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ABSTRACT 

Confined masonry (CM) building system has been in use in several earthquake-prone 

countries, for example, several countries in Latin America and Mediterranean Europe, 

because confinement of the masonry walls with nominal tie-elements has been found to be 

very effective in their superior performance during past earthquakes. CM has also emerged 

over the last few decades as a popular, cost-effective alternative to seismically vulnerable 

unreinforced masonry (URM) buildings and improperly constructed and non-ductile 

reinforced concrete (RC) frame buildings with masonry infills in many developing countries. 

The uniqueness of CM building lies in its simple construction methodology, good wall-to-

frame connections and load transfer mechanism, and full utilization of material strength that 

contribute to their earthquake safety and make the construction system economic. Though 

this building system has exhibited good performance in the past seismic events, there is a 

huge scope of studying its engineering behavior because of significant variation in materials 

used, lack of research on understanding the complex composite mechanism, and lack of 

development efforts in building sectors. Therefore, the primary objective of the present study 

was to investigate the behavior of CM walls under gravity and lateral loading and develop 

simple methodologies for their seismic analysis and design.  

In the present study, three CM walls of different aspect ratios (from slender wall to squat 

wall) were designed based on present international practice and corresponding half-scale 

specimens were tested under quasi-static cyclic loading. The test results highlighted the 

important role of aspect ratio of wall, especially on the initiation of shear or flexural cracking 

in different members. The tie-columns of the squat wall suffered major damage quite early. 

This necessitates a need of proper guidelines for the design of tie-columns as well as masonry 

walls of CM buildings considering the influence of important parameters. Most of the 

available seismic design codes for CM are still under development with several gap areas 

remaining to be addressed. As a step towards filling this gap, the design values of shear and 

flexural strengths of CM walls tested in the present and several past experimental studies 

were estimated using all the existing codes of CM by considering all the associated safety 

factors. A comparative design versus actual lateral strength assessment was carried out to 

compare the global safety margins obtained from different codes. It was observed that some 
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codes provide considerable global safety margins, whereas some do not, even after 

considering all the recommended safety factors. These inconsistencies raise questions on the 

effectiveness of the existing guidelines for the safe and economical design of CM buildings. 

A comparative study with some preliminary models was carried out to develop a simplified 

numerical model for CM walls by realistically simulating the axial forces in tie-columns and 

tie-beam deflection under the action of gravity loads. A new macro-model “V-D strut model” 

was finally developed for the analysis of CM walls under the action of both gravity and 

seismic loads. Due care was taken to simulate not only the initial stiffness and strength of 

CM walls but also to characterize their failure modes in a simplified way using the effective 

shear strength of masonry estimated by carrying out a parametric finite element study. 

Effectiveness of the V-D strut model in predicting the lateral strength of CM walls was 

validated using several CM walls tested previously. The developed analysis method using V-

D strut model was found to be extremely simple and effective to use. 

Estimation of lateral strength, as well as complete backbone profile of CM walls under lateral 

loading, is necessary for seismic performance-based design of CM structures. Existing 

formulations were utilized to estimate the lateral stiffness, strength, and deformability at 

different performance levels of several CM specimens tested in past as well as in the present 

study. The experimentally obtained backbone curve parameters were compared with those 

estimated analytically from different formulations to evaluate their effectiveness. Based on 

these observations, proposals were made for a generalized analytical backbone curve model 

of CM walls that may be used for performance-based seismic analysis and design. Further, 

the available literature does not provide an estimation of design forces in individual members 

of CM walls. Thus, an extensive parametric finite element study was carried out considering 

the influence of several important parameters, and based on the results a methodology was 

finally developed for relative distribution of shear forces in tie-columns and masonry walls 

of CM walls under the action of lateral loading. 
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1.1 OVERVIEW 

In the quest for safe and affordable housing, numerous building typologies have emerged in 

the past in different parts of the world. While safety is a function of the quality of materials, 

workmanship, building configuration, and adherence to the construction and design 

guidelines among other measurable and non-measurable parameters, cost primarily depends 

upon the extent to which locally available materials and labor are used in the construction. In 

some seismically active regions, especially those in the under-developed and developing 

countries, the relationship between safety and affordability becomes more complex as cost 

starts playing a major role in housing construction. Such eccentric focus on reducing the cost 

of construction leads to poorer construction of housing typologies, even of those for which 

design and construction guidelines are readily available, e.g., unreinforced masonry (URM) 

buildings and reinforced concrete (RC) frame buildings. This pursuit of affordability at the 

cost of safety has clearly increased the seismic risk in some seismically active regions as 

observed during several past earthquakes (Jain et al. 2002, Murty et al. 2006a, Kaushik and 

Jain 2007, Kaushik and Dasgupta 2013, Joshi and Kaushik 2017, Rai et al. 2017, Brzev and 
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Mitra 2018, Furtado et al. 2021). A large number of URM and RC buildings, have suffered 

severe damages and collapse during past earthquakes as shown in Fig. 1.1, and strengthening 

of reparable URM buildings using variety of techniques is a common practice after every 

earthquake (Corradi et al. 2002, Borri et al. 2013, Borri et al. 2019, Choudhury and Kaushik 

2021). Many reasons can be attributed to such unacceptable performance of some of these 

most common housing typologies, one of the primary reasons being adoption of cost-cutting 

measures by ignoring seismic features and using poor quality materials and workmanship.  

 
Figure 1.1:  Performance of URM and RC buildings in past earthquakes: (a) collapse of a 

3-story URM building at Bhaktapur, Nepal (2015 earthquake), (b) out-of-

plane collapse of several walls of a 4-story URM building in Dolakha, Nepal 

(2015 earthquake), (c) pan-cake type failure of intermediate stories of an RC 

building in Gangtok, Sikkim (2011 earthquake), and (d) poor performance of 

recently constructed RC building in Imphal, Manipur (2016 earthquake).  

(a) 

(c) 

(b) 

(d) 
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Masonry has been the most commonly used construction material in the world, and confined 

masonry (CM) has been recognized as one of the safe and affordable housing typologies in 

many countries. CM originated in Italy as a reconstruction technique of the collapsed URM 

buildings after the 1908 Messina earthquake having magnitude 7.2 (Brzev 2007). Thereafter, 

its practice expanded to several other countries or regions of high seismic risk (mainly Latin 

American countries). Confined masonry is an improved masonry structural system, where 

gravity as well as lateral loads are primarily resisted by the load-bearing masonry walls that 

are confined by lightly reinforced tie-columns and tie-beams. In CM system, the masonry 

walls are first constructed, and then reinforced concrete columns and beams (tie-elements) 

are cast-in-place around the boundaries of each wall and by enclosing the openings (Fig. 1.2). 

Though these tie-elements are smaller in size and are lightly reinforced compared to normal 

RC columns and beams, they improve the flexural as well as shear behavior of masonry by 

developing confining effects on masonry. Toothed edges (an arrangement of bricks 

alternately projecting at the end of a wall to permit bonding while pouring concrete in tie-

columns as shown in Fig. 1.2) or joint reinforcement (anchorage) can also be used to improve 

the bonding between masonry wall and RC tie-elements and to delay undesirable cracking 

and separation at the interface under loading. Thus, under the action of lateral seismic loads, 

CM walls have significantly higher strength and deformability in comparison to URM walls 

and even poorly constructed non-ductile masonry infilled RC frame buildings, reflecting 

better seismic performance. Further, though the finished form of CM buildings is similar to 

masonry infilled RC frame buildings, CM requires minimal engineering intervention in all 

stages of construction as the RC tie-elements are not designed as moment-resisting frames. 

The construction provides economic advantages as instead of the RC confining frame, it 

utilizes the full masonry strength in the main load-bearing element (Marques and Lourenço 

2014, Jain et al. 2014).  

Over the years, engineered CM buildings around the world have performed reasonably well 

during past earthquakes (Figs. 1.3a, 1.3b). Naturally, CM has been embraced as an affordable 

and resilient seismic solution for low-rise buildings in many countries. Some of these 

buildings suffered severe damages because of absence of tie-columns around the openings 

(Fig. 1.3c). The buildings with inadequate size and spacing of tie-columns, weaker masonry, 

and that constructed with poor workmanship also suffered varying degrees of damages in 

past earthquakes (EERI 2007, and Galvis et al. 2017).  
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Figure 1.2:  Typical confined masonry building: (a) key components of a typical confined 

masonry building, (b) a single-story confined masonry building with tie-

columns, tie-beams, lintel bands, and sill bands (Schacher and Hart (2015), 

and (c) construction sequence of a masonry wall along with the tie-columns 

(Jain et al. 2015).  

 

Such damage in CM buildings usually took place at the first story level (Fig. 1.3d) and 

represented two major failure modes related to shear and flexure (Brzev 2007, Meli et al. 

2011, Marques and Lourenço 2019). These failure modes are controlled by several 

parameters, such as wall aspect ratio, reinforcement percentage in tie-columns, overburden 

pressure, material strength, etc. The observed damages in CM buildings can be prevented or 

(a) 

(b) (c) 
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reduced by providing sufficient confinement to the openings in the walls and by using good 

quality materials and improved workmanship. This can be achieved by developing analytical 

and numerical models that can incorporate realistic loading conditions and that can be used 

to estimate the design forces in elements of CM walls. Consideration of variation in important 

parameters related to material, loading, geometry, and detailing is equally important while 

developing analytical or empirical models and design guidelines for CM buildings. 

 
Figure 1.3:  Performance of CM buildings during past earthquakes: (a) Severely damaged 

RC building adjacent to undamaged CM building in 2008 Wenchuan, China 

earthquake (Wang 2008), (b) Undamaged six-story CM building adjacent to 

collapsed URM building in 2007 Pisco, Peru earthquake (Brzev and Mitra 

2018), (c) Absence of RC tie-columns in walls with openings resulted in 

damage to CM building in the 2010 Chile earthquake (Brzev and Mitra 2018), 

and (d) damaged to the ground floor of a medium-rise CM apartment buildings 

in the 2010 Maule, Chile, earthquake (Brzev and Mitra 2018). 

 

(a) (b) 

(c) (d) 
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1.2 MOTIVATION OF THE STUDY 

With the increasing use of confined masonry buildings in different parts of the world, it has 

been realized that additional methods are required for their seismic analysis and design as the 

existing methods may not be sufficient to cater to the present needs due to the reasons 

discussed in the following. Huge variation in not only the material properties of masonry, but 

also the types of masonry used in CM buildings, intensifies the necessity of developing 

generalized analytical and numerical models for seismic analysis of these buildings. Though 

some methods have already been developed for analysis of CM walls, a numerical model that 

can realistically simulate the gravity as well as lateral load response of CM walls is not yet 

fully developed. The existing analytical methods are too simplistic for a complex system such 

as confined masonry. Some of the existing methods may not be used for nonlinear analysis 

(e.g., strut and tie method), while some cannot simulate the interaction between masonry and 

concrete elements under gravity and lateral loads (e.g., wide column method). Finite element 

simulation models can be used for both nonlinear analysis and simulating the masonry-

concrete interaction, but their effectiveness in estimating the design forces in tie-members or 

masonry walls has not been validated.  

Backbone models have been developed in the past for estimation of lateral load carrying 

capacity, stiffness, and deformability of CM walls. The mathematical formulations have been 

developed using the past experimental data obtained from limited studies in only a few 

countries. Considering the huge variations in material properties and construction 

methodologies in different regions, it is important that more such formulations are developed 

for different conditions so that generalized backbone curve model (lateral load – deformation 

envelopes) for CM walls can be developed. These backbone curve models can be very useful 

in estimating the initial stiffness, lateral strength, and deformability of CM walls while 

designing for seismic forces.  

Several guidelines and design codes have been developed over the years in different countries 

to provide basic design details on CM and promote its construction practice; however, they 

convey a large dispersion in rules and many gaps. Moreover, most of the design codes and 

guidelines provide prescriptive methods of design using some common thumb rules. Design 

guidelines need to be further developed to reduce the dependence on limited guidelines and 

design codes developed by a few countries. Further, there is a need to assess the effectiveness 

of the design guidelines and provisions of different codes in ensuring the seismic safety of 
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CM buildings, especially in the context of those countries in which very weak and soft bricks 

are commonly used. The distribution of design seismic forces to masonry walls and tie-

columns of CM buildings is also not clearly discussed in the existing literature. 

The above-mentioned issues form the basis of motivation of the present study in which 

experimental, analytical, and numerical investigations are systematically carried out to 

recommend possible solutions to the identified problems related to the seismic analysis and 

design of confined masonry buildings. 

1.3 OBJECTIVES OF THE STUDY 

Though CM buildings started as an informal construction practice, their lateral load behavior 

has been found to be significantly better than the URM buildings as well as poorly 

constructed non-ductile masonry infilled RC frame buildings. As a result, CM buildings have 

attracted considerable interest in the research field particularly in order to further improve 

their analysis and design methodologies and understand the influence of some important 

parameters on their seismic behavior. Some analysis and design guidelines have been 

developed in the past for CM buildings; however, most of these guidelines are based on some 

thumb rules and simplified assumptions, and are primarily applicable for only one to two-

story buildings. Therefore, systematic research is required to be carried out for developing 

numerical and analytical methods for seismic analysis of CM walls. Similarly, an engineered 

design approach is essentially required to be developed for CM walls instead of a prescriptive 

approach, which is commonly used in many countries. Based on these points, the primary 

objectives of the study are framed below: 

• Understanding the influence of aspect ratio on the lateral load behavior of confined 

masonry walls by carrying out an experimental study. The experimental data will also 

be used in developing and validating the numerical and analytical models for CM 

walls. 

• Development of a simple numerical model for nonlinear lateral load analysis of 

confined masonry buildings considering the influence of the important parameters, 

including that of the gravity loads. 

• Assessing the effectiveness of the existing design codes and guidelines to safely 

design the CM walls.  
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• Use of existing analytical prediction model and experimental data, including that 

obtained in the present study, and develop analytical model or formulations for the 

estimation of lateral strength, stiffness, and deformability of CM walls. The 

developed formulations will be used in the development of generalized backbone 

curve model for CM walls that can be used by design engineers for the seismic 

analysis and design of CM buildings. 

• Estimation of the design forces in different members of CM walls by finite element 

simulation that can be used to analyze CM walls under the action of gravity and lateral 

loads. 

These objectives will be fulfilled by carrying out systematic experimental, numerical, and 

analytical studies on CM walls. The final goal is to recommend simple numerical and 

analytical models for seismic analysis of CM walls using which different elements of CM 

walls can be formally designed. Several intermediate objectives, as discussed above, will be 

achieved in order to accomplish the final goal. 

1.4 ORGANIZATION OF THE THESIS 

The experimental, analytical, and numerical research work accomplished in the thesis are 

reported in eight chapters of the thesis. These chapters cover five major contributions arising 

from the thesis as identified in the objectives of the study. Each chapter first introduces the 

subject matter to the reader and ends with a summary of discussion with sufficient links to 

the subsequent chapters. In the first chapter, the research topic is first introduced followed by 

a brief discussion on the motivation of the study and finally the objectives of the study are 

identified. The existing literature on lateral load behavior of CM walls, their performance in 

past earthquakes in comparison to URM buildings and some other building typologies, past 

experimentally observed behavior, and existing analytical models for analysis of CM walls 

are covered in Chapter 2.  

Chapter 3 provides complete details on the methodology used, test setup, and results obtained 

in the experimental study carried out on three half-scale specimens of CM walls. The cyclic 

lateral load behavior of CM walls having different aspect ratios are discussed with the help 

of hysteresis curves, stiffness degradation curves, and energy dissipation curves. Damage 

progression and failure modes observed in all the specimens are compared for understanding 

the influence of aspect ratio on lateral load response of CM walls. A simple numerical model, 

described as “V-D Strut Model”, for seismic analysis of CM walls is developed in the fourth 
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chapter. The applicability of the developed model in nonlinear seismic analysis of CM walls 

is highlighted. It is shown that the V-D strut model is able to consider the influence of the 

gravity loads as well as several other parameters in the lateral load analysis. The simple 

numerical model is validated with past studies and it is observed to be highly effective in 

predicting the lateral load response of CM walls.  

In Chapter 5, the existing design guidelines are assessed for understanding their effectiveness 

in safely estimating the design forces on CM walls by comparing their estimation with a large 

number of past experimental and analytical results. It is shown that most of the existing 

guidelines cannot be used as generalized methods for seismic design of CM walls.  

Generalized backbone curve models in the form of tri-linear force-deformation curves are 

developed for CM walls in Chapter 6. The formulations are developed based on the 

experimental data obtained in the present study and several past studies, along with the data 

reported in the past analytical studies. It is shown that the developed backbone model can be 

easily used for initial design and assessment of CM walls.  

Chapter 7 utilizes the experimental data, analytical formulations, and detailed finite element 

models of CM walls for extracting the forces developed in different elements of CM walls. 

The estimation provides an in-depth understanding of the influence of tie-columns on the 

lateral load behavior of CM walls in great detail for developing design guidelines for tie-

columns and masonry walls. Finally, the study is summarized in the last chapter wherein the 

major contributions are reported and conclusions are drawn. Limitations of the study and the 

scope of potential research work on confined masonry are also discussed. 
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2.1 OVERVIEW 

Confined masonry (CM), a typical affordable housing solution for several seismically-prone 

countries, has steadily boosted its popularity as an alternative construction technique across 

different parts of the world. This housing system has huge variations, in terms of the 

properties of materials used for construction, detailing of tie-elements, construction practices, 

etc., across different regions. Several experimental and numerical studies have been carried 

out in the past to understand the behavior of CM buildings. In this chapter, relevant literature 

has been reviewed to develop a basic understanding of the subject. First, the performance of 

CM buildings in past earthquakes reported by several research teams is discussed, and 

possible failure modes are shortlisted to understand the general behavior of CM buildings. 

Different experimental investigations of CM buildings are reviewed and the influence of 

important parameters on lateral load response of CM are highlighted. Numerical models 
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developed in the past for simulating the lateral load behavior of CM buildings are also 

reviewed. This is followed by a discussion on the existing design methods for CM buildings. 

Finally, based on the review of the past literature, gap areas in the state-of-the-art are 

identified and the objectives of the present study are formulated.  

2.2 PAST PERFORMANCE  

The direction of ground shaking is often at an angle to the walls in a structure, and so the 

earthquake excitation can be divided into components in line with the principal building axes. 

Thus, the walls of a building are usually classified as in-plane and out-of-plane walls (Figure 

2.1). The walls oriented parallel to the direction of shaking are called in-plane walls, and the 

walls perpendicular to in-plane walls are defined as out-of-plane (OOP) walls. Walls have to 

be able to act in the in-plane and out-of-plane direction at the same time. Several reports of 

the past earthquakes have identified the OOP collapse of URM and masonry infill walls of 

RC frames as one of the predominant modes of failure (Figure 1.1). In the infilled RC frames 

due to construction difficulties, loose-fitting of masonry beneath the concrete beam are quite 

common, which resulted in the OOP collapse of these panels during the past earthquakes. 

The OOP failure of URM walls, is in fact, one of the most common failure modes of URM 

buildings in all the major earthquakes as discussed in this chapter. However, a superior 

integration between the masonry and adjacent RC tie-elements is naturally developed in CM 

walls because of the unique construction sequences. Thus, it will be interesting to review the 

performance and vulnerability of CM buildings in past earthquakes, especially in the OOP 

direction, compared to URM or infilled RC frame buildings. 

     
 (a)  (b) 

Figure 2.1: Depiction of CM walls subjected to: (a) in-plane, and (b) out-of-plane loading.  

 

The first use of CM construction was reported in the reconstruction of buildings destroyed 

by the 1908 Messina, Italy earthquake of magnitude 7.2. After that, its practice started in 

Chile, Colombia, and Mexico in 1930s and 1940s, and subsequently, this building type was 

accepted in several countries of high seismic risk because of its satisfactory performance in 

In-plane walls 

Shaking Shaking 

Out-of-plane walls 
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the past earthquakes (Moroni et al. 2002, Murty et al. 2006b, Brzev 2007, Brzev et al. 2008, 

Meli et al. 2011). Table 2.1 includes some countries where CM buildings have been used for 

housing construction and the history of remarkable earthquakes experienced by them (Yang 

and Jian 1988, Schultz 1994, Jimenez et al. 1999, Asfura and Flores 1999, EERI 1999, 2001, 

Hashemi et al. 2003, Moroni et al. 2004, Meisl et al. 2006, Alcocer and Klingner 2006, Boen 

2005, Bilek et al. 2007, Brzev 2007, Brzev et al. 2010, Galvis et al. 2020).  

Table 2.1:  Performance of CM buildings in past notable earthquakes.  
 Year Location Magnitude Remarks 

C
h

il
e 

1939 Chillán 7.8 

Significantly better performance than URM. Around 50% of 

inspected CM sustained no damage, whereas around 60% of 

URM either partially or entirely collapsed. 

1985 Llolleo 7.8 
Majority of CM buildings survived the earthquake. Damage 

was mainly due to inadequate tie-columns in salient locations. 

2010 Maule 8.8 
A few CM buildings damaged mainly due to inadequate 

material quality, design and detailing, and geotechnical issues. 

M
ex

ic
o
 

1985 
Guerrero-

Michoacán 
8.0 

Low- to medium-rise (up to 4 and 5 stories high) CM buildings 

performed very well; even better than RC buildings.  

1999 Tehuacan 6.5 

Significantly better performance than URM. A few 2-story CM 

houses damaged due to inadequate wall strength and poor 

construction quality. 

2003 Tecomán 7.6 

Significantly better performance than URM. The observed 

damage was mainly due to the inadequate numbers and 

arrangement of tie-columns. 

2017 Mexico City 7.1 
Around 11% collapse buildings were CM construction, and 

damage were due to irregularities, improper design.   

P
er

u
 1970  Chimbote 7.8 

CM performed well. Poor performance in some buildings due 

to poor soil conditions and inadequate wall-to-floor connection 

2007  Pisco 8.0 
CM performed very well. Buildings with irregularities and 

inadequate detailing showed poor performance. 

C
o
lo

m
b
ia

 

1983  Popayan 5.5 
Significantly better performance than URM. Some minor 

damages were observed in window piers. 

1999 El Quindio 6.2 
In some CM houses, shear cracks and OOP failure of masonry 

wall observed due to inadequate wall-to-tie connections. 

Ir
an

 

1990  Manjil 7.6 Single-storey CM houses with timber roofs in the rural parts 

performance well 2003  Bam 6.6 

E
l 

S
al

v
ad

o
r 

2001 
Offshore El 

Salvador 
7.7 

Very few CM houses damaged beyond repair. The damage was 

mainly associated with in-plane shear or OOP failures. 

C
h

in
a 

1976 Tangshan 8.2 Excellent performance of CM buildings 

In
d
o
n
es

ia
 2004 Great Sumatra 9.0 

Damage to CM observed mainly in the tsunami due to poor 

construction practices 

2005 
Northern 

Sumatra 
8.7 

Most CM buildings survived without collapse; cracking in 

walls were observed in some cases 

2007 Bengkulu 8.4 
Some damage due to inadequate wall-to-tie connections, poor 

workmanship, excessive openings, and slender walls 

     

TH-2646_156104002



Chapter 2 Review of Literature 

14 

In these countries, CM has been used both in the form of non-engineered and engineered 

residential construction, and its applications range from single-story houses to six-story 

apartment buildings. Clearly, the past earthquake performance of CM buildings has been very 

satisfactory compared to other types of construction, such as unreinforced masonry (URM) 

(e.g. 1939 Chile; 1999 Tehuacán, Mexico; 2003 Bam, Iran; 2003 Tecomán, Mexico; 2007 

Pisco, Peru; 2011 Christchurch, New Zealand; 2015 Nepal; 2021 Haiti earthquakes, etc.) and 

masonry infilled reinforced concrete (RC) frame buildings (e.g. 1985 Guerrero-Michoacán, 

Mexico; 2001 Bhuj, India; 2004 Sumatra, Indonesia; 2008 Sichuan, China; 2010 Haiti; 2011 

Sikkim, India; 2015 Nepal; 2016 Imphal, India earthquakes, etc.). 

In general, commonly adopted housing typologies, like, adobe, URM, and even non-

engineered infilled RC frame buildings have performed quite poorly in many seismic events 

that occurred worldwide; on the other hand, CM buildings have shown acceptable seismic 

resistance. Figs. 1.3(a), 1.3(b), and 2.2 show some examples of the superior performance of 

CM construction under different earthquakes. Interestingly, a large number of adjacent URM 

buildings as well as RC frame buildings suffered severe damages in some of these 

earthquakes. Amid the devastation, CM buildings were found to have performed really well; 

for example, in the town of Santa Cruz Analquito after 2001 El Salvador earthquake and 

Banda Aceh after 2004 Sumatra, Indonesia, earthquake (Fig. 2.2). Most low-rise dwellings 

did not experience any damage in past earthquakes with even minor design flaws; however, 

a few CM buildings suffered severe damage, especially high-rise buildings in the lower-most 

story. Figs. 1.3(c), 1.3(d), and 2.3 show some examples of the poor performance of CM 

construction under different earthquakes.  

   
 (a) (b) 

Figure 2.2: Excellent performance of CM in: (a) 2001 El Salvador Earthquake (Brzev 

2007), and (b) 2004 Sumatra, Indonesia, earthquake (Boen, 2005). 
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 (a) (b) 

Figure 2.3: Poor performance of CM in: (a) 2017 Mexico City earthquake (Galvis et al. 

2020), and (b) 2007 Pisco, Peru earthquake (EERI 2007).  

 

As reported in different literature, the damages in CM buildings during these earthquakes 

were mainly observed in some buildings with common design and construction flaws, such 

as - inadequate tie-columns at wall intersections and around the openings, poor material 

quality, insufficient anchorage of reinforcement in the tie-elements, insufficient detailing of 

RC tie-columns, torsional problems arising due to irregularities, poor diaphragm connections, 

etc. Further, the predominant failures modes in CM buildings are due to shear, and not due 

to flexure. Different possible failure modes of CM structures are discussed in detail in the 

next section. 

2.3 GENERAL BEHAVIOR  

Structural resistance of CM walls is a result of composite action of the masonry wall and 

adjacent RC confining elements – tie-columns and tie-beams along with a combination of 

plinth bands, sill bands, lintel bands and roof slab (Tomaževič and Klemenc 1997a, Brzev 

2007, Meli et al. 2011, Iyer et al. 2012, Bourzam et al. 2008a, b, 2013). In confined masonry 

buildings, the concrete is cast in place after the construction of masonry walls resulting in an 

integral composite action of the RC and the masonry elements that in turn improves their 

interface-connection. Masonry walls are the primary load-resisting members in a CM 

building under the action of gravity as well as lateral earthquake loading as shown in Fig. 

2.4. Under incremental cyclic lateral loading, compressive diagonal struts are developed in 

masonry walls at right angles to the tensile stresses. As masonry is very weak in tension, 

cracks develop in the masonry walls when the stress demand exceeds the capacity; and 

depending on the relative strength of mortar joints, brick mortar interface, and brick units, 
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the diagonal shear cracks either follow the path of bed and head joints (stepped) or through 

the bricks. The primary role of RC tie-elements is to confine masonry walls to improve their 

lateral stability and integrity for enhanced lateral deformation capacity and better 

connectivity with the other walls and floor diaphragms. The tie-columns resist a major 

portion of all the loads acting on CM walls after the masonry walls suffer severe damage 

(Meli et al. 2011). These RC confining members act in tension and/or compression, 

depending on the direction of lateral forces and magnitude of gravity loads (Brzev 2007, Meli 

et al. 2011, Schacher and Hart 2015). Under the combined effect of axial load and bending 

moment, a portion of CM wall goes in tension as shown in Fig. 2.5 (Meli et al. 2011). It is 

assumed that the masonry and concrete are not able to resist tension, and the tensile stresses 

are resisted by the longitudinal reinforcement in tie-columns. Conversely, the compression 

stresses are resisted by concrete, masonry, and longitudinal reinforcement in tie-columns. 

             
 (a) (b) 

Figure 2.4:  Flow of loads in CM walls: (a) vertical forces, (b) lateral forces. 

 

  

 
Figure 2.5: A typical CM wall subjected to combined axial and bending loads: strain, and 

internal force distributions (Meli et al. 2011).  
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The various potential failure modes of CM buildings that have been identified in the past 

earthquake damage reports and research studies are - in-plane failure, overturning or OOP 

failure, diaphragm failure, connection failure, and non-structural failure as shown in Fig. 2.6 

(Matthews et al. 2007, Brzev 2007). The in-plane seismic effects are more critical in the 

ground story (Tomaževič and Klemenc 1997b, Brzev 2007); whereas, OOP effects are more 

prominent at the upper stories of the building (Tomaževič 1999) as shown in Fig. 2.7. OOP 

lateral loading creates bending, and shear stresses in the wall, and because of the low tensile 

strength of masonry, cracks may appear in walls leading to possible collapse by overturning. 

