SMMs. It was also found that the critical time step in SMMs, which
generally depends on the mesh size and the material properties of the FE model, is always
controlled by the properties and thickness of the interface elements. The FE discretization used in
this investigation is obtained through a mesh sensitivity analysis performed as described in the
chapter 5, by identifying the coarser mesh discretization with changes in the force-displacement
response smaller than a target value assumed here equal to 1%. This mesh discretization is used to

ensure a good compromise between accuracy and computational cost.

In the present study, all FE models of masonry are developed in ABAQUS 6.14 [284], a
commercially available FE analysis software for multiphysics applications. The masonry units and
mortar (for the DMMs) and the expanded masonry units (for the SMMs) are modeled using a 4-
node bilinear plane stress quadrilateral element with reduced integration and hourglass control
corresponding to the CPS4R element in ABAQUS, whereas the unit-mortar interfaces (for the
DMMs and SMMs) and the joint and potential crack interfaces (for the SMMs) are modeled by
using a 4-node two-dimensional cohesive element corresponding to the COH2D4 element in

ABAQUS [284].

6.5. Comparison of DMM and SMM Results using RVE Test

This study compares the FE response results obtained using DMMs and SMMs of masonry
RVEs subject to two different loading conditions, i.e., three-point bending and shear loading, as
shown in Figure 6.2. Previous research in the chapter 5 suggested that the controlling parameter

for determining the accuracy of SMMs in predicting the response of URM may be the ratio
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between the masonry unit and the masonry joint strength ratio. This hypothesis is investigated here

by considering the following strength ratios (ra): 0.1, 0.2, 0.5, 1.0, 2.0, 5.0, and 10.0. This

investigation compares the results obtained using the DMM proposed in this chapter with those
obtained using SMM-I, SMM-II, and SMM-III, which were previously investigated in the chapter
5. The FE results obtained using the DMMs are considered as the reference solution and the FE

results obtained from the different SMMs are compared in terms of crack patterns at failure and of
relative differences in the peak load (P, ), and initial stiffness (k), which are defined as:

_ Xm _Xref
X

ref

S, (6.1)

where X = P__ or k; m = SMM-I, SMM-II, or SMM-III; and ref = DMM.

All FE models are analyzed using an explicit dynamic FE solver with a maximum time step
equal to the critical time step = 1.0 x 10" s. The inertia and damping properties of the systems are

modeled using a density p, = 1.8x10° kg/m® and mass-proportional damping corresponding to a

damping ratio § = 5% for the solid elements of each model.

g - - - - g - - -

(a) (b)
Figure 6.2. Loading conditions for the FE result comparison of RVEs: (a) three-point bending
and (b) shear loading.
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6.5.1. Description of DMMs

The mesh discretization used for the DMMs comprises 34 FE elements across the length and
11 elements across thickness of each earth block, for a total of 374 clements for a full earth block,
with denser elements in correspondence of the vertical line in the middle of each earth block, as
shown in Figure 6.1(c). Four elements are employed across the mortar thickness, with the other
dimension chosen to match that of the mesh of the masonry units. The material constitutive

properties of the masonry units, mortar, and unit-mortar interfaces corresponding to different r_
considered in this study are reported in Table 6.1. To achieve the different r_, the properties of

the mortar and of the unit-mortar interfaces are kept constant, whereas the properties of the

masonry units are varied according to the r_ of interest. The properties of the mortar used in this

investigation are taken from Cuellar-Azcarate [167] and are representative of compressed and
stabilized earth block (CSEB) mansonry. The properties of the unit-mortar interfaces are assumed

equal to those of the mortar, whereas the constitutive model parameters for the masonry units (i.e.,

(o}

r, unit °

and x

m, unit

E

1
unit > j;, unit 2 Gf, unit 2 O-O, unit ? O-p, unit ? m, unit ?

Q

K

p, unit >

) are varied proportionally to
the corresponding parameters of the mortar, accordin to r . This assumption is supported by: (1)

and o

P, unit

the linear correlation between the E reported in the literature for adobe bricks [285]

and clay brick [286]; and (2) the relationship describing the fracture energy for a quasi-brittle
material as proportional to the square of its strength and inversely proportional to its elastic
modulus [287]. The Poisson ratio, v, is assumed constant and equal to 0.15 [288,289]. The values
of the other parameters needed to fully define the CDPM for the masonry units and mortar in the

DMM are taken from the literature and are assumed equal to y, =38° ¢, =0.1, S,  =1.16, K,
=0.67, and 17 = 8.5x107 [277-279].
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Table 6.1. Properties of mortar, unit-mortar interface, and masonry units corresponding to
different r_ used for developing the DMMs of the RVEs.

] Unit-mortar Masonry units (for different r_)
Properties Mortar . =
interface 0.1 0.2 0.5 1.0 2.0 5.0 10.0
E (MPa) 2100 - 210 420 1050 2100 4200 10500 21000
v ) 0.15 - 015 0.5 015 015 015 0.5 0.15

k, (N/mm?) - 2100 - - - - - - -

k, (N/mm?) - 913 - - - - - - -
/, (MPa)  0.550 0.550 0.055 0.110 0275 0550 1.100 2.750  5.500

C, (MPa) - 0.5772 - - - - - - -

Coo (MPa) - 2.8860 - - - - - - -

tan ¢, ) - 0.5500 - - - . . . i

tan g, ) - 0.0055 - - - - - . .

tany, ) - 0.3300 - - - - - - -

tany, ) - 0.0033 - - - . - - -
r (N/mm)  0.0110 0.0549 0.0011 0.0022 0.0055 0.0110 0.0220 0.0550 0.1100

i (N/mm) - 0.5490 - - - - - - -
c, (MPa)  0.703 - 0.070  0.141 0352 0703 1.406 3.515  7.030
c, (MPa)  2.110 - 0211 0422 1.055 2110 4220 10.550 21.100
G, (MPa)  1.055 - 0.106 0211 0528 1.055 2110 5275 10.550
G (MPa)  0.301 - 0.030  0.060 0.151 0301 0.602 1.505  3.010
K, ) 0.0090 - 0.0009 0.0018 0.0045 0.0090 0.0180 0.0450  0.0900
K, ) 0.0330 - 0.0033  0.0066 0.0165 0.0330 0.0660 0.1650 0.3300

6.5.2. Description of SMMs

The mesh discretization used for the zero-thickness interfaces of all SMMs consists of 16
interface elements for each bed joint (i.e., eight interface elements for the bed joint of each half
masonry unit), and six interface elements for each head joint and for the potential vertical cracks.
In total, 96 elements are used for each expanded masonry unit in SMM-II and SMM-III, whereas
each half of the expanded masonry units are modeled with a single rigid element for SMM-I. The
material properties used for developing the different SMMs are obtained from the properties
corresponding to the masonry units, mortar, and unit-mortar interfaces of the DMMs. The elastic

properties of the masonry joint interface corresponding to the different r, were determined based
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on different relations available in the literature for the SMM-I [183], which provide different
values for the properties of the bed and head joints, and for the SMM-II and SMM-III [212], which
provide equal values for the properties of bed and head joints. These elastic properties are tabulated
in Table 6.2. For the expanded masonry units in SMM-II and SMM-III, the value of elastic

modulus and Poisson ratio were equal to the value of £, and v, of the DMMs and are reported

unit
in Table 6.1. The inelastic properties of the masonry joint interfaces in the SMMs include: (1) the
inelastic properties for tension-shear failure criterion of the CTSIM, which are equal to the
corresponding inelastic properties for the unit-mortar interfaces in the DMMs, and are reported in
Table 6.1; and (2) the inelastic properties for the compression cap failure criterion of the CTSIM

(SMM-I and SMM-II), which are obtained from the computational homogenization [290] of the

RVE subjected to compressive load using the DMM corresponding to the same value of r_, and

(o}

m?

are tabulated in Table 6.3. For SMM-III, the inelastic compressive properties (i.e., G,, G,,

0., k,,and x, ) are used to define the CDPM for the expanded masonry units. The properties of
the potential crack interface corresponding to different r_ for the different SMMs of the RVE are

given in Table 6.4. It is noted here that the CSTIM for the potential crack interface requires only

the properties associated with the shear-tension failure criterion. Therefore, the only required
paramaters are: f;, Cy, Coo, #y> &, Vo, ¥,, G, and G;' ; where f, and G, are obtained from

the properties of the masonry units for the DMM; ¢, ¢,, v,, and y, are assumed equal to 1; and

C,, C

0> and G;' are defined as functions of f; or G; [184].
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Table 6.2. Elastic properties of the masonry joint interface in the RVEs for SMMs corresponding
to different r_.

Properties SMM-I SMM-II and SMM-III

Joint " \mm?) 01 02 05 10 20 50 100 01 02 05 10 20 50 100
Beg o 2334591099 20,59 3652 6818 9589 179 404 1615 21000 323.1 2019 179.5

k,  1.01 1.99 4.78 895 15.88 29.64 41.69 7.8 17.6 702 913.0 140.5 87.8 78.0
Heaq 164324 787 1500 2745 5469 8171 179 404 1615 21000 323.1 2019 1795

k 0.71 1.41 342 6.52 11.94 23.78 35.53 7.8 17.6 702 913.0 140.5 87.8 78.0

Table 6.3. Inelastic compressive properties of the masonry joint interface (SMM-I and SMM-II)
or expanded masonry unit (SMM-III) in the RVEs for SMMs corresponding to different r .
Properties 0.1 0.2 0.5 1.0 2.0 5.0 10.0

o, (MPa) 0.0741 0.1638 0.4437 0.9038 0.9155 0.9178 0.9179
o, (MPa) 0.2223 0.4915 1.3311 2.7114 2.7465 2.7535 2.7536
o, (MPa) 0.1111 0.2457 0.6655 1.3557 1.3732 1.3767 1.3768
o, (MPa) 0.0318 0.0702 0.1902 0.3873 0.3924 0.3934 0.3934
K, ) 0.0002 0.0006 0.0025 0.0087 0.0018 0.0012 0.0011
K, ) 0.0007 0.0015 0.0037 0.0101 0.0026 0.0017 0.0016
C, ) 9.0 9.0 9.0 9.0 9.0 9.0 9.0

Table 6.4. Properties of the potential crack interface in the RVEs for SMMs corresponding to
different r_.

Properties 0.1 0.2 0.5 1.0 2.0 5.0 10.0
k, (N/mm?3) 210 420 1050 2100 4200 10500 21000
k, (N/mm?>) 91 183 457 913 1826 4565 9130
Ji (MPa) 0.055 0.110 0.275 0.550 1.100 2.750 5.500
G, (MPa) 0.077 0.154 0.385 0.770 1.540 3.850 7.700
Coo (MPa) 0.077 0.154 0.385 0.770 1.540 3.850 7.700
tan ¢, () 1.000 1.000 1.000 1.000 1.000 1.000 1.000
tan ¢, ) 1.000 1.000 1.000 1.000 1.000 1.000 1.000
tany, () 1.000 1.000 1.000 1.000 1.000 1.000 1.000
tany, ) 1.000 1.000 1.000 1.000 1.000 1.000 1.000
G; (N/mm) 0.0011 0.0022 0.0055 0.0110 0.0220 0.0550 0.1100
Gf (N/mm) 0.0110 0.0220 0.0550 0.1100 0.2200 0.5500 1.1000

6.5.3. Three-point bending test results

The FE models of the RVE for different r, were subjected to a three-point bending loading by

imposing a monotonically increasing midspan deflection up to 1.0 mm. The relative difference in
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the peak flexural load, 6 p and initial stiffness, J, , for the SMMs of the RVE with respect to the

corresponding FE response of the DMMs are presented in Table 6.5. The results corresponding to

P show that: (1) all the SMMs overpredict P__with the exception of the SMM-I for r_ = 2.0;
(2) 5me for r, < 1.0 are greater than 119.50%, 80.54%, and 22.70%, for SMM-I, SMM-II, and
SMM-IIL, respectively, and &, corresponding to the SMM-I and SMM-II increases for
decreasing r,, whereas &, corresponding to the SMM-III decreases for decreasing 1, ; (3) 5,
for 2.0 < r, <5.0 vary between -1.46% and 10.89%, indicating that all SMMs predict P__ values
that are consistent with those obtained using the DMM within this range of r, ; and (4) 6, for r,

= 10.0 are equal to 133.27%, 85.04%, and 41.41%, for SMM-I, SMM-II, and SMM-III,
respectively. In addition, the SMMs provide k£ values that are consistent with those obtained using

the DMM for r > 1.0, for which o, varies between -6.44% to 11.49%. By contrast, all SMMs
underpredict the & obtained from the DMM for r < 0.5, and o, increases in absolute value for

decreasing r_.

Table 6.5. Comparison of FE results using DMM and SMMs for the RVE of masonry subjected
to three-point bending for varying r_.

O (%) 5 (%) Match crack pattern with DMM

o SMM-I SMM-II SMM-III SMM-I SMM-II SMM-III SMM-I SMM-II  SMM-III
0.1 74554 520.42 22.70 -36.56  -37.29 -36.80 No No Yes
02 29142  280.65 36.70 -33.06  -32.38 -31.21 No No Yes
0.5 22683 233.63 75.80 -15.58  -19.28 -18.95 No No No
1.0 119.50 80.54 93.47 0.54 -6.04 -6.44 No No No
20 -1.46 5.99 6.58 -2.95 1.09 0.07 Yes Yes Yes
5.0 9.09 6.79 10.89 7.85 2.07 5.62 Yes Yes Yes
10.0 133.27 85.04 41.41 11.49 1.76 8.17 No No No
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Figure 6.3 depicts the FE crack patterns and distribution of in-plane maximum principal plastic
strains observed at 1.0 mm midspan deflection for SMMs and DMM of RVEs subjected to three-
point bending. Table 6.5 also indicates (with a Yes/No) if the FE crack patterns obtained using the
SMMs match with those obtained using the DMM. The cracks in the masonry units and mortar in
the DMMs are identified by large values of the plastic strain. The FE crack patterns and the
distribution of in-plane maximum plastic strains for the DMMs of the RVEs subjected to three-

point bending show that: (1) for r < 0.2, the RVEs fail in compression-shear at the pinned
supports in the bottom masonry units and in compression at the point of load application in the top
masonry units; (2) for 0.5 < r_ < 1.0, the RVEs fail in compression at the point of load application
in the top masonry units; (3) for 2.0 < r_ < 5.0, the RVEs fail due to the opening of a crack in the
middle of RVEs; and (4) for r, = 10.0, the RVE fails in tension/shear, with the formation of a

mechanism in which the masonry unit near the roller support detaches from the rest of the RVE.
By comparing the crack patterns of the SMMs with those of the corresponding DMMs, it is
observed that these crack patterns are consistent across all models for 2.0 < r_ < 5.0; however,
SMM-I and SMM-II provide very different failure modes from those obtained using the DMM for

any other value of r_; whereas SMM-III provide failure modes consistent with those obtaining
using the DMMs for r < 0.2, but not for other values of r_. As expected, SMM-I and SMM-II

cannot capture failure modes involving failure of the masonry units that are not concentrated at the
potential crack interfaces located in the middle of the expanded masonry units. SMM-III perform
slightly better for very weak masonry units (r, < 0.2), by capturing the failure of the expanded
masonry at the hinged support, but they are unable to capture the compression failure at the load

application point because they do not explicitly model the compressive behavior of the masonry
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units, but only the homogenized compressive behavior of masonry (i.e., a combination of masonry
unit and mortar behavior). For r_ = 10, all SMMs fail to produce a realistic failure mechanism as
the tensile strength of the masonry units (which coincides with the tensile strength of the potential
crack interface), which is f, = 5.50 MPa, is larger than the homogeneized compressive strength

of masonry used to describe the masonry joint interfaces (SMM-I and SMM-II) or the expanded

masonry units (SMM-III), which is &, =2.754 MPa.
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Figure 6.3. FE crack patterns and distribution of in-plane maximum principal plastic strain of

the SMMs and DMM for the RVE of masonry subjected to three-point bending for varying r_:
(a) 0.1, (b) 0.2, (¢) 0.5, (d) 1.0, (e) 2.0, (f) 5.0, and (g) 10.0.

6.5.4. Shear test results

The FE models of the RVE for different r, were subjected to shear loading by imposing a
monotonically increasing horizontal displacement of the top boundary of the model up to 1.0 mm.
The relative difference in the peak shear load, & p s and initial stiffness, J, , for SMMs of the RVE
with respect to the corresponding FE response of the DMMs are presented in Table 6.6. The results

max

corresponding to £, show that: (1) all SMMs overpredict the 7, ; (2) the 5, for 1, <1.0are

greater than 30.83%, 29.52%, and 23.09% for SMM-I, SMM-II, and SMM-III, respectively, and

6,  corresponding to SMM-I and SMM-II increase for decreasing r, ; and (3) 6, for r, >2.0

varies between 2.43% and 14.77%, which suggests that all SMMs can predict P__ values that are

consistent with those obtained using the DMM when the masory units are significantly stronger
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than the mortar and the unit-mortar interface. SMM-II and SMM-III provide k values that are

consistent with those obtained using the DMM for r_ > 1.0, for which 6, varies between 0.80%
and 2.21%. However, the J, values for the SMM-I are higher and vary between 13.41% and
20.08% when 1 >1.0. Furthermore, all SMMs underpredict £ for r, <0.5, as 0, assume negative

values larger in absolute value than 5.56%, 12.69%, and 11.74% for SMM-1, SMM-II and SMM-

III. These negative values of J, increase in absolute value with decreasing r_ .

Table 6.6. Comparison of FE results using DMM and SMMs for the RVE of masonry subjected
to shear loading for varying r_ .

9, (%) 5 (%) Match crack pattern with DMM

' SMM-I SMM-II SMM-III SMM-I SMM-II SMM-III SMM-I SMM-II  SMM-III
0.1 486.14 126.56 48.51 -9.98 -23.28 -18.71 No No No
02 115.61 88.49 43.23 -8.49 -19.19 -17.08 No No No
0.5 6422 57.10 63.28 -5.56 -12.69 -11.74 No No No
1.0 30.83 29.52 23.09 19.15 0.80 0.80 No No No
2.0 8.88 13.81 8.06 20.08 1.78 1.78 Yes Yes Yes
50 11.84 14.77 13.67 13.47 221 2.07 Yes Yes Yes
10.0  6.56 243 7.08 13.47 1.91 228 Yes Yes Yes

Figure 6.4 presents the FE crack patterns and the distribution of the in-plane maximum
principal plastic strains observed at 1.0 mm shear displacement for the SMMs and DMM of the
RVEs subjected to shear loading. The deformed shapes in the Figure 6.4 are magnified by a factor
3 ito better show the crack patterns. Table 6.6 also indicates (with a Yes/No) if the FE crack
patterns obtained using the SMMs match with those obtained using the DMM. For the DMM, the
cracks in the masonry units and the mortar are identified by large values of the plastic strain. The
FE crack patterns and distribution of in-plane maximum plastic strains for the DMM of the RVE

subjected to the shear loading show that: (1) for r < 0.2, the RVE fails in compression-shear

where the loading is applied (top left masonry unit) and at the support (bottom right masonry unit);
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(2) for 0.5 < r, < 1.0, the RVE fails due to a diagonal crack in the middle masonry unit; and (3)
for r, > 2.0, the RVE fails in shear at the unit-mortar interface and mortar of the DMM. By

comparing the crack patterns of the SMMs with those of the corresponding DMMs, it is observed

that these crack patterns are consistent across all models for r, > 2.0. However, SMMs provide
very different failure modes from those obtained using the DMM for r, < 1.0. As expected, the

SMMs are unable to reproduce the failure modes of the DMM when the cracking takes place in

the masonry units.

I, DMM SMM-I SMM-II SMM-IIT
v % - n -
(a)
- % . n -
. Y —
b % : n -
1.00 %
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Figure 6.4. FE crack patterns and distribution of in-plane maximum principal plastic strain of
the SMMs and DMM for the RVE of masonry subjected to shear load for varying r_: (a) 0.1,

(b) 0.2, (c) 0.5, (d) 1.0, (e) 2.0, (f) 5.0, and (g) 10.0.
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6.6. Validation of DMM Results for CSEB Masonry

The FE response obtained using the DMM proposed in this study was compared for validation
purposes with the experimentally-measured response of CSEB wallettes subjected to diagonal
compression, which is documented in the literature [167]. This comparison also includes the FE
responses obtained using different SMMs, which were found to provide inaccurate predictions of

the experimental response in the chapter 5. The comparison between numerical and experimental

responses is quantified in terms of the point-wise relative errors in the peak load (P, ), initial

stiffness (k) , and displacement at peak load (Ap) , which are defined as follows:

X, - X
g, = —FEX xp (6.2)

exp
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where X = P

max ?

k,or A; and the subscript FE denotes DMM, SMM-I, SMM-II, or SMM-III.
Since the experiment included three nominally-identical of the CSEB wallettes, X is taken as
the average of the corresponding experimentally-measured values. In addition, the accuracy of the
different FE models in estimating the force-displacement response curve is evaluated using three

different global relative errors, i.e., the mean error (& , root mean squared error (& ), and

mean )

mean absolute error (&, ), which are defined as:

; () ()
_ 1 & 1 o (aE _Pexp,j) 6.3
gmean - — P(j) ( . )
ng j=1 nj i=1 exp,j
- 2
n, n; () _ p)
€ 1 13 —PFE Fop.s (6.4)
RMS 20 )
= nj =1 | exp,j
; ] ()
R ol [ I8 o) Y (6.5)
abs n n ) .
s J=1) o=l exp,Jj

in which Iiﬂ(’g} and B\ denote the experimentally-measured and numerically simulated values,
respectively, of the reaction force for a given masonry wall measured at a given level of
displacement, A n, denotes the number of recorded displacement levels for the j-th
experimental sample and corresponds to the maximum displacement level corresponding to the
experimental displacement at failure; and n_ denotes the number of experimental specimens. In

this investigation, the global relative errors were calculated using displacement increments equal

to 0.01 mm.
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6.6.1. Description of experimental tests

This study uses as benchmark the experimental results from a diagonal compression test
performed on unreinforced CSEB masonry wallettes and available in the literature [167]. Three
nominally identical single-leaf CSEB masonry wallettes were tested. They had dimensions of 864
mm X 787 mm x 178 mm and were constituted by 8 courses, as shown in Figure 6.5(a). The
wallettes were built using CSEBs with dimensions equal to 254 mm x 178 mm x 89 mm and
fabricated using silty loam soil and 6% cement. The earthen mortar layers had thickness equal to
13 mm, and the mortar was fabricated using a cement:soil:sand proportion by weight equal to 1:1:6
and a water-to-cement ratio equal to 2.4. The CSEB masonry wallettes were tested in a diagonal
compression test, as shown in Figure 6.6, with the help of steel shoes that were attached to the top
and bottom corner of the wall. The experimental test involved a monotonically increasing
downward vertical displacement applied on the steel shoe at the top of the masonry wallettes,
whereas the steel shoe at bottom of the masonry wallette was kept fixed. The horizontal extension
and vertical contraction were recorded using two displacement transducers, indicated as

transducers A and B, respectively, in Figure 6.5(a).

Figure 6.6 shows the experimental crack patterns of the three CSEB masonry wallettes
(identified as Wall-1, Wall-2, and Wall-3, respectively) at the end of the diagonal compression
test. The three specimens exhibited consistent failure modes with diagonal cracks parallel to the
direction of the load and inclined by approximately 45° with respect to the bed joints. The cracks
at failure were observed mainly through the CSEBs and to a lesser extent along the head and bed

joints, whereas they affected only in a minor manner the mortar or the unit-mortar interfaces.
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Steel shoe

(a)

Figure 6.5. Unreinforced CSEB masonry wallettes: (a) diagonal compression test setup, and

(b) FE discretization of the DMM.

(b) (c)
Figure 6.6. Experimental crack patterns of the unreinforced CSEB masonry wallettes: (a) Wall-
1, (b) Wall-2, and (¢) Wall-3.

6.6.2. Description of the DMM developed for the CSEB masonry

Figure 6.5(b) shows the FE discretization for the DMM of the CSEB masonry wallettes used
in this study. The mesh discretization comprised 27 and nine elements employed across the length
and thickness, respectively, of each earth block, for a total of 243 elements. Three elements were
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employed for the mortar thickness. The size of the elements in the blocks was kept constant, except
for the regions corresponding to the middle of the earth blocks, where the element size was reduced
to match the dimension of the elements in the head joints. The unit-mortar interfaces where
discretized using zero-length elements with the same length of the adjacent continuum elements.
In addition, the steel shoes were modeled as linear elastic, and a surface-based tie constraint [284]
was imposed between the masonry wallettes and the steel shoes. The DMM was analyzed using
the explicit dynamic FE solver with time step equal to the critical time step of 1.0 x 10 s. All
degrees of freedoms at the bottom edge of the bottom steel shoe were fixed, and a constant vertical
velocity of V= 0.1 mm/s (i.e., with zero acceleration) was applied downward to the top edge of

the top steel shoe. A density p, = 1.8x10° kg/m? and a mass-proportional damping corresponding

to a damping ratio € = 5% were used for the solid elements of the wallette to model inertia and

damping effects. The steel shoes were modeled as linear elastic with elastic modulus E, = 21000
MPa, Poisson ratio v, = 0.30, density p, = 7.85 x 10° kg/m’, and damping ratio ¢, = 5%. The

mesh of the steel shoes was extruded from that of the masonry wallettes in order to produce a
continuous mesh. Two elements were used across the thickness of the steel shoes. The material
properties of different constituents used in the DMM were obtained from existing experimental
results from tension, shear, and compression tests of the components, which are available in the
literature [167,173]. The properties of the masonry units, mortar, and unit-mortar interface used
for developing the DMM are tabulated in unreinforced Table 6.7. The remaining CDPM

parameters used to fully describe the masonry units and mortar are: y_ = 38°, ¢ = 0.1, S, .= 1.16,

K, =0.67, n =8.5x10°.
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Table 6.7. Material properties of different components used in the DMM of unreinforced CSEB
masonry wallettes.

Properties Masonry units Unit-mortar interface Mortar
E (MPa) 2550 - 2100
v ) 0.17 - 0.150
k, (N/mm?) - 2100 -
k, (N/mm?) - 913 -
/, (MPa) 0.51 0.146 0.550
G, (MPa) - 0.29 -
Cpo (MPa) - 29.0 -
tan ¢, ) - 1.51 -
tang, ) - 1.51 -
tany, ) - 0.440 -
tany, Q) - 0.044 -
G; (N/mm) 0.009 0.0031 0.011
i (N/mm) - 0.0310 -
G, (MPa) 1.03 - 0.70
G, (MPa) 3.10 - 2.11
G, (MPa) 1.55 - 1.06
o, (MPa) 0.12 - 0.30
K, () 0.0042 - 0.0009
K, ) 0.0082 - 0.0033

6.6.3. FE response of unreinforced CSEB masonry

Figure 6.7 shows the force-displacement responses obtained from the experimental diagonal
compression test with the FE responses corresponding to the DMM and the three SMMs. Positive
and negative displacements correspond to the horizontal extension and vertical contraction,
respectively, as shown in Figure 6.5(a). The error measures for the different FE models are
reported in Table 6.8, together with the CPU time ratios (CTRs) for the different models with
respect to the CPU time corresponding to the SMM-II, which is assumed as reference (i.e., CTR =

1.00 for SMM-II).
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Figure 6.7. Comparison between experimental and FE responses for CSEB wallettes

It is observed that the DMM accurately estimates the peak strength of the CSEB wallette (i.e.,

&, =-3.10%), whereas the SMMs significantly over-estimate P

2
‘max max

with errors £, =129.85%,
68.44%, and 53.96% for SMM-I, SMM-II, and SMM-III, respectively. All the FE models under-
estimate the initial stiffness, in particular, DMM provides the lowest absolute value of ¢, for the
horizontal extension (i.e., &, = -26.51%), but the highest for the vertical contraction (i.e., ¢, = -
28.44%); whereas SMM-I present the highest absolute value of ¢, for the horizontal extension
= -44.18%), but the lowest for the vertical contraction (i.e., &, = -10.55%). In terms of

(ie., &,

displacement at the peak load, the SMM-II produces the most accurate estimates, with &, =

21.31% and -11.72% for the horizontal extension and the vertical contraction, respectively. The

DMM provides results that are very close to those of the SMM-II, with £y = 24.96% and -13.81%

for the horizontal extension and the vertical contraction, respectively. When considering the global
relative errors, the DMM provides the most accurate prediction of the force-displacement response
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of the CSEB masonry wallette in both the horizontal extension and the vertical contraction, with

Erean = -4 13%, &ps = 10.88%, and ¢, = 8.71% for the horizontal extension, and ¢, =2.22%,

mean mean

Erms = 16.04%, and &, = 13.27% for the vertical contraction. In terms of CTRs, as expected, the

SMM-I is the least computationally demanding model, with CTR = 0.49, followed by the SMM-
IT (CTR = 1.0), SMM-III (CTR = 1.16), and DMM (CTR = 5.07), which is significantly more

computationally expensive than the other models.

Table 6.8. Comparison between experimental and FE responses for CSEB wallettes in terms of
proposed error measures.

Displacement Ml:;ﬁel g:w-x fk iAp g(r)nean EORMS ‘c'(;abs CTR
transducers (%0) (%0) (%) (%0) (%) (%) )
SMM-I 129.85 -44.18 384.98 -11.59 22.95 18.35 0.49
Horizontal SMM-II 68.44 -31.01 21.31 10.01 27.62 22.39 1.00
extension SMM-III 53.96 -31.01 79.68 451 20.54 17.45 1.16
DMM -3.10 -26.51 24.96 -4.13 10.88 8.71 5.07
SMM-I - -10.55 37.33 53.09 59.24 54.45 -
Vertical SMM-II - -25.67 -11.72 16.49 47.32 39.87 -
contraction SMM-III - -25.67 43.54 20.97 26.84 24.77 -
DMM - -28.44 -13.81 2.22 16.04 13.27 -

The FE crack patterns and in-plane maximum principal plastic strains observed at 0.25 mm,
0.50 mm, and 1.0 mm vertical contraction for the DMM of CSEB masonry wallettes are presented
in Figure 6.8. The deformed shapes in Figure 6.8 are magnified by a factor 10 in order to make
the cracks in the unit-mortar interface more visible, whereas the cracks in the masonry units and
mortar are identified by large values of the plastic strain. In Figure 6.8(a), i.e., vertical contraction
equal to 0.25 mm, small zones of concentrated plastic strain are observed at the top and bottom
corners of the CSEB masonry wallettes. For increasing values of vertical contraction, these small
zones of concentrated plastic strain evolve into a wide diagonal band of increasing plastic strain.

This diagonal band is parallel to the loading direction and goes across the masonry wallettes
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affecting both masonry units and mortar. Figure 6.8(b) shows this diagonal band of plastic strain
at 0.50 mm vertical contraction (which corresponds to the vertical contraction immediately before
the peak vertical load is reached). After the peak load is achieved, the plastic strain rapidly
increases in the middle of the masonry wallettes and concentrates into a narrow diagonal band
passing through both masonry units and mortar. and leads to the failure of the CSEB masonry
wallettes. This narrow diagonal band, which represents the cracks forming across the masonry
wallettes, is almost parallel to the loading direction and has plastic strains varying between 0.05
mm/mm and 0.10 mm/mm at 1.00 mm vertical contraction, as shown in Figure 6.8(c). It is
observed that this narrow band of concentrated plastic strain in the DMM is very similar to the
cracks observed during the experiments, as reported in Figure 6.6. It is concluded that the DMM
can match the experimental crack patterns of the CSEB masonry wallettes. This result is in contrast
with the FE crack patterns predicted by the SMMs, which do not match the experimental crack
patterns of the CSEB masonry wallettes, as reported in the chapter 5. The numerically simulated
cracks in the SMMs are mostly concentrated along the bottom two masonry bed joints, and at the

head joints and potential crack interfaces of the bottom two courses of the masonry wallette.