Depending upon the distance between the vertical lateral supports in comparison to the 

distance between the horizontal lateral supports, OOP failure can be vertical or horizontal 

(Matthews et al. 2007). The OOP displacement response also depends on wall geometric 

parameters, diaphragm flexibility, and their connection with adjacent confining elements. As 

the confining frame and masonry wall share good bonding, it exerts thrust on the beams and 

columns and forms an effective arching mechanism. Therefore, the OOP failure mode is not 

catastrophic in the case of CM buildings in comparison to URM and infilled RC frame 

structure (Brzev 2007, Tu et al. 2010, Singhal and Rai 2014, 2016). Among all the failure 

modes, the in-plane failure mode is the most critical as it is along the primary lateral load 

transfer path for CM walls.  

 

 
Figure 2.6: Different failure modes of CM buildings.  
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 (a) (b) 

Figure 2.7: Critical seismic effects in CM buildings: (a) in-plane effects at the ground 

floor (Tomaževič and Klemenc 1997b, Brzev 2007), and (b) OOP effects at 

the upper floors (Tomaževič 1999). 

 

Two major in-plane failure modes of CM walls subjected to lateral loading are those related 

to shear and flexural failure. Fig. 2.8 shows all possible in-plane failure modes in masonry 

wall and ties in a typical CM wall under lateral loading. For the tie-columns, shear cracks at 

the ends, flexural cracks along the height, concrete crushing in the ends due to compression, 

and yielding of rebars at the end due to tension were observed in the past (Varela-Rivera et 

al. 2019, Yekrangnia et al. 2021). These different failure modes of CM wall depend on 

geometric parameters (aspect ratio and slenderness ratio), loadings and boundary conditions.  

Shear-induced in-plane damages, in the form of bed joint sliding, diagonal compression/strut 

action, diagonal-tension (shear cracks emanating from masonry wall and propagating 

towards the tie-columns), are frequently observed in CM structures (Meli et al. 2011, 

Dhanasekar and Haider 2011, Gavilán et al. 2015, Brzev and Mitra 2018, Marques and 

Lourenço 2019). The typical well-developed diagonal crack in walls is observed in CM 

buildings with light frames, i.e., small cross-sections of tie-columns with less percentage of 

steel, which is the usual case. For strong frames, when the relative stiffness of RC frame is 

significant compared to masonry wall (or the tie-elements have larger sections), the behavior 

of a CM wall may be similar to an RC frame with masonry infill (Meli et al. 2011). In such 

cases, masonry wall fails through complex mechanisms involving diagonal cracking, bed 

joint sliding, and toe-crushing (Dhanasekar and Haider 2011). 

On the other hand, very few flexure-induced in-plane damages are observed in the form of 

horizontal tensile cracks in the lower courses of masonry and tie-columns at the tension end 

of the wall, crushing of bricks as well as concrete in the compression zone, and yielding of 

rebars in tie-columns (Zabala et al. 2004, Varela-Rivera et al. 2019). Walls with a higher 
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aspect ratio (slender walls) or higher moment-to-shear ratio are susceptible to in-plane 

flexural damages. As flexural failure is ductile than brittle shear failure, it is generally 

considered as a desirable failure mode. However, it certainly is a matter of practical design 

requirements and architectural planning. When the wall is very short in comparison to the 

height (i.e., high AR) which is common in piers between openings, has a low overburden 

load, or lower percentage of reinforcement in the tie-columns (not enough flexural strength), 

the possibility of flexural failure occurrence increases under seismic loading. Flexural failure 

is not a typically observed failure mode in CM structure; however, a mixed shear-flexural 

failure is more likely to occur (Marques and Lourenço 2019). 

  
Figure 2.8: Schematic of different in-plane failure modes for CM walls. 

 

2.4 EXPERIMENTAL BEHAVIOUR  

During the last few decades, interest of research community in CM buildings has increased 

due to their excellent performance in past earthquakes. Several experimental efforts have 

been undertaken to characterize their seismic behavior. In various quasi-static cyclic to shake 

table tests conducted on CM walls, the main goal was to characterize the performance of this 

construction system when subjected to gravity and lateral loadings. The quasi-static lateral 

loads are applied cyclically using servo-controlled hydraulic actuator at low frequency to 

understand the cyclic behavior of structures during earthquakes and to observe their failure 

modes. Such controlled tests are important to get an insight into the performance of structures 

at varying lateral drift levels. On the other hand, the dynamic loads applied through the shake 

table provide details related to dynamic behavior of structures required for the design. 

Though experimental studies have been carried out on individual CM walls or models under 
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different loading conditions (gravity, in-plane as well as out-of-plane), most seismic research 

studies are based on experimental testing of walls subjected to lateral in-plane loading.  

2.4.1 Experimental Study for Evaluating the Influence of Important Parameters 

The summary of experimental studies conducted to understand the in-plane behavior of CM 

walls in the past three decades is presented by Meli et al. (2011). Initially in a CM wall, the 

masonry wall resists the effect of lateral earthquake loads while the confining elements do 

not play any role other than keeping the masonry wall stable and intact. Once the cracking 

takes place in masonry units or mortar joint, the panel becomes less effective in transferring 

the forces. If the lateral displacement continues to increase, the masonry panel typically 

begins to lose strength, and at this stage, the vertical reinforcement in tie-columns becomes 

engaged in resisting tensile and compressive stresses. Thus, even if the lateral loads on the 

wall exceed its capacity, because of the confining effects provided by the tie-elements, the 

walls will stay intact and continue to deform until the lateral loads lessen. In this way, the 

CM wall has significantly higher strength and considerably higher deformation capacity than 

URM walls, and thus their collapse is prevented. The increasing lateral deformations cause 

further damage to the masonry wall and tie-columns. In many cases, ultimate failure occurs 

when the tie columns completely fail in shear by the extension of diagonal shear failure of 

the wall. The out-of-plane behavior of CM walls has also been studied experimentally by a 

few researcher teams, where the CM walls were either subjected to monotonically increasing 

uniform static pressure using airbags (Varela-Rivera et al. 2011, Varela-Rivera et al. 2012, 

Moreno-Herrera et al. 2015, and Navarrete-Macias et al. 2016) or subjected to out-of-plane 

dynamic loads (Tu et al. 2010, Singhal and Rai 2014). The behavior of a CM building 

depends on several parameters, such as material properties, overburden pressure, geometric 

characteristics, number and spacing of tie-columns, reinforcement detailing of tie-columns, 

openings, number of stories, etc. As the present study is concerned about the in-plane 

behavior of CM walls, different experimental investigations are reviewed below to 

understand the influence of these parameters on only the in-plane behavior of CM buildings.  

2.4.1.1 Influence of type of masonry  

Masonry wall in CM consists of two primary materials, masonry units such as bricks, blocks, 

etc., and mortar, which can be cement or lime-based with sand, soil, and water. Depending 

upon the availability of materials, different types of unit and mortar combinations are 

adopted. Different experimental studies have shown that the load resistance of CM walls 

TH-2646_156104002



Seismic Analysis and Design of Confined Masonry Buildings 

21 

strongly depends on the strength of the masonry units and the quality of construction. Shaking 

table tests on CM walls were conducted by Iiba et al. (1996) considering several variables: 

masonry units (Mexican or Japanese masonry unit), wall reinforcement, and tie-column 

reinforcement. The test results showed that the CM wall constructed with Japanese unit (36 

MPa) provided around 1.5 times higher lateral strength than that with the Mexican units (5 

MPa) because of the higher compressive strength of the unit. CM walls built using low-

strength hollow concrete blocks are generally more prone to brittle failures compared to the 

walls built using solid concrete or clay units (Meli et al. 2011). Influence of different types 

of masonry units and different opening sizes in walls was studied by Decanini et al. (1985) 

by testing eight CM wall specimens. The tests were performed by applying cycles of lateral 

displacements at the wall head; however, no vertical load was applied. The test results 

showed that the walls made of solid clay bricks attained 50% more strength against ultimate 

cracking than against initial cracking. On the other hand, the walls made of hollow clay bricks 

attained only 20% more strength against ultimate cracking than against initial cracking. 

Similarly, sixteen full-scale CM specimens were tested by Yáñez et al. (2004) considering 

four types of CM walls (one solid and three with different percentages of opening: two 

specimens for each pattern), with two types of masonry unit – concrete masonry unit and 

hollow clay brick unit. Horizontal cyclic load was applied along the axis of the top beam 

using an actuator. There was no vertical load applied. The test results showed that all 

specimens failed in shear. The CM walls made with hollow clay brick units provided 

significantly higher lateral strength and energy dissipation capacity in comparison to the 

walls made with concrete masonry units; however, degradation of strength and stiffness was 

more in the former specimens.  

2.4.1.2 Influence of overburden load 

Overburden load is an influencing parameter on the lateral strength of CM wall. The 

resistance offered against sliding is developed by friction and adhesion between bricks and 

mortar. As frictional resistance is directly related to normal stress applied, the overburden 

load improves lateral capacity and energy dissipation characteristics of CM wall as observed 

in the test results of Yoshimura et al. (2000) and Varela-Rivera et al. (2019). In order to 

investigate the effect of vertical axial loads, wall reinforcement, and applied lateral forces on 

seismic behavior of CM walls, eighteen different half-scaled wall specimens of aspect ratio 

around 0.84, made of hollow concrete blocks, were tested by Yoshimura et al. (2000) under 

constant compression or tension vertical axial load, and cyclically applied lateral loads. Test 
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results showed that the ultimate lateral shear strength increases in proportion to the applied 

vertical axial load. Again, six full-scale CM specimens made of hollow clay bricks, with 

reduced amount of longitudinal steel reinforcement in tie-columns to induce flexural failure, 

were tested by Varela-Rivera et al. (2019) where the variable parameters were: aspect ratio 

(three specimens with AR > 1), and overburden load (corresponds to two, four, and six story 

building). As shown in Fig. 2.9a, as the axial compressive stress increased, the flexural 

strength increased, and the drift ratios and displacement ductility decreased for walls with 

same aspect ratio.  

2.4.1.3 Influence of aspect ratio 

An important geometric parameter of CM wall is the aspect ratio (AR), here it is defined as 

the ratio of the height of CM wall excluding tie-beam to the length of the CM wall excluding 

the end tie-columns, which mostly controls the failure mode of a CM wall. Seven solid CM 

walls (5 single-bay, 2 multi-bay) with varying aspect ratios from slender to squat were tested 

by Gavilán et al. (2015). For the single-bay walls, lateral load was applied through a double-

acting hydraulic actuator; vertical load was exerted by means of two actuators. The vertical 

load was applied so that wall flexural deformations were permitted. For multi-bay walls, axial 

load was applied through vertical ties and the lateral load by two hydraulic actuators. Test 

results showed that all the walls failed in shear, and as AR decreases, the lateral strength 

increases, whereas the drift corresponding to ultimate load decreases (Fig. 2.9b). Panels of 

squat walls with intermediate tie-columns behave as a single structure; i.e., they do not 

behave like panels of isolated walls with the same aspect ratio. Again, in the study of Varela-

Rivera et al. (2019) with slender CM walls as mentioned earlier, the wall behavior was 

characterized by yielding of the longitudinal reinforcement followed by vertical and diagonal 

cracks in the masonry panel. The failure of the walls was assumed to be a pure flexural failure 

with crushing of concrete in tie-columns. Test results showed that the flexural strength of the 

CM wall increased, whereas the drift ratio decreased, as the aspect ratio of wall decreased.  

2.4.1.4 Influence of number and spacing of tie-columns 

After the initial diagonal crack in masonry, when lateral load increases the cracks get 

propagated to the tie-columns leading to shear concentration at the ends of the tie column. 

Therefore, the number and spacing of tie-columns are important parameters in CM wall 

design. The effect of the number and spacing of confining-columns in the seismic behavior 

TH-2646_156104002



Seismic Analysis and Design of Confined Masonry Buildings 

23 

of four full-scaled CM walls made of hollow concrete blocks was evaluated experimentally 

by Marinilli and Castilla (2004).  

  
 (a) (b) 

 
 (c) (d) 

  
 (e) (f) 

Figure 2.9:  Influence of different parameters on lateral load behavior of confined masonry 

walls: (a) overburden pressure (Varela-Rivera et al. 2019), (b) aspect ratio 

(Gavilán et al. 2015), (c) tie-column reinforcement (Kato et al. 1992), (d) wall 

to tie-column interface (Matošević et al. 2015), (e) horizontal reinforcement 

in masonry walls (Aguilar et al. 1996), and (f) confinement around openings 

(Singhal and Rai 2016). 
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The first specimen consisted of one panel and two confining-columns. The second specimen 

consisted of two panels and three equally spaced confining-columns. The third specimen also 

consisted of two panels, but the central confining-column was located at one-third of the 

specimen length. Finally, the fourth specimen contained three panels and four equally spaced 

confining-columns. Each of the walls was tested against reversed cyclic lateral loads applied 

at the top of the wall. Based on the results obtained, it can be said that the presence of more 

confining-columns at a smaller spacing seems to spread the cracking along the masonry 

panels more uniformly, thus improving the damage distribution. Further, the inclusion of 

confining columns was found to enhance the strength of the walls. 

2.4.1.5 Influence of reinforcement in tie-columns 

Even though the role of confining element is to confine masonry wall to avoid premature 

failure, certain minimum reinforcement is required to avoid sudden failure of members. Four 

different sets of reinforcement detailing in the tie-columns of half-scaled CM wall, made of 

Japanese brick and with aspect ratio around 1.5, were studied by Kato et al. (1992). The first 

set composed of high longitudinal reinforcement ratio (3.8%) and high shear reinforcement 

ratio (1.28%), second set consisted of high axial (3.8%) and poor shear (0.3%) reinforcement 

ratio, third set had poor axial (0.99%) and high shear (1.28%) reinforcement ratio, and the 

fourth set had poor axial (0.99%) and poor shear (0.3%) reinforcement ratio combinations. 

Under the constant axial and lateral cyclic loading, it was observed that around four times 

increase in tie-columns’ axial reinforcement percentage resulted in 1.5 times increase in the 

lateral capacity. In addition, the lateral drift at peak lateral strength increased by 1.4 times 

and rose up to 2.7 times with four times increase in tie-columns’ shear reinforcement 

percentage. Thus, sufficient axial reinforcement in tie-columns can improve load-carrying 

capacity of CM wall. Also, sufficient shear reinforcement is required in the tie-columns to 

improve the concrete confinement to delay the shear failure.  

The effect of axial reinforcement percentage in tie-columns (2% and 0.5%) on the behavior 

of CM wall was also studied by Iiba et al. (1996) under shake table testing as mentioned 

earlier. The test found that the steel bars at the bottom end of tie-column fractured in the CM 

walls having little reinforcement in tie-columns. Due to overturning moment of the concrete 

mass, repeated compressive and tensile forces are developed in the tie-columns. The fracture 

of bars resulted in the uplifting of the CM walls. Again, in order to investigate the possibility 

for simplifying the reinforcing detailing in the typical RC confining columns, Yoshimura et 
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al. (1996) tested half-scaled CM walls with and without horizontal reinforcement and with 

two different number of rebars in the tie-columns - four bars and one bar. For the second set 

of specimens, spiral hoops were used for transverse reinforcement. Constant gravity load was 

applied, and the tests were conducted under cyclic lateral loads applied by a double-acting 

hydraulic jack. Though the difference in lateral strength was not significant in the two types 

of CM walls, the failure pattern was different. In the first type, diagonal cracks formed in the 

masonry wall propagated into top and bottom of both tie-columns, and passed through the 

bottom tie-columns and through the beam-to-column connection at the top of each tie-

column. However, in the second type (one bar in tie-columns), most of the cracks in the 

masonry wall concentrated along the horizontal bottom joint of masonry wall. As the result, 

bottom-half of both columns damaged severely.  

Another experimental study was conducted by Quiroz et al. (2017), where four full-scale CM 

walls (aspect ratio was around one) with different axial reinforcement ratios of the confining 

elements were studied under cycling loading. In all the walls, four longitudinal bars were 

used in both tie-columns and tie-beam; however, the diameter of bar varies – two specimens 

of the first group were studied considering the variation in tie-beam’s reinforcement ratio 

(9.5 mm or 12.7 mm bars in tie-beam, and 12.7 mm bars in tie-columns for both specimens); 

the other two specimens of the second group were studied considering the variation in the 

reinforcement ratio of the tie-columns (9.5 mm or 12.7 mm bars in tie-columns, and 9.5 mm 

bars in tie-beam for both specimens). In both groups, the transverse reinforcement of the 

confining elements was kept constant. Gravity as well as lateral cyclic loads were applied 

during the tests, and the test results confirmed a slight reduction in the maximum strength 

and lateral stiffness when the lower reinforcement ratios for the tie-beam and tie-columns 

were used in the confining elements (Fig. 2.9c).  

2.4.1.6 Influence of wall to tie-column connection 

Sufficient bonding between masonry walls and RC tie-elements is important for satisfactory 

earthquake performance and for delaying undesirable cracking and separation at the wall-to-

tie-column interface. Four full-scale CM walls (aspect ratio around one) were studied by 

Wijaya et al.  (2011) under four different wall-to-tie connections – one with common practice 

(no connection), short anchorage in second, zigzag toothed connection in third, and 

continuous anchorage in fourth. The tests were conducted by applying in-plane quasi-static 

cyclic lateral loads and there was no vertical loading. The study showed that the additional 
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short anchor slightly improves the lateral strength of the wall. The zigzag toothed connection 

did not improve the lateral load capacity; in fact, this specimen had the lowest capacity. CM 

wall with continuous anchorage had the highest lateral load capacity due to strong 

confinement. However, the lateral drift capacity at different limit states was significantly 

higher in the wall with zigzag toothed connection, followed by continuous anchorage and 

short anchorage. Singhal and Rai (2014) tested three half-scale two-bay CM wall specimens 

with different densities of toothed connections (no toothing, coarse toothing, and fine 

toothing) under successive applications of in-plane (quasi-static cyclic) and OOP (dynamic) 

loading. In order to simulate gravity loads on the masonry panels, a vertical pre-compression 

force of 0.10 MPa was applied over the wall specimen with the help of a flexible wire rope 

arrangement. From the tests, it was concluded that the increased density of toothing did not 

have a significant effect on OOP behaviour at the initial stages; however, it did cause 

significant improvement in post-peak behavior under in-plane loads (Fig. 2.9d). The 

specimen with a high density of toothing showed larger ductility and reduced strength 

degradation compared to the other schemes. Also, the toothing density had a significant effect 

on controlling the OOP displacement at a higher in-plane drift level (1.0% to 1.75% drift).  

Another comparison study was performed by Matošević et al. (2015) to study the in-plane 

response of nine CM walls (of aspect ratio around 1.3) at 1:1.5 scale with different connection 

details - toothed connection, U-shaped dowel connection, and no connection (three CM walls 

for each). Under the combined action of gravity and lateral cyclic loads, all CM walls 

behaved as composite structures up to a drift level of about 0.2 %, until which the structures 

remained practically elastic. After that drift level, the influence of the connection type on the 

inelastic wall behavior was significant. Also, the test results showed that the connection 

details did not influence the initial stiffness or the maximum lateral resistance significantly, 

but they did improve the nonlinear wall behavior and hysteretic energy dissipation. Wall with 

toothed or U-shaped dowel connectors exhibited more ductile behavior compared to the one 

with no connection (Fig. 2.9d).  

2.4.1.7 Influence of wall reinforcement 

The seismic response of CM walls can be improved by placing horizontal wall reinforcement 

within the mortar joints, though it is not a much popular choice in many regions. Several 

experimental studies have been carried out in the past to study the influence of the wall 

reinforcement on lateral load response of CM walls (Yoshimura et al. 1996, 2000, 2004a, 
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Kumazawa and Ohkubo 2000, Zabala et al.  2004, Gouveia and Lourenço 2007, Medeiros et 

al. 2013, Cruz et al.  2019). With the provision of horizontal wall reinforcement, the process 

of crack initiation and propagation gets delayed as reinforcement helps in resisting shear-

induced tensile stresses, in addition to improved lateral load, deformation (Fig. 2.9e), energy 

dissipation capacity, and more uniform distribution of inclined cracking in walls under lateral 

loading.  

2.4.1.8 Influence of openings in walls 

Unconfined opening in a wall usually has negative effects on capacity when subjected to 

seismic loads. Under the action of lateral loading, stress concentration is observed at the 

corners of openings causing shear cracks, which makes the panel unstable and leads to failure 

(Basha et al. 2020, Furtado et al. 2021). The deficiencies due to openings can be overcome 

by the provision of confining elements around the openings in a CM wall. Different studies 

suggest different locations and arrangements of confining elements around openings in a CM 

wall (Aguilar et al. 1996, Yáñez et al. 2004, Kuroki et al. 2010, 2012, Singhal and Rai 2016). 

It has been observed in these studies that the negative influence of openings on the lateral 

strength of CM walls can be compensated if sufficient confinement is provided around the 

openings by means of tie-members. In some studies, the openings had no RC confining 

elements around their borders, but horizontal and vertical reinforcing bars were placed 

around the openings (Yáñez et al. 2004). From different experiment studies, it can be 

concluded that the provision of continuous sill and lintel beam improves the behavior of CM 

walls with opening (Fig. 2.9f). Two popular confining schemes studied in the past are: (1) 

continuous tie-columns along the whole wall height (vertical confinement) and discontinuous 

tie-beams at the top and bottom of opening; and (2) continuous sill and lintel beams along 

the whole wall length (horizontal confinement) and discontinuous tie-columns on both sides 

of opening. It was found that though the lateral strength of CM walls in both cases is almost 

the same, the later system is more ductile as the beam divides the wall into smaller panels 

with low aspect ratio ensuring well distributed diagonal shear cracks throughout the wall. 

2.4.1.9 Influence of number of stories 

Literature related to the influence of number of stories on the behavior of confined masonry 

buildings are very limited. The seismic behaviour of a 1: 2.5 scaled three-story CM structure 

- two parallel perimetric walls connected by RC slabs, which was made of clay brick masonry 

(6 MPa prism strength) and designed as per the Peruvian code, was studied by San Bartolomé 
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et al. (1992) by carrying out tests under the action of earthquake loads using a shaking table. 

In addition, horizontal reinforcement was added in the first-story in a small ratio. Similarly, 

pseudo dynamic tests were also carried out by Scaletti et al. (1992) to investigate the behavior 

of one full-scale and one half-scale clay brick (10.8 MPa prism strength) CM building – two-

story one-bay specimens with two parallel walls connected by stiff horizontal slabs, based on 

Peruvian standard. Again, two 1: 5 scaled models of a three-story CM building (with 1.27 

MPa prism strength), which conform to the requirements of Eurocode 8 for simple buildings, 

were tested by Tomaževič and Klemence (1997b) on a shaking-table by subjecting them to a 

series of simulated seismic ground motions with increased intensity of shaking in each 

successive test run. Similarly, Tomaževič et al. (2004), Alcocer et al. (2004), Flores et al. 

(2017), Alcocer and Casas (2021) also studied scaled specimens of one to three storeyed CM 

buildings with different configurations. In all these tests, the ultimate damage, causing 

collapse, was mostly concentrated in the lower-most story as also observed during the past 

earthquakes. 

2.4.2 Comparison with Other Structural Systems 

The in-plane performance of CM walls in comparison to URM or infilled RC frame walls 

has been studied by some researchers. Nine specimens were tested by Yoshimura and 

Kikuchi (1995) to compare the behavior of CM wall with unreinforced masonry wall, and 

with RC ductile moment-resisting frame having the same cross-sectional details as that of the 

CM specimen. As the CM wall specimen showed higher strength and ductility than the URM 

and infilled RC frame specimens, it was concluded that CM construction is an excellent 

structural system.  

Three specimens of each confined and plain masonry walls with a height-to-length ratio equal 

to 1.5, made at 1:5 scale were tested by Tomaževič and Klemenc (1997a) under the 

application of constant vertical load (approximately 22% of the masonry compression 

strength) and programmed pattern of cyclically acting horizontal displacements. From their 

study, it was observed that by confining the wall with RC tie-columns, lateral resistance of a 

URM wall is improved by more than 1.5 times and deformation capacity by almost five times 

in addition to enhancing the energy dissipation capacity by six to seven times as shown in 

Fig. 2.10a.  

Further, to investigate the effective seismic strengthening methods for masonry walls in 

developing countries, twenty-eight URM and CM walls of aspect ratio around 0.77 were 
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constructed and tested by Yoshimura et al. (2004b). The specimens consisted of 2D and 3D 

walls with or without wall reinforcing bars or U-shaped connecting bars, which were tested 

under repeated lateral force (lateral load application point considered was at a height of 0.67 

or 1.1 times the height of the wall measured from the top of the foundation beam), and 

constant axial stress (0.48 MPa or 0.84 MPa). Based on the observations of test results, it can 

be concluded that CM wall system with connecting bars at the vertical wall-to-wall 

connections as well as the horizontal wall reinforcing bars developed reasonably higher 

ultimate lateral strength with the increase of vertical axial load and showed better ductility as 

compared to the conventional URM specimens. As an example, Fig. 2.10(b) shows the lateral 

load-versus-story drift plot for 2D URM and CM wall specimens (with and without dowel 

bars) without wall horizontal reinforcement under the axial stress of 0.48 MPa and inflection 

point of 0.67 times the height of wall. As shown in the figure, CM specimen with or without 

U-shaped connecting bar showed better performance than the URM wall in terms of lateral 

load-carrying capacity and ductility. 

 
 (a) (b) 

Figure 2.10. Comparison of the in-plane response of CM and URM walls tested by: (a) 

Tomaževič and Klemenc (1997a), and (b) Yoshimura et al. (2004b). 

 

In another study, sixteen walls comprising of URM and CM with aspect ratio around one, 

made of lightweight concrete blocks, at 1:2 scale, were tested for constant vertical (about 

30% of the masonry strength) and horizontal cyclic load (Goveia and Lourenço 2007). Nine 

URM wall configurations consisted of: four walls without bed joint reinforcement with 

unfilled mortar in vertical joints, three walls without bed joint reinforcement with filled 

mortar in vertical joints, and two walls with light bed joint reinforcement with unfilled 

vertical joints. Similarly, seven CM wall configurations consisted of: two walls with unfilled 

vertical joints without bed joint reinforcement, and three walls with unfilled vertical joints 

with light bed joint reinforcement anchored in the masonry only, and two walls with unfilled 
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vertical joints with light bed joint reinforcement anchored to the RC tie-columns. The pre-

compression load and the horizontal cyclic load was applied to the specimen, and it was 

observed that by confining the masonry wall with RC tie-elements, the lateral capacity of 

standard URM walls can be improved by 1.17 times and deformation capacity by 1.43 times 

in comparison to the CM walls in which bed joint reinforcement were not provided. Whereas, 

with bed joint reinforcement in the CM walls, the lateral capacity of CM walls was increased 

by about 1.22 times and deformation capacity by 1.43 times of the similar URM walls. 

The out-of-plane behavior of CM walls has been examined by a few researchers either under 

the application of dynamic loads (such as shake-table generated ground motions) or by 

applying uniformly distributed surface pressure on walls using airbags. Seismic performance 

of CM walls in comparison with that of a typical masonry infilled RC frames was studied by 

Singhal and Rai (2014 and 2016) considering the successive applications of quasi-static 

cyclic in-plane loading and out-of-plane dynamic loading on shake table. It was observed 

that the CM walls with or without toothing exhibited improved in-plane and out-of-plane 

responses in comparison to the infilled RC frames (Fig. 2.11).  

 
Figure 2.11: Comparison of the in-plane responses of CM walls of different densities of 

toothing with infilled RC frame under successive applications of in-plane and 

out-of-plane loading (Singhal and Rai 2014). 

 

Further, shaking table tests were carried out on full-scale single-story CM building by Tu et 

al. (2010) to investigate the out-of-plane behavior of CM walls having different thicknesses 

in comparison with masonry infilled RC frames (Fig. 2.12). The test results suggested that 

CM walls can sustain significant OOP loads without severe damage. The composite action 

between the wall and confining frames prevented the masonry panels from falling out of the 

frame and helped to reduce the influence of inertia forces caused by their self-weight. On the 
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contrary, infill panels separated from the boundary frame and collapsed due to the OOP 

inertia forces.  

   
 (a) (b) 

Figure 2.12: The final state of full-scale specimens tested by Tu et al. (2010) and 

comparison with the OOP response: (a) minor cracks at the top and base of 

CM wall, and (b) collapse of masonry infilled RC frame. 

 

2.5 NUMERICAL MODELING AND ANALYSIS METHODS  

Though CM building typology started after the 1908 Messina, Italy earthquake; its 

engineering behavior has been established at a slow rate, and continues today. This is due to 

huge variation in materials and construction methodologies resulting in a limited 

understanding of the complex composite behavior under different loading conditions. 

Limited studies have attempted some numerical modeling strategies for the analysis of CM 

buildings. Considering the similarity in the behavior of CM walls with other building types, 

such as masonry infilled RC frame buildings and URM buildings, different analytical 

modeling techniques have been developed for the analysis of CM walls over the years. An 

overview of different numerical and analytical modeling techniques that have been adopted 

in the past studies to simulate and analyse confined masonry systems has been provided by 

Lang et al. (2014). The modelling strategies, as summarized in Fig. 2.13, have different 

degrees of refinement and precision to capture the failure modes and predict the lateral load 

behavior of CM walls. The practical applicability of realistic and reliable FE models is very 

limited, especially for large structures, as they are computationally intensive, complex, and 

require a large number of input parameters that are not available easily. In simplified 2D line 

element models, the elements of the building are modeled either as two-noded beam-column 

elements or as four-noded shell elements. Various popular simplified models developed in 

past literature are: wide-column model (WCM), strut-and-tie model (STM), equivalent 

strut/shell model (ESM).  
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Figure 2.13: Schematic of 3D and 2D modeling strategies for CM wall: (a) FEM, (b) WCM, 

(c) STM, (d) ESM-strut, and (e) ESM-shell. 

 

2.5.1 Finite Element Model (FEM) 

The finite element (FE) method is a universally accepted structural analysis method, which 

provides the opportunity to study the structure more thoroughly (Fig. 2.13a). FE analysis of 

masonry structures can be performed at micro or macro level (Lourenço et al. 1995, Asteris 

et al. 2014, Bolhassani et al. 2015). Micro-modeling approaches are mostly suited for small 

structural elements in order to closely represent the heterogeneous states of masonry using 

the properties of each constituent and interface. The micro modeling has also been done using 

a simplified approach in which bricks are expanded up to half of the mortar thickness in 

vertical and horizontal directions, and the mortar is clamped into mortar interface. Macro-

modeling approaches are also commonly adopted to represent the global structural behavior, 

where the distinction between the individual units and the joints is not made, and the material 

parameters are obtained from the masonry tests under homogeneous states of stress. Both 

modeling approaches have been widely used by researchers to predict the behavior of 

masonry walls. Smoljanović et al. (2017) used a very detailed micro modeling approach to 

simulate the behavior of CM walls. The RC and masonry elements were discretized with 

linear elastic triangular elements. The material non-linearity, including fracture and 

fragmentation of discrete elements, was considered through contact elements which were 

smeared between these discrete finite elements. The interface between masonry elements was 

modeled considering cracking of joint in tension and sliding along bed joints of masonry 

using the coulomb dry friction model. Amouzadeh Tabrizi and Soltani (2017) also used a 

micro modeling approach to simulate masonry walls in which masonry blocks were 

simulated with continuum model and potential cracks were smeared in the developed model. 
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The masonry joint interfaces were modeled considering shear sliding and opening of joints. 

Using this approach, the crack propagation and yielding of reinforcement bars were precisely 

predicted in the analysis.  

Okail et al. (2004), Tripathy and Singhal (2019), and Yacila et al. (2019) developed a FE 

macro model to simulate the behavior of CM walls by following a slightly different approach. 

Continuum elements were adopted to model masonry panel and RC elements. The interfaces 

were modeled using traction separation law with hard contact in the normal direction and the 

frictional properties were assigned using Mohr-Coulomb failure criteria in the tangential 

direction. Medeiros et al. (2013) also used a similar approach, where masonry and RC 

elements were defined by the smeared crack model. Another change was adopted in the FE 

simulation by Eshghi and Pourazin (2009) who developed a 2D macro model for CM wall, 

in which plasticity-based material models were used along with Coulomb friction model with 

tension cut-off mode for the interface zone between the confining elements and the masonry 

panel. Janaraj and Dhanasekar (2014) described the calibration of a macro modeling method 

for unconfined and confined masonry panels tested under diagonal compression. In this 

study, the hollow and the grouted masonry were defined using smeared properties, which 

successfully predicted the failure modes, shear strength, and deformation characteristics of 

CM walls. 

2.5.2 Wide Column Model (WCM)  

Wide Column Model (WCM) for CM walls was mainly developed using the concept of 

Equivalent Frame model of URM buildings (Kappos et al. 2002, Lagomarsino et al. 2013), 

where, the wall is modeled as a one-dimensional two-noded centerline beam-column element 

(wide column), as shown in Fig. 2.13b, with transformed section properties accounting for 

composite action of masonry and RC tie-columns. Thus, the width of tie-columns is 

transformed to equivalent masonry width so that the equivalent area of the wide column 

section (Awc) is equal to:  

 2wc w cA A mA= +   (2.1) 

where, Aw and Ac are the cross-sectional area of masonry wall and RC tie-column, 

respectively, and m is the modular ratio, i.e., the ratio of modulus of elasticity of concrete 

(Ec) to modulus of elasticity of masonry (Em). Tie-beam is modeled using a two-noded beam-

column element and the axial rigidity provided by the masonry wall below the tie-beams is 

simulated by modeling the tie-beam as rigid having an infinite stiffness because the 
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connectivity between the tie-beam and the wide-column is realized through only a node. Two 

types of beam sections are used in walls with openings: rigid and flexible (Rangwani and 

Brzev 2017). WCM has been recognized as a viable model (NTC-M 2004) as this technique 

provides the opportunity for the structural analysis of CM structure with commercial 

computer programs. Application of WCM for CM wall was demonstrated by Terán-Gilmore 

et al. (2009) by analyzing a three-story building where nonlinearity (axial lumped hinge) was 

defined near the bottom of each wide-columns using shear force-deformation relationship 

from a past backbone curve model of CM wall. Further, Ranjbaran et al. (2012), Ahmad et 

al. (2012), and Rangwani and Brzev (2017) also demonstrated the applicability of WCM in 

analysis of CM structures. However, selection of a reliable existing backbone model for the 

shear hinge definition in WCM for the CM wall is a difficult task. Further, the hypothesis of 

monolithic behavior assumed in WCM does not provide the opportunity to study the 

individual behavior of tie-columns and complex force transmission in different elements 

under loading. In fact, the concept of monolithic behavior of masonry wall and tie-columns 

is mainly valid to represent the elastic response at the initial stage. 

2.5.3 Strut-and-Tie Model (STM)  

Strut-and-Tie Model (STM) was originally developed as a hand calculation procedure for the 

analysis and design of shear critical structures and D (disturbed) regions in concrete 

structures. In STM, based on experience and intuition, internal load paths are drawn through 

the structure in the form of trusses; i.e., compressive stress fields (represented by struts) are 

interconnected by tensile stress fields (represented by ties) and design member force 

resultants are computed using static equilibrium, provided the STM is statically determinate 

(Schlaich et al. 1987, Wight and MacGregor 2005). Considering the wall-type structures as 

analogous to very deep beams, where the entire wall represents the D region as per St. 

Venant’s Principle, many past studies adopted STM. The STM analysis for CM wall 

subjected to lateral loading, i.e., pin-jointed structural truss connected by both tension and 

compression members (Fig. 1c) is suggested in the past literature (Brzev 2007, Brzev and 

Gavilán 2013, 2016, Ghaisas et al. 2017, Singhal 2014, and Tripathi and Singhal 2019), and 

also in the Mexican code (NTC-M 2004) for the design of CM walls; however, no guidelines 

are provided on the development of STM for walls with openings. Horizontal component of 

diagonal strut force is used to determine the shear capacity of masonry wall. Whereas, the 

calculated axial forces in tie are used to find the required amount of reinforcement in tie-

members.  

TH-2646_156104002



Seismic Analysis and Design of Confined Masonry Buildings 

35 

Brzev and Gavilán (2013 and 2016) showed the application of STM through a four-story 

two-bay CM wall, where one bay comprises of wall with opening in each story. The strut 

action of the walls with opening was disregarded in the study and the structure was analyzed 

for the given story shear forces. Ghaisas et al. (2017) showed that the orientation of strut 

elements is influenced by the openings and panel configurations, but the suggested 

configurations were not validated further for their ability to predict lateral capacity as well as 

load distribution in different members. Singhal (2014) and Tripathy and Singhal (2019) used 

the strut-and-tie analysis of CM wall from the principal stress resultants obtained from FE 

analysis and subsequently estimated its lateral load-carrying capacity. The axial forces in ties 

evaluated by assuming the yielding of longitudinal reinforcement in tie-columns, i.e., fylAsl, 

where Asl is the total area of longitudinal reinforcing steel placed in a tie-column and fyl is the 

yield strength of the rebar. Tripathy and Singhal (2019) proposed an empirical formula for 

the limiting axial capacity (Fss) of diagonal strut in STM as: 

 ( )1ss m wF F f A=  (2.2) 
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Here, for H/L > 1, C1 = 2.23 and C2 = 0.1; for H/L ≤ 1, C1 = 2.65 and C2 = 0.08; mf   is the 

compressive strength of masonry prism; H is the height of CM wall including the depth of 

tie-beam; L is the length of CM wall including the width of tie-columns; t is the wall 

thickness; Ic is the moment of inertia of tie-column section; θ is the angle between the strut 

centerline and the horizontal axis. Axial force in the diagonal strut is calculated using the 

method of joint considering yielding of longitudinal reinforcement in tie-columns (i.e., fylAsl 

/sinθ). If the force exceeds the limiting capacity (Fss), then the axial force in strut is set to Fss 

and the horizontal component of the force is treated as the lateral capacity of the wall. 

Rankawat et al. (2021) proposed a modified version of STM for CM walls such that it can be 

implemented in commercial software, and the method was renamed as Equivalent Truss 

Model. Using the relationship between lateral stiffness of wall and axial stiffness of diagonal 

strut, the study suggested the width of the diagonal strut in STM as: 
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where, Ld is the length of the diagonal strut, Lc is the centerline length of CM wall in STM, 

Ki is the initial stiffness of wall that can be obtained from past developed formulations. 

Further, applicability of the model in nonlinear analysis was demonstrated on a three-story 

building, where the nonlinearity was defined only in the diagonal strut in stress-strain terms 

using the available backbone model of CM wall. Thus, selection of a reliable existing 

backbone model for the axial hinge definition in diagonal strut is important here. The method 

may be effective in predicting the lateral strength of CM walls, however, it cannot predict the 

failure of tie-columns as no nonlinearity is considered for the tie-members. 

2.5.4 Equivalent Strut/Shell Model (ESM) 

Equivalent strut model is a commonly used and globally accepted model for modeling 

masonry infilled RC frame buildings, whose gravity load behavior as well as the lateral load 

behavior is quite different from the CM wall buildings (Kaushik et al. 2009, Rodrigues et al. 

2010). A diagonal strut with end moments released at both ends is used to define the lateral 

resistance of the infill panel in RC frames. This method was originally proposed by Polyakov 

(1956) to estimate the lateral stiffness of masonry infilled RC frames and is a basis of several 

other models developed in the following years. Holms (1961) proposed a single strut model 

with the width of strut as one-third of the diagonal length of the panel. However, later it was 

found that this model overestimates the actual stiffness of infilled frame. Therefore, based on 

different experimental and analytical observations, the effective width was defined through 

different empirical formulations. A commonly adopted generalized form of the effective 

width has been one-fourth of the diagonal length of infill frames (Paulay and Priestley 1992). 

It has been argued that a single strut cannot precisely simulate the complex interaction 

between masonry panel and RC frame, and thus, multi strut models, which can provide a 

limited simulation of the contact between masonry panel and RC frame, were also utilized in 

some past literature (Kaushik et al. 2009).  

Researchers have also attempted to use equivalent strut model for CM walls (Fig. 1d); 

however, their applicability is limited because these studies considered failure modes in CM 

walls similar to that considered in masonry infilled frames. Kaushik and Sanganee (2010) 

estimated a strut width reduction factor for ESM if it is to be used in case of CM walls. But 

their study was limited to calibrating only the lateral stiffness of CM walls with the past 

experimental studies. Torrisi et al. (2012) and Torrisi and Crisafulli (2017) developed a 12-

node masonry panel element model, which internally includes 6 diagonal struts for nonlinear 
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analysis of infilled RC frames and CM walls considering similar behavior for masonry 

infilled RC frames and CM walls. Likewise, masonry walls have also been modeled as four-

noded shell elements in between the centerline beam-column elements of the RC frame (Fig. 

1e) in some past studies. Kaushik and Sanganee (2010), Ghaisas et al. (2017), Chakra-Varthy 

and Basu (2021), have carried out linear analysis of CM walls by modeling masonry walls 

using linear shell elements. However, shell model is not capable of simulating nonlinear 

responses. 

2.5.5 Backbone Curve Model 

In addition to the numerical models, analytical backbone curve models for lateral load 

analysis (strength, stiffness, and deformability) of CM walls were also developed in the past 

using the results of past experimental studies (Flores and Alcocer 1996, Tomaževič and 

Klemenc 1997a, Marinilli and Castilla 2006, Bourzam et al. 2008a, 2008b, Riahi et al. 2009, 

Marques and Lourenço 2013, Gavilán et al. 2015, Singhal and Rai 2016, Yekrangnia et al. 

2017, Marques and Lourenço 2019). However, the existing models are either highly 

influenced by the methods originally developed for unreinforced and reinforced masonry 

walls or based on the limited number of laboratory tests. The existing prediction models may 

not work well with CM practiced in different places. Thus, they should be studied further for 

understanding their effectiveness in estimating the strength, stiffness, and deformability of 

different CM walls tested in different regions of the world. 

2.6 DESIGN METHODS  

The development of standard codes and guidelines for the structural design and construction 

of buildings is a major concern to protect public safety and welfare as they relate to the 

adequate performance (i.e., safety and serviceability) of the buildings. Several guidelines 

have been developed over the years to provide basic details on CM and promote its 

construction practice (Blondet 2005, Schacher 2009, Boen and associates 2009, Totten 2010, 

Meli et al. 2011, Arya et al. 2014, Schacher and Hart 2015, Carlevaro and Roux-Fouillet 

2015, Brzev et al. 2019). In some countries standard codes have been adopted to design and 

construct CM buildings, such as - Mexico (NTC-M 2017), Peru (NT E.070 2019), Chile 

(NCh2123 2003), Argentina (INPRES-CIRSOC 103 2018), Colombia (NSR-98 2010), Costa 

Rica (CSCR 2002), Europe (CEN 2005), and China (GB 50003 2011). Moreover, the recent 

revision of Indian code IS 4326 (BIS 2013) contains some construction provisions for CM 

and along with that a separate building code for CM practice is under development (BIS 
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2021). In some other countries (e.g., Indonesia, Pakistan, Haiti, Switzerland, Venezuela, 

etc.), CM construction has been practiced with basic construction guidelines without formal 

building codes. In all the available codes and guidelines, some basic concepts for the seismic 

design of a CM building are common. For example, the building configuration, i.e., size and 

shape, determines the way of seismic force distribution within the structure. Generally 

irregular configurations are avoided for their undesirable stress concentration and torsion. 

Symmetrical arrangement of mass and balanced stiffness against either direction is necessary 

to keep torsion within a manageable range.  

Seismic design of structures highly depends on their characteristic force-deformation 

relationship, which is defined as a function of three most important design parameters - 

strength, stiffness and deformability or ductility. For adequate seismic performance, strength 

and deformation capacities of a structure must be greater than the demand imposed by a 

design earthquake. The available guidelines provide requirements regarding different aspects 

of a CM building, such as the maximum height of walls, maximum slenderness ratio (height 

to thickness), minimum thickness of wall, minimum wall aspect ratio (height to length), 

location, spacing, minimum dimension, and reinforcement detailing of tie-elements, 

foundation rules, etc. Fig. 2.14 summarizes these requirements in a typical confined masonry 

house relative to the limiting dimensions according to Meli et al. (2011).  

Though the basic design concepts of CM buildings are similar, the available design codes 

and guidelines show large differences, especially in those requirements related to the 

detailing of tie elements, dimensions of masonry wall and tie-columns, as well as different 

material and other safety factors (Meli et al. 2011, Marques and Lourenço 2019). For 

acceptable seismic performance, various country codes suggest 100 mm to 200 mm tie-

columns with 4 bars of longitudinal reinforcement and 6 mm diameter ties in confining 

elements. However, the bar diameter for longitudinal reinforcement varies; some country 

codes, like Chile and Colombia suggest 10 mm; and some other country codes like China, 

Argentina, and Eurocode suggest different bar diameters ranging from 5 to 12 mm (Meli et 

al. 2011). Most of the guidelines were mainly developed based on simple thumb rules and 

they are non-conclusive on methods to be adopted in design and detailing of different 

elements in a typical CM building instead of prescriptive approaches. Most of these 

guidelines are still under development with several gap areas remaining to be addressed. 
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(a) 

 
(b) 

Figure 2.14: Key recommendations for non-engineered CM buildings: (a) Elevation, and 

(b) Plan (Meli et al. 2011). 

 

2.7 GAP AREAS 

Past literature shows that significant work has been carried out on CM structures in different 

parts of the world, especially in Latin American countries with high seismicity. Different 

researchers have identified the possible failure modes of CM structures through experimental 

investigations and experience gained in past earthquakes. Further, several past experimental 

studies on CM walls with the influence of different parameters related to material, geometry, 

and loading provide knowledge concerning the structural behavior of CM walls. Some 
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numerical and analytical modeling techniques have been suggested for the analysis of CM 

structures. In addition, some construction and design rules have been established for safe and 

adequate performance. Still, there are significant gaps in the state-of-the-art, especially in 

experimental testing, analysis methods, and seismic design. A review of past studies shows 

that additional experimental and analytical research is required to develop generalized 

analytical modeling techniques and design methodologies for CM walls. Thus, further 

research studies should be undertaken in the following areas: 

1. Aspect ratio, though not widely studied, controls failure modes, initial stiffness, and 

strength of CM walls. The experimental studies are limited and not sufficient to get 

sufficient understanding of the influence of AR on the behavior of CM, particularly in the 

global context when the material and construction methodology have huge variations.  

2. The modeling techniques for analysis of CM building available in the literature, such as 

finite element model, wide-column model, strut-and-tie model, and equivalent strut/shell 

model, have limited applications. A simple numerical model that can realistically simulate 

the gravity as well as lateral load response of CM walls is not yet fully developed. 

3. Several guidelines and design codes have been developed over the years in different 

countries to provide basic details on CM and promote its construction practice; however, 

they convey a large dispersion in rules and many gaps. Thus, there is a need to assess the 

effectiveness of the design guidelines and provisions of different codes in ensuring the 

seismic safety of CM buildings, especially in the context of those countries in which 

available masonry is quite weak and soft. 

4. Performance-based seismic design methodology requires a complete backbone profile 

(lateral load – displacement relationship) to be known; therefore, existing models for the 

prediction of lateral stiffness, strength, and deformability at different performance levels 

of CM walls should be assessed. 

5. Significant variation in size and detailing of tie-elements is observed in the literature. 

More study is required to determine how the tie-columns behave (yielding of rebar, 

damage pattern) due to the change in aspect ratio. The distribution of design lateral forces 

to masonry walls and tie-columns is also not clearly discussed in the existing literature. 
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3.1 OVERVIEW 

Seismic behavior of confined masonry (CM) buildings has been a subject of experimental 

studies for many years. Past earthquake damage reports emerging from various parts of the 

world and research studies conducted in different countries have contributed to the 

comprehensive understanding of the seismic behavior of CM buildings in terms of their 

damage patterns and failure modes. From different investigations, the general failure modes 

of CM structures are mostly categorized into those corresponding to the in-plane failures, 

out-of-plane failures, diaphragm failures, failures of connections between different members 

of confined masonry buildings, and non-structural failures (Matthews et al. 2007). The in-

plane failure mode is more critical in case of CM as it is along the primary lateral load transfer 

path. On the other hand, unlike unreinforced masonry (URM) and infilled reinforced concrete 
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(RC) frame structures, overturning or out-of-plane failure mode is not catastrophic in case of 

CM buildings because the confining frame and masonry wall share good bonding (Tu et al. 

2010, Singhal et al. 2014).  

Most of the studies carried out in the past have shown that shear failure in the form of bed 

joint sliding or diagonal shear cracks from center of the masonry wall to the tie-columns is 

the most common type of failure in CM structures under in-plane lateral loading (Meli et al. 

2011). In some limited studies, flexure-induced damages in the form of horizontal cracks in 

the lower courses of wall, yielding of rebars in tie-columns, or out-of-plane failure of 

masonry wall were observed (Zabala et al. 2004, Varela-Rivera et al. 2019). The failure 

modes are controlled by several parameters related to geometry, materials, and loading. 

Among all these parameters, aspect ratio of CM wall, i.e., height to length ratio of masonry 

panel, mainly controls the failure mode. The walls with a low aspect ratio (length of the wall 

is larger than the height) mainly fail in shear mode; however, the walls with a large aspect 

ratio (length of wall is much less than the height) are more susceptible to flexural mode of 

failure due to excessive bending. Some studies have been conducted on CM walls for 

understanding the influence of aspect ratio on lateral load performance (e.g., Gavilán et al. 

2015, Varela-Rivera et al. 2019). Number of such studies is limited, and hence, not sufficient 

to get a comprehensive understanding of the subject particularly in the global context when 

the material properties and construction methodology have huge variations. Moreover, the 

available studies are limited to comparison of the lateral load response in terms of backbone 

profile, deformation characteristics, energy dissipation, etc., whereas the behavior of tie-

columns (yielding of rebar, damage pattern) due to the change in aspect ratio is not studied 

significantly. In the present work, lateral load behavior of half-scale CM wall specimens, 

designed as per international standards, was investigated by carrying out quasi-static cyclic 

tests, and effect of aspect ratio on the failure mode of CM wall components – masonry wall 

and tie-columns, was examined in detail. The results of the experimental study will be utilized 

in later chapters of the thesis in (i) development of finite element and simplified numerical 

models for lateral load analysis of confined masonry walls, (ii) assessing the effectiveness of 

the recommendations of design codes and past studies in estimating the lateral load response 

(strength, stiffness, and lateral drift) of confined masonry walls, and (iii) development of a 

design methodology for members (tie-columns as well as masonry walls) of confined 

masonry buildings. 
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3.2 DESCRIPTION OF TEST SPECIMENS 

The prototype represented an exterior ground floor wall of a two-story CM building with a 

room size of 4.5 m  3.5 m. In absence of an established design code for CM buildings in 

India, the Mexican masonry code (NTC-M 2017) was followed for design and detailing of 

the walls. The study intended to consider at least one slender CM wall, one wall with an 

intermediate aspect ratio, and one relatively squat wall, so that representative behavior of all 

three cases can be studied. Therefore, three aspect ratios (AR), defined as the ratio of the 

height of the CM wall excluding tie-beam (Hw) to the length of the CM wall excluding tie-

columns (Lw), were considered as 2.0, 1.5, and 1.0, though the code permits CM walls up to 

AR 0.75. In India, the compressive strength of available bricks is generally low, therefore, 

the usual practice is to construct one-brick thick walls, which was also followed for the test 

specimens. Thus, the thickness of all the prototype walls was taken as one brick thick (i.e., t 

= 250 mm) ensuring that the slenderness ratio (Hw /t) is less than the limit of 30. The size of 

the prototype tie-elements considered was 250 mm  250 mm as their minimum dimension 

is generally taken equal to the actual thickness of the masonry wall. Height (Hw) of the 

confined masonry walls was considered as 3 m based on general practice and the length (Lw) 

of the walls was taken as 1.5 m (for AR = 2.0), 2 m (for AR = 1.5), and 3 m (for AR = 1.0) 

by following the rules for maximum allowable spacing criterion between the two tie-columns 

recommended in the guideline (≤ 1.5Hw or 4 m, whichever is lesser). Based on the concrete 

compressive strength (min 15 MPa), yield strength of rebars, and wall thickness, 

reinforcement in tie-members was decided to satisfy the minimum reinforcement 

requirement of the code. Considering the Indian practice scenario, no wall reinforcement was 

considered. 

The model CM walls were designed for laboratory testing as per similitude relations 

considering a geometric half-scaling factor in the prototype walls (including the brick units). 

For a reliable correlation study with the prototype, the scale factors for length, force, area, 

moment, shear, volume were obtained as 0.5, 0.25, 0.125, 0.125, 0.25, and 0.125, respectively 

using similitude relations. The geometric properties and reinforcement detailing of the half-

scale test specimens are shown in Fig. 3.1. RC tie-members in all the half-scale specimens 

had a cross-section of 125 mm × 125 mm in which 4 deformed bars of 6 mm diameter were 

provided as longitudinal reinforcement and 3 mm diameter stirrups (smooth bars) were 
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provided as transverse reinforcement with 100 mm center-to-center spacing in the mid-span 

that was reduced to 40 mm at the ends over a length of 250 mm.  

 
Figure 3.1:  Geometric and reinforcement detailing in specimens S1, S2, and S3. 

 

3.3 MATERIAL CHARACTERIZATION 

Material properties were evaluated using relevant standards by conducting tests on masonry 

and its constituents, concrete, and reinforcing bars (Table 3.1). Masonry is a non-

homogenous, anisotropic material composed of two different materials - bricks and mortar. 

Different tests carried out for determining the material properties of masonry are shown in 

Fig. 3.2. The compressive strength of brick units (fb) was determined by testing brick units 

under uniaxial compression in accordance with ASTM C67-13 (ASTM 2013a) and IS 3495 

(BIS 1992). The average fb of the burnt clay bricks was found to be 15.41 MPa [COV 10%]. 

The mortar used had a volume ratio of 1:1:6 of lime, cement and sand. The water-binder ratio 

was maintained as 0.75 to obtain a workable mix. The compressive strength of mortar cubes 

(fj) was determined by testing 50-mm cube specimens under uniaxial compression in 

accordance with ASTM C109/C109M-13 (ASTM 2013b), and IS 2250 (BIS 1995). The 
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average fj was found to be 7.92 MPa [COV 8.8%]. Clearly, the bricks are significantly 

stronger than the mortar used. Five-bricks high masonry prisms with an average height of 

220 mm were constructed with thickness of mortar joint about 5 mm. Generally, thickness of 

the mortar joint in the prototype wall lies in the range of 10 – 12 mm, thus the thickness of 

mortar joint in the half-scale model should be 5 – 6 mm to satisfy the scaling laws. The 

uniaxial compressive strength of masonry prism ( mf  ) in the direction perpendicular to bed 

joints was determined after 28 days of curing in accordance with IS 1905 (BIS 1987). The 

average mf   was found to be 5.2 MPa [COV 9.5%] and the modulus of elasticity of masonry 

(Em) was calculated as the slope of the secant connecting 5% to 33% of the maximum 

compressive strength of the specimens (Kaushik et al. 2007, MSJC 2011) and it was found 

to be about 2000 MPa. Shear strength is required for the design of masonry panels when they 

are subjected to lateral loads. The initial shear strength of masonry (vm0) from horizontal bed 

joint shear strength was determined by carrying out triplet test in accordance with BS EN 

1052-3 (BSI 2002). The diagonal compressive strength of masonry (vm) was determined in 

accordance with ASTM E 519 (ASTM 2010) using masonry wallettes of size 0.60 × 0.60 m. 

The average value of vm0 and vm were found to be 0.43 MPa [COV 16%] and 0.44 MPa [COV 

14%], respectively. 

      
 (a)  (b) 

     
 (c)  (d)  (e) 

Figure 3.2: Experimental tests on: (a) clay brick units; (b) mortar cubes; (c) masonry 

prisms, (d) masonry triplets, and (e) masonry wallettes. 
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The average compressive cube strength of M25 concrete (fc) was 30.4 MPa, which was 

obtained by compressive test on concrete cubes as per IS 516 (BIS 2004). The modulus of 

elasticity of concrete (Ec) was obtained as 27570 MPa using IS456 (BIS 2000). The tensile 

properties of rebars were obtained by tension tests on bars in accordance with IS 1608 (BIS 

2018). The average yield strength of 6 mm (longitudinal rebar) and 3 mm (transverse rebar) 

diameter bars was 549 MPa and 446 MPa, respectively, with the modulus of elasticity (Es) 

as 1.91105 MPa and 2.06105 MPa, respectively.  

Table 3.1: Material properties obtained in the experimental study. 
Properties Material  Mean Value (MPa) 

Compressive strength,  

Elastic Modulus 

Brick  fb = 15.41 [COV 10%] 

Mortar  fj = 7.92 [COV 8.83%] 

Masonry mf = 5.2 [COV 9.46%], Em = 2000 

Concrete (M25)  fc = 30.4 [COV 16.8%], Ec = 27570 

Yield strength, 

Elastic Modulus 

Steel rebar (6ϕ)  fyl = 549 [COV 0.98%], Es = 1.91 105 

Steel rebar (3ϕ)  fyt = 446 [COV 1.15%], Es = 2.06 105 

Initial shear strength Masonry 

Masonry 

vm0 = 0.43 [COV 16%] 

Diagonal compressive strength  vm = 0.44 [COV 14%] 

Note: COV = Coefficient of Variation; ϕ = diameter of bar; 6ϕ represents 6 mm diameter. 