(a) (b)
Figure 6.8. FE crack patterns and distribution of in-plane maximum principal plastic strain for

DMMs of the CSEB masonry wallettes at different vertical contraction: (a) 0.25 mm,
(b) 0.50 mm and (c¢) 1.0 mm.
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Figure 6.9 presents the distribution of the in-plane minimum principal stress observed at 0.25
mm, 0.50 mm, and 1.0 mm of vertical contraction for the DMM of the CSEB masonry wallettes.
When a vertical load is applied in the DMM, a diagonal compressive strut forms in the middle of
the masonry wallettes and parallel to the loading direction. Figure 6.9(a) and (b) show that the
width of this diagonal compressive strut increases for increasing vertical load. However, this
diagonal compressive strut quickly disappears after the peak load is reached because of the
significant increase of plastic strain corresponding to the cracks in the middle of the masonry
wallettes, which ultimately lead to the failure of the CSEB wallettes, as shown in Figure 6.9(c).
The in-plane minimum principal stress in the compressive strut varies between 0.5 and 1.0 MPa at
the peak vertical load, which is significantly lower than the compressive strength of the When

compared to the &, of masonry units (&,= 3.10 MPa) and mortar (&,= 2.11 MPa). In addition,

the negative maximum principal plastic strain (which corresponds to the plastic behavior in
compression) is negligible, as observed in Figure 6.8. These results confirm that the assumed two-

dimensional plane stress condition is valid for the considered problem [246,275].
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Figure 6.9. Distribution of in-plane minimum principal stress for the DMM of the CSEB
masonry wallettes at different vertical contraction: (a) 0.25 mm, (b) 0.50 mm, and (c) 1.0 mm.
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It is concluded that: (1) the proposed DMM can successfully simulate the mechanical behavior
of CSEB masonry wallettes subjected to a diagonal compression test; and (2) although more
computationally expensive than the SMMs, the use of the DMM is necessary to capture the crack
propagation through the masonry units and the mortar that is typically observed in earth block
masonry, for which the strength and stiffness properties of the masonry units and the mortar are

similar.

6.7. Conclusion

This study presents a finite element (FE) detailed micro-model (DMM) approach for
simulating the structural response of unreinforced masonry (URM). This DMM is specifically
tailored to predict the mechanical behavior of compressed and stabilized earth block (CSEB)
masonry, whose failure modes are often characterized by plasticity and cracking that are spread
across the different masonry components, namely units, mortar, and unit-mortar interfaces.
Through the FE response simulation of masonry’s representative volume elements (RVEs) subject
to different loading conditions, this study also identifies the specific conditions, in terms of the

ratio 1, between the strength of masonry units and mortar, under which the proposed DMM and

commonly-used simplified micro-models (SMMs) provide consistent or inconsistent simulations
of URM structural response. It is found that the FE results obtained using the proposed DMM and

the existing SMMs are consistent only in the range 2.0 < r < 5.0 for a loading condition
corresponding to a three-point bending test, and for r, < 2.0 for a loading condition corresponding
to a shear loading test. In fact, for r_ < 1.0 and both loading conditions considered in this study,
the SMMs cannot describe the spread of the inelastic behavior across the different masonry

components, which by contrast is captured by the DMM.
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In addition, the proposed DMM was also validated by comparing its FE response results with
experimental data available in the literature for CSEB wallette subjected to a diagonal compression
test. For this specific test, the SMMs were previously shown to provide FE results that are in poor
agreement with the experimentally-measured response. This study shows that the proposed DMM
can successfully simulate the mechanical behavior of CSEB masonry by providing accurate
estimates of the strength, initial stiffness, deflection at peak load, force-displacement response,
and failure mechanism. It is concluded that the proposed DMM represents a useful tool for
simulation and prediction of the mechanical response of URM systems with units of equal or lower

strength than the mortar, and in particular of CSEB masonry systems.
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE

WORK

In this chapter, the main conclusions drawn from the studies in Chapter 2 through Chapter 6

are summarized, and recommendations for future work are offered.

7.1. Conclusions

Chapter 2 presents the structural, architectural, and economic feasibility study for compressed

and stabilized earth block (CSEB) construction in the U.S. Gulf Coast. The main conclusions from

the feasibility study are summarized as follows:

1.

The CSEBs fabricated with at least 9% in weight (wt.%) of cement content satisfy the
minimum strength requirements for building single-story dwellings in high wind regions.
Soil-sand-cement mortars with 15 wt.% cement and at least 30 wt.% sand can be used with
CSEBs.

Exterior CSEB walls need a protection from the weather conditions in a humid climate, and a
dual layer plaster consisting of a soil-cement stucco with a coat of cement paste seems to
provide a sufficient protection.

Hurricane-resistant earthen dwellings can be built using single- or double-wythe CSEB
masonry walls.

CSEB masonry systems can be used to build houses based on local vernacular architecture,
which could promote their acceptance from the local population.

Mortarless Interlocking CSEB walls can be built at a lower cost than other traditional wall
systems, i.e. (in order of increasing average cost), light-frame wood, concrete block, and fired

clay brick wall systems. By contrast, traditional mortared CSEB walls are generally expensive
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because of the high labor required for their construction, resulting less expensive than only

fired-clay brick walls.

In chapter 3, the effect of sugarcane bagasse fibers (SCBF) on the mechanical strength and
durability properties of CSEBs was examined and compared with recommendations available in
design standards and the literature. The conclusions drawn from these investigations are as
follows:

1. The scanning electron microscopy results show that increasing the cement content in the
CSEBs led to a denser and more homogeneous soil-cement matrix. The X-ray crystallography
results suggest that the formation of Ca-bearing minerals (e.g., anorthite, rankinite, ettringite,
and portlandite) makes the soil-cement matrix denser and stronger.

2. The modulus of rupture (MOR) and the flexural modulus of elasticity (MOEf) of CSEBs
improved with increasing cement content and given SCBF content; however, the flexural
toughness index (FT-Is) decreased. The effect of the SCBF content for a given cement content
was dependent on the amount of cement, with positive effects on both MOR and FT-Is up to a
critical fiber content due to fiber-bridging of the cracks. The critical fiber content was identified
as 0.5 wt.% for CSEBs without cement. It is hypothesized that the value of the critical fiber
content increases with the cement content until the failure mechanism is controlled by fiber
fracture. Increasing SCBF content always corresponded to a decrease in MOE  for any constant
cement content.

3. For a constant SCBF content, the dry compressive strength (fod) and modulus of elasticity
(MOEUu) increased, whereas the dry compressive toughness index (DCT-Is) showed only a
small decrease for increasing cement content. For any given cement content, the fod reached

their maximum values at 0.5 wt.% SCBF content, the MOE4 decreased, and the DCT-Is
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behavior was dependent on the cement amount. In particular, the DCT-IS5 reached a peak value
for 0.5 wt.% SCBF content at 0.0 wt.% cement, whereas it monotonically increased for
increasing SCBF content at both 6 wt.% and 12 wt.% cement contents. Similar to the flexural
properties, it is hypothesized that a critical fiber content exists for different cement contents;
however, the compressive behavior is controlled by a confinement effect produced by the
fibers on the soil-cement matrix.

The earth blocks fabricated without stabilization (i.e., without cement addition) did not survive
the wet compression test nor the wetting and drying cycles of the durability test. Therefore,
stabilization is necessary to produce earth blocks that can endure severe wetting and drying
cycles.

The mechanical properties of CSEBs under wet conditions followed trends similar to those of
the corresponding dry mechanical properties. The wet compressive strength and wet modulus
of elasticity were 41-59% and 29-43% lower, respectively, than their dry counterparts, whereas
the wet compressive toughness index values are very similar to their dry counterparts.

Higher amounts of cement corresponded to better durability for any given SCBF amount. The
CSEBs that survived the durability test showed an increase in loss in mass and water absorption
with increasing SCBF content and constant cement content; however, variations of SCBF
amount did not affect the dry density of CSEBs.

The CSEBs stabilized with 6 wt.% cement showed a reduction in wet compressive strength
(between 29% and 61%) and modulus of elasticity (between 23% and 62%); whereas the wet
compressive toughness index showed changes between 17% increase and 7% decrease. By

contrast, the CSEBs stabilized with 12 wt.% cement had an 11-26% increase in wet
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compressive strength, an 11-17% increase in wet modulus of elasticity, and a 3-23% reduction
in wet compressive toughness index.
8. The CSEBs with 0.5 wt.% or 1.0 wt.% SCBF and 12 wt.% cement contents provided the best

compromise between strength and durability among the compositions considered in this study.

Chapter 4 introduced a new interface element’s constitutive model, referred to as coupled
tension-shear interface model (CTSIM), for FE analysis of masonry structures using the simplified
micro-modeling approach. This new model can simulate tension cracking, shear slipping, and
compression failure and is defined by a convex composite failure surface consisting of a tension-
shear failure criterion and a compression cap failure criterion. The performance of the CTSIM in
terms of robustness, computational cost, and accuracy was compared to other similar models
available in the literature through a series of one-element tests and through the comparison of FE
response simulation and experimental results for an unreinforced masonry shear wall. It was found
that:

1. The CTSIM is at least as efficient as and more robust than the other constitutive models for
varying load step sizes and load paths in one-element tests.

2. The use of a single failure surface for mode-I and mode-II failure can improve the
computational efficiency and robustness of the constitutive model when compared to
constitutive models that use two separate failure surfaces.

3. The use of a single failure surface for all failure mechanisms has negative effects on the
computational efficiency and robustness of the constitutive model when compared to
constitutive models that use multi-surface criteria.

4. Constitutive models based on the hypothesis of strain hardening seem to be more efficient and

robust than those based on the hypothesis of work hardening.
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In Chapter 5, the capabilities and limitations of different FE simplified micro-modeling

techniques were investigated through a comparative analysis of their simulation capabilities for

two different types of masonry, i.e., FCB and CSEB masonry. Three different simplified micro-

model (SMM) were developed for each benchmark examples, based on the different material

constitutive models used for the masonry units, i.e., rigid (SMM-I), elastic (SMM-II), and elasto-

plastic (SMM-III) constitutive models. Based on the FE simulation results, the following

conclusions are made:

1.

The inelastic behavior of FCB walls with masonry units significantly stronger than mortar and
unit-mortar interfaces is concentrated along the masonry joints and potential crack surfaces of
known locations. This behavior is consistent with the assumptions made to build SMMs.

The inelastic behavior of CSEB walls with masonry units of strength similar to that of mortar
and unit-mortar interfaces is spread across all masonry components. This behavior is not
consistent with the assumptions made to build SMMs.

All versions of the simplified micro-modeling techniques can accurately simulate the FE
response behavior of the FCB masonry walls; however, this technique is not suitable for the
CSEB masonry, because the simplified micro-modeling approach does not allow crack
propagation through the expanded masonry units. Therefore, a FE detailed micro-modeling
approach must be developed and used to simulate the behavior of masonry with inelastic
behavior spread among all masonry components, such as in the case of CSEB masonry
systems.