3.4 TEST PROCEDURE AND INSTRUMENTATION 

All specimens were constructed on an RC foundation beam of cross-section 250 mm × 250 

mm. Reinforcement cages for the tie-columns were assembled and placed at the tie-column 

locations after constructing the bottom beam. Atop the foundation beam, masonry wall was 

constructed between the tie-columns up to the full height in three steps (not more than 0.5 m 

in a day) using solid half-scale burnt-clay bricks and mortar (about 5 mm thick) in English 

bond pattern. The average size of the half-scale clay brick units used was 120 mm × 60 mm 

× 40 mm, so two brick layers were provided in the out-of-plane direction in the alternate 

courses (stretcher courses) as shown in the sectional view of Fig. 3.3. All the horizontal and 

vertical joints in the masonry wall were filled with mortar. Concrete in the tie-columns was 

poured once the desired wall height was reached using formwork only on three faces of the 

tie-columns. Finally, the tie-beam was constructed along with an RC slab of 75 mm thickness.  
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 (a) (b) (c) 

Figure 3.3: Construction of the CM wall specimens: (a) Masonry wall construction, (b) 

Casting of tie-columns, (c) Tie-beam and slab construction. 

 

The typical test setup for all the confined masonry wall specimens tested in the present study 

is shown in Fig. 3.4. The bottom foundation beam of the specimens was anchored rigidly at 

the base to the strong floor to prevent sliding and toppling of the specimens during the cyclic 

tests. The out-of-plane movement of the specimens was prevented by using steel buttress 

frames fitted with roller bearings at the slab level of the specimens. The lateral deformations 

of the specimens at different heights were recorded using four LVDTs, which were attached 

to the tie-columns. Moreover, two strain gauges were bonded to each longitudinal rebar at 

top and bottom at the critical locations where plastic hinges are expected to form. The 

imposed load (dead and live) due to the upper-story was applied by placing steel plates over 

the RC slab, and it was maintained such that the overburden pressure on the tie-beam (i.e., 

overburden load above tie-beam divided by surface area of tie-beam) is constant (σ ≈ 0.13 

MPa) throughout the test for all the specimens.  

Quasi-static cyclic lateral loading was applied at the slab level using a servo-controlled 

hydraulic actuator of ±125 mm stroke length and 250 kN load capacity. The loading consisted 

of gradually increasing story drifts (ratio of lateral displacement to masonry wall height) from 

0.10% till failure as per ACI 374 (2005) as shown in Fig. 3.5. Each displacement cycle was 

repeated three times at each drift ratio with a very low frequency of 0.02 Hz. All the responses 

during testing were recorded and processed with the help of a data acquisition system and 

LabVIEW.  
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Figure 3.4: Experimental setup and instrumentation shown in schematic and during actual 

testing. 

 

 

 
Figure 3.5:  Cyclic loading history applied to the test specimens.  
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3.5 RESPONSE OF SPECIMENS 

The lateral load behavior of the specimens during quasi-static cyclic testing in the form of 

hysteretic response (lateral load-lateral drift) for the applied three cycles of every lateral drift 

level is shown in Fig. 3.6. The hysteretic response showed symmetric loops in push and pull 

directions for all the specimens. As expected, pinching was observed in the response of all 

the specimens at higher drift levels because of significant damage. Sudden reduction in the 

lateral strength of the first specimen S1 is evident from the hysteresis curves at a drift level 

of about 4%. In the second specimen S2, the sudden reduction in the strength was not 

observed even when subjected to 6% drift. Though the lateral strength of the third specimen 

S3 was highest, it failed quite early due to severe damage in the tie-columns. Some test 

photographs and videos showing the lateral load response of the specimens are available at: 

https://www.iitg.ac.in/hemantbk/stud/bonisha.html.  

3.5.1 Crack Pattern and Failure Mechanism 

The crack pattern and resulting failure mechanisms observed during the tests provide an 

insight into the behavior of the specimens and effectiveness of the design methodologies 

adopted. Under the action of cyclic lateral loads, the three specimens behaved quite 

differently. The extent and type of damage were primarily governed by the characteristics of 

each wall. Figs. 3.6 and 3.7 show the observed cracking in the specimens during first notable 

cracking and lateral strength stages, respectively. Fig. 3.8 shows the load-deformation along 

with the final crack patterns. Damage observations are discussed in the following sections. 

Specimen S1 (Aspect ratio 2) 

As specimen S1 was slender, primarily flexural behavior was expected under lateral loads. 

True to this, the first crack that appeared in S1 was flexural in the left tie-column (windward 

column) near the bottom as observed in Fig. 3.6a at 0.35% drift and 38.4 kN load (average 

of push and pull loads). At 0.75% drift, interface cracks between tie-columns and walls, and 

additional flexural cracks in both the tie-columns were observed. Here the specimen achieved 

its strength of 46.7 kN in the pull direction, while the strength of 48.3 kN was achieved at the 

next drift level of 1% in the push direction. Fig. 3.7a shows the damage observed in S1 at 

this stage. The first shear crack formed at the top left beam-column joint at 1.75% drift. At 

about 4% drift, a reinforcing bar in the bottom of the left tie-column ruptured. The test was 

terminated at this stage when the lateral load dropped to about 13.9 kN, i.e., about 29% of 

the peak value. Fig. 3.8b shows the damage at the end of the test. The maximum recorded 
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widths of the diagonal and vertical interface cracks were about 13 mm and 19 mm, 

respectively, at the end of the test. The maximum recorded bending deformation in the tie-

columns was about 22 mm. 

                        

(a) 

                       
(b) 

                       
(c) 

Figure 3.6:  First notable cracks during testing of specimen: (a) S1, (b) S2, and (c) S3.  
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 (a)  (b) 

 
 (c) 

Figure 3.7: Damage observed at peak lateral strength for: (a) S1, (b) S2, and (c) S3. 

Specimen S2 (Aspect ratio 1.5) 

Specimen S2 developed the first crack at the bed joint near the bottom part of the masonry 

wall at 0.2% drift level and a lateral load of 38.2 kN (Fig. 3.6b). During 0.75% drift level, 

several diagonal stair-stepped cracks in masonry wall and interface cracks between masonry 

and the windward tie-column were observed; the specimen achieved its peak strength of 

52.6 kN in the pull direction at this drift. Similarly, the specimen achieved its strength of 59 

kN in the push direction at the next drift level of 1%, where the cracks were also observed in 

the interface of masonry and leeward tie-column (Fig. 3.7b). The maximum bending 

deformation recorded in the tie-columns was in the range of 25 mm to 35 mm. The recorded 

width of different cracks was significantly higher (diagonal crack: 14 mm, interface crack: 

40 mm) compared to the first specimen indicating severe damage in the wall. The test was 

terminated at 6% drift when the lateral strength reduced to about 19 kN, i.e., 35% of the peak 

value. Fig. 3.8d shows the damage at the end of the test. 
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Specimen S3 (Aspect ratio 1) 

As expected from a relatively squat specimen, the first crack that appeared in S3 was a bed 

joint shear crack in the masonry wall near the bottom at a drift level of 0.25% and a lateral 

load of 65.7 kN was recorded (Fig. 3.6c). At about 0.5% drift level, diagonal stair-stepped 

crack and interface crack appeared at the left tie-column-to-wall interface, and the specimen 

achieved its peak strength of 82.3 kN in the push and 80 kN in pull direction (Fig. 3.7c). 

Further increase in the lateral drift resulted in the development of flexural and shear cracks 

in tie-columns. As expected, the width of the diagonal cracks was highest in this specimen 

(25 mm), while the maximum width of the interface crack (24 mm) was found to be lesser 

than that observed in S2. In this specimen too, significant bending of tie-columns was 

observed (maximum bending deformation of 25 mm). Severe damage to tie-columns and the 

rupture of the longitudinal reinforcement at the bottom of both the tie-columns resulted in 

termination of the test at 1.75% drift where the strength reduced to about 39 kN, i.e., 48% of 

the peak load (Fig. 3.8f).  

Comparing the performance, the influence of aspect ratio on lateral load behavior of three 

specimens was apparent. When the configuration changed from slender to squat, initiation of 

damage pattern changed from flexural cracking of tie-columns to shear (sliding or diagonal) 

cracking of masonry. S3 achieved the lateral strength early (at only 0.50% drift) than S2 (at 

0.82% drift) and S1 (at 0.87% drift). In past experimental studies, recorded drift at peak load 

varies from 0.17% to 0.74% for solid CM walls without horizontal reinforcements (detail 

discussion is provided in Chapter 5). Here, the obtained lateral drift at peak load was on the 

higher side possibly due to the use of soft masonry (Em = 2000 MPa) in English bond pattern. 

In order to study the behaviour of tie-columns, it was important to apply further lateral drifts 

to the specimens. Thus, attempt was made (S1 and S2 were studied up to 4% and 6%, S3 was 

studied only up to 1.75% drift) to capture the response of tie-columns of CM walls with 

different AR under lateral loading. The tie-columns of the squat specimen S3 suffered the 

most severe damage and exhibited a sudden drop in strength after reaching the peak (Fig. 

3.8e). The damage was uniformly distributed in the masonry wall in S1 and S2, whereas the 

damage was mostly concentrated in the bottom one-third part of S3 wall (Fig. 3.8f). Though 

the initiation of cracks and damage was different in the three specimens, finally, all the 

specimens failed due to shear failure of tie-columns after masonry suffered severe damage.  
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 (a) (b) 

         
 (c) (d) 

     
 (e) (f) 

Figure 3.8:  (a), (c), (e) Hysteretic response, (b), (d), (f) Damage observed in specimens 

S1, S2, and S3, respectively. 
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3.5.2 Deformation Response 

Fig. 3.9 shows the maximum lateral displacement recorded at different drift levels by the 

LVDTs placed along the height of the right tie-column. The displacement profile can be 

generalized as the deflected shape of the single-story CM wall subjected to lateral load at the 

top. It can be observed that for the same load the deflection profile of the walls is not similar 

to each other. The recorded profile shows unsymmetrical bending of the tie-columns in S2 

and S3, while it was symmetric in S1, which underwent well distributed lateral deformation 

along the height at all drift levels because of the lesser damage, especially in the tie-columns. 

As already discussed, the initiation of damage in S1 was due to the formation of flexural 

cracks in tie-columns. With increasing drift, the flexural cracks started forming along the 

whole length of the tie-columns in addition to the well-distributed damage in the masonry 

wall (Fig. 3.8b). However, plastic hinges were formed at the bottom of the tie-columns much 

after the lateral strength. On the other hand, failure pattern in S2 and S3 (Fig. 3.8 d and f) 

was governed by shear mode, and extensive damage was observed early in the tie-columns 

and masonry wall resulting in formation of plastic hinges at the bottom of tie-columns. With 

increasing lateral drift, the columns stopped deforming laterally near the locations of plastic 

hinges, while continuing to rotate at the hinges. Thus, the lateral deformation along the height 

of tie-columns was not uniform at all drift levels in S2 and S3 (Fig.3.9 b and c). Clearly, AR 

plays a significant role in the lateral deformability and deformation profile of CM walls.  

 
 (a) (b) (c) 

Figure 3.9:  Deformation profile of specimens: (a) S1, (b) S2, and (c) S3. (DL=Drift Level) 
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plastic hinges are expected to develop. Four such critical cross-sections in tie-columns were 

considered for each specimen. Two strain gauges were bonded to each longitudinal rebar 

(one at the top and the other at the bottom) using cyanoacrylate adhesive. In total sixteen 

numbers of strain gauges (four strain gauges in each critical cross-section) were used on the 

longitudinal rebars of tie-columns as shown in Fig. 3.10. The maximum strain in rebars, 

recorded by the strain gauges at various locations, corresponding to the lateral drift values 

are shown in Fig. 3.10 and Tables 3.2, 3.3, and 3.4 for all three specimens. The strain gauges 

are designated by five symbol code, such as LCL1U. the first two letters LC or RC represents 

left or right tie-column in a CM specimen. The third letter L or R represents left or right 

longitudinal rebar in a tie-column cross-section. The fourth numeral 1 or 2 after the letter L 

or R represents the first or second longitudinal bar of a tie-column in left side or right side. 

The last letter U or D represents the top (up) or bottom (down) cross-section of a tie-column. 

 
 (a) (b) 

 
 (c) (d)  

Figure 3.10: Envelope curves showing strain recorded at sixteen locations with respect to 

lateral drift for (a) S1, (b) S2, and (c) S3. Strain gauge location shown in (d). 
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Table 3.2:  Typical strain values recorded at various column locations in S1. 

Location 
Strain 

Gauges 

Peak Strain (μmm/mm) Drift (%) 
Status 

Tension (+) Compression (-) Push (+) Pull (-) 

Left Column 

Up 

LCL1U 1780.6 -57.8 2.75 -1.40 - 

LCR1U 62.1 -287.9 3.75 -3.75 - 

LCL2U 206.0 -164.1 2.75 -2.75 - 

LCR2U 498.0 -156.4 3.75 -1.40 - 

Left Column 

Down 

LCL1D 2805.0 -1515.0 0.50 -1.40 Yielded 

LCR1D 148.0 -632.0 0.20 -2.20 - 

LCL2D 2745.0 -1617.5 0.75 -1.00 Yielded 

LCR2D 2809.8 -286.2 0.75 -1.75 Yielded 

Right Column 

Up 

RCL1U 84.0 -329.0 3.75 -3.75 - 

RCR1U 3511.6 -29.8 3.75 -1.40 Yielded 

RCL2U 867.2 -121.9 2.75 -1.40 - 

RCR2U - -74.3 - -1.40 - 

Right Column 

Down 

RCL1D 1474.0 -309.0 0.50 -0.50 - 

RCR1D 62.0 -359.0 0.25 -2.75 - 

RCL2D - - - - - 

RCR2D 1617.5 -224.5 0.50 -0.20 - 

 

Table 3.3:  Typical strain values recorded at various column locations in S2. 

Location 
Strain 

Gauges 

Peak Strain (μmm/mm) Drift (%) 
Status 

Tension (+) Compression (-) Push (+) Pull (-) 

Left Column 

Top 

LCL1U 3847 - 2.20  Yielded 

LCR1U 596 -656 3.75 -3.75 - 

LCL2U - -74.79 - -0.75 - 

LCR2U 5059 - 2.20 - Yielded 

Left Column 

Bottom 

LCL1D 2564 -2912 4.00 -4.00 Yielded 

LCR1D 2745 -2745 1.40 -1.40 Yielded 

LCL2D 1039 -396 -2.20 -0.35 - 

LCR2D 2074 -1725 0.20 -2.20 - 

Right Column 

Top 

RCL1U 3375 -598 1.40 -1.75 Yielded 

RCR1U 2206 -2020 3.75 -0.20 - 

RCL2U 4625 -4230 1.40 -1.75 Yielded 

RCR2U 1339 -585 2.20 -6.00 - 

Right Column 

Bottom 

RCL1D 3806 -404 0.50 -3.20 Yielded 

RCR1D 2046 -402 0.25 -0.50 - 

RCL2D 2841 -1376 0.50 -2.75 Yielded 

RCR2D 2745 -2470 0.50 -1.75 Yielded 
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Table 3.4:  Typical strain values recorded at various column locations in S3. 

Location 
Strain 

Gauges 

Peak Strain (μmm/mm) Drift (%) 
Status 

Tension (+) Compression (-) Push (+) Pull (-) 

Left Column 

Top 

LCL1U 3099.2 -95.0 2.20 -1.00 Yielded 

LCR1U 2745.0 -2366.6 1.75 -2.20 Yielded 

LCL2U 308.4 -355.6 2.75 -2.75 - 

LCR2U 2745.0 -1352.7 1.75 -1.75 Yielded 

Left Column 

Bottom 

LCL1D 2496.8 -102.8 0.25 -0.20 - 

LCR1D 3454.2 -598.8 0.50 -1.40 Yielded 

LCL2D 2745.0 -693.5 0.50 -0.75 Yielded 

LCR2D 2745.0 -1411.8 0.50 -1.75 Yielded 

Right Column 

Top 

RCL1U 2745.0 -3352.6 0.75 -3.20 Yielded 

RCR1U 268.7 -131.9 1.40 -0.75 - 

RCL2U 507.3 -321.7 1.00 -3.20 - 

RCR2U 318.9 -223.1 1.75 -1.75 - 

Right Column 

Bottom 

RCL1D 284.5 -553.5 0.20 -0.35 - 

RCR1D 3145.2 -30.0 0.50 -0.25 Yielded 

RCL2D 3201.3 -119.7 0.50 -0.20 Yielded 

RCR2D 751.9 -247.1 0.50 -0.50 - 

 

The lateral load vs rebar strain (hysteretic) response at different sections of tie-columns is 

also shown in Figs. 3.11, 3.12, and 3.13 for all three specimens. For specimen S1, Strain 

gauge RCL2D was found to be not operational and was not considered for further analysis. 

Figs. 3.11, 3.12, 3.13, and Tables 3.2, 3.3, 3.4 show that during the testing of S1, only four 

strain gauges (three from bottom of left column and one from top of right column) recorded 

high strains corresponding to yielding of rebars. Similarly, nine strain gauges recorded 

yielding of bars in each of S2 and S3. In most of the cases, the strain recorded in tension was 

found to be higher when compared to compressive strain. Yielding of rebars and the 

maximum strain was recorded at a lower drift level near the left and right column at bottom 

locations when compared to the top locations. Most rebars at the bottom of tie-columns 

yielded at a low drift value of 0.5%, while those at the top yielded at a much higher lateral 

drift. The summary of yielding of reinforcement bars in the three specimens is shown in Fig. 

3.14, which shows the minimum lateral drift values corresponding to yielding of these rebars 

at different locations in tie-columns.  
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Figure 3.11: Lateral load-rebar strain response for different column locations in S1. 

 

 

 
Figure 3.12: Lateral load-rebar strain response for different column locations in S2. 
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Figure 3.13: Lateral load-rebar strain response for different column locations in S3. 

 

 

             
 (a) (b) (c) 

Figure 3.14: Comparison of the initial yielding of rebars and corresponding drift levels (in 

%) at the critical sections of tie-columns for specimen: (a) S1, (b) S2, (c) S3. 
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of the envelope curves of all three specimens. It is evident that the lateral strength of CM 

wall increases as the aspect ratio of wall decreases. The experimentally obtained lateral 

strength (Vm,e) and residual strength at the end of the test (Vr) along with the corresponding 

drifts (δm,e and δr) for all the specimens are shown in Table 3.5. The obtained average Vm,e 

was 48.3 kN, 59 kN, 82.3 kN for specimen S1, S2, and S3, respectively. Thus, Vm,e of the 

walls S2 and S3 was about 1.2 and 1.7 times that of S1, respectively. Though the lateral 

strength increased with decreasing AR or increasing length (as H is constant), the shear stress 

in the masonry wall (Vm,e /Aw), obtained by distributing the lateral load along masonry cross-

section Aw, reduced from 0.51 MPa in S1 to 0.45 MPa in S2 and finally to 0.44 MPa in S3. 

Moreover, the lateral drift at peak load (δm,e) decreases as AR of CM wall decreases. As given 

in Table 3.5, the relatively squat wall S3 achieved the strength early (at only 0.50% drift) 

than the comparatively slender walls S2 (at 0.82% drift) and S1 (at 0.87% drift). At the end 

of the tests, the average residual strengths were 13.9 kN, 19.2 kN, 39.1 kN corresponding to 

4%, 5.9%, and 2.5% drift for S1, S2, and S3, respectively. 

 
Figure 3.15: Comparison of envelope curves of specimens S1, S2, and S3. 

 

Table 3.5:  Summary of experimentally obtained hysteresis responses of the specimens. 

ID AR 
Vm,e (kN) δm,e (%) Vr (kN) δr (%) Vm,e /Aw 

(MPa) Push Pull Avg Push Pull Avg Push Pull Avg Push Pull Avg 

S1 2.0 48.3 46.7 47.5 1.00 0.75 0.87 10.4 17.4 13.9 4.0 4.0 4.0 0.51 

S2 1.5 59.0 52.6 55.8 0.89 0.75 0.82 18.1 20.4 19.2 5.9 6.0 5.9 0.45 

S3 1.0 82.3 80.0 81.1 0.50 0.49 0.50 43.4 34.9 39.1 1.8 3.2 2.5 0.44 
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3.6.2 Stiffness Degradation 

The cyclic stiffness (Kc) was estimated for the first hysteresis cycle at each drift level as the 

slope of the line joining the positive and negative extreme points. The initial cyclic stiffness 

(Kc0) was found to be 14.7, 15.7, and 21.8 kN/mm for S1, S2, and S3, respectively. The cyclic 

stiffness at each drift level (Kc) was normalized with respect to the maximum or initial cyclic 

stiffness Kc0 to obtain stiffness degradation (Kc/Kc0) at a particular drift level and plotted 

against the corresponding drift δ normalized with respect to the drift at the end of first loading 

cycle, δ0 (Fig. 3.16a). It is observed that all the specimens followed almost a similar trend for 

cyclic stiffness degradation with in-plane drift. Among all the specimens, maximum common 

drift value was 1.75% (i.e., δ/δ0 = 17.5) at which Kc/Kc0 was about 0.1 for all the specimens 

indicating that the cyclic stiffness degraded to about 10% of Kc0. 

     
 (a)  (b) 

     
 (c)  (d) 

Figure 3.16: Comparison of hysteretic response in terms of: (a) stiffness degradation, (b) 

strength degradation, (c) cumulative energy dissipation, and (d) equivalent 

viscous damping. 
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3.6.3 Strength Degradation 

The post-peak lateral loads obtained at different drift levels were normalized with Vm,e and 

the obtained strength degradation (V/Vm,e) is plotted against δ/δm,e as shown in Fig. 3.16b, 

which shows specimens S2 and S3 followed almost uniform strength degradation pattern. 

However, a slight increment in strength was observed in the slender wall S1 after initial 

degradation due to the confining effect of the closely spaced tie-columns as also mentioned 

in Gavilan et al. (2015). The ratio, V/Vm,e was found to be 0.88, 0.69, and 0.48 at a maximum 

common drift of 1.75% for which δ/δm,e = 2.0, 2.1, and 3.5 for S1, S2, and S3, respectively, 

signifying that with decreasing AR not only the peak strength reached earlier, but it also 

degraded more. Further, as the squat wall achieved the peak capacity at a smaller drift level, 

the drift factor was more for the squat wall at 1.75% drift. 

3.6.4 Energy Dissipation 

The energy dissipated in each displacement level was evaluated as the area enclosed under 

the hysteresis loops (3 loops or cycles per displacement level). The cumulative energy 

dissipation (Edc) was calculated by summing up the energy dissipated in each displacement 

level. As shown in Fig. 3.16c, the cumulative energy dissipation (Edc) was 21 kNm, 27.9 

kNm, and 8.2 kNm for S1, S2, S3, respectively. Thus, maximum Edc was observed in the 

case of S2 for which the hysteresis loops were most stable until a large lateral drift of about 

6%. A comparison shows the minimum energy (about one-third of S2) was dissipated by S3 

because of its early failure (Fig. 3.16c). Another parameter to analyze the energy dissipation 

capacity is damping. The equivalent viscous damping ratio (ζ), which is proportional to the 

energy dissipated in one hysteresis loop to the maximum strain energy of an equivalent elastic 

system (Chopra 2017), is plotted against the lateral drift in Fig. 3.16d. The value of ζ at failure 

is 17.3%, 19.5%, and 12.6%, respectively. Thus, similar to the energy dissipation, damping 

estimated at the failure was maximum in S2, while S3 exhibited the least damping. 

3.7 IDEALIZATION OF LATERAL LOAD-DISPLACEMENT RELATIONSHIP 

In order to simplify analysis and design, the experimentally obtained hysteretic response can 

be represented by an idealized bi- or trilinear resistance envelope. Adopting from Tomaževič 

(1999), three limit states in the observed behavior were first defined as follows: 

a. Cracking Limit: It is represented by the lateral displacement and resistance at the formation 

of the first significant cracks in the masonry wall, which change the slope of the envelope.  
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b. Maximum Resistance: It is represented by the maximum lateral resistance achieved by the 

CM wall during the test, and the corresponding displacement.  

c. Ultimate State: It is represented by the maximum attained displacement during the test, 

and the corresponding residual lateral resistance.  

3.7.1 Idealization with Bilinear Relationship 

The experimentally obtained hysteretic response can be idealized with an elastic-perfectly 

plastic bilinear envelope as shown in Fig. 3.17. The slope of the initial rising branch of the 

idealized envelope is called effective stiffness of the wall, Ki. It is calculated as the ratio of 

the cracking load (Vcr,e) to the corresponding displacement (Δcr,e) of the wall obtained 

experimentally, i.e., Ki = Vcr,e /Δcr,e. In the absence of a well-defined cracking point, Vcr,e is 

recommended to be considered as 0.6 to 0.8 times Vm,e (Tomaževič 1999, Tomaževič and 

Klemenc 1997a). Further, some empirical formulations are also discussed in Chapter 6 for 

the estimation of Vcr,e. For the three tested CM walls, the idealized bilinear envelopes in push 

and pull directions were developed as shown in Fig. 3.18a, b, c. The average values from 

push and pull directions for all three specimens are compared in Fig. 3.18d. The obtained 

average value of Ki was 11.6 kN/mm, 12.6 kN/mm, and 20.1 kN/mm for S1, S2, and S3, 

respectively (as given in Table 3.6). In case of the bilinear idealization, the maximum or 

ultimate resistance of the idealized envelope is defined as 90% of the experimentally obtained 

strength. The first point corresponds to the displacement at the idealized elastic limit Δe 

calculated as Δe = 0.9Vm,e/Ki. The second point on the idealized envelope corresponds to the 

ultimate displacement Δu,bl, where the idealized line intersects the descending branch of 

experimental response as shown in Fig. 3.17. The ductility factor is estimated as the ratio of 

Δu,bl to Δe and it was found to be 8.1, 4.7, and 3.3, for S1, S2, and S3, respectively. 

 
Figure 3.17:  Idealization of experimental resistance envelope with bilinear relationship. 
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 (a)  (b) 

  
 (c)  (d) 

Figure 3.18: (a), (b), (c) Development of idealized envelopes with bilinear relationship for 

S1, S2, and S3, respectively; (d) Comparison of idealized bilinear curves of 

the three specimens. 

 

Table 3.6:  Parameters defining the idealized bilinear envelopes of the specimens. 

Loading 

Direction 
Specimen  

Ke  

(kN/mm) 
0.9Vm,e 

(kN) 

Δe  

(mm) 

Δu,bl 

(mm) 
μ 

Push 

S1 11.1 43.5 3.9 30.0 7.7 

S2 13.5 53.1 3.9 20.0 5.1 

S3 20.6 74.1 3.6 12.0 3.3 

Pull 

S1 12.0 -42.1 -3.5 -30.0 8.5 

S2 11.7 -47.3 -4.0 -17.0 4.7 

S3 19.5 -72.0 -3.7 -12.0 3.3 

Average 

S1 11.6 42.8 3.7 30.0 8.1 

S2 12.6 50.2 4.0 18.5 4.7 

S3 20.1 73.0 3.6 12.0 3.3 

 

3.7.2 Idealization with Trilinear Relationship 

The bilinear idealization is too simplistic for identifying different performance limit states; 

therefore, the experimentally obtained hysteretic response is also idealized with a trilinear 

-90

-60

-30

0

30

60

90

-60 -30 0 30 60

L
at

er
al

 L
o
ad

 (
k
N

)

Lateral Displacement (mm)

Experimental

Idealized

S1
-90

-60

-30

0

30

60

90

-90 -60 -30 0 30 60 90

L
at

er
al

 L
o

ad
 (

k
N

)

Lateral Displacement (mm)

Experimental

Idealized

S2

-90

-60

-30

0

30

60

90

-30 -20 -10 0 10 20 30

L
at

er
al

 L
o
ad

 (
k
N

)

Lateral Displacement (mm)

Experimental

Idealized

S3
0

20

40

60

80

0 5 10 15 20 25 30 35 40

L
at

er
al

 L
o
ad

 (
k
N

)

Lateral Displacement (mm)

S1

S2

S3

TH-2646_156104002



Seismic Analysis and Design of Confined Masonry Buildings 

65 

envelope as shown in Fig. 3.19. The first point is the cracking point with lateral load Vcr,e and 

lateral displacement Δcr,e obtained experimentally; the slope of this rising branch (Ki) is same 

as obtained from the bilinear relationship. The second point corresponds to the maximum 

resistance (Vm,e) without any reduction, and the corresponding displacement (Δm,e). 

Generally, the ratio of lateral load at cracking to lateral strength (Vcr,e/Vm,e) varies from 0.6 to 

0.8 in many past experimental studies (Tomaževič 1999, Tomaževič and Klemenc 1997a). 

In the present experimental study, it was found to be 0.72, 0.68, and 0.75 for S1, S2, and S3, 

respectively. The third point is corresponding to the ultimate state; it is recommended to 

consider the ultimate strength (Vu) at 20% strength degradation for practical considerations 

(i.e., Vu = 0.8Vm,e) rather than considering it at residual strength Vr corresponding to severe 

deterioration. Thus, the intersecting point of 80% strength line and the linear branch 

connecting Vm,e and Vr gives the ultimate state. The corresponding displacement in post-peak 

regime is denoted as Δu and Δr (Fig. 3.19). For the tested CM walls, the idealized trilinear 

envelopes in push and pull directions were developed in Fig. 3.20a, b, c, and the average 

values from push and pull directions for all three specimens are compared in Fig. 3.20d.  

 
Figure 3.19:  Idealization of experimental resistance envelope with trilinear relationship. 

 

Comparison of the three specimens showed that as the aspect ratio of wall decreases by two 
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degradation after initial cracking in wall is more for the squat wall S3 (almost two times) in 

comparison to the slender wall S1. The trilinear idealization of the load-deformation response 

of CM walls is extensively used in Chapter 6 to suggest relevant performance limit states for 

CM walls using data obtained in several past experimental as well as empirical studies. In 

Fig. 3.21, experimental, idealized bilinear, and idealized trilinear curves are plotted 

altogether for the three specimens. The maximum lateral resistance obtained from bilinear 

idealization for all three specimens was 90% of that obtained from experimental or trilinear 

idealized curve. Further, when CM wall changed from squat to slender, the ultimate 

displacement obtained from bilinear idealization varied from 0.8% to 2%, whereas it varied 

from 0.98% to 2.38% as per trilinear idealization.  

 
 (a)  (b) 

 
 (c)  (d) 

Figure 3.20: (a), (b), (c) Development of idealized envelopes with trilinear relationship for 

S1, S2, and S3, respectively; (d) Comparison of trilinear idealized envelopes 

of the three specimens. 
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Table 3.7:  Parameters from the idealized load-displacement curves. 

 ID 
Vcr,e 

(kN) 

Vm,e 

(kN) 

Vr 

(kN) 

Vu 

(kN) 

Ki 

(kN/mm) 

Δcr,e 

(mm) 

Δm,e 

(mm) 

Δr 

(mm) 

Δu 

(mm) 

Push 

S1 33.3 48.3 10.4 38.6 11.1 2.99 15.0 59.8 26.4 

S2 40.7 59.0 18.1 47.2 13.5 3.01 13.4 88.1 34.9 

S3 62.3 82.3 43.4 65.8 20.6 3.02 7.5 26.3 15.5 

Pull 

S1 34.9 46.7 17.4 37.4 12.0 2.91 11.2 60.0 26.8 

S2 35.7 52.6 20.4 42.1 11.7 3.04 11.3 90.1 37.0 

S3 59.1 80.0 34.9 64.0 19.5 3.03 7.3 48.0 14.0 

Average 

S1 34.1 47.5 13.9 38.0 11.6 2.95 13.1 59.9 26.3 

S2 38.2 55.8 19.2 44.6 12.6 3.02 12.3 89.1 35.7 

S3 60.7 81.1 39.1 64.9 20.1 3.03 7.4 37.1 14.7 

 

  
 (a)  (b) 

  
 (c)  

Figure 3.21: Comparison of experimental and idealized envelopes with bilinear and 

trilinear relationship for: (a) S1, (b) S2, and (c) S3. 

 

3.8 SUMMARY 

Three half-scale CM walls with different aspect ratios were designed according to present 
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reinforcement as per the prevalent design guidelines. The intent of the study was to consider 

at least one slender CM wall (S1 with AR = 2.0), one wall with intermediate aspect ratio (S2 

with AR = 1.5), and one relatively squat wall (S3 with AR = 1.0), so that representative 

behavior of all three cases can be studied. Appropriate design dead and live loads were 

applied by placing steel plates over the RC slab constructed over the CM specimens to 

replicate the realistic gravity loads before application of lateral loads. These specimens were 

subjected to quasi-static cyclic lateral loading. Some test photographs and videos are 

available at: https://www.iitg.ac.in/hemantbk/stud/bonisha.html 

From the comparison of the experimental results, a strong influence of aspect ratio on lateral 

load responses was observed. When the aspect ratio of masonry panel of a CM wall reduced 

from 2.0 to 1.5, the lateral strength of CM wall increased by about 20% and it increases up 

to 70% when AR reduces to 1.0. However, the lateral drift capacity (corresponding to lateral 

strength) reduces by 43% and the developed shear stresses in the masonry panel decreased 

by about 13% when AR reduced from 2 to 1. In a relatively squat wall S3, significant 

degradation in post-peak strength was seen due to early damage in its tie-columns, and thus, 

the lowest dissipation of energy was observed for this wall when compared to the others. The 

idealized load-deformation relations also showed that as the aspect ratio decreases, the initial 

stiffness increases. However, due to the occurrence of severe damage, the ductility of CM 

wall reduces with decreasing aspect ratio. Further, the initiation of damage pattern changed 

from flexural cracking of tie-columns to shear cracking of masonry, and the uniform lateral 

deformability of the walls along the height drastically altered when the configuration of the 

CM wall changed from slender to squat. The strain gauge data also indicated that the drift 

values corresponding to yielding of rebars in tie-columns reduced with decreasing aspect 

ratio. It was inferred that the existing design methodologies for CM walls, especially for tie-

columns, are required to be further improved by providing clear influence of aspect ratio. 
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4.1 OVERVIEW 

Over the years some modeling techniques have been developed for the analysis of CM 

buildings to capture failure modes and response under lateral loading with different degrees 

of refinement and precision. Masonry is an anisotropic and highly non-linear material and it 

exhibits complex behavior under different actions of forces due to the presence of mortar 

joints which act as planes of discontinuity. The complexity increases further for confined 

masonry (CM) where, in addition to masonry, RC confining members are constructed around 

the periphery of masonry walls such that the structure work in unison. Most design codes do 

not specify modeling schemes due to limited research, especially considering the highly 

variable masonry properties. Some analysis methods consider simple mathematical tools 
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based on the equilibrium of forces at a joint, while some have been transferred into 

commercial software packages, making them available to engineers. The software-based 

numerical models have the superiority as software allows to define the geometric details, 

nonlinearity, and variety of choices to perform linear and nonlinear analyses. 

Finite element (FE) modeling technique is quite commonly used for numerical simulation of 

any structure. For masonry structures, the FE analysis can be performed at a micro or macro 

level. Micro-modeling approaches are most suited for small structural elements in order to 

closely represent the heterogeneous states of masonry; whereas, macro-modeling approaches 

are used to represent the global structural behavior, where the distinction between the 

individual units and mortar joints is not made and material parameters are obtained from the 

masonry tests under homogeneous states of stress. Both FE micro- (Smoljanović et al. 2017, 

Amouzadeh Tabrizi and Soltani 2017), as well as macro-modeling (Okail et al. 2016, 

Medeiros et al. 2013, Janaraj and Dhanasekar 2014, Singhal 2014, Tripathy and Singhal 

2019, and Yacila et al. 2019) approaches, have been used extensively in past for CM wall. 

However, the use of realistic and reliable FE models is limited as they are computationally 

intensive, complex, and require a large number of input parameters that are not available 

easily.  

Therefore, researchers are coming up with modeling techniques that are based on simple 

modeling strategies, such as, Wide Column Model (WCM) or Strut-and-Tie Model (STM) 

as shown in Fig. 2.13 (NTC-M 2004, Brzev 2007, Brzev and Gavilán 2013 and 2016, Ghaisas 

et al. 2017, Rangwani and Brzev 2017). WCM has been recognized as a viable simplified 

model as this technique provides the opportunity for the structural analysis of CM structure 

with commercial computer programs. However, the hypothesis of monolithic behavior 

assumed in WCM does not provide the opportunity to study the behavior of tie-columns and 

complex force transmission in different elements under loading. The application of the basic 

strut-and-tie method is limited to determination of force resultants in members of the walls 

when the applied lateral load is provided and structure is determinate. The lateral capacity 

may be estimated from STM by reducing one unknown considering yielding of rebars or 

from limiting capacity of strut as suggested by Singhal (2014) and Tripathy and Singhal 

(2019). However, these STM strategies are not much helpful to predict other nonlinear 

responses of the structure, such as lateral load - lateral deformation profile. Both the models 

- WCM and STM - are mainly helpful for carrying out linear analysis for preliminary design 

TH-2646_156104002



Seismic Analysis and Design of Confined Masonry Buildings 

71 

purposes. Some researchers also attempted to extend the WCM and software based STM for 

nonlinear pushover analysis, where the nonlinearity (lumped hinge) was defined using the 

empirical backbone model of CM wall (Terán-Gilmore et al. 2009, Ranjbaran et al. 2012, 

Ahmad et al. 2012, Rankawat et al. 2021). However, the problem is to choose a reliable 

backbone model of CM wall as these mathematical models of the backbone parameters 

(stiffness, strength, and deformation parameters) are mainly based on a limited number of 

experimental studies with large variations in material and geometrical properties. Some past 

researchers have also attempted to use Equivalent Strut Model (ESM) for CM walls; in which 

the tie-elements can be separately modeled unlike WCM and instability issues can be 

removed with the rigid jointed confining frame, unlike STM, in addition to the capability of 

nonlinearity establishment in different elements. However, their applicability is limited 

because these studies considered failure modes in CM walls similar to that considered in 

masonry infilled frames (Kaushik and Sanganee 2010, Torrisi and Crisafulli 2017). None of 

these simplified models have the capability to realistically simulate the gravity load transfer 

from the tie-beams to the masonry walls. In this chapter, FE analysis will be carried out for 

the tested specimens and some other specimens tested in the past. After that, an attempt will 

be made to develop a simple analysis model that can reliably predict the linear and non-linear 

behavior of CM walls and their confining elements under gravity and lateral loading. 

4.2 FE MODEL DEVELOPMENT  

The objective of the FE numerical evaluation was to develop a reliable three-dimensional 

(3D) FE model that can capture the influence of aspect ratio of CM walls on their lateral load 

behavior. The numerical models were developed in the FE software Abaqus. 

4.2.1 Details of Specimens  

The three tested half-scale CM wall specimens S1 (AR = 2.0), S2 (AR = 1.5), and S3 (AR = 

1.0) were considered and the details of this first set of specimens are provided in Chapter 3. 

In addition, five more single-bay, single-story full-scale CM walls – ME 1, ME 2, ME 3, ME 

4, and ME 5 - with different aspect ratios tested by Gavilán et al. (2015) were also considered 

to validate the FE model. The material and geometric properties of this second set of 

specimens are given in Table 4.1. The material models (for masonry, concrete, and steel) 

defined in the FE models are explained in the next section.  
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Table 4.1:  Properties of the considered CM wall specimens.  
Properties ME 1 ME 2 ME 3 ME 4 ME 5 

Compressive strength of masonry prism ( mf  ), MPa  5.53 5.17 5.57 5.83 8.15 

Modulus of elasticity of masonry (Em), MPa  4252 4371 4288 4322 4556 

Compressive strength of concrete (fc), MPa  33.4 20.4 18 23.1 22.7 

Yield strength of longitudinal rebars (fyl), MPa  412 (9.5ϕ, 12.7ϕ) 

Yield strength of transverse rebars (fyt), MPa  248 (6.35ϕ) 

Aspect ratio of wall (Hw /Lw) 2.75 1.73 1.32 1.04 0.68 

CM wall length (Lw), mm 850 1350 1770 2250 3450 

CM wall height (Hw), mm 2340 

Tie-column cross-section 150 mm × 120 mm 

Tie-beam cross-section 120 mm × 160 mm 

Tie-column longitudinal reinforcement 4 bars of 12.7ϕ 

Tie-beam longitudinal reinforcement 4 bars of 9.5ϕ at corners 

Tie-column transverse reinforcement 6.35ϕ at 180 mm c/c 

Tie-beam transverse reinforcement 9.5ϕ at 180 mm c/c 

Source: Data from Gavilán et al. (2015).  

Note: ϕ = diameter of reinforcing bar in mm, c/c denotes the center-to-center distance between bars.  

4.2.2 Material Modeling 

The density and the elastic characteristics (elastic modulus and Poisson's ratio) of the 

materials were provided as inputs in the Abaqus FE program under general and mechanical 

behavior, respectively. In the plastic regime, the material behavior definition requires the 

yield stress as a function of plastic strain. The behavior of concrete and masonry is closer to 

brittle behavior and primarily lies between ideal brittle and ductile and they are considered 

as quasi-brittle materials. The constitutive material models, such as Concrete Smeared 

Cracking and Concrete Damaged Plasticity (CDP) models (Simulia 2016) have been used for 

masonry and concrete in past. Though the CDP model was originally developed for isotropic 

brittle materials (Lee and Fenves 1998, Lubliner et al. 1989), it has been extensively used for 

anisotropic materials, such as masonry through parameter adaptation (Grillanda et al. 2020, 

Yacila et al. 2019, Castellazzi et al. 2017, Valente and Milani 2016, Agnihotri et al. 2013). 

The CDP constitutive model captures the effect of damage associated with the failure 

mechanisms and works well under monotonic as well as cyclic loads. Therefore, the CDP 

model of Abaqus (Fig. 4.1) was used as a constitutive model to represent the behavior of 

concrete and masonry materials in all the specimens. All the parameters involved in CDP can 

be obtained from uniaxial, biaxial, and triaxial tests. However, in the absence of such data, 

the parameters can be determined by calibrating with the experimental results, and/or by 

using common values recommended in the literature. The parameters in the CDP models of 

masonry and concrete are discussed below in brief.  
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4.2.2.1 Yield surface and flow potential parameters  

To describe the multi-dimensional behavior in the inelastic range, the CDP model assumes 

the Drucker-Prager strength criterion, modified by means of the parameter kc (= 0.667), 

which approximates the yield surface to the Mohr-Coulomb criterion in the deviatoric plane. 

In addition, CDP assumes a non-associated flow law, which provides the necessary control 

to dilatancy by the parameter dilation angle. The value of the dilation angle is typically 

assumed from 5° to 51°; and in this study, it is taken as 10° and 12° in the first set and second 

set, respectively for masonry as also suggested in different studies for a moderate-to-low 

level of vertical compression (Grillanda et al. 2020, Castellazzi et al. 2017, Valente and 

Milani 2016). Dilation angle of 30° was considered for concrete for all the walls as also 

observed in different studies (Yacila et al. 2019, Michał and Andrzej 2015). Other required 

properties, to define the shape of the yield function or the potential flow, were taken as default 

values for all the walls from the Abaqus user manual as given in Table 4.2, e.g., flow potential 

eccentricity as 0.1, the ratio of initial equi-biaxial compressive yield stress to initial uniaxial 

compressive yield stress as 1.16. A high value of viscosity parameter can lead to an 

overestimation of the peak base shear in Abaqus/Standard. Though the viscosity parameter 

is optional for Abaqus/Explicit, a small value (1×10-5) was still taken to take care of any 

convergence difficulties of the model in the softening branch, without compromising results 

(Simulia 2016, Grillanda et al. 2020). 

 

Figure 4.1:  CDP Model of Abaqus under uniaxial load cycle (tension-compression-

tension) (Simulia 2016). 
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Table 4.2:   Values of basic material parameters adopted for the numerical simulations. 

Parameter Range 
Value for 

Masonry Concrete Steel 

Density (in kN/m3) — 18 24 78.5 

Poisson’s ratio  — 0.18 0.20 0.30 

Dilation angle (in degree) 50 – 510 100 or 120 300 — 

Flow potential eccentricity — 0.1 0.1 — 

Ratio of initial equibiaxial compressive yield stress 

to initial uniaxial compressive yield stress  
1.1 – 1.16 1.16 1.16 — 

Ratio between second stress invariant on the tensile 

meridian and that on the compressive meridian (kc) 
0.5 – 1.0 0.667 0.667 — 

Viscosity parameter  0 – 0.01 0.00001 0.00001 — 

 

4.2.2.2 Material stress-strain parameters  

The CDP model allows variation of the strength of the material in tension and compression 

with different damage parameters to model the degradation of strength and stiffness. Under 

tension, the stress increases linearly in the material till the failure stress (corresponds to the 

initiation of micro-cracks formation in the material), beyond which the stress-strain response 

drops down following a softening curve as shown in Fig. 4.1. Again, under compressive 

loading, the stress increases till the maximum stress is reached after which the strain-

softening was observed. In addition, when the material is unloaded from a point beyond the 

peak load, some stiffness degradation takes place due to the occurrence and accumulation of 

damage. This behavior is simulated in the numerical analysis by the damage parameters dt 

and dc for tension and compression, respectively. For cyclic load analysis, Abaqus requires 

yield stress of material and values of damage parameters in the input as a function of inelastic 

strain. When damage is encountered, Abaqus converts inelastic strain to plastic strain using 

the input damage parameters. The damage parameters (dc and dt) for masonry and concrete 

were defined using the pivot rule formulation of Park et al. (1987). dt and dc can take the 

values between zero to one representing an undamaged and total loss of strength, 

respectively. Moreover, the CDP model considers the effect of opening and closing of cracks, 

i.e., the recovery of the compression stiffness upon crack closure when the load changes from 

tension to compression as shown in Fig. 4.1. wt and wc are the stiffness recovery factors for 

tension and compression, respectively, and default values (wt = 0 and wc = 1) were taken for 

the analyses. 

The stress-strain curve for masonry in compression was developed in the present study using 

the masonry stress-strain model developed by Kaushik et al. (2007) as shown in Fig. 4.2. 

Residual strength of 20% of the peak stress was considered in the stress-strain definitions to 
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avoid kinetic instabilities in the numerical model. For tension, a linear elastic pre-cracking 

stage followed by linear softening was considered for masonry. The tensile strength was 

estimated as a fraction of its compressive strength for properly fitting the experimental 

patterns (Fig. 4.3). The calibrated tensile strength of masonry was around 7% and 9% of 

compressive strength in the first set and second set of specimens, respectively as also 

observed in other studies (Medeiros et al. 2013). The post-peak behavior was modeled in 

such a way that masonry completely loses its tensile strength (residual strength is 10% of 

peak) at the ultimate strain that is equal to 10 times the strain corresponding to the peak 

tensile strength. 

 

 
Figure 4.2: Stress-strain properties of masonry in compression for the selected specimens. 

 

    

   
Figure 4.3: Stress-strain properties of masonry in tension for the selected specimens. 
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The stress-strain curve for concrete under compression was defined using the Kent and Park 

(1971) model without confinement as shown in Fig. 4.4. It has to be noted that the unconfined 

concrete model was used because the steel stirrups were modeled separately in the FE 

program. The tensile response of concrete was modeled based on the tension stiffening model 

(Wahalathantri et al. 2011) as shown in Fig. 4.5, in which the tensile strength was considered 

according to IS456 (BIS 2000). Residual strengths of 20% and 10% of the peak stress were 

considered in the stress-strain definitions in compression and tension, respectively.  

 
Figure 4.4: Stress-strain properties of concrete in compression for the selected specimens.  

 

 

 
Figure 4.5: Stress-strain properties of concrete in tension for the selected specimens. 
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The material model used for steel reinforcement employs a uni-directional elastic-strain 

hardening response with three regions - an elastic region, a perfectly plastic, and a parabolic 

strain hardening region as shown in Fig. 4.6. 

      
Figure 4.6: Stress-strain properties of steel rebars in tension for the selected specimens. 

 

4.2.3 Model Characterization 

The schematic of a typical finite element model for confined masonry walls is shown in Fig. 

4.7. The components of confined masonry walls - concrete frame and masonry were modeled 

using three-dimensional solid (continuum) hexahedral (bricks) linear interpolation elements 

with 8 nodes and reduced integration (C3D8R) from the ABAQUS/Explicit element library. 

Due to the selected reduced integration, Enhanced Hourglass control was activated to avoid 

zero-energy deformation of the linear hexahedral element under bending. Steel reinforcing 

bars were modeled using wire feature associated with three-dimensional truss elements with 

two nodes (T3D2).  

 
(a)    (b) 

Figure 4.7: Schematic of a typical FE model representing various elements, loading, 

boundary conditions, interface, and constraints for the walls: (a) concrete and 

masonry elements, and (b) Embedded steel reinforcement.  
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The steel reinforcing bars were embedded in the surrounding concrete using relevant 

constraint conditions. The proper bonding between steel reinforcement (embedded truss 

elements) and concrete (host solid elements) was ensured in the numerical simulation by 

applying the Embedded Element Constraints between the truss and solid elements. This 

constraint allows the reinforcement nodes to displace exactly equal to the nodes of the 

surrounding concrete. Similar to the boundary condition used in the tests, the bottom surface 

of the bottom foundation beam was assumed to be fixed using the Encastre boundary 

condition. The contact between the masonry wall and concrete confining frame was 

simulated by assigning suitable interface properties by testing several possible interface 

scenarios. The mesh was continuously refined to achieve convergence in the numerical 

results. The analysis was carried out in Abaqus-Explicit solver in three steps, viz., Initial, 

Gravity and Pre-compression, and In-plane cyclic loading. The Initial step is mandatory and 

default for all the analysis, in which boundary conditions are initialized. In the next step, 

gravity load was applied along with the pre-compression load over the tie-beam as per the 

experimental program. This was followed by in-plane cyclic displacement-controlled 

loading, applied at the center of the top beam. 

4.3 VALIDATION OF FE MODELS 

4.3.1 Sensitivity Study  

Different contact modeling was studied between masonry wall and concrete confining frame 

by testing several possible interface scenarios. For example, in interaction 1, all the four wall-

tie interfaces were modeled using Tie-Constraint. In interaction 2, frictional properties, i.e., 

Penalty Friction with frictional coefficient in the tangential direction and Hard contact 

(pressure-overclosure relationship) in the normal direction with Default contact enforcement 

method and allowable contact separation, was assigned in all four interfaces. While in 

interaction 3, frictional properties were assigned only in the bottom interface, and the rest 

interfaces were modeled using Tie-Constraint. All three interaction properties were 

considered in the present comparative analysis, and results are discussed below. 

The comparison showed that the FE model with interaction 2 captured the strength and 

stiffness very well (as shown in Fig. 4.8a); therefore, it was finally considered in further 

simulations. As the Tie-Constraint does not allow relative motion of the surfaces, it fails to 

represent the actual behavior. It is to be noted that in addition to frictional properties, 
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cohesion is also generally defined at contact interfaces, but it is effective in the initial stage 

only and once it degrades only friction resists the deformation. Due to insufficient test data, 

cohesion was not considered here, and the interface was simulated with frictional properties 

as adopted in the past literature (Okail et al. 2016). The optimum value of the frictional 

coefficient was found to be 0.8 for the specimens S1 to S3 (first set) and 0.7 for ME 1 to ME 

5 (second set). The mesh was refined to achieve convergence, and an optimum mesh size of 

30 mm approximately was finally chosen for the elements of S1, S2, and S3 CM walls as 

shown in Fig. 4.8b. For specimens ME 1 to ME 5, 50 mm mesh also provides a good 

prediction (Fig. 4.8c).  

 
 (a) (b) 

 
 (c) 

Figure 4.8:  Sensitivity study for (a) masonry to concrete interface, and (b), (c) FE Mesh. 

 

4.3.2 Results of FE Analyses 

The numerically predicted lateral load responses of the CM wall specimens were compared 

with the experimentally obtained results in terms of envelope curve, damage, and yielding of 

rebars. Fig. 4.9 shows the comparison of the envelope curves obtained from the FE analysis 
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with the experimental, and it was observed that the numerical pre- and post-peak responses 

matched the experimental results quite well. Further, the missing lateral load behavior was 

captured in the numerical simulation, particularly for the squat wall (S3) for which the test 

was terminated at a lateral drift of 1.75%. For the first set of walls (S1, S2, and S3), a 

maximum error of 14.5% was observed in the numerically obtained lateral strength (Vm,FE) 

as given in Table 4.3. For the second set of specimens (ME 1 to ME 5), the maximum error 

in the estimation of Vm,FE was 10%. The maximum error in estimating the drift at lateral 

strength (δm,FE) for the second set of walls was quite high, mainly because of the 

unavailability of the complete stress-strain behavior of materials. 

 

  

 
Figure 4.9: Comparison of envelope curves obtained from FE analyses with 

experimentally obtained curves for the selected specimens. 
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Table 4.3: Comparison of numerical and experimental lateral strengths and drifts. 
Test 

Conducted 
ID AR 

Vm,FE (kN) δm,FE (%) Error (%) 

Push Pull Avg Push Pull Avg Vm,FE δm,FE 

Present study 

S1 2.00 45.7 43.3 44.5 0.75 0.75 0.75 6.3 13.8 

S2 1.50 65.5 62.2 63.9 0.35 0.75 0.55 14.5 32.9 

S3 1.00 88.8 84.5 86.6 0.25 0.50 0.37 6.8 25.0 

Past study 

ME1 2.75 49.2 50.2 49.7 0.28 0.20 0.24 4.9 71.2 

ME2 1.73 79.4 79.0 79.2 0.49 0.36 0.43 5.2 26.9 

ME3 1.32 108.8 112.9 110.9 0.21 0.21 0.21 7.5 -12.5 

ME4 1.04 146.7 151.7 149.2 0.10 0.28 0.19 0.4 -47.9 

ME5 0.68 311.6 294.2 302.9 0.51 0.28 0.40 0.3 43.6 

 

As Abaqus user graphic interface could not visualize cracks explicitly with the CDP model, 

DAMAGET (damage parameter in tension) plots were chosen as a representative of 

experimental damage (Fig. 3.5). As shown in Fig. 4.10, the higher values of the DAMAGET 

parameter were mainly noticed near both ends of tie-columns and along the diagonal in the 

masonry walls. However, such prominent damage in the diagonal region was not observed 

in the tests, especially in the S3 wall as the diagonal stair-stepped cracks formed near the 

bottom part of the wall and extended majorly through the wall to tie-column interfaces.  

                                         
   (a) (b) (c) 

Figure 4.10: Variation in damage parameter in tension (DAMAGET) obtained from FE 

analyses: (a) S1, (b) S2, and (c) S3. 
 

The nominal strain (NE) profiles and corresponding drifts at the first yielding of rebars for 

all the specimens are shown in Fig. 4.11. As also observed experimentally (Fig. 3.11), the 

lateral drift at the onset of bar yielding more or less decreases with decreasing AR of CM 

walls. In the FE study, masonry walls were modeled as a continuum without simulating 

individual bricks and mortar joints; therefore, the exact damage pattern with bed joint sliding 

failure could not be predicted in the numerical results and this is the limitation of the FE 

model. Even with this simplification, the developed FE models provided reasonable 

agreement with experimental lateral strength along with a satisfactory prediction of 

deformation capacity and damage. Thus, the FE results enable a better understanding of the 

development of stresses and strains in different members of the specimens, and also 

substantiated the influence of aspect ratio on yielding of tie-column reinforcement as 
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observed during the experiments. The developed FE model will be further used in the latter 

part of this chapter and Chapter 7. 

  

Figure 4.11: Nominal Strain (NE) profiles in tie-columns and corresponding lateral drifts 

(in %) at the first yielding of rebars for S1, S2, and S3 from the FE analyses. 

 

4.4 PRELIMINARY COMPARATIVE STUDY USING SIMPLIFIED MODELS 

A comparative numerical study was first carried out using three simple modeling techniques 

including ESM as shown in Fig. 4.12 in SAP2000 to assess a suitable simplified model for 

CM walls. In model 1, masonry wall was discretized using four-noded shell elements (Fig. 

4.12a), whereas, in model 2, masonry wall was modeled as an equivalent diagonal strut using 

two-noded beam elements (Fig. 4.12b). Additionally, a bare frame model (Fig. 4.12c) was 

also considered to study and compare the effectiveness of diagonal strut in the gravity load 

distribution of CM walls. The full-scale CM wall specimens ME 1, ME 2, ME 3, and ME 4 

(Table 4.1) were considered in this section for which simple gravity load analyses were 

carried out to assess the suitability of the ESM in predicting the realistic load distribution and 

deformation behavior of CM walls.  

In all three analytical models, tie-columns and tie-beams were modeled as centerline two-

noded frame elements, and the joints of the tie-columns and tie-beams were treated as 

moment-resisting joints. The tie-columns were fixed at their base to simulate the 

experimental boundary conditions. The diagonal strut in model 2 was modeled using a frame 

element but with moment releases at both ends. For the preliminary study, the width of the 

diagonal strut was taken as one-fourth of the diagonal length of the strut as given for infilled 
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RC frame (Paulay and Priestley 1992), and thickness was taken as the actual thickness of the 

masonry wall. A vertical load of 0.5 MPa was applied above the tie-beam as distributed line 

load along its length to simulate the loading during experiments. Linear static analyses of the 

three models for each of the CM walls (ME 1, ME 2, ME 3, and ME 4) were first carried out 

under the action of gravity loads, and distribution of axial forces in different elements and 

deflection of tie-beam were compared for the three modeling strategies as shown in Figs. 

4.13 and 4.14, respectively. 

                      
 (a) (b) (c) 

Figure 4.12: Analytical models studied: (a) Model 1 – masonry wall modeled using shell 

elements, (b) Model 2 – masonry wall modeled using a conventional single 

diagonal strut, (c) Model 3 – bare frame. 

 

 
 (a) (b) (c) (d) 

      

Figure 4.13: Comparison of axial force distribution (in percentage) in different members 

under gravity loads obtained using three modeling schemes for different CM 

wall specimens: (a) ME 1, (b) ME 2, (c) ME 3, and (d) ME 4. 