The comparison of FE and experimental peak strength shows that SMMs tend to overestimate
the shear strength of the wall, and this overestimation increases for increasing levels of initial

vertical pressure. This overestimation of the shear strength by SMMs is probably because of
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the constraint imposed on the crack path by the single vertical potential crack interface, which

is deterministically located in the middle of the masonry units.

This Chapter also provides recommendations on the use of different FE solvers and on the
mesh and time step discretization for developing accurate and robust SMMs within the FE
framework. In particular, it is shown that implicit static, implicit dynamic, and explicit dynamic
solvers produce similar mechanical responses when used to simulate the nonlinear inelastic
behavior of unreinforced masonry walls; however, the explicit dynamic solver is significantly

more efficient than the other solvers from a computational point of view.

Chapter 6 presents a FE detailed micro-model (DMM) approach for simulating the structural
response of unreinforced masonry. This DMM is specifically tailored to predict the mechanical
behavior of CSEB masonry, whose failure modes are often characterized by plasticity and cracking
that are spread across the different masonry components, namely units, mortar, and unit-mortar
interfaces. Through the FE response simulation of masonry’s representative volume elements
(RVESs) subject to different loading conditions, this study also identifies the specific conditions, in

terms of the ratio r_ between the strength of masonry units and mortar (i.e., r, = 0.1, 0.2, 0.5, 1.0,

2.0, 5.0, and 10.0), under which the proposed DMM and commonly-used SMMs provide consistent
or inconsistent simulations of unreinforced masonry structural response. Based on the FE
simulation results, the following conclusions are made:

1. The SMM:s are consistent only in the range 2.0 < r_ <5.0 for a loading condition corresponding
to a three-point bending test, and for r_ < 2.0 for a loading condition corresponding to a shear

loading test.
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2. For r, <1.0 and both loading conditions considered in this study, the SMMs cannot describe

the spread of the inelastic behavior across the different masonry components, which by contrast

is captured by the DMM.

In addition, the proposed DMM was also validated by comparing its FE response results with
experimental data available in the literature for CSEB wallette subjected to a diagonal compression
test, and the DMM can successfully simulate the mechanical behavior of CSEB masonry by
providing accurate estimates of the strength, initial stiffness, deflection at peak load, force-

displacement response, and failure mechanism.

7.2. Future research work

The research presented in this dissertation advanced the engineering knowledge needed to pave
the way for a broader usage of earthen buildings. It also highlighted research questions that are
still open and should be addressed in future work. This section summarizes the major issues that

could be object of future studies by organizing them by chapter of the dissertation.

7.2.1. Recommendations for future research work based on chapter 2

1. In the present study, Portland cement was used as the stabilizer material and as an ingredient
of the weather protection plaster for CSEB houses. Other more sustainable solutions should
also be considered in future studies, e.g.: using lime as stabilizer; modifying foundations,
roofing, and building geometry to minimize the weather effects in rainy environments; and
evaluating other rendering solutions to protect the building envelope (e.g., earthen plasters
stabilized with lime, acrylic emulsions, polymers, asphalt emulsions, and agave juice).

2. Further detailed investigations are required to fully understand the performance of earthen

dwellings and to provide guidance for the development of modern design codes and standards
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for this type of structures. In particular, both experimental and numerical investigations are
needed to determine the structural resistance and reliability of CSEB systems against extreme
loads because of natural hazards (e.g., high winds and earthquakes), the appropriate
dimensioning and performance of different type of reinforcements, the effects of different
stabilizers and fabrication procedures on the performance of CSEBs and CSEB masonry, and
the proper configurations of architectural and structural details (e.g., taller foundation walls to
separate the wall from the wet soil, alternative wall coating and/or rendering surfaces,
shading/shielding elements, specific roofing and grading details, connections between walls
and foundation and/or between walls and roof, details of window and door openings).

To promote acceptance of CSEB houses by the local population, there is a need to develop
more CSEBs based single- or multi-family house prototype designs that are representative of
the local cultural heritage and environmental context, with the same appearance of houses built

using other more common and widely used construction techniques.

7.2.2. Recommendations for future research work based on chapter 3

1.

In the present investigation, the CSEBs achieved the maximum dry density and resistance to
water absorption when the blocks were reinforced with 0.5 wt.% SCBFs. This result is in
disagreement with the results reported by Danso et al. [83] on reinforced CEBs. Several
hypotheses were proposed in the study. However, further investigation is needed to identify
the actual reason(s) for this difference.

The present study observed an increase in the coefficient of variation (COV) of (a) the dry
density with increasing SCBF content, and (b) of the water absorption for increasing SCBF

content. It was hypothesized that these results may be caused by the fabrication method and by
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the random distribution and orientation of the fibers near the surface of the specimens.
However, these hypotheses need further testing in future investigations.

. Further studies are needed to better understand and quantify the interaction between soil
properties, fiber properties, cement amount, and SCBF amount under different conditions and,
ideally, to develop a mechanistic model that can be used to select the optimal amounts of
cement and SCBF for a given soil and predict the mechanical properties of the corresponding
CSEBs.

The present study observed increase in strength due to the progression of the cement hydration
during the wet cycles of the durability test. It was hypothesized that the high content of clay
and silt combined with the relatively high cement content may have prevented full hydration
of the cement during the 28-day curing period after which the specimens not subjected to the
durability test were originally tested. However, further investigation is needed to fully test this
hypothesis.

. A further detailed scanning electron microscope (SEM) analysis is needed to understand the
fiber-bridging properties of the cracks during the flexure test and confinement effect produced
by the fibers on the soil-cement matrix during the compression test through detailed and
specifically tailored SEM images. In addition, an SEM analysis of the specimens after the
durability tests should also be performed to observe potential modifications in the
microstructure of the specimens.

. A detailed investigation is needed for rigorous comparison of the mechanical and physical
properties obtained from flexurally-tested and pristine specimens and to fully confirm the
observation that the flexure test had only negligible effects on the compressive strength and

durability of the CSEB specimens.
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7. More research is needed to optimize the dimensions of the SCBFs, and further investigate the

influence of fiber slenderness and surface finish on the mechanical behavior of CSEB

reinforced with SCBF.

7.2.3. Recommendations for future research work based on chapter 4 through chapter 6

1.

The newly proposed interface element’s constitutive model, i.e., CTSIM, can be further extent
to include the cyclic/hysteretic behavior.

Further investigation is needed to assess the limitation and capability of SMMs based on
integrated approaches employing complementary experimental and numerical campaigns
having various loading conditions.

The DMM presented in this dissertation can be further extended to simulate the cyclic behavior
of the CSEB masonry systems.

The DMM of earth block masonry presented in this dissertation can be used for developing the
macro-model and micro-element model for CSEB masonry systems, which will increase the
scope of the numerical modeling of CSEBs masonry system and decrease the computational

demand.
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APPENDIX A. DETAILED DRAWINGS OF THE DOGTROT AND SHOTGUN

PROTOTYPE HOUSES
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Figure A.1. Finish plan of the dogtrot prototype houses
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Figure A.8. Floor joist to wall connection details of the prototype houses
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APPENDIX B. DETAILED COST ESTIMATES OF DIFFERENT REFERENCE

PROTOTYPE HOUSE
Table B.1 Detailed cost estimates of light wooden walls for reference prototype house
Per unit Total Cost ($)
Labor Labor Labor
Item Qty. Qty./Unit Mat. Hr. Cost Installation =~ Mat.  cost  Total
Walls
Framing system (ext. & partition)
exterior, long wall 1922 1 ft* 0.68 0.023 1.15 1.29 1307 2479 3786
2"x4" studs, 16" O.C. 1 f2 046 0015 0.750 0.80
Plates, 2"x4", double top, single bottom 0.375 ft. 0.17 0.005 0.250 0.30
corner bracing, let-in, 1"x6" 0.063 ft. 0.05 0.003 0.150 0.19
Exterior sheathing, plywood sheets 2355 1 {2 0.72  0.011 0.55 0.63 1696 1484 3179
Exterior wood siding system 2355 1 ft2 2.60 0.057 2.85 3.06 6123 7206 13329
white cedar shingles, 16" 1 ft2 211 0.033 1.650 1.84
building warp, polypropylene 1.1 f2 0.17  0.002 0.100 0.12
trim, cedar 0.125 f2 0.16 0.005 0.250 0.28
paint, primer & 2 coats 1 f2 0.16 0.017 0.850 0.82
Insulation, exterior wall 2355 1 ft2 0.62 0.01 0.50 0.55 1460 1295 2755
Interior, short wall 610 1 ft2 068 0.023 1.15 1.29 415 787 1202
2"x4" studs, 16" O.C. 1 f2 046 0.015 0.750 0.80
Plates, 2"x4", double top, single bottom 0.375 ft. 0.17 0.005 0.250 0.30
corner bracing, let-in, 1"x6" 0.063 ft. 0.05 0.003 0.150 0.19
Interior finish system 3222 1.14  0.035 1.75 1.77 3673 5703 9376
gypsum wallboard, 5/8", standard 1 f2 036 0.008 0.400 0.44
Finish, taped & finish joints 1 ft2 0.05 0.008 0.400 0.44
corners, taped & finished, 0.08 ft. 0.01 0.002 0.100 0.08
painting, prime & 2 coats 1 ft2 021 0.011 0.550 0.50
Moldings, 9/12"x4-1/2, red oak 0.125 ft. 049 0.005 0.250 0.25
paints trim, to 6", primer + 1 coat enamel 0.125 ft. 0.02 0.001 0.050 0.06
Window & door openings
window 3'x4' 9 1 no. 438 0.267 13.350 14.70 39 132 172
door 3'x7.5" 8 1 no. 438 0.267 13.350 14.70 35 118 153
Vent 34"x22" 1 1 no. 438 0267 13.350 14.70 4 15 19
Stem walls 450 1 f2 232 0.051 2.55 2.81 1044 1265 2309
2"x4" studs, 16" O.C., treated 1 ft* 056 0.015 0.750 0.80
Plates, 2"x4", double top, single bottom 0.750 ft. 042 0.011 0.550 0.60
sheathing., 1/2", exterior grade, CDX 1.000 ft. 090 0.014 0.700 0.78
Asphalt paper, 15# roll 1.000 ft. 0.07 0.002 0.100 0.13
Vapor barrier, 4 mil polyethylene 1.000 ft. 0.04 0.002 0.100 0.12
fiberglass insulation, 3-1/2" thick 0.063 ft. 0.33 0.007 0.350 0.38

USA Average Total () 15796 20484 36280
Weighted Location factor (Baton Rouge) 0.991 0.637
Baton Rouge Total (§) 15638 13069 28707

Total cost for General Contractor including overhead (§) 40,970
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Table B.2 Detailed cost estimates of fired brick masonry walls for reference prototype house

Per Unit Cost ($)
Item Quantity Unit Material Inst. Material Labor cost Total
Walls
stem walls 450 ft? 10.90 23.50 4905 10575 15480
long walls 1922 ft? 5.65 14.20 10859 27292 38152
short walls 610 ft? 5.65 14.20 3447 8662 12109
Masonry Paint
Interior 2898 ft? 0.23 0.760 667 2202 2869
Exterior 3066 ft? 0.23 0.760 705 2330 3035
USA Average Total ($) 20583 51062 71645
Weighted Location factor (Baton Rouge) 0.95 0.541
Baton Rouge Total ($) 19533 27625 47157
Total cost for General Contractor including overhead ($) 66,997

Table B.3 Detailed cost estimates of concrete blocks walls for reference prototype house

Per Unit Cost ($)
Item Quantity  Unit  Material Inst. Material Labor cost Total
Walls
stem walls [8" thick] 450 ft? 4.63 9.40 2084 4230 6314
long walls [6" thick] 1922 ft? 3.69 7.10 7092 13646 20738
short walls [6" thick] 610 ft? 3.69 7.10 2251 4331 6582
Stucco
Interior 2898 ft? 0 0.00 0 0 0
Exterior 3066 ft? 0.24 3.49 736 10700 11436
Masonry Paint
Interior 2898 ft? 0.23 0.76 667 2202 2869
Exterior 3066 ft? 0.23 0.76 705 2330 3035
USA Average Total (§) 13534 37440 50974
Weighted Location factor (Baton Rouge) 0.95 0.541
Baton Rouge Total (§) 12844 20255 33099
Total cost for General Contractor including overhead ($) 46,981
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Table B.4 Detailed cost estimates associated with other components of reference prototype

house
Per unit Total Cost ($)
Labor Labor
Item Qty.  Qty./Unit Mat. Hr. Cost Installation Mat. Labor Total
Foundation
Footing excavation
Building, 24'x38', 4' Deep 1 1 Ea. 0.00 13.76 688.00 1404.22 0 1404 1404
cut & chip light trees to 6 " 0.19 Acre 0.00 9.120 456.00 750.500
Excavate, hydraulic, crawler 174.00 C.Y. 0.00 3.480 174.00 368.88
backfill, dozer, 4" lift, no compaction 87.00 C.Y. 0.00 0.580 29.00 142.42
Rouge grade, dozer, 30' from building 87.00 C.Y. 0.00 0.580 29.00 142.42
Footing System
8" thick by 18" wide footing 319 1 L.F. 6.68 0.15 7.55 7.45 2131 2377 4507
concrete, 3000 psi 0.400 C.Y. 448  0.000 0.00 0.00
plain concrete, direct chute 0.400 C.Y. 0.00 0.016 0.80 0.71
forms, footing, 4 uses 1.330 SFCA 1.09 0.103 5.15 495
reinforcing, 1/2" diameter bars, 2 each 1.380 1b. 0.73  0.011 0.55 0.63
keyways, 2"x4", beveled, 4 uses 1.000 ft. 025 0.015 0.75 0.83
Dowels, 1/2" bars, 2' long, 6' O.C. 0.166 Ea. 0.13  0.006 0.30 0.33
Floor
framing system 1057 1 ft? 3.07 0.073  3.65 4.04 3245 4270 7515
wood joists 2"x8", 16 O.C. 1.0 ft? 1.0o1  0.015 0.75 0.80
bridging, 1"x3", 6 O.C. 0.08  Pr. 0.06  0.005 0.250 0.27
box sills, 2"x8" 0.15 ft. 0.15 0.002 0.10 0.12
concrete filled steel column, 4" 0.125 ft. 0.27  0.002 0.10 0.13
Grinder, build up from three 2"x8" 0.125 ft 038 0.013 0.65 0.73
Sheathing, plywood, subfloor (1/2") 1 ft? 0.72 0.011  0.55 0.63
furring, 1"x3", 16 O.C. 1 ft. 042 0.023 1.15 1.26
joist hangers 0.036 Ea. 0.06 0.002 0.10 0.10
Carpet system
carpet, nylon, level loop 26 oz. 1057 1 ft? 3.04 0.018 275 0.87 3213 920 4133
Roof
framing system 1057 1 ft? 1.53  0.036 1.80 1.97 1617 2082 3700
wood joists 2"x6", 24 O.C., 4/12 pitch 094 ft. 0.69 0.015 0.75 0.83
bridging, 1"x3", 6 O.C. 0.06  pr. 0.04 0.004 0.20 0.31
Fascia, 2"x6" 0.10 ft. 0.08 0.006 0.30 0.20
Sheathing, exterior grade plywood .23 fi? 0.72 0.011  0.55 0.63
Asphalts, roof shingles, Class A 1057 1 ft? 1.90 0.043 2.15 2.21 2008 2336 4344
shingles 123 f? 1.14  0.019  0.95 0.97
drip edge, aluminum, 5" 0.10 ft. 0.06 0.002 0.10 0.11
building paper, #15 asphalt felt 1.3 ft? 0.08 0.002 0.10 0.09
aluminum, vented, 1' overhang 0.08 ft. 0.39 0.012 0.60 0.64
rake trim, 1"x6" 0.043 ft 0.05 0.002 0.10 0.10
rake trim, primer & paint 0.043 ft 0.01  0.002 0.10 0.09
gutter, seamless, aluminum, paint 0.040 ft. 0.12  0.003 0.15 0.16
downspouts, painted aluminum 0.020 ft. 0.05 0.001 0.05 0.05

203



Interior ceiling system
Gypsum wallboard, 1/2", water rest.
Finish, taped & finish joints
corners, taped & finished, 12'x12' room
painting, prime & 2 coats

Door and windows
Exterior Doors
door, solid core, 3' x 6'8"
frame, 4-9/16", exterior casing
interior casing, 1-1/2"
sill, 8/4 x 8" deep
butt hinges, brass, 4-1/2' x 4-1/2"
Average quality
Weather stripping, spring type, bronze
paint door and frame, oil, 2 coats

Interior Doors System
door, flush, birch, hallow core, 2'8" x 6'8"
frame, pine 4-5/8" jamb
casing, ogee, 11/16"x2-1/2", pine
butt hinges, chrome, 3-1/2" x 3-1/2"
lockset, passage
prime door & frame, oil, Bruch work
paint door and frame, oil, 2 coats

Standard Windows System
window, plastic, 3'x4', single glass
trim, interior casing
paint, interior, primer & 2 coat
caulking
snap-in grille

Vent Window
window, plastic, 34"x22", single glass
trim, interior casing
paint, interior, primer & 2 coat
caulking
snap-in grille

Kitchen System
kitchen, economic grade
top cabinets
bottom cabinets
square edge, plastic face countertop
blocking, wood, 2"x4"
soffit, framing, wood, 2"x4"
soffit, drywall
drywall painting

Three fix bathroom systems
bathroom with wall hung lavatory
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0.033
0.008
0.008
0.006
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6.250
1.067
0.725
0.576
0.48

0.571
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1.778
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water closet, floor mounted, 2 pieces
rough-in, vent, 2" dia. DWV piping
waste, 4" dia. DWV piping

1/2" dia. type "L" copper supply piping
Lavatory, 20"x18" P.E. cast iron
rough-in, waste, 1'-1/2" dia. DWV

1/2" dia. type "L" copper piping
bathtub, P.E. cast iron, 5' with accessories
rough-in, waste, 4" dia. DWV piping
1/2" dia. type "L" copper piping

vent, 1'-1/2" dia. DWYV piping

piping, 1/2" dia. type "L" copper
waste, 4" dia. DWV piping

vent, 2" dia. DWV piping

carrier, steel, for studs, no arms

Electric service system
100 Amp service
weather cap
service entrance cable
meter socket
ground rod with clamp
ground cable
panel board 12 circuit

Appliances Systems
kitchen, economy
range, countertop, 4 burners
compactor
dishwasher
garbage disposer
microwave oven
range hood
refrigerator, 16 cu. ft.
Sink, stainless steel, 16°°x20’
water heater, electric, 30 gallons
Wall, terminal heater/air conditioner
6000 BTUH cool, 8800 BTU heat

Bath accessories
Certain rod, stainless, 1°” dia. x 5'
grab bar, 1"dia x 12'
medicine chest, mirror, 18"x24"
toilet tissue dispenser
tower bar, 24"

Electric
Wiring device system, non-metallic
air conditioning system
disposal wiring
Dryer circuit
duplex receptacles
Exhaust fan
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261.00
49.60
63.00
24.42
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97.20
40.70
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lighting wiring 1 Ea. 24.5 0.5 25 30 245 30
rang wiring 1 Ea. 85 2 100 120 85 120
switch, single pole 1 Ea. 24 0.5 25 30 24 30
water heater 1 Ea. 32 1.6 80 96 32 96
Lighting fixture, non-metallic 1 105 2 86 104 417
incandescent, surface mount 60W 2 Ea. 48 0.8 40 49 96 98
fluorescent strip, surface 2 Ea. 56.5 0914 46 55 113 110
USA Average Total (§) 30295 24206 54501
Weighted Location factor (Baton Rouge) 0.991 0.637
Baton Rouge Total (§) 30022 15419 45441
Total cost for General Contractor including overhead ($) 65,110
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APPENDIX C. EXPERIMENTAL TEST RESULTS OF SCBF-REINFORCED

CSEBS

2.1 2.1

1.8 1.8 1
15y £15¢
B 121 ERFY:
T 09} =S 09l
;5; O‘I ;5
Boe6l it Bo6t
B~ : =

03\ 0.3

0.0 : ; ! 0.0

0 2 4 6 8
Midspan deflection (mm)
(a)

2.1 2.1

1.8 1.8
é 1.5+ \E/ 1.5F
E 12+ T 12}
g 09 ¢ - T%s 0.9
B06F VN B o6t
s ,’ RS s

03¢ % e o ST

0.0 : ; ! 0.0

0 2 4 6 8
Midspan deflection (mm)
(©)

207

0.3 f

LTy T e

2 4 6
Midspan deflection (mm)

(b)

A\ ")

2 4 6
Midspan deflection (mm)

(d)




2.1 2.1
1.8 1.8 1
15y 157
el Lo} .‘:
i(g 1.2 § 1.2 A H
50'9_,: go.g-lin,
=
So6f Ji\G So6t R
4 = RN
0.3 [ N 0.3 TeSSS
0o | e 00 | T
2 4 6 2 4 6
Midspan deflection (mm) Midspan deflection (mm)
) 9]
2.1 2.1
1.8} 181 n
—~ ~ 1
Z 15} Zisp |
el o 1
§1.2- 51.2':.:
— — /3
>%0.9- §0.9-,:“
806 B 061 13
= = LN
0.3 0.3 ~ 5
0.0 : : : 0.0 ' ' '
2 4 6 2 4 6
Midspan deflection (mm) Midspan deflection (mm)
(8) (h)
2.1
1.8 ;
ey 1
Zisp
E 12} R
g 09r \:\"
1~ N
E 0.6 1 "t.,“.#.
0.3 e
0.0 ' ; '
0 2 4 6 8
Midspan deflection (mm)
(1)