 

The shell element model satisfies the basic mechanics of confined masonry wall under the 

action of gravity loads, and realistically simulates the gravity load distribution in different 

elements and flexural deflection of the tie-beam. Therefore, past researchers have simulated 

the masonry wall of CM buildings using shell element models in preliminary linear analysis 

to further develop models for nonlinear analysis and seismic design. Kaushik et al. (2008) 

studied the contribution of masonry infills in RC frames by conducting linear analysis using 

different diagonal strut models and validating the results with the shell element model. 

Kaushik and Sanganee (2010) used shell element models to develop a simplified equivalent 

35

30

35

50
050

49

2

49
27

46

27

50
050

50

1

50
23

54

23

50
050

50

1

50
21

58

21

50
050

50

0

50

L
ef

t 
C

o
lu

m
n

 

R
ig

h
t 

C
o

lu
m

n
 

 
Left Tie-Column 

 
Wall or Strut 

 
Right Tie-Column 

TH-2646_156104002



Chapter 4 Development of V-D Strut Model 

84 

diagonal strut model for CM walls and to further estimate the effective width of the diagonal 

strut for nonlinear analysis of CM walls. Ghaisas et al. (2017) also used shell element models 

to develop Strut-and-Tie models for seismic analysis and design of CM walls. Therefore, the 

shell model (Model 1) was considered as the realistic representative model for evaluating the 

gravity load resistance of different elements of a CM wall.  

 

Figure 4.14: Comparison of maximum tie-beam deflection (in mm) under gravity loads in 

different CM wall specimens (ME 1, ME 2, ME 3, and ME 4) obtained using 

three modeling schemes. 

 

It was observed that in all four walls as shown in Fig. 4.13, the axial forces in the tie-columns 

of the diagonal strut model (Models 2) were overestimated by about 50%. Almost all the 

gravity load was resisted by the tie-columns in Model 2 and negligible axial force was 

observed in the diagonal strut, which was almost similar to that observed in the case of the 

bare frame model (Model 3) in which the masonry was not even modeled. As already 

discussed, the masonry walls of CM buildings are expected to resist significant gravity loads; 

however, the diagonal strut was found to be incapable of sharing any gravity load coming 

from the top beam resulting in the entire gravity load being resisted by the tie-columns. 

Similarly, Fig. 4.14 shows the comparison of tie-beam deflection obtained using three 

modeling strategies. It was observed that the maximum deflection of the tie-beam is 

significantly large for the diagonal strut model (Model 2) just like the bare frame model 

(Model 3), which is not in agreement with the shell model (Model 1) exhibiting negligible 

tie-beam deflection. The diagonal strut does not also support the top beam due to which there 

is a significant vertical deformation of the top beam. 
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Both these observations contradict the realistic behavior of CM walls. Further, the actual 

distribution of axial forces (developed due to gravity loads) in masonry walls and tie-columns 

depends on the aspect ratio of CM wall (as shown in Fig. 4.13 with the shell model). As the 

tie-beam is cast after the construction of the masonry panel, a proper connection between tie-

beam and masonry panel is naturally developed and a significant amount of vertical load is 

transferred to the masonry panel in CM structure. Though the flexural stiffness of the tie-

beam is generally low, the CM wall and RC members act in a monolithic fashion, and 

deflection of the tie-beam is restricted because of the construction sequence. However, in the 

case of infilled RC frame, the flexural stiffness of the RC beam is significantly higher, and 

usually, there exists a small gap between the beam soffit and the masonry panel; thus, gravity 

load is not transferred to the infill. This peculiar behavior of CM walls must be simulated 

realistically in strut models in order to correctly design the tie-columns and masonry walls. 

The conventional diagonal strut model cannot simulate the gravity load transfer from the tie-

beams resulting in a transfer of most of the axial loads onto the tie-columns.  

4.5 ANALYSIS FOR GRAVITY LOADS  

To simulate the realistic: (a) distribution of gravity loads in tie-columns and masonry walls, 

and (b) deformation profile of tie-beams, a novel modification to ESM has been attempted in 

this section. From the shell element model, contour plots of principal stresses for all the 

considered CM specimens were studied, and the formation of a vertical strut was clearly 

observed in addition to the diagonal struts under vertical and lateral loads, respectively, as 

shown in Fig. 4.15.  

 

 
(a) 

 
(b) 

Figure 4.15: Contour plots of principal stress under (a) vertical, and (b) lateral load. 
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Therefore, in addition to the diagonal strut that resists the lateral earthquake load, a vertical 

strut connecting the center of the tie-beams in two adjacent floors was also considered in the 

ESM. It was observed that the axial forces cannot be realistically distributed simply by 

modeling an additional strut at the center of the tie-beam; the flexural stiffness (EI) of the tie-

beams plays an important role. In reality, the entire length of the tie-beam is continuously 

supported over the masonry wall; therefore, the vertical deflection of the tie-beam under the 

action of gravity loads is very less (Fig. 4.14 with the shell model). Whereas, in this modified 

ESM the tie-beam is supported only at the central node resulting in comparatively higher 

vertical deflection of the tie-beam in the unsupported length. Therefore, a stiffness 

enhancement factor was suggested for the tie-beams, which ensures that the vertical 

deflection of the tie-beam along its entire length is negligible. More importantly, as discussed 

later, the stiffness enhancement factor helped in the realistic estimation of the axial forces in 

the tie-columns that matched quite well with that observed in the shell element model. In 

brief, a combination of both vertical and diagonal struts with enhanced tie-beam stiffness was 

considered as shown in Fig. 4.16. The newly developed ESM model is named as V-D 

(Vertical-Diagonal) strut model.  

 
Figure 4.16: Typical CM wall and equivalent V-D strut model. 

 

The thickness of the vertical strut can be considered as the actual thickness of the masonry 

wall. Estimation of another dimension of the vertical strut, i.e., vertical strut width (wvs) was 

linked with the enhanced stiffness of the tie-beam (Ebm = KEb) in order to reduce the tie-beam 

deflection (Δ) and get the realistic axial forces in tie-columns (AF); here K is the stiffness 

enhancement factor. For that, the influence of the input parameters wvs and K on the output 

parameters Δ and AF was studied by carrying out a linear gravity load analysis of all the wall 

specimens modeled using the V-D strut model. Figs. 4.17a and 4.17b represent the influence 
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of wvs and K on AF and Δ, respectively, for ME 3 wall specimen. Similar procedure was 

applied for the other specimens also. Here the wvs was normalized with the width of the 

masonry wall, and the obtained Δ and AF were normalized with the maximum tie-beam 

deflection and maximum axial force in tie-columns, respectively, obtained from the shell 

element model (Model 1). The stiffness enhancement factor K for the tie-beam is obtained 

by increasing the modulus of elasticity of concrete used in the tie-beam by 5, 10, 20, 30, and 

40 times. It was obviously observed that in the case of ME 3, an increase in wvs resulted in a 

reduction in Δ and AF for all values of K. Similar observation was also found in all other 

specimens.  

 
 (a)  (b) 

Figure 4.17: Variation of input parameters - vertical strut width (wvs) and tie-beam stiffness 

enhancement factor (K) - in V-D strut model with the output parameters: (a) 

tie-column axial force (AF) and (b) tie-beam deflection (Δ) for ME 3 

specimen. 

 

After this, the aim was to get the absolute optimum input pair of {K, wvs} for which the output 

(Δ, AF) is similar to the one obtained from the shell element model (represented by the zero-

error line). As explained in the preliminary study carried out in the present study, the shell 

element model for masonry gives a realistic representation of CM wall under linear gravity 

load analyses, thus, the errors were calculated with respect to the results obtained in the shell 

element model. The curves shown in Figs. 4.17(a) and 4.17(b) were then superimposed by 

taking the inverse of the normalized Δ values so that their intersection gives the minimum 

errors in prediction of AF and Δ for a particular value of K as shown in Fig. 4.18. The obtained 

pair of K and wvs corresponding to the intersection point on the curve will be the optimum 

point. 
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Figure 4.18: Evaluation of optimum K and wvs values and line of optimum points for ME 3 

specimen modeled using V-D strut model. 

 

Using the same method, different optimum points for all the K values were then traced to 

locate the absolute optimum point, where the prediction error is the absolute minimum among 

all the optimum points (i.e., where the line of optimum points intersects the zero-error line). 

For the ME 3 specimen, as shown in Fig. 4.18, the absolute optimum point {K, wvs} came 

out to be {20, 0.71Lw}.  

Similarly, the lines of optimum points were obtained for all the specimens and are shown in 

Fig. 4.19. After observing all the absolute optimum {K, wvs} pairs for CM walls with a wide 

range of aspect ratios (ME 1, ME 2, ME 3, and ME 4), it can be concluded that the K value 

lies in the range of 5 to 20 and the wvs lies in the range of 0.63Lw to 0.9Lw as shown in Fig. 

19. Further observations also showed that over a wide range of AR, the Δ and AF can also 

be found out effectively by selecting a single set of values for K and wvs. This converges the 

K value to 20 (maximum required to simulate rigidity in tie-beams) and wvs to 0.75Lw 

(average within the observed range). This observation is elucidated in Figure 4.20, which 

shows the comparison of the absolute optimum points and suggested values of {K, wvs} for 

all the wall specimens. With the suggested combination of wvs and K, the error in prediction 

of both Δ and AF was found to be less than 5% for most of the CM walls, except for the beam 

deflection in specimen ME 1, which had an unreasonably high aspect ratio of 2.75. Therefore, 

the suggested combination of the parameters {K = 20, wvs = 0.75Lw} appears to be an 

excellent approximation. 
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Figure 4.19: Lines of optimum points (K, wvs) for specimens ME 1, ME 2, ME 3 and ME 4.  

 

 
 (a) (b) (c) (d) 

 
Figure 4.20: Comparison of the absolute optimum {K, wvs} and suggested {K = 20, wvs = 

0.75Lw} values in V-D strut models for wall specimens: (a) ME 1, (b) ME 2, 

(c) ME 3, and (d) ME 4. 

 

As far as the dimensions of the diagonal struts are concerned, thickness of the strut was 

considered as the actual wall thickness, and its width (wds) was decided such that the initial 

stiffness of the model under the action of lateral loads matches with that of the experimental 

values. Therefore, from the analysis, wds was found to be around one-third of the diagonal 

length of the member (Ld). The proposed modifications simulate the necessary conditions by 

which the tie-beam in the V-D strut model behaves as if it is supported over the wall along 

its whole length. These modifications in the numerical simulation accurate displacement of 

tie-beam in the V-D strut model and ensure realistic vertical load distribution in different 

elements of the CM wall. Therefore, the proposed V-D strut model is well established for 
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nonlinear response of CM walls, nonlinear pushover analyses of the same specimens were 

carried out. 

4.6 ANALYSIS FOR LATERAL LOADS 

All the four wall specimens ME 1, ME 2, ME 3, and ME 4 were again modeled using the 

proposed V-D strut model in SAP2000 for carrying out the nonlinear static analysis. As 

discussed in the previous section, K and wvs were taken as 20 and 0.75Lw, respectively, in 

order to simulate negligible beam deflection and realistic gravity load distribution on 

different members of the CM wall. wds was considered as one-third of the diagonal length of 

the wall Ld. The base of the tie-columns was assumed to be fixed to reflect the boundary 

conditions used in the experiments. Nonlinearity in all the members was modeled using 

lumped plasticity approach at specified hinge locations. Plastic hinges were assumed to form 

in the tie-columns at lp/2 from the member ends; the plastic hinge length lp was calculated 

using Paulay and Priestley (1992). Definition of flexural hinge properties for tie-columns 

involves axial load-moment interaction as the failure envelope and moment-rotation as the 

corresponding load-deformation relation. Flexural hinge properties were defined using 

FEMA 356 (2000), while force-controlled shear hinges were defined with user-defined 

properties. Flexural and shear strength for concrete sections were calculated using the 

material and section properties given in Table 4.1 using relevant Indian Standard (BIS 2000). 

Mander’s confined concrete model (Mander et al. 1988) and default stress-strain data for 

reinforcing bars available in SAP2000 were used for generating the hinge properties. 

Nonlinearity was not defined in the tie-beams as damage was mostly observed in tie-columns 

in the experimental study. Plastic hinges were assumed to develop at the center of the 

diagonal struts, whose length was assumed to be about three-fourth of the strut length as 

suggested by Kaushik et al. (2009) and nonlinearity was defined with user-defined axial hinge 

properties provided by Kaushik et al. (2007).  

Comparison of the experimental lateral load response of CM walls with their numerical 

predictions showed that the initial stiffness of both experimental and numerical models 

matched quite well; however, the strengths of the numerical models were significantly higher. 

This was expected because the predominant failure mode usually observed in CM structures 

is a brittle shear failure at the brick-mortar interface in the form of bed joint sliding or stepped 

cracks or a combination thereof. However, the approach used for modeling masonry walls in 

the V-D strut model considered only the compressive prism strength of masonry ( mf  ) 
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resulting in consideration of only compressive mode of failure, which usually overpredicts 

the wall capacity. Therefore, it is necessary to model the nonlinearity in the diagonal strut in 

such a way that model simulates the lateral strength corresponding to the weakest failure 

mode in CM walls. 

The weakest failure mode of a typical confined masonry wall depends primarily on the 

material properties, geometric characteristics (wall height, length, and thickness), 

reinforcement detailing, and gravity loads. Obviously, assuming that only mf   will take into 

account of all these parameters is a gross postulation. Therefore, a term “effective shear 

strength of masonry (fss)” was coined, which represents the minimum strength for the weakest 

failure mode in CM walls. The effective shear strength parameter of masonry was developed 

in the present study to limit the axial strength of the diagonal strut in the V-D strut model. 

For simplicity, fss was initially calibrated in a most simplistic way such that the predicted 

strength using the V-D strut model matches well with the experimental results of the relevant 

wall specimens of Gavilán et al. (2015). Regardless of the failure mode, the same stress-strain 

model using fss (instead of mf  ) as the peak stress was utilized for the axial hinge definition in 

the diagonal strut as shown in Fig. 4.21. As fss represent the most critical failure mode in CM 

walls, its magnitude will be obviously less than mf  , which is also reflected in Fig. 4.21. The 

calibrated fss values obtained from the nonlinear SAP2000 analyses were 0.75 MPa, 1.1 MPa, 

1.30 MPa, and 1.55 MPa for ME 1, ME 2, ME 3, and ME 4, respectively. Interestingly, mf   

represents only the material strength irrespective of the wall parameters; however, as the ratio 

of fss and mf   increases with increasing AR. It can be observed from Fig. 4.22 that using these 

values both experimental and analytical results, in terms of initial stiffness and strength, 

matched very well. This shows that the effectiveness of the V-D strut model depends on the 

accurate prediction of fss.  

 
 (a) (b) (c) (d) 

Figure 4.21: Modification in axial hinge property for the diagonal strut in V-D strut model 

of CM wall specimens: (a) ME 1, (b) ME 2, (c) ME 3, and (d) ME 4. 
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 (a) (b) (c) (d) 

 
Figure 4.22: Lateral load-displacement behavior of CM walls modeled using V-D strut 

model considering effective shear strength of masonry (fss) for the nonlinearity 

definition in the diagonal strut: (a) ME 1, (b) ME 2, (c) ME 3, and (d) ME 4. 

 

4.7 CHARACTERISTICS OF DIAGONAL STRUT 

In the previous section, the effective shear strength of masonry (fss) used for the axial hinge 

definition in the diagonal strut of the V-D strut model was simply calibrated in a most 

simplistic way such that the predicted lateral strength using the V-D strut model matches well 

with the experimental results. However, based on the available limited experimental data, it 

is difficult to develop a generalized method for the estimation of the effective shear strength 

of masonry. As the strength of strut, corresponding to various failure modes, depends on 

various parameters, a parametric FE study was carried out using the previously developed 

FE model incorporating the influence of all relevant parameters to develop a methodology 

for the estimation of fss. 

4.7.1 Data obtained from Parametric FE Study  

As explained earlier, a parametric FE study is essential to be carried out to build a database 

of the sensitivity of the in-plane strength of CM wall to different parameters related to 

material properties, geometric characteristics, reinforcement detailing, and gravity loads. As 

given in Table 4.4, six independent parameters were considered as variables, namely, 

compressive prism strength of masonry ( mf  ), compressive strength of concrete (fc), aspect 

ratio of wall (AR), gravity loads on tie-beams (σ), percentage of reinforcement in tie-columns 

(ρl), and wall thickness (t). The magnitude of variation in each parameter reflects the level of 

uncertainty associated with it. CM walls with five different aspect ratios were considered by 

varying the length of the wall, while the height of the masonry wall (Hw) was kept constant 

as 3 m.  
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Table 4.4:  Details of parameters considered for the parametric FE analyses. 

Sl no. Parameter Unit Values Comments and References 

1 mf   MPa 3.0, 5.5, 8.5 Commonly practiced grade in India 

2 fc MPa 20, 25, 30 Usual available grade of concrete 

3 AR ― 0.75, 1.0, 1.25, 1.5, 1.75 AR min = 0.75 (NTC-M 2017) 

4 σ MPa 0.1, 0.3, 0.65 

σ min = 0.1 MPa (Considering an exterior wall of a 

single-story building), σmax= 0.627 MPa 

(Considering an interior wall of a 3-story high 

building) 

5 ρl % 0.6, 1.0, 1.5, 2 
(ρl) min= 0.6% (NTC-M 2017), 

(ρl) max= 2% (NTC-M 2017) 

6 t mm 100, 200, 250 
t min= 100 mm (NTC-M 2017), 

t max= 250 mm (Considering full brick thick wall) 

 

Varying each parameter one at a time while keeping all other parameters constant resulted in 

1620 numerical models, which were analyzed in Abaqus under gravity and cyclic lateral 

loads. A sensitivity study was carried out to understand the influence of each parameter on 

the lateral load behavior of CM wall. As shown in Fig. 4.23, the lateral strength of CM walls 

decreases with increasing AR, but increases with mf   and t. The lateral strength was observed 

to be comparatively less sensitive to the percentage reinforcement in the members, concrete 

compressive strength, and gravity loads. The influence of σ on in-plane lateral strength was 

noticed at high σ only. Generally, the lateral resistance of CM buildings is found to be 

sensitive to the gravity loads because the bed joint friction is directly proportional to the 

gravity loads. Clearly, as expected the macro-modeling strategy adopted in the study could 

not simulate the joint friction appropriately. The influence of the three most sensitive 

parameters (AR, mf  , and t) on the lateral strength of the CM walls was studied in more detail 

in the parametric study.  

      
 (a) (b) (c) (d) (e)  (f) 

Figure 4.23: Sensitivity of lateral strength of CM walls obtained from the parametric 3D 

FE analyses to the six input parameters: (a) AR, (b) mf  , (c) t, (d) ρl, (e) fc, and 

(f) σ. 
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The peak lateral strength of CM walls obtained from the 1620 FE analyses was plotted against 

the AR of the corresponding walls for different wall thicknesses as shown in Fig. 4.24. In all 

three plots, three distinct bands can be seen, which correspond to three different masonry 

compressive strengths: 3 MPa, 5.5 MPa, and 8.5 MPa. The distinct bands are wider at lower 

AR, and subsequently get narrowed down with an increase in AR. Further, it was also 

observed that the bands are narrower for lower mf  . Such distinct bands were formed because 

the lateral strength was found to be highly dependent on mf  , AR and t. Lateral strengths 

corresponding to the variation in all the other parameters (fc, σ, and ρl) were embedded into 

these bands. The width of the bands increases for lower AR values for all the cases (three 

considered values of mf   and t) because of the influence of other parameters on the lateral 

strength.  

 
 (a) (b) 

      
 (c) 

Figure 4.24: Variation in the in-plane shear capacity of CM walls obtained from the 

parametric 3D FE analyses with aspect ratio of wall for: (a) t = 100 mm, (b) t 

= 200 mm, (c) t = 250 mm.  
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For example, lower values of σ and ρl in CM wall specimens resulted in a significant 

reduction in the lateral strength; whereas, the strength increases dramatically for higher 

values of σ and ρl. Such a dramatic rise or fall in the lateral strength was more noticeable in 

the case of the lowest AR value. This is because lateral strength of squat specimens was 

already higher, and the variability in lateral strength was also found to be higher perhaps due 

to the following two reasons: (a) yielding of reinforcement in tie-columns before the failure 

of the masonry wall for low σ and ρl, (b) failure of masonry walls before yielding of 

reinforcement in tie-columns for high σ and ρl. Such different failure modes at lower AR 

resulted in higher variability in the lateral strengths observed in Fig. 4.24. 

4.7.2 Data for Effective Shear Strength of Masonry (fss) and Empirical Formulation 

In this section, all 1620 CM wall models, which were considered in the FE parametric study, 

were again simulated using the V-D strut model and analyzed in SAP2000. Lateral strength 

obtained from the pushover analysis of all these models was calibrated with the data (lateral 

strength) obtained from the parametric FE analyses, and the required minimum strength of 

the diagonal strut in the axial hinge definition, i.e., fss instead of mf   was obtained. The 

obtained fss values were then collected in a database and associated with the respective 

geometrical and mechanical features for each CM wall specimen. As masonry walls in CM 

structures are well confined with surrounding tie-members; various other parameters in 

addition to the masonry compressive strength influence the lateral strength, as also observed 

in the previous section. The influence of various parameters on fss values is shown in Fig. 

4.25. It was observed that fss was most sensitive to mf   followed by AR and t, and least to σ, 

fc, and ρl. However, for lower values of AR, fss was also found to be quite sensitive to σ.  

 
 (a) (b) (c) (d) (e)  (f) 

Figure 4.25: Sensitivity of effective shear strength of masonry (fss), obtained using V-D 

strut models considering the lateral strength obtained from the parametric 3D 

FE analyses, to the six input parameters: (a) AR, (b) mf  , (c) t, (d) ρl, (e) fc, and 

(f) σ. 
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Fig. 4.25 also shows large variability of fss with the input parameters; therefore, fss cannot be 

estimated considering just one or two parameters for the sake of simplicity. In view of this 

complex nature of dependence of fss on different parameters, a generalized method for the 

assessment of fss must be developed considering all the six parameters. Therefore, empirical 

equations were developed for estimation of fss by carrying out unconstrained multiple 

variable linear regression analysis of the data obtained from the pushover analyses of all the 

1620 V-D strut models. As discussed earlier, that lower AR resulted in higher variability in 

lateral strength compare to AR values greater than 1.0 (Fig. 4.24). Further, it was also 

observed from Fig. 4.25a that for lower bound values, fss is directly proportional to aspect 

ratio for AR ≤ 1, and it was inversely proportional for AR > 1. Thus, considering this peculiar 

sensitivity of fss with AR, two empirical relations given in Equations (4.1) and (4.2) were 

developed for two different ranges of aspect ratios; AR ≤ 1 and AR > 1. Fig. 4.26 shows the 

comparison of the numerically obtained and empirically predicted values of fss for the 

considered CM specimens. Fig. 4.26 shows high coefficients of determination (around 0.98) 

confirming the effectiveness of the developed empirical equations in predicting the fss values. 

0.217 0.827 0.081 0.018 0.235 0.1010.096 (1 ) ARss m c lf t f f  = +  for AR ≤ 1 (4.1)                    

0.133 0.886 0.107 0.002 0.004

0.248

0.134 (1 )

AR

m c l
ss

t f f
f

  +
=  for AR > 1 (4.2) 

here, fss, mf  , fc, σ are in MPa; ρl is in %; t is in mm; and AR is dimensionless. 

 
 (a) (b) 

Figure 4.26: Comparison of the numerically obtained and empirically predicted fss (in MPa) 

for the considered CM specimens in the parametric study with aspect ratio: (a) 

less than or equal to 1, and (b) greater than 1. 
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4.8 VALIDATION OF PROPOSED V-D STRUT MODEL 

To evaluate the effectiveness of the proposed V-D strut model in predicting the lateral load 

behavior of CM walls, the three test specimens of the present study and thirty-five CM wall 

specimens tested by fourteen past research teams (Table 4.5) were simulated using the V-D 

strut model and nonlinear pushover analyses were carried out in SAP2000. The fss value was 

obtained for each of the walls using the developed empirical Equations (4.1) and (4.2).  

Table 4.5: Comparison of in-plane lateral strength of CM walls obtained from the V-D 

strut model with experimentally obtained values 

Sl 

no. 
Study Model ID AR 

mf   

(MPa) 

t  

(mm) 

ρl 

(%) 

fc 

(MPa) 

σ 

(MPa) 

fss 

(MPa) 

,

,

m VD

m e

V

V
 

1 Aguilar et al. (1996) MO 1.02 3.5 125 1.5 20.0 0.49 1.087 0.84 

2 Iiba et al. (1996) IDM 1.39 5.35 115 2.4 28.0 1.05 1.470 0.64 

3 Yoshimura et al. (1996) 
4-H0V0 0.75 14.7 100 3.1 31.7 0.84 3.646 0.88 

1-H0V0 0.75 18.8 100 2.8 30.6 0.84 4.448 1.08 

4 Yoshimura et al. (2000) 

H1-H0V0-HC 0.75 13.4 100 2.8 33.8 1.80 3.740 0.84 

H1-H0V0-LC 0.75 18.7 100 2.8 32.2 0.84 4.447 1.39 

H1-H0V0-T* 0.75 12.3 100 2.8 28.1 -0.11 2.622 1.50 

L1-H0V0-HC 0.75 18.4 100 2.8 23.3 1.80 4.718 0.80 

L1-H0V0-LC 0.75 18.8 100 2.8 30.6 0.84 4.448 1.09 

L1-H0V0-T 0.75 18.4 100 2.8 24.5 -0.11 3.618 1.28 

5 
Kumazawa and Ohkubo 

(2000) 
ISM 1.24 5.58 115 2.4 29.8 1.33 1.621 0.87 

6 Yáñez et al. (2004) 
Pattern 1-CMU* 0.63 6.04 140 1.1 23.9 0 1.536 1.82 

Pattern 1-Clay 0.63 6.89 140 1.1 23.9 0 1.711 1.38 

7 
Marinilli and Castilla 

(2004) 

M1 0.77 6.8 150 2.3 23.8 0.39 1.890 1.40 

 M2+ 1.63 6.8 150 2.3 23.8 0.39 1.780 0.96 

 M3+ 
2.59 

6.8 150 2.3 23.8 0.39 
1.588 

1.14 
1.19 1.924 

 M4+ 2.59 6.8 150 2.3 23.8 0.39 1.588 1.00 

8 Zabala et al. (2004) 
3 1.00 2.9 200 2 20.0 0.36 1.032 1.10 

4 1.00 2.9 200 2 20.0 0.36 1.032 0.97 

9 Bourzam et al. (2008a) JCM 1.53 9 100 2 20.0 0.40 2.206 0.89 

10 Kuroki et al. (2010) 
CMWO-01* 0.79 28.3 100 2.8 26.3 0.48 5.888 1.52 

CMWO-07* 0.79 10.4 100 2.8 21.1 0.48 2.528 1.76 

11 Matošević et al. (2014) A 1.31 2.6 190 0.8 43.8 0.54 0.882 0.69 

12 Singhal and Rai (2014) SCNT
+ 1.25 8.8 65 2.7 33.1 0.1 2.212 1.26 

13 Gavilán et al. (2015) 

ME 1 2.75 5.53 120 2.8 33.4 0.5 1.342 1.47 

ME 2 1.73 5.17 120 2.8 20.4 0.5 1.345 1.22 

ME 3 1.32 5.57 120 2.8 18.0 0.5 1.516 1.26 

ME 4 1.04 5.83 120 2.8 23.1 0.5 1.721 1.10 

ME 5 0.68 8.15 120 2.8 22.7 0.5 2.174 1.02 

 ME 6+ 0.78 8.99 120 2.8 25.5 0.5 2.413 0.88 

 ME 7+ 0.78 6.54 120 2.8 29.8 0.5 1.879 0.85 

14 Quiroz et al.  (2017) 

A1-1 1.07 3.74 205 0.8 20.6 0.16 1.189 0.99 

A1-2 1.07 3.74 205 0.8 20.6 0.16 1.189 0.92 

A2-1 1.07 3.74 205 0.5 20.6 0.16 1.188 1.18 

A2-2 1.07 3.74 205 0.8 20.6 0.16 1.189 0.82 

  S1 2.00 5.20 125 0.7 30.4 0.13 1.304 1.12 

15 Present study S2 1.50 5.20 125 0.7 30.4 0.13 1.400 1.21 

  S3 1.00 5.20 125 0.7 30.4 0.13 1.421 1.25 

* Not included in the initial error estimation; + Walls with multiple bays.  
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* + 
Not considered in the initial error estimation Walls with multiple bays 

As shown in Fig. 4.27 and Table 4.5, the numerically predicted lateral strengths (using V-D 

strut model) of all the specimens (Vm,VD) were then compared with the experimentally 

obtained lateral strength (Vm,e). The comparison study showed that the uses of fss obtained 

from the proposed empirical equations in the V-D strut model very well predict the lateral 

strength of CM walls. Further, it was observed that the developed model can also predict the 

lateral load behavior of multi-span CM wall specimens marked with plus signs (+), i.e., M2, 

M3, M4, SCNT, ME 6, and ME 7. The average error in prediction of the lateral strength came 

out to be only 5% (mean of Vm,VD / Vm,e = 1.05) with a standard deviation of 21%, if the results 

corresponding to those studies marked with an asterisk () were not considered. For the 

marked four specimens ― H1-H0V0-T, Pattern 1-CMU, CMWO-01, and CMWO-07, the 

model overpredicted the experimental results. Interestingly, all these specimens had very low 

AR (less than 0.8); moreover, these specimens had some contrasting points discussed below 

in comparison to the rest of the specimens. As shown in Table 4.5, Yoshimura et al. (2000) 

tested two sets of CM wall specimens (H series and L series) considering the height of the 

applied lateral forces at 1.11 and 0.67 times the height of wall, respectively. 