Figure C.1. Load-displacement curve from flexure test of: (a) EB-00-00, (b) EB-00-05,
(c) EB-00-10, (d) EB-06-00, (e) EB-06-05, (f) EB-06-10, (g) EB-12-00, (h) EB-12-05,
and (i) EB-12-10.
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Figure C.2. Load-displacement curve from dry compression test of: (a) EB-00-00,
(b) EB-00-05, (c) EB-00-10, (d) EB-06-00, (¢) EB-06-05, (f) EB-06-10,
(g) EB-12-00, (h) EB-12-05, and (i) EB-12-10.
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Figure C.3. Load-displacement curve from wet compression test of: (a) EB-06-00,
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APPENDIX D. COMPARISON OF FLEXURALLY TESTED AND PRISTINE

SPECIMENS
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Figure D.1. Comparison of flexurally tested and pristine specimens (a) dry and wet modulus
of elasticity, and (d) dry and wet compressive toughness index.
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Figure D.2. Comparison of flexurally tested and pristine specimens: (a) dry density, and (b)
water absorption.
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Figure D.3. Comparison of flexurally tested and pristine specimens (after durability test):
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APPENDIX E. DETAILED INTEGRATION SCHEME, SUB-STEPPING
STRATEGY, AND EXPRESSION OF FIRST AND SECOND DERIVATIVES OF

CTSIM AND OTHER CONSTITUTIVE MODELS

E.1. Jacobian of the Residuals

The local/global Newton-Raphson strategy [184,216,226] is used to solve the nonlinear system
of algebraic equations obtained from the implicit backward Euler integration [220] of the CTSIM.
This integration procedure leads to a set of algebraic-incremental equations that are solved using
an elastic predictor-plastic corrector approach. The plastic correction step is performed when the
trial stress violates at least one failure criteria (failure surfaces) and consists in an iteration process
that requires: (1) evaluating the residuals of the non-linear constitutive equations, (2) evaluating
the Jacobian of the residuals, (3) solving the set of algebraic equations to obtain the increments of
the independent variables, (4) evaluating the updated residuals and repeating the iteration until
these residuals become smaller than a specified tolerance. Three different cases can occur in the
plastic correction step with their Jacobian of the residuals are:

1. Violation of the tension-shear failure criterion, with independent variables ¢, «,, x,,and A4, :

2 2 2

I}.,.k.qu.a% k-A&-M k-A Y k.aQI

0o 0k,06 0K,00 0o

_ OAk, 1 OAk, _ OAk _ OAk

J (05,5, A% = oo oK, oKy oA (E.1)

_ OAk, _ OAx, - OAk, _ OAx,

0o 0K, 0K, o4,

R, or or, )
| ol Ok, Ok, Joxe
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where I, represents the 3%3 identity matrix and A4, denotes the increment of the plastic multiplier

for the tension-shear failure surface F(o,x,,x,).

2. Violation of the compression cap failure criterion, with independent variables 6, x,,and A4, :

OAKk,
 de
oF,
o6

J(6,K,,A0,) =

2
I3+k-A12-%
06

2

k-AA, -

O°F, 1. OF
* OK,00 0o
_ OAxk, _ OAk;
Ok, o4,
OF, 0
8K3 5x5

(E.2)

where A/, denotes the increment of the plastic multiplier for the compression cap failure surface

F,(o,x;).

3. Violation of both tension-shear and compression cap failure criteria (S-C corner), with

independent variables ¢, «,, k,, k;, A4, and A4, :

2

o’0, O’F,
0o oo
O0Ak
e
OF,

1

- 06
OF

2

06

J(0,k,A4,AL) =

L+k-A) - — kAL —

(E.3)

82
kA, -ﬁm-mz-
Ok 06

OAk

"
oF,
o
oF,

2

oK

0°F, f o0,

0K 0o 06
OAk
04,
0
0

where k = {Kl, K,, K, }T. Note that some of the terms in Egs. (E.1), (E.2), and (E.3) are matrices or

vectors.
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E.2. Numerical Integration Scheme

The CSTIM is consist of two failure criteria ( (o, &,,x,) and F,(0o,k;) ), which interact non-
smoothly at singularity point. Thus, the stress (o), consistent tangent operator (oo /ou) and

internal parameters were determined with the help of multi-surface plasticity solutions. The
implicit backward Euler integration method is used to integrate the differential constitutive
equations. The integration procedure leads to a set of algebraic-incremental equations, which can
be split into elastic predictor, followed by plastic corrector if and only if the trial stress-state
violates the current yield condition. Time discretization of interval of interest can be done as

[0,71=UX,[t,.t,,,] and the relevant problem can be seen with in time interval [¢,,?,,,], it is

nd

assumed that the stress at current time 7 =¢

., should satisfy the equilibrium condition and remain
of yield surfaces. For prescribed increment in relative displacements Au at the time step

t. =t +At, the relative displacement is given by u,,, =u +Au. According to the elastic

n+l
predictor-plastic correct strategy, the stress and internal parameters can be written in their

incremental form as following

0, =0, +kAu' =0, +k(Au-Au?)= 0, +AA, km,,

K., =K, +Ax

K; . =K, TAK, (E4)
E (O-)1+]’Kn+l ) =0

F (0n+1> K3,n+l) =0

Increment in elastic relative displacements Au® and plastic relative displacements Au” reads

au = (e )+ (e ) + ()

(E.5)
Au’ = \/(Auf )2 +(Ausp )2 +(Autp )2

221



where u, u;, and u, denote the elastic relative displacements and u”, u”, and u” denote the

plastic relative displacements in the n, s, and ¢ directions, respectively. Three different cases can

occur for the elastic predictor-plastic correct strategy: (1) violation of the F|(o,x) surface; (2)
violation of the F,(o,x;) surface; and (3) violation of both yield surface, i.e., F(o,x) and
F,(o,x;) surface. In the following, the procedure employed for the third case (multi-surface

plasticity) is described in detailed, which is the most general case for the integration of non-linear
system of equations. Newton—Raphson strategy is used for the solution of non-linear equation in
monolithic format, as illustrated in the Ottosen and Ristinmaa [226], Caballero et al. [216], and

Macorini and Izzuddin [184].

The solution of multi-surface plasticity is obtained by assuming the Kuhn-Tucker
complementarity conditions and Koiter’s flow rules [220]. The increment of total relative

displacements can be divided into two components, the elastic (Ay¢) and the plastic (Ay”) parts.

In addition, plastic part consists of the two parts attributed from the tension-shear (Au}i}) and

compression cap (Auﬁ2 ) potential surfaces:

Au = Au’ +Auj +Aug (E.6)
With
Au? = Az 22 (E7)
‘ oo
Aul, = A/12% (E.8)
? oo
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Where A4 and AA,are the increments of the plastic multipliers for F(o,x) and F,(o,k;)

surfaces, respectively. The solution is obtained by considering the loading/unloading conditions:

A4 20, F(o,x)<0, AALF (0,x)=0

(E.9)
A4, >0, F,(0,x;)<0, ALF, (0,Kk,)=0

Where, x = {Kl, K, }T , and the determination of residual for the Eq. (E.4) and can be written as

O, 1~ O-rt:?l +AA,, km,
K. —kK,+AK,
F(O s K> Ky s A, AL L) = 1 Ky — K, AR, (E.10)
F(0,..K,,)=0
£y (0,1, K5,.0) =0
Linearization of the residual and expanding the residual. We can write
=r(0+00,Kk + 0K, Kk, + 0K, AA + OAA, AL, + OAL)
5 T
oK
=r(o,K,Kk;,AL,AL) + rio, k., A, AL,) SK, |[+0(8%) E1D
0(o,K,Kk;,AL,AL)
OAA,
o, |
where the truncation after first order term is zero (i.e., O(6%)=0), and r(o, K, Kk, Ak, AL) is the

o(o,x,K;,AL,AL)
gradient of residual with respect to its dependent variable (i.e., o, x,AA,A4,) commonly known
as Jacobian J(o,x,k;,AA,A4,). The Jacobian (J(o,k,k;,A4,AA,)) at time step n+1 can be

CXPpress as
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2
I, +kAJ 0 Ql
O'

kA/’L —2
80‘

2 2
0o Ok 0o Ok, oo oo
I,- OAk 0 _ OAx, 0
oK o4,
0 | OAKk, 0 _ OAk;,
Ok, o4,
il 0 0 0
oK
0 o, 0 0
Ok,
(E.12)

where I, represents the 3x3 identity matrix, and I, represents the 2x2 identity matrix. The actual

solution is achieved by letting the residual go to zero for that current time step during plastic

loading. This can be achieved by performing iterations cycles. The iteration will end when residual

becomes smaller then prescribed tolerance value. The residual reads

| oo
5K,
0=r(o, O,i1> n+1’K3/1+1’A/11n+1’Aﬂ‘2n+1)+J( il n+1’K3k,n+1’Aﬂ’|],€n+l’Aﬂ‘2k,n+l) 5’(;{11 (E.13)
AR
| SAL |
Finally, we get
| ool |
5K\
§K3kil —J ( O, n+1’K3k,n+1’A//{11fn+l’A//{’Zk,n+l)r(o-r]:Jrl’K:H’K3k,n+1’A//{11,{n+l’A/Izk,nﬂ) (E.14)
5qu211
§Aﬂ”;n+l
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and

e [ et ] [ set

K0 Ky 5K,y
K3k,:1+1 = K3k,n+1 + 5’(;:11 (E.15)
A, AL ra AL

_A’Lf;lﬂ ] _Aﬂ'zk,m ] _5Aﬂ'2k,;1+1 ]

To solve the local problem, an initial approximation for the unknown is also needed. The

standard choice is the elastic trial state, which is

o | e
K. K‘:
K30,n+1 =| Ky, (E.16)
ai, | | o

(AL, L0

At the end of the iterative process, the local tangent operator (oo / du) is obtained as the first

derivative of the stresses with respect to the relative displacements. It can be determined by

linearizing the non-linear equations from Eq. (E.4) [ref], and we get

00 _ P (o x0,k, AL AL PR (E.17)

ou

where P the projection matrix on the stress is space, P =[I, 0;xs] and 0, is a 3x5 null matrix.

E.3. Sub-stepping Strategy
An adaptive multi-level sub-stepping strategy is employed when: (1) prescribed relative

displacement Au is greater than predefined maximum relative displacement, (2) solution of local

procedure does not reach convergence within a prescribed number of iterations. In the first case,
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the prescribed relative displacement Au is divided into equal parts such that increment in relative
displacement become smaller the predefined maximum relative displacement. In latter cases, the
increment in relative displacement is halved each time until the solution is achieved or the
increment in relative displacement becomes smaller than predefined minimum relative
displacement, in this case, global iteration is recalled. Therefore, any increment could be
subdivided into n sub-increments, which could be of different sizes, but they always fulfill that

the total displacement at the end of the increment is equal to the sum of all sub-increments:

n

Au,, => Aul, =Au,, (Za’]; 0<a'<1, Yo' =1 (E.18)
I=1 I=1

I=1

At each sub-step, first, the elastic trial stress is obtained. Then, the violation of either or both
yield surfaces is subsequently checked as in the case of without sub-stepping. For each sub-step,

I the stress vector, the softening/hardening parameters, and plastic multipliers are computed by

is substituted by Au’ ,, and then transferred the converged solution

n+l’

solving Eq.(E.4), where Au

n+l
to the next step, until a solution is obtained for the last sub-step. Finally, the consistent tangent

operator (9o / du) is determined by adding the different contributions from each sub-step, using

the method proposed in [ref] by using the following equation, which provides quadratic

convergence at the global level:

(E.19)

1
[a; }:PT I (o' K Kkl AA AL
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For the first sub-increment ¢ /ou=0, 0x°/0u=0 and ok’ /ou=0.

E.4. Expression of First and Second Derivatives of CTSIM

Tension-shear Failure Criterion

oF, T

(2

— =n=|tang s

do \/r52+rt2+(C—5ﬁ tan @)’ \/ff+rt2+(C—5ﬁ tan ¢)°

99
oo

=m= [Ztan w(C,—otany) 2z, 21,]

“2(tany)” 0 0

0’0,

Py = 0 2

2 2
oCc | oC oC ~C,x, (f[} e —Cx [Co] o
- = — | = G[ 072 GII
ok |0k, Ok, /

A
2
0C, _[0C, Gy ] _| —c,x, ( CJ;I J o
ok | Ok, Ok, /
A

6o, _ oo, 00, _ —f,/c,(
oK ok, Ok,
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E.S5. Prominent Equations of Lourenco’s Model
Yield Function
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Fz (aa K, Kz) :| T | —o tan ¢(K| > Kz) - C(Kl > Kz) (E-44)
F(o,x)=C,0°+C, " +C,0c— Efnmp (x3) (E.45)
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APPENDIX F. NUMERICAL CHARACTERIZATION OF COMPRESSIVE

BEHAVIOR OF COMPRESSED AND STABILIZED EARTH BLOCKS

Based on the experimental results presented in the previous study [173], it was hypothesized
that the stress-strain responses obtained from the middle-third portion of the specimens with aspect
ratio equal to 2 could be used to define a constitutive model for the CSEB material. In order to test
this hypothesis, numerical analyses of the direct unit test of CSEB specimens (performed in
previous study [173]) were performed based on the FE method. The FE analyses were performed
using the commercial FE software ABAQUS [223]. CSEB cylindrical specimens with aspect ratio
equal to 2, 1, and 0.5 were modeled using 4-node bilinear plane stress quadrilateral elements with

reduced integration (CPS4R).

Figure F.1 shows the adopted FE model domain for the direct unit test of CSEB specimens.
The symmetry of the problem was exploited; therefore, only one-half of the cylindrical CSEB
specimens was modeled. In addition to the CSEB, the FE models also included the steel plates and
the layer of polytet-rafluoroethylene (PTFE), which were used during the experimental tests. Both
steel plates and PTFE sheets were considered elastic. The modulus of elasticity and Poisson’s ratio
of the steel plate were defined as 210 GPa and 0.29 respectively. The modulus of elasticity and
Poisson’s ratio of the PTFE sheets were defined as 500 GPa and 0.42 respectively, as specified by
the manufacturer. In addition, frictional contact was defined between the CSEB specimen and
PTFE sheet through a penalty formula-tion. The steel plates and the PTFE sheets were considered
perfectly bonded since they were glued to-gether during the experimental tests. The coefficient of
friction between the steel and PTFE sheets was determined as 0.48 per ASTM G115 [291] and

ASTM D1894 [292].
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Figure F.1. Schematics and FE discretization CSEB cylindrical specimens

A concrete damaged plasticity model (CDPM) was adopted to simulate the elastoplastic
behavior of the CSEB material. The uniaxial compressive behavior of CSEBs was calibrated using
the experimental results obtained from the middle one-third portion of the cylindrical specimens
with aspect ratio equal to 2. Figure F.2 shows the experimental uniaxial compressive stress-strain
curves as well as the numerical model obtained by estimating the mean values of the model

parameters based on the experimental results.

Here, it is noted that the experimental data after peak strength were deemed not sufficiently
reliable and that the post-peak curve was defined by estimating the necessary model parameters
from the measured peak strength. Therefore, the present study focuses on the CSEB stress-strain
response up to peak stress to gain some preliminary insight into the unconfined uniaxial
compressive behavior of CSEB materials. In addition, the uniaxial tensile behavior was calibrated
using the three-point flexural test results available in [167] for CSEBs specimens similar to the

specimens used in the present study.
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Figure F.2. Stress-strain curves from middle-third of CSEB specimens with aspect ratio
equal to 2

Table 3 summarizes the model parameters used to describe the CSEB specimens constitutive

behavior. In the CDPM, J, is ratio of bi-axial compressive strength and uniaxial compressive
strength, K is ratio of the second stress invariant on the tensile meridian and on the compressive

meridian, and 7 is viscosity parameter. The values of E, v, fi and G; are the mean values obtained

from the experimental data. The CDPM parameter values used in this study are those
recommended in the literature for concrete [267,268,277,278], which are expected to provide at
least qualitatively reasonable results for the CSEB quasi-brittle material considered here. Whereas
this selection is acceptable for the preliminary investigation presented in this appendix of the
dissertation, it is recommended that future studies are based on CDPM parameter values obtained
for CSEBs through an appropriate experimental campaign enlisting, e.g., bi-axial compressive

strength tests.
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Table F.1 Material properties for FE modeling of CSEB specimens.

Elastic parameters Modulus. of elastic.ity E (MPa) 2546
Poisson's ratio v (-) 0.17
Tensile behavior parameters Modulus of rupture fc (MPa) 0510
Mode-I fracture energy G} (N/mm) 0.009
Dilation angle 38°
Eccentricity e, 0.10
CDPM parameters Bee 1.16
K, 0.67
n 8.5x107°

Figure F.3(a) and (b) present a comparison between the experimental and numerical load-
displacement curves for cylindrical specimens with aspect ratio 2 and 1, respectively. It is noted
that the markers along the experimental curves in Figure F.3 indicate the loads selected for the
acquisition of images for 3D-DIC analysis. The simulation results are in fair-to-good agreement
with those from the physical tests. In particular, the experimental and numerical load-displacement
values are in good agreement up to the peak load, which indicates that the numerical input curve,
which was obtained from the experimental data, is representative of the unconfined uniaxial
compression behavior of the CSEB. Table F.2 reports the experimental and numerical estimates
of the peak strength and initial stiffness of the three sets of specimens, together with their
percentage differences. It is observed that the developed FE models are able to predict the stiffness
of the cylindrical CSEBs specimens with good accuracy where percentage difference in the
numerical and experimental value of stiffness are 9%, 5% and 14% for the cylinder with aspect
ratio 2, 1, and 0.5, respectively. The percentage difference in peak strength for the cylindrical
specimens with aspect ratio 2 is 3%; however, this differences substantially increases for de-
creasing aspect ratio, with values of 21% and 47% for cylindrical specimens with aspect ratio 1
and 0.5, respectively. These results suggest that the stress-strain curves obtained from the middle-

third portion of cylindrical specimens with aspect ratio equal to 2 may be used to define a material
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constitutive model for the unconfined uniaxial compression behavior of CSEBs, but also that the
FE model used in this investigation does not fully capture the effects of confinement in axial

compression tests.

16 - - ' . 16

Numerical

Numerical
- - ©- - - Experimental

- —©- - Experimental

J—
\S]
—
[\

Axial load (kN)
oo

Axial load (kN)
oo

S

L I L I 0 b L 1 L I
0.0 0.3 0.6 0.9 1.2 1.5 0.0 0.3 0.6 0.9 1.2 1.5

Relative displacement (mm) Relative displacement (mm)
(a) (b)
Figure F.3. Compressive load-displacement curves of CSEB specimens with aspect ratio
of: (a) 2, and (b) 1
The numerical analysis results indicate that the stress-strain curves obtained from the middle-
third portion of cylindrical specimens with an aspect ratio of 2 may be suitable to define a

constitutive model for the unconfined uniaxial compression behavior of CSEB materials. More

research is ongoing to more effectively simulate the effects of confinement in uniaxial compression

tests.
Table F.2 Comparison of experimental and numerical maximum load and stiffness.
Maximum Compressive Load (kN) Stiffness (kN-mm)
Experimental Numerical Difference Experimental Numerical Difference
CY-2.0 10.7 10.4 3% 57.4 62.4 9%
CY-1.0 11.1 13.4 21% 128.9 122.9 5%
CY-0.5 16.3 23.9 47% 223.4 192.8 14%
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APPENDIX G. PARAMETRIC STUDY FOR DMM OF CSEB MASONRY

WALLETTE SUBJECTED TO DIAGONAL COMPRESSION LOAD

G.1. Parameters Corresponding to CDPM
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Figure G.1. Parametric study of biaxial stress ratio for DMM of the CSEB masonry wallette
subjected to diagonal compression load: (a) peak load, and (b) initial stiffness.
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Figure G.2. Parametric study of dilatancy angle (CDPM) for DMM of the CSEB masonry
wallette subjected to diagonal compression load: (a) peak load, and (b) initial stiffness.
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Figure G.3. Parametric study of viscosity parameter (CDPM) for DMM of the CSEB masonry
wallette subjected to diagonal compression load: (a) peak load, and (b) initial stiffness.
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G.2. Tensile Strength
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Figure G.4. Parametric study of tensile strength for DMM of the CSEB masonry wallette
subjected to diagonal compression load: (a) peak load, and (b) initial stiffness.
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G.3.

Mode-I Fracture Energy
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Figure G.5. Parametric study of Mode-I fracture energy for DMM of the CSEB masonry
wallette subjected to diagonal compression load: (a) peak load, and (b) initial stiffness.
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G4.

Compressive Strength
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Figure G.6. Parametric study of compressive strength for DMM of the CSEB masonry
wallette subjected to diagonal compression load: (a) peak load, and (b) initial stiffness.
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G.5. Compressive Plastic Strain
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Figure G.7. Parametric study of compressive plastic strains for DMM of the CSEB masonry
wallette subjected to diagonal compression load: (a) peak load, and (b) initial stiffness.
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G.6.

Other Parameters Corresponding to Unit-mortar Interface
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Figure G.8. Parametric study of dilatancy angle for DMM of the CSEB masonry wallette
subjected to diagonal compression load: (a) peak load, and (b) initial stiffness.
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Figure G.9. Parametric study of friction angle for DMM of the CSEB masonry wallette

subjected to diagonal compression load: (a) peak load, and (b) initial stiffness.
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