 
 

Figure 4.27: Comparison of in-plane lateral strength of CM walls obtained from the V-D 

strut model and past experimental studies. 

 

From the tests it was noticed that most of the L series specimens failed in shear. On the other 

hand, the H series specimens failed in flexure. In addition to this, H1-H0V0-T specimen 

(marked with asterisk) of Yoshimura et al. (2000) was tested with negative gravity stress. 

Pattern 1-CMU specimen of Yáñez et al. (2004) was tested with hollow concrete masonry 

unit. The remaining two marked specimens (CMWO-01 and CMWO-07) were tested by 

Kuroki et al. (2010) who used high strength masonry in the construction. As these conditions 
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were not considered in the present study in the development of the V-D strut model as well 

as in the empirical equations developed for estimation of effective shear strength of masonry, 

these studies were excluded in the initial error estimation. If all the studies were considered, 

including the four studies (marked by *), the error in estimation of lateral strength of confined 

masonry wall went up to 12% (mean of Vm,VD/Vm,e = 1.12) with a standard deviation of 28%. 

To gain more insight in the obtained results, the number of studies for which the model 

overestimate or underestimate the lateral strength is shown in Table 4.6 along with the 

average error in underestimation or overestimation. For single-bay CM specimens, the 

average error in prediction of lateral strength is 18% and 31% for underestimation and 

overestimation cases, respectively. Whereas, for multi-bay CM specimens, the average error 

in prediction of lateral strength is 11% and 14% for underestimation and overestimation 

cases, respectively. 

In addition, the numerically obtained pushover curves were compared with the experimental 

lateral load envelope for all the considered CM walls as shown in Fig. 4.28. Overall, it is 

quite clear from the above discussion and comparison that the V-D strut model is very 

effective in prediction of not only the lateral strength of confined masonry walls, but it can 

also predict the complete nonlinear lateral load response of single as well as multi-span CM 

walls with sufficient accuracy. The simplicity and versatility of the V-D strut model make it 

a better choice for seismic analysis of confined masonry walls if compared with the other 

available analytical models that use equivalent diagonal strut approach for nonlinear 

simulation of CM walls. 

Table 4.6: Lateral Strength prediction of CM walls using V-D strut model: 

underestimated and overestimated cases. 

CM wall specimen Quantity Underprediction Overprediction Total 

Single bay  

(Total = 32) 

No. of cases  12 20 - 

Average of (Vm,VD/Vm,e) 0.85 1.31 1.13 

Average error (%) 18 31 13 

Multi bay  

(Total = 6) 

No. of cases  3 3 - 

Average of (Vm,VD/Vm,e) 0.9 1.14 1.02 

Average error (%) 11 14 2 

All 38 Specimens 
Average of (Vm,VD/Vm,e) - - 1.12 

Standard deviation  - - 0.28 
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* 
+ 

Not considered in the initial error estimation 
Walls with multiple bays 

Experimental 

Numerical  

        

      

     

     

     

     

     

     
 

 

 

Figure 4.28: Comparison of the lateral load response of CM walls obtained in several past 

experimental studies with that predicted by the V-D strut model. The lateral 

load is normalized with respect to the lateral strength obtained experimentally. 
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4.9 SUMMARY 

Confined masonry is a riveting choice for building construction technology due to its 

economic viability for low-tech construction in seismic regions. Though numerous studies 

on seismic analysis approaches for CM buildings have been carried out, the approaches bear 

certain limitations. Application of the available analysis techniques in a nonlinear range with 

the motive of displacement-based design is limited and not enough literature is available on 

it.  The use of realistic and reliable FE models is rather limited due to lack of relevant input 

data and excessive computational effort and time.  

From a preliminary study, it was observed that the equivalent diagonal strut model (ESM), 

which is a reliable modeling technique for infilled RC structures, needs some important 

modifications for the application in CM structures. Based on gravity load analyses, ESM was 

modified and a new vertical-diagonal (V-D) strut model was developed in which a vertical 

strut was also modeled, in addition to the diagonal strut, to simulate realistic tie-beam 

deflection and tie-column axial forces. Further, the stiffness of the tie-beam was enhanced 

20 times in order to obtain representative load and deformation profile. Nonlinear static 

analyses showed that the use of masonry prism strength ( mf  ) in the definition of nonlinearity 

in the diagonal strut overestimates the lateral strength because of the unique failure modes of 

the CM walls. In order to simulate the realistic failure of CM walls, a new term “Effective 

Shear Strength of Masonry (fss)” was defined that corresponds to the lowest strength of 

masonry considering all the possible failure modes; fss was used for defining the nonlinearity 

in the diagonal strut.  

To establish a method for assessment of fss, FE parametric study was first carried out in 

Abaqus considering six relevant and most important parameters. The FE model was 

developed using the present tested specimens and some specimens with different aspect ratios 

tested in the past. The lateral strength values obtained from 1620 models developed in the 

parametric study were then used to calibrate the results of V-D strut model in SAP2000 to 

estimate fss. Further, two empirical equations were also developed for the estimation of fss by 

carrying out multiple variable linear regression analysis of the analytical data. The 

effectiveness of the empirical equations and V-D strut model was validated using several past 

experimental studies. It was observed that the developed V-D strut model was able to suitably 

capture the linear and nonlinear behavior of CM walls with acceptable accuracy. The 

developed analysis method using V-D strut model and fss is extremely simple and effective 

TH-2646_156104002



Chapter 4 Development of V-D Strut Model 

102 

to use, as it needs only a few easily available input parameters and well-established principles 

of ESM. In the present form, the developed V-D strut model does not take into account the 

out-of-plane response of CM walls. Applicability of the model in the case of multi-story CM 

walls is required to be ascertained by validating it with experimental results. The accuracy of 

the developed model can be further improved by calibrating it with additional experimental 

studies. 
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5.1 OVERVIEW 

Seismic design codes are unique to a particular region or country, and reflect the state-of-the 

art in that country in that field. They take into account the local seismology, accepted level 

of seismic risk, building typologies, materials, and methods used in construction; though 

some of the codes have become international in nature because of the exhaustive coverage of 

different clauses. Confined masonry has been embraced in many countries as an affordable 

and resilient seismic solution for low-rise buildings. Especially, in Latin American countries, 

such as Mexico, Chile, and Peru, it is a popular and widely adopted construction practice for 

buildings even up to six-story high (Brzev 2007). Several guidelines have been developed 

over the years to provide basic details on Confined masonry and promote its construction 

practice as mentioned in Chapter 2. Some countries have developed standard design 

provisions for CM walls: Mexico (NTC-M 2017), Peru (NT E.070 2019), Chile (NCh2123 

2003), Argentina (INPRES-CIRSOC 103 2018), Colombia (NSR-98 2010), Costa Rica 

(CSCR 2002), Europe (CEN 2005), and China (GB 50003 2011). Also, the Indian code for 
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Confined masonry is under development and it is expected to be published soon (BIS 2021). 

The essence of structural design is to identify the possible failure mechanisms, predict the 

resistance or capacity at failure, and determine if this capacity is larger than the expected 

demands on the structure. The structural behavior of CM walls can be divided into the 

responses to vertical loading and in-plane lateral loading. Compressive failure in CM wall 

may occur due to very large vertical load on the wall or low compressive strength of masonry 

used for the construction of CM wall and it is characterized by crushing of masonry as shown 

in Fig. 5.1(a). Under lateral seismic loading, damages in CM buildings usually take place at 

the first story level mainly under two major failure modes: shear (bed-joint sliding and/or 

diagonal-tension) and flexure (Figs. 5.1b, c, and d). The failure due to only vertical loading 

is not considered a critical issue for CM walls, as masonry wall is always designed in such a 

way that it experiences relatively small axial compressive stress. Although individual failure 

mechanism is theoretically possible, the observed damages in CM walls are generally in a 

combination of different modes under the action of gravity and lateral seismic loading. Due 

to seismic loading, shear-induced damages in the form of diagonal cracking were more 

common in CM structures compared to flexure-induced damages. The confining effect by 

the tie-elements will limit the damage to the masonry wall and prevent wall instability. The 

occurrence of a given failure mechanism depends on a particular combination of different 

factors related to material properties, wall geometry, boundary condition, type, and 

magnitude of loading. 

 
          (a)        (b)       (c)     (d) 

Figure 5.1: Schematic of possible failure modes in CM walls under vertical and lateral 

loading: (a) compression, (b) bed-joint sliding shear, (c) diagonal-tension 

shear, and (d) flexure. 

 

In all the available design codes, the basic concepts for CM construction are almost common; 

however, they convey a large dispersion of rules and many gaps, especially related to material 

properties, in-plane and out-of-plane capacity, design and detailing provisions for tie-

members, etc. The guidelines are still under development and are non-conclusive on methods 

to be adopted in design and detailing of different elements in a typical CM building instead 
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of prescriptive approaches. Thus, there is a need to assess the efficacy of the existing codes 

in safely predicting the design lateral forces of CM walls of different configurations. 

5.2 SHEAR STRENGTH PROVISIONS 

Masonry has high compressive strength, but comparatively lower shear and flexural strength. 

Failure of a CM wall is mostly characterized by the composite action of masonry and tie-

columns. In case of low vertical load, weak horizontal mortar joint, and low concrete shear 

strength, seismic loads can cause bed-joint sliding shear failure of the wall (Fig. 5.1b). 

Further, the initial damage characteristic of diagonal-tension shear behavior is diagonal 

cracking in the mortar or masonry units from the center of the masonry wall to the tie-

columns along the compression strut (Fig. 5.1c).  

5.2.1 Contribution of Different Elements 

In a CM wall, the effects of lateral earthquake loads are mainly resisted by the masonry panel 

initially, while the confining elements do not play a significant role. Once the cracking takes 

place in masonry walls of confined masonry (either in masonry units or in mortar joints), the 

maonsry panels becomes less effective in resisting the lateral forces. If the lateral force 

continues to increase, the masonry panel typically begins to lose strength, and at this stage 

the vertical reinforcement in tie-columns becomes engaged in resisting the tensile and 

compressive stresses, thereby providing additional deformability. The ultimate failure occurs 

when the tie-columns completely fail in shear by the extension of diagonal shear failure of 

the masonry panel into the tie-columns (Meli et al. 2011). In general, the design shear strength 

(Vdes) of confined masonry walls is the combined resistance coming from: (i) masonry panels, 

considering the influence of vertical axial compression (Vmas), (ii) tie-columns (Vtc), and (iii) 

wall horizontal reinforcements (Vwr) if any. Eq. (5.1) shows the combined resistances from 

the masonry walls, tie-columns, and wall horizontal reinforcement. All the available 

equations will be first converted to this simplistic form before comparing their effectiveness 

in estimating the lateral strength of CM walls.  

 des mas t c wrV V V V= + +  (5.1) 

The recommended equations for the design shear strength in different codes are provided in 

Table 5.1. The contribution of different parts and the associated safety factors in the design 

shear strength provisions provided in different design codes will be studied in detail here. 
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Table 5.1: Estimation of shear strength of CM wall using different codes.   

Country Code Equations for Vdes Eq. 

Mexico  

(NTC-M 2017) 

des mas wrV V V= +  

where,  

 (0.5 0.3 ) 1.5mas S AR md S AR mdV F f v A F f v A= +  ; 
wr S h yhV F f A=  

1.5 for 0.2

1.0 for 1.0
AR

H L
f

H L


= 



; 
h sh hA s t = ;  

( )0 1 1mas

s

S h yh

V
k k

F f A
 


= − + (wall in axial compression);  

η = k1ηs (wall in axial tension); 
0.75 for 9 MPa

0.55 for 6 MPa

m

s

m

f

f


 
= 

 
;

0

1.3 1.0

1.0 1.5

H L
k

H L


= 


; ( ) ( )1 1 1 0.1s h yh s gn mk f A f   = −  − ; s = 0.45 MPa-1 ; 

if (ρh fyh) > (0.1αsAgn mf  ), then ηs should be multiplied by  

{0.1Agn mf  / (ρh fyh)}. 

(5.2) 

Peru 

(NT E.070 2019) 

 0.5 0.23des mas S AR mdV V F f v A= = + (For clay and concrete units)   

 0.35 0.23des mas S AR mdV V F f v A= = + (For silica lime units) 

where, 1 3 1AR bf V L M or L H =   

(5.3) 

Chile  

(NCh2123 2003) 
 (0.45 0.24 ) 0.35des mas S md mdV V F v A v A= = +               (5.4) 

Argentina (INPRES-

CIRSOC 103 2018) 
 ( 0.4 ) 2des mas S md S mdV V F v A F v A= = +                            (5.5) 

Colombia 

(NSR-98 2010) 
( ) 0.08 0.75 0.33 0.17 0.75des mas S m w S m wV V F f A F f A = = +           (5.6) 

Costa Rica  

(CSCR 2002) 

des mas wrV V V= +  

where, ( )0.5 0.3 0.8mas S mV F f A= + ; ( )wr sh yh sc hV A f d s=                       
(5.7) 

Eurocode EN 1996-1-

1 (CEN 2005) 
( )( ) ( ), 0 01 0.4 0.5 0.4des mas m masonry mk mkV V v A v A  = = + = +               (5.8) 

China  

(GB50003 2011) 

des mas tcV V V= +  

where, ( )mas s c md ccV F v A A= − ; ( )0.08tc s c tcc cc ylc slcV F f A f A= + ;  

ηc = 1.1 if column spacing < 3 m, else 1;  

ξc = 0.5 for one central column, 0.4 for more than one      

(5.9) 

India  

(BIS CED-39 2021*) 

 (0.5 0.4 ) 1.5des mas S AR m mV V F f v A v A= = +      

where, ( )

1.55 0.2

1.7 0.7 0.2 1.0

1.0 1.0

AR

H L

f H L H L

H L




= −  
 

         
(5.10) 

* Code under development 

5.2.1.1 Contribution of masonry wall  

The contribution of Vmas in shear strength depends on the physical model describing the 

failure mechanism. In diagonal shear failure (Fig. 5.1c), shear cracks are caused by principal 

tensile stresses developed in the masonry wall under the action of lateral loads (tensile 

strength hypothesis). On the other hand, the resistance offered against shear sliding in 

masonry under the action of the lateral loads (Fig. 5.1b) is developed by friction and adhesion 
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between bricks and mortar (friction hypothesis). Design shear strength of CM wall at the 

onset of cracking is based on either of these two hypotheses. Once cracking initiates, the 

vertical axial compression improves its shear resistance by developing frictional forces across 

the cracks (Yoshimura et al. 2000). According to most of the codes, the generalized equation 

(Eq. 5.11) for estimation of Vmas can be expressed as a combination of important parameters: 

 ( )mas S md AR dV F av b f A= +  (5.11) 

where, a (varies from 0.16 to 1.1) and b (varies from 0.23 to 0.4) are the constants to take 

care of different proportions of vmd and σ considered in design codes indicating that most of 

the codes try to remain quite conservative by limiting the shear strength. The effect of 

overburden pressure is not included in the Chinese code (i.e., b = 0). fAR is the wall aspect 

ratio factor (varies from 0.33 to 1.55) and is considered only in codes of Mexico, India, and 

Peru; Fs is the strength modification factor and mainly ranges from 0.4 to 0.8 for most of the 

codes; however, the value is more than 1 for the Chinese code; the cross-sectional area Ad 

includes the area of tie-columns with the masonry wall section in most codes, but not all and 

is considered differently (around 80% to 100% of total gross-section) in different design 

codes; σ is overburden pressure on the CM wall; and vmd is the design shear strength of 

masonry due to tension, which is obtained from the diagonal compression test (giving vm) 

with appropriate design factor. However, in Eurocode 6, it is the characteristic initial shear 

strength of masonry under zero compressive stress (vmk0) due to shear sliding obtained from 

the triplet test. Further, Colombian and Costa Rican codes consider shear strength of masonry 

in terms of
mf   as an estimate of the vmd. Codes use different safety factors for the evaluation 

of the design value of masonry shear strength as given in Table 5.2 when the experimentally 

obtained value is utilized in design equations. Again, codes recommended indicative values 

of shear strength of masonry (Table 5.3), if the experimental data are not available. 

Table 5.2: Design shear strength of masonry (vmd) from the experimental value. 

Country Code Mathematical relationships Eq. 

Mexico (NTC-M 2017) 
1 2.5

m
md

v

v
v

c
=

+
 (5.12) 

Peru (NT E.070 2019) SDmd mv v= −  (5.13) 

Chile (NCh2123 2003) 5 10.431 ( )md m m mv v v v= −  −  (5.14) 

Argentina (INPRES-CIRSOC 103 2018) 0.75 (1 1.45 )md m vv v c= −   (5.15) 

Eurocode EN 1996-1-1 (CEN 2005) 0 00.8mk mv v=  (5.16) 

China (GB50003 2011) ( )
1

1.645SD
1.8

md mv v= −  (5.17) 

India (BIS 2021) md mv v=  (5.18) 
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Table 5.3: Design shear strength of masonry (vmd) from indicative values recommended 

in codes. 

Country Code 
Indicative value of shear 

strength of masonry (vmd) 
Remarks 

Mexico  

(NTC-M 2017) 
0.2 MPa 

Unit: crafted solid clay brick, extruded clay 

brick, concrete block, solid or concrete brick  

Mortar: must comply the standard 

Masonry: Type I 

Peru  

(NT E.070 2019) 

0.319md mv f  or, 

0.5 MPa to 1.1 MPa (when 

test data for mf   is not 

available) 

Unit: different class, different type - clay, 

concrete, silica lime; 4.9 MPa to 17.6 MPa 

Mortar: 1:4 for clay otherwise 1:0.5:4 

Masonry: 3.4 MPa to 10.1 MPa. 

Chile  

(NCh2123 2003) 
0.2 MPa to 0.6 MPa 

Unit: different class, 4.5 MPa to 16 MPa 

Mortar: 5 MPa to 15 MPa 

Argentina 

(INPRES-CIRSOC 

103 2018) 

0.15 MPa to 0.26 MPa 

Unit: solid ceramic brick, hollow ceramic and 

hollow concrete block 

Mortar: normal, intermediate and high strength 

with 5 MPa to 15 MPa. 

Eurocode EN 1996-

1-1 (CEN 2005) 
0.1 MPa to 0.4 MPa 

Unit: different type – clay, calcium silicate, 

aggregate concrete, autoclaved aerated concrete, 

manufactured stone, dimensioned natural stone 

Mortar: general-purpose (1 MPa to 20 MPa), thin 

layer, light mortar 

China (GB50003 

2011) 

vmd = ζN vm0 

where, 

ζN =0.8 to 3.92; vm0 = 0.06 

MPa to 0.17 MPa 

ζN =0.8 to 2.05 for solid and perforated brick, 

and 1.23 to 3.92 for concrete block depending 

on masonry type  

vm0 = 0.06 MPa to 0.17 MPa are based on:  

Unit: solid or perforated clay brick, solid or 

perforated concrete brick, autoclaved sand-lime 

or flyash-lime brick, concrete and light aggregate 

concrete block, rubble 

Mortar: 2.5 to more than 10 MPa 

India (BIS 2021) 

0.16md mv f =  

when test data is not 

available: mf = 4  

permissible compressive 

stress ≈ 1 MPa – 12.2 MPa 

Permissible compressive stress is obtained from 

IS 1905 for: 

Unit: 3.5 MPa to 40 MPa 

Mortar: 0.5 MPa to 10 MPa. 

 

5.2.1.2 Contribution of tie-columns 

The contribution of the tie-columns (Vtc) in the shear resistance comes mainly after severe 

cracking in masonry wall (Meli et al. 2011). Some experimental investigations also observed 

that the lateral strength of CM wall is affected by the reinforcement in tie-elements (Kato et 

al. 1992, Quiroz et al. 2017). The longitudinal reinforcement in tie-columns contributes to 

shear capacity by the dowel action (Tomaževič and Klemenc 2007a, Riahi et al. 2007, 

Bourzam et al. 2008a). On the contrary, a few studies have also reported that the longitudinal 

reinforcements in tie-columns mainly improve the ductility of CM walls and their effect on 

lateral strength is insignificant (Marques and Lourenço 2013). Most of the design codes 
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estimate the design shear at the onset of cracking while neglecting the contribution from 

longitudinal reinforcement of tie-columns; however, the cross-sectional area of tie-columns 

is considered in the overall sectional area of the wall. The Chinese code (GB50003 2011) 

considers the contribution to the shear strength of CM wall by the concrete and reinforcement 

used in the central tie-column or constructional column if any (Eq. 5.19 as well as Eq. 5.9):  

 ( )0.08tc s c tcc cc ylc slcV F f A f A= +  (5.19) 

where, ξc is the participation service factor of the central constructional column and the value 

is 0.5 if one column is arranged in the center, 0.4 if more than one column is arranged; ftcc is 

the tensile strength of concrete in the constructional column; fylc is the yield strength of 

longitudinal rebar in the constructional column; Acc is the total cross-sectional area of middle 

constructional columns; and Aslc is the total area of longitudinal reinforcement in them.  

5.2.1.3 Contribution of horizontal reinforcement in wall 

The seismic response of CM walls can be improved by placing horizontal reinforcement 

within the mortar joints anchored into the tie-columns. The bed-joint reinforcement helps to 

delay the formation of diagonal cracks in masonry walls (Aguilar et al. 1996, Kumazawa, 

and Ohkubo 2000, Cruz et al. 2019). However, this approach is not commonly adopted in 

practice in some countries because of the unavailability of small diameter bars with a high 

yield stress, the use of low strength masonry that inhibit improvement in the shear strength 

due to joint reinforcement, and the associated costs in providing additional steel. Moreover, 

limited experimental research on the influence of horizontal reinforcement on shear strength 

deter some code developers from adopting such reinforcement. Design codes of Mexico and 

Costa Rica consider the contribution of the horizontal rebars (Vwr) in Vdes as shown in Eqs. 

(5.2) and (5.7).  

5.2.2 Estimation of Design Shear Strength 

Table 5.4 shows the design value of shear strength of confined masonry wall along with the 

variation in the values of different input parameters for the tested CM walls - S1, S2, and S3 

(details are given in Chapter 3) obtained using nine different codes. As the specimens had no 

central tie-column (single bay wall), so tie-columns’ contribution part is zero (Vtc = 0), but 

the area of tie-columns was included while calculating the cross-sectional area of the walls 

in most of the codes as also discussed earlier. Further, the contribution of horizontal 

reinforcement is not considered (Vwr = 0), as these bars were not provided in the tested 
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specimens. Thus, Vdes will be governed by only Vmas. In Mexican and Indian code, the shear 

strength for the squat walls having H/L (ratio of total height to total length) less than 1 (i.e. 

S3 of H/L = 0.93) is enhanced using the factor fAR. On the other hand, the shear strength of 

slender walls having H/L greater than 1 (i.e. S1 and S2 of H/L = 1.63 and 1.3, respectively) 

is reduced by a similar factor in the Peruvian code; this factor is applied on the first part of 

the equation only, i.e., on vmd (Eq. 5.3). vmd obtained using the experimental data with 

different factors for different codes is found to vary from 0.17 MPa (in Colombia) to 0.44 

MPa (in India), i.e., a difference of about 2.6 times. Similarly, considering all factors, the 

estimated Vdes finally underlines a difference of about 3 times between the maximum (for 

Argentina) and the minimum (for Peru and Chile) values predicted for the three considered 

specimens. 

Table 5.4: Different parameters in Eq. (5.11) and estimation of design shear strength for 

specimen S1, S2, and S3 using Eqs. (5.1) to (5.11). 

Country 

Code 
Fs a b 

fAR for vmd 

(MPa) 

σ 

(MPa) 
Ad 

Vdes = Vmas (kN) 

S1 S2 S3 S1 S2 S3 

Mexico 0.70 0.50 0.30 1.00 1.00 1.04 0.37 0.13 A 19.8 24.7 36.2 

Peru 0.55   0.50*b 0.23 0.62 0.77 1.00 0.41 0.13 Lte 10.8 16.1 28.2 

Chile 0.50 0.45 0.24 - 0.43 0.13 A 11.7 14.6 20.4 

Argentina 0.80 1.00 0.40 - 0.30 0.13 A 34.9 43.6 61.0 

Colombia 0.60 1.00 0.33 - 0.17*d 0.13 Aw 11.7 15.6 23.4 

Costa Rica 0.40*a 0.16 0.24 - 0.36*e 0.13 0.8A 11.7 15.5 23.3 

Europe 0.50 1.00 0.40 - 0.35*f 0.13 A 25.3 31.6 44.2 

China 1.11   1.00*c 0 - 0.22 0.13 A-Acc 30.0 37.6 52.6 

India 0.80 0.50 0.40 1.00 1.00 1.05 0.44 0.13 A 27.2 34.0 49.9 
*aFs = 0.6, 0.55, and 0.4 for Class A, B, and C masonry, respectively;  

*b a = 0.5 for clay and concrete masonry units, and 0.35 for silica lime units;  
*c a = 1.1 if constructional column spacing < 3 m, else 1;  
*d

0.08 0.75 mf   instead of vmd; *e
mf   instead of vmd; *fvmk0 instead of vmd 

 

5.3 FLEXURAL STRENGTH PROVISIONS 

Masonry members are subjected to flexural stresses due to lateral loads or eccentricity of 

gravity loads. Though flexural failure is not a common failure mode in CM walls, the walls 

with higher aspect ratio or higher moment-to-shear ratio are susceptible to it (Gavilán 2020, 

Varela-Rivera et al. 2019). Walls are subjected to compression stresses at one end and tensile 

stresses at the other. Flexural damage is characterized by horizontal cracking in wall and 

yielding of longitudinal reinforcement in tie-columns on the tension side of the wall, along 

with crushing of bricks or concrete on the compression side. A mixed shear-flexure failure 

mechanism has been more frequently observed in case of CM walls (Marques and Lourenço 
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2019). Several other factors, like vertical axial load and the amount of longitudinal steel in 

the tie-columns affect the flexural capacity of CM walls.  

5.3.1 Contribution of Different Elements 

Under the combined action of axial load and in-plane bending moment, the flexural capacity 

of a CM wall can be evaluated based on the moment developed for an equilibrium of forces 

in the cross-section of the wall (Fig. 5.2). The strain diagram shows that a portion of the panel 

is in tension, while the remaining portion is in compression. It is usually assumed that the 

masonry and concrete are not able to resist tension, thus longitudinal reinforcement in the 

tension tie-column resists all the tensile stresses and the compression stresses are resisted by 

concrete, masonry, and longitudinal reinforcement in the compression zone as shown in Fig. 

5.2. Estimation of design flexural strength (Mdes) for CM walls is recommended in six design 

codes as given in Table 5.5. Most of the codes use the assumption of triangular stress 

distribution of compression stresses. However, Eurocode 6 does not consider the contribution 

of compression steel for flexural strength estimation and considers rectangular stress 

distribution (CEN 2005, Marques and Lourenço 2019). In general, the design flexural 

strength of CM walls (Mdes) is obtained as a combined strength from: (i) tension and 

compression stresses in longitudinal steel of tie-columns (Msl), and (ii) flexural compressive 

stress on the masonry wall (Mp) as given in Eqs. (5.20) and (5.21) as:  

 des sl pM M M= +  (5.20) 

 ( ) ( )des M yl sl s scM F p f A d q Pd= +  (5.21) 

here, p and q are the factors governing the contribution of the two terms mentioned above. 

        
 (a) (b)  (c) 

Figure 5.2: CM wall subjected to combined axial and bending loads: (a) forces acting on 

the wall, (b) strain and internal force distributions, (c) interaction diagram 

(Meli et al. 2011, BIS 2021). 
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Table 5.5: Estimation of the in-plane moment of resistance of CM wall. 

Country Code Equation for Mdes Eq. 

Mexico (NTC-M 2017) 
0.3 if 0 3des M yl sl s sc DM F f A d Pd P P= +    

( )( )1.5 0.15 1 if 3des M yl sl s D sc D DM F f A d P d P P P P= + −   
(5.22) 

Peru (NT E.070 2019) ( ) ( ) 0.8 0.9 0.5des M yl slM F f A L P L= +  (5.23) 

Chile (NCh2123 2003) 
0.5 0.2 if 0 3des M yl sl s sc DM F f A d Pd P P= +    

( )( )1.5 0.5 0.1 1 if 3des M yl sl s D sc D DM F f A d P d P P P P=  + −   
(5.24) 

Costa Rica (CSCR 2002) 

( ) 10.5 1 1des M sl yl

sl yl

cP
M F A f L

A f L

  
= + −     

 

where,  
( )

( )
1 , , and

2 0.72

sl yl

m m

A fc P

L tLf tLf

 
 



+
= = =

 +
 

(5.25) 

Eurocode EN 1996-1-1 

(CEN 2005) 

( ),1 ( 0.4 ) (0.5 0.4 )des m masonry yl sl scM f A d x P L x= − + −  

where,  
( )
( )

,

,0.8 0.85

sl yl m steel

m m masonry

P A f
x

f t





+
=


 

(5.26) 

India (BIS 2021) 
0.3 if 0 3des M yl sl s sc DM F f A d Pd P P= +    

( )( )1.5 0.15 1 if 3des M yl sl s D sc D DM F f A d P d P P P P= + −   
(5.27) 

 

In design codes of Mexico, Chile, and India, two separate equations are recommended for 

design flexural strength estimation for two different ranges of axial load (low and high): 0< 

P ≤ PD/3 and P > PD/3, where, P is the axial compressive load on the CM wall, and PD is the 

design axial compressive strength of CM wall. Under low axial load condition, p is one for 

most of the codes (except 0.5 in Chile), and q ranges from 0.2 to 1. Whereas under high axial 

load condition, p varies from 0 to 1, and q varies from 0 to 0.1. FM is the strength modification 

factor for the first term and it ranges from 0.65 to 0.9; ds and dsc are the lever arm factors for 

the moment generated in the two terms.  

5.3.2 Estimation of Design Axial Compressive Strength 

The cross-section of a CM wall is composed of the cross-sectional area of a masonry wall 

and adjacent RC confining columns. When a CM wall is subjected to a uniformly distributed 

vertical load at the top tie-beam, the wall is assumed to behave monolithically with an equal 

vertical deformation for the three sections. The vertical reactive force at the wall base in each 

three material sections is proportional to the stiffness and cross-sectional area of the material, 

which provides the individual contribution to the resistance to compressive loading. The 

equations for PD recommended in different codes are provided in Table 5.6.  
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Table 5.6: Design compressive strength of CM wall. 
Country Code Equations for PD Eq. 

Mexico (NTC-M 2017) 
( )D P E md sl ylP F F f A A f= +  

where, ( )( ) ( ) 2
1 2 1 30E c eF e t H t= − −  

(5.28) 

Chile (NCh2123 2003) 
0.4D E mP F f A= ,  

where, ( )
3

1 40EF H t= −  

(5.29) 

India (BIS 2021) (0.4 0.45 0.75 )D E m w ck c yl slP F f A nf A nf A= + +  

where, FE is taken from Table 9 of IS 1905 (1987) 

(5.30) 

 

The design compressive strength (PD) of confined masonry walls recommended in a few 

design codes can be suitably represented by Eqs. (5.31) and (5.32) as:  

 D m t cP P P= +  (5.31) 

 ( ) ( ) ( ) D P E m w c c yl slP F F c f A d nf A e nf A= + +  (5.32) 

As given in these equations, PD is a function of the vertical compressive resistances of the 

masonry wall (Pm), and resistance of tie-columns including the contribution from concrete 

and longitudinal steel (Ptc) in the tie-columns. Here c, d, and e are the constants governing 

the contribution of three terms given in the equation, n is the number of tie-columns in the 

CM wall, Ac is the cross-sectional area of concrete in tie-column excluding the cross-sectional 

area of the longitudinal reinforcing steel in the tie-column, Asl is the total area of longitudinal 

steel in each end tie-column, FP is the strength modification factor, and FE is a reduction 

factor allowing for the effects of slenderness and eccentricity of loading. The values of 

different factors used in different codes are compared by evaluating PD for the specimens 

tested in the current study (as given in Chapter 3). As shown in Table 5.7, the Chilean code 

(Eq. 5.29) considers only the contribution of masonry in PD estimation (d = 0, e = 0 in Eq. 

5.32). In addition to masonry, Mexican code (Eq. 5.28) also considers the contribution of 

longitudinal steel in tie-columns without considering the concrete contribution. However, all 

three terms are considered in the draft Indian code (Eq. 5.30). It is to be noted that for Mexico 

and Chile code: Aw = A in Eq. (5.32). 

Table 5.7: Estimation of design axial strength for specimen S1, S2, and S3 using Eq. 

(5.32). 

Sl. No. Country Code FP FE c d e n 
PD (kN) 

S1 S2 S3 

1 Mexico 0.6 0.90 0.73 0 1.00 2 322.3 386.1 513.8 

2 Chile 1.0 0.97 0.40 0 0 2 251.2 314.0 439.5 

3 India 1.0 0.81 0.40 0.45 0.75 2 579.6 632.2 737.5 
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5.3.3 Estimation of Design Flexural Strength 

Table 5.8 gives values of all the input parameters used in Eq. (5.21) and the estimated design 

flexural strengths (Mdes) for the tested specimens S1, S2, and S3. For all the tested specimens, 

P is less than PD/3, thus the final Mdes were considered for that axial load condition. In Table 

5.8, considerable variation of the input parameters can be observed for different codes; 

variation of ds and dsc showed that both the terms are about 0.5L for the Costa Rican code 

(also in Eq. 5.25), i.e., the values are minimum for the Costa Rican code. From the 

comparison of Mdes for different codes, it was observed that the Costa Rican code predicts 

the lowest value of Mdes, while the European and Indian codes predict the highest, which is 

almost twice as large.  

Table 5.8:  Estimation of design flexural strength for S1, S2, and S3 using Eq. (5.21). 

Sl. 
Country 

Code 

Axial load 

condition 
FM p ds q P dsc 

Mdes (kNm) 

S1 S2 S3 

1 Mexico 
0 3DP P   0.80 1.00 L-bt 0.30 P L-0.5bt 48.0 63.1 95.1 

3DP P  0.60 1.43* L- bt 0.14* PD L-0.5bt - - - 

2 Peru - 0.65 1.00 0.8L 0.90 P 0.5L 37.0 47.8 71.1 

3 Chile 
0 3DP P   0.90 0.50 L- bt 0.20 P L-0.5bt 27.5 36.3 55.0 

3DP P  0.90 1.40* L- bt 0.09* PD L-0.5bt - - - 

4 
Costa 

Rica 
- 0.76 1.00 0.5L(1-c1/L) 0.76 P 0.5L(1-c1/L) 25.9 34.7 54.6 

5 Europe - 0.87 1.00 L-0.5bt -0.4xu 1.00 P 0.5L-0.4xu 51.9 69.5 107.9 

6 India 
0 3DP P   0.87 1.00 L- bt 0.30 P L-0.5bt 51.8 68.0 102.2 

3DP P  0.87 1.45* L- bt 0.14* PD L-0.5bt - - - 

* when 3DP P : p= 1.5(1-P/PD), q = 0.15(1-P/PD) for Mexico and India and p = 0.75(1-P/PD), q = 0.10(1-

P/PD) for Chile. bt = width of a tie-column = 125 mm; xu = depth to the neutral axis of the wall section from 

compression side = 244.4 mm; c1/L = 0.13, 0.12, 0.10 for S1, S2, and S3, respectively.  

 

5.4 COMPARATIVE ASSESSMENT OF CODES 

5.4.1 Assessment using Present Experimental Results 

In order to assess the safety margins in different codes, the design shear strength (Vdes) and 

design flexural strength (Mdes) of the three tested specimens were compared with the 

experimental results. From the codal formulation, it can be noticed that the design values of 

shear for CM wall (Table 5.1) are mainly based on the cracking of masonry wall (i.e., the 

contribution of tie-columns is not directly considered), so Vdes was first compared with the 

experimental lateral load at cracking (Vcr,e) as shown in Fig. 5.3(a). The ratio (Vdes/Vcr,e) 

obtained using different codes varies from 0.32 to 1.02 for S1, 0.38 to 1.14 for S2, and 0.34 
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to 1 for S3. Comparatively, Argentinian, Chinese, and Indian codes recommend a higher 

shear value for design with the ratio ranging from 0.8 to 1.14, indicating lesser safety 

margins. On the other hand, codes such as - Peru, Chile, Colombia, and Costa Rica provide 

higher safety margins by recommending the strength ratios varying from 0.32 to 0.46.  

 
 (a)  

 
 (b) (c) 

Figure 5.3: Comparison of (a) design shear and shear strength at cracking, (b) design shear 

and lateral strength, and (c) shear from design flexural strength and lateral 

strength. 

 

Similarly, as shown in Fig. 5.3(b), if the design shear strength values are compared with the 

experimentally obtained lateral strengths, the ratio (Vdes/Vm,e) obtained using different codes 

varies from 0.23 to 0.73 for S1, 0.26 to 0.78 for S2, and 0.25 to 0.75 for S3; i.e., a reduction 

of around 1.4 times, as the peak lateral strength was around 1.4 times the cracking lateral 

load. Subsequently, for the comparative assessment in flexure, Mdes was first approximately 

converted to equivalent lateral load (Vʹdes) by dividing it with the height of the wall (H). Fig. 

5.3(c) illustrates the comparison of Vʹdes /Vm,e ratio obtained for different codes (0.3 to 0.7 for 

S1, and 0.4 to 0.8 for S2 and S3). It has to be noted that the lateral strength ratio (design-to-

experimental) obtained from flexure theory may not actually represent the safety margin, as 

the failure may not correspond to flexure. To gain more clarity on this, section analysis was 
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carried out using the mean values of the material strengths to evaluate the moment capacity 

of the CM walls. The obtained yield moment capacities were 55 kNm, 77 kNm, and 118 

kNm, and the ultimate moment capacities were 76 kNm, 103 kNm, and 151 kNm for S1, S2, 

and S3, respectively. The obtained equivalent lateral loads at yield moment (37 kN, 51 kN, 

and 79 kN for S1, S2, and S3, respectively) were lesser than Vm,e, but higher than the cracking 

load (Vcr,e). This comparison highlights that the moment at yielding in all the specimens was 

attained after reaching Vcr,e. Similarly, the equivalent lateral loads obtained from the ultimate 

moment were 51 kN, 69 kN, and 101 kN for S1, S2, and S3, respectively. In case of the wall 

S1, the equivalent load was almost equal to Vm,e, whereas, for the other two specimens it was 

significantly higher than Vm,e. It can be inferred from here that the slender specimen S1 

reached its flexural capacity, but the other two specimens did not. In addition, considering 

that the flexure capacity of walls S2 and S3 is higher than their shear capacity, the estimated 

Vʹdes/Vm,e values should be significantly higher and dissimilar from the values that were 

obtained for wall S1. 

5.4.2 Assessment using Past Experimental Results 

In addition to the three specimens tested in the present study, nine CM walls tested in past 

studies were also investigated by estimating the design values of shear and flexural strengths 

using different seismic codes (as given in Tables 5.9 and 5.10). In these nine solid, single-

story, single-bay CM specimens, H/L varies from 0.62 to 1.62. Out of these, two specimens 

can be categorized as slender with H/L = 1.62 (ID 6) and 1.52 (ID 7); these are comparable 

with S1 and S2. Similarly, four specimens can be categorized as relatively squat with H/L = 

0.97 to 1 (ID: 1, 4, 5, 8); these are comparable with S3. Longitudinal reinforcement 

percentage in tie-columns of these specimens (ρl) varies from 0.79 to 2.82, and σ varies from 

0 to 0.5 MPa. Material properties such as: mf   varies from 3.5 to 9 MPa; vm varies from 0.25 

to 1.1 (minimum strength for specimen 1 of Aguilar et al. 1996; and maximum strength for 

specimen 6 of Bourzam et al. 2008a); fc and fyl are almost similar with the present specimens.  

Values of the input parameters for the design lateral strength estimation of CM wall, such as, 

vmd, fAR, and PD obtained for all the twelve specimens are shown in Fig. 5.4. The coefficient 

of variation (cv) for the estimation of vmd was assumed as 0.2. The maximum values of vmd 

obtained by all the codes correspond to the test specimens of Bourzam et al. (2008a) as the 

experimentally obtained vm (=1.1) was very high (Fig. 5.4a); however, Colombian and Costa 

Rican codes consider 
mf   as an estimate of vmd, which resulted in lesser values compared to 
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others as 
mf   was comparatively lesser. Further, vm was used as vm0 for Eurocode as the triplet 

test data was not provided in these past studies. Overall, the draft Indian code directly 

considers experimentally obtained shear strength as vmd; naturally vmd values given by the 

other codes are lesser. In some cases, the Costa Rican code also gives higher vmd in terms of 

mf  . On the other hand, the Chinese and Colombian codes always give lower vmd values. The 

additional influence of aspect ratio of CM walls has been considered in the codes of Mexico, 

Peru, and India by using fAR primarily for either squat or slender specimens as shown in Fig. 

5.4(b).  

 

 
(c) 

Figure 5.4: Variation in different parameters for the twelve specimens: (a) design shear 

strength of masonry (vmd), (b) wall aspect ratio factor, and (c) design axial 

resistance (PD). 

 

For example, shear strength of the squat specimen (H/L = 0.62) tested by Yáñez et. al (2004) 

is enhanced by 1.24 or 1.27 when the codes of Mexico or India are used, respectively. 

Similarly, shear strength of the slender specimen (H/L = 1.62) tested by Bourzam et. al 

(2008a) was reduced by 0.62 when Peru code was used. Further, Fig. 5.4(c) shows a 

significant variation in PD due to the difference in material and geometric properties of the 

specimens. The rest of the input parameters for the estimation of Vdes and Mdes can be obtained 

from Tables 5.4 and 5.8, respectively. It is to be noted that for all the specimens, the reported 

ultimate failure mode was shear failure. 
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The design-to-experimental strength ratios (global safety factors) under shear and flexure for 

all twelve specimens were evaluated as given in Tables 5.9 and 5.10. In Table 5.9(a), the 

design shear strength is compared against the experimental shear at cracking, and significant 

variation was observed in the safety margins in different codes against shear failure (Vdes /Vcr,e 

ranges from 0.21 to 1.31). Some of the codes, such as Peruvian and Chilean codes provide a 

higher safety margin (i.e. lower value of Vdes /Vcr,e) compared to some other codes, such as, 

draft Indian, Argentinian, Chinese codes, and Eurocode. Even after considering all the partial 

safety factors associated with the design shear strength of CM wall, the ratio Vdes /Vcr,e was 

greater than one for some cases. Again, to gain more knowledge on the results, the design 

shear strengths were also compared against the experimental lateral strength (Vdes /Vm,e) as 

shown in Table 5.9(b), which shows that the predicted design values are higher (say Vdes /Vm,e 

> 0.75) with draft Indian, Argentinian codes, and Eurocode. 

Further, the variation of equivalent Vʹdes/Vm,e ratio under flexure is shown in Table 5.10, 

where it can be noticed that the ratio varies from 0.3 to 1.7. The values indicate that codes, 

such as Mexican, Peruvian, Indian, and Eurocode estimate relatively high design flexural 

strength for most specimens. A combined shear and flexure behavior in terms of design-to-

experimental lateral strength is shown in Fig. 5.5 to provide a simplistic visual comparison 

between different codes. The blank spaces in Table 5.10, as well as the bar diagram (Fig. 

5.5), indicate that some codes (Argentina, Colombia, and China) do not have design flexural 

strength provisions. The high variability in the design-to-experimental strength ratios, i.e., 

the safety margins, obtained from all the codes against shear and flexural failure mode for 

the twelve specimens indicates the inconsistencies in the design force estimation. 

Table 5.9(a): Comparison of safety margins against shear (at cracking). 

Study ID H/L 
,

,

cr e

m e

V

V
 

Vm,e 

(kN) 

For Shear Resistance: Vdes/Vcr,e 

Mexico 

(2017) 

Peru 

(2019) 

Chile 

(2003) 

Arg 

(2018) 

Col 

(2006) 

CR 

(2002) 

EC 

(2005) 

China 

(2011) 

India 

(2021) 

Aguilar et. al (1996) 1 1.00 0.73 140.6 0.49 0.35 0.21 0.65 0.48 0.35 0.60 0.31 0.78 

Yáñez et. al (2004) 2 0.62 0.67 191 0.74 0.56 0.46 1.09 0.47 0.75 1.03 1.06 1.31 

M and C (2004) 3 0.77 0.66 215.4 0.71 0.51 0.44 1.07 0.53 0.47 0.90 0.71 1.19 

Zabala et. al (2004) 4 0.97 0.70 118 0.76 0.61 0.52 1.28 0.83 0.79 1.07 0.84 1.26 

Zabala et. al (2004) 5 0.97 0.68 207 0.61 0.45 0.33 0.99 0.62 0.51 0.78 0.49 0.98 

Bourzam et. al (2008a) 6 1.62 0.86 81.4 0.52 0.31 0.37 0.91 0.26 0.31 0.79 0.69 0.87 

Gavilán et. al (2015) 7 1.52 0.94 75.8 0.50 0.31 0.25 0.78 0.45 0.35 0.64 0.38 0.81 

Gavilán et. al (2015) 8 0.98 0.64 157 0.56 0.41 0.28 0.84 0.55 0.43 0.70 0.41 0.89 

Gavilán et. al (2015) 9 0.67 0.78 320.8 0.46 0.29 0.23 0.63 0.37 0.41 0.51 0.34 0.75 

Present Study S1 1.63 0.72 47.5 0.58 0.32 0.34 1.02 0.34 0.34 0.74 0.88 0.80 

Present Study S2 1.30 0.68 55.8 0.65 0.42 0.38 1.14 0.41 0.41 0.83 0.98 0.89 

Present Study S3 0.93 0.75 81.15 0.60 0.46 0.34 1.00 0.39 0.38 0.73 0.87 0.82 

  Arg = Argentina; Col = Colombia; CR = Costa Rica; EC = Eurocode; M and C = Marinilli and Castilla 
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Table 5.9(b): Comparison of safety margins against shear (at maximum strength). 

Study ID H/L 
,

,

cr e

m e

V

V
 

Vm,e 

(kN) 

For Shear Resistance: Vdes/Vm,e 

Mexico 

(2017) 

Peru 

(2019) 

Chile 

(2003) 

Arg 

(2018) 

Col 

(2006) 

CR 

(2002) 

EC 

(2005) 

China 

(2011) 

India 

(2021) 

Aguilar et. al (1996) 1 1.00 0.73 140.6 0.36 0.26 0.16 0.47 0.35 0.26 0.44 0.23 0.57 

Yáñez et. al (2004) 2 0.62 0.67 191 0.50 0.38 0.31 0.73 0.31 0.50 0.68 0.71 0.87 

M and C (2004) 3 0.77 0.66 215.4 0.47 0.34 0.29 0.71 0.35 0.31 0.59 0.47 0.79 

Zabala et. al (2004) 4 0.97 0.70 118 0.53 0.43 0.37 0.90 0.58 0.55 0.75 0.59 0.88 

Zabala et. al (2004) 5 0.97 0.68 207 0.41 0.31 0.23 0.68 0.42 0.35 0.53 0.34 0.67 

Bourzam et. al (2008a) 6 1.62 0.86 81.4 0.45 0.26 0.32 0.78 0.22 0.27 0.68 0.60 0.75 

Gavilán et. al (2015) 7 1.52 0.94 75.8 0.47 0.29 0.24 0.73 0.42 0.33 0.60 0.35 0.76 

Gavilán et. al (2015) 8 0.98 0.64 157 0.36 0.26 0.18 0.54 0.35 0.27 0.45 0.26 0.57 

Gavilán et. al (2015) 9 0.67 0.78 320.8 0.36 0.23 0.18 0.50 0.29 0.32 0.40 0.27 0.59 

Present Study S1 1.63 0.72 47.5 0.42 0.23 0.25 0.73 0.25 0.25 0.53 0.63 0.57 

Present Study S2 1.30 0.68 55.8 0.44 0.29 0.26 0.78 0.28 0.28 0.57 0.67 0.61 

Present Study S3 0.93 0.75 81.15 0.45 0.35 0.25 0.75 0.29 0.29 0.54 0.65 0.62 

  Arg = Argentina; Col = Colombia; CR= Costa Rica; EC = Eurocode; M and C = Marinilli and Castilla 

 

Table 5.10: Comparison of safety margins against flexure. 

Study ID H/L 
ρl  

(%) 

Vm,e 

(kN) 

For Flexural Resistance: Vʹdes/Vm,e 

Mexico 

(2017) 

Peru 

(2006) 

Chile 

(2003) 

Arg 

(1991) 

Col 

(2006) 

CR 

(2002) 

EC 

(2005) 

China 

(2001) 

India 

(2017) 

Aguilar et. al (1996) 1 1.00 1.51 140.6 0.9 0.8 0.5 

 

 

 

 

- 

 

 

 

 

 

  

 

 

 

 

- 

 

 

 

 

 

  

0.4 1.0 

 

 

 

 

- 

 

 

 

 

 

  

1.0 

Yáñez et. al (2004) 2 0.62 1.12 191.0 1.0 0.7 0.6 0.5 1.1 1.1 

M and C (2004) 3 0.77 2.25 215.4 1.2 0.9 0.7 0.7 1.4 1.3 

Zabala et. al (2004) 4 0.97 0.79 118.0 1.1 0.9 0.7 0.7 1.4 1.2 

Zabala et. al (2004) 5 0.97 2.01 207.0 1.6 1.2 0.9 0.8 1.7 1.7 

Bourzam et. al (2008) 6 1.62 2.01 81.4 0.6 0.4 0.3 0.3 0.6 0.6 

Gavilán et. al (2015) 7 1.52 2.82 75.8 1.6 1.2 0.9 0.6 1.4 1.7 

Gavilán et. al (2015) 8 0.98 2.82 157.0 1.3 1.0 0.8 0.6 1.4 1.4 

Gavilán et. al (2015) 9 0.67 2.82 320.8 1.1 0.8 0.6 0.6 1.2 1.1 

Present Study S1 1.63 0.72 47.5 0.6 0.5 0.4 0.3 0.7 0.7 

Present Study S2 1.30 0.72 55.8 0.7 0.5 0.4 0.4 0.8 0.8 

Present Study S3 0.93 0.72 81.2 0.7 0.5 0.4 0.4 0.8 0.8 

Arg=Argentina; Col=Colombia; CR=Costa Rica; EC=Eurocode; M and C = Marinilli and Castilla 

 

 
Figure 5.5: Variation in design-to-experimental strength ratios obtained from all the codes 

against shear and flexural failure mode for the twelve specimens.  
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5.5 SUMMARY 

Seismic performance of confined masonry buildings has been reported as adequate even 

under high levels of seismic excitations, mainly because of the unique construction practice 

followed in such buildings and confining action of the RC tie-elements around the masonry 

panels of the building. The cost of construction of this building type is generally less than a 

similar-sized infilled RC frame building. Therefore, CM is a natural alternate construction 

choice for seismically active regions, especially in economically weaker sectors of society. 

However, due to the lack or deviation of available design codes, the application of this 

construction system is limited. The failure modes of CM walls under lateral seismic loading 

mainly depend on their geometric parameters and boundary conditions. As shear-induced 

damages are more common in CM walls, most of the design formulations are based on shear 

behaviour. The behavior under flexure has not received much attention in research and thus 

only a few codes provide the design formulations. All the available formulations for the 

design shear and design flexural strengths of CM walls provided in the seismic design codes 

of several countries are assembled in this chapter. The variations associated with different 

input parameters of different formulations are studied by estimating the design forces for the 

three tested specimens in the present study, as well as those tested in several past studies. 

A comparative study was carried out for the design-to-experimental strength ratios to study 

the safety margins adopted in different codes against shear and flexural failure. A large 

variation was observed in the estimated safety margins in different codes against shear failure 

(0.21 to 1.31) as well as flexural failure (0.3 to 1.7). This highlights the inconsistent 

estimation of design strength by design codes and limitations of some of the design codes in 

safely designing the CM walls against shear and flexure failure. Such inconsistencies may 

arise due to limited experimental data and uncertain material properties of masonry. 

Systematic experimental and FE studies are required to be carried out considering all 

important parameters to improve the existing design codes of CM buildings, and hence their 

construction practice, in different parts of the world. 
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Chapter 6  

DEVELOPMENT OF LATERAL LOAD -

DISPLACEMENT BACKBONE MODEL  

CONTENTS 

6.1 Overview 121 

6.2 Lateral Load - Displacement Models 122 

6.3 Experimental data 127 

6.4 Summarized Influence of Important Parameters 131 

6.5 Estimation of Responses using Available Models 134 

6.6 Recommendations on Backbone Envelopes 147 

6.7 Summary 152 

 

6.1 OVERVIEW 

Seismic behavior of confined masonry has been a subject of experimental studies from 

several years. On the basis of observed behavior and analyses of test results, backbone curve 

models for the prediction of lateral in-plane resistance-displacement envelope curve of CM 

wall, idealized by a trilinear relationship, have been suggested by different researchers. 

However, the variation associated with material properties, detailing of tie-elements, 

construction practices, etc., are huge in different experimental studies across the world. This 

makes the formulation of a generalized analytical backbone model for CM walls a difficult 

task for an approximate prediction of their lateral load response. Some models and guidelines 

are available in the literature to estimate the lateral strength, stiffness, and deformability of a 

typical CM wall; however, most of the models are specific to considered wall specimens. 
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Therefore, a large dispersion is generally observed in the estimated parameters due to the 

huge variation in material properties of masonry, detailing of tie-elements, and construction 

practices in different parts of the world. Clearly, unless validated, these models may not work 

well with CM practiced in different places. Further, most of these models have been 

developed using simplified linear or polynomial equations that are highly influenced by the 

relations originally developed for reinforced masonry, URM, or infilled RC frames; and they 

neglect the nonlinear interaction of confining elements with masonry walls. Thus, there is a 

need for carrying out a comparative evaluation of existing prediction models for 

understanding their effectiveness in estimating the strength, stiffness, and deformability of 

different CM walls tested in different regions of the world, and further to develop a 

generalized nonlinear backbone profile for CM walls that may be used for performance-based 

seismic analysis and design. 

6.2 LATERAL LOAD - DISPLACEMENT MODELS  

Seismic design of structures highly depends on their characteristic force-deformation 

relationship, which is defined as a function of three most important parameters - strength, 

stiffness, and deformability or ductility. The lateral strength of a structure assures the ability 

to safely resist the applied lateral loads, sufficient lateral stiffness is required to maintain 

required resistance to lateral deformation, and ductility makes sure that the structure is able 

to deform beyond the elastic range and dissipate seismic energy through plastic deformations 

without failure. The in-plane lateral load response of CM walls in the past studies can be 

summarized with an idealized lateral load-deformation envelope curve as shown in Fig. 6.1 

(Flores and Alcocer 1996, Meli et al. 2011).  

 
Figure 6.1: Idealized trilinear load-deformation curve for CM walls subjected to lateral 

loads. 
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Trilinear variation in the backbone curve has been most popularly recommended in past 

studies. The lateral load response of CM walls can be assumed to be linearly elastic until the 

formation of the first visible crack in masonry wall (point A) corresponding to the cracking 

strength Vcr and deformation Δcr. At a higher drift excursion level, the cracks concentrate 

along the diagonals and extend towards the tie-columns, resulting in a significant decrease in 

the wall stiffness until the lateral strength Vm is achieved at a corresponding displacement of 

Δm (point B). This post-cracking behavior (branch A-B) is directly influenced by the friction 

and brick interlock in the masonry panel, and by the shear resistance of tie-columns. With 

further drift, the CM wall experiences strength deterioration due to failure of masonry and 

tie-elements in different modes until point C is reached corresponding to ultimate load Vu and 

displacement Δu. The post-peak behavior (descending branch B-C) and stiffness of the panel 

at large deformations are mainly governed by the cross-sectional area and reinforcement 

detailing of the tie-columns. The trilinear approximation is generally not considered beyond 

point C, which is followed by a rapid reduction in lateral loads with increasing displacements 

(Vr and Δr represent residual strength and corresponding displacement). Ccr and Csr are the 

reduction factors used to reduce Vm to Vcr and Vu, respectively. 

6.2.1 Models Developed in Past Studies 

Some simplified models have been developed in past studies for the approximate prediction 

of lateral load response of CM walls. Some of these models were developed based on limited 

experimental studies followed by finite element simulations (Tomaževič and Klemenc 1997a, 

Marinilli and Castilla in 2006, Bourzam et al. 2008a, 2008b, Gavilán et al. 2015, Singhal and 

Rai 2016); while some were based on regression analysis of data obtained in past 

experimental studies (Flores and Alcocer 1996, Riahi et al. 2009, Marques and Lourenço 

2013, Marques and Lourenço 2019). The models for all the three points of the force-

displacement idealized envelope curve were suggested only by Flores and Alcocer (1996), 

and Riahi et al. (2009); the rest of the models were mainly developed for predicting lateral 

force characteristics. The equations recommended in past studies for the prediction of lateral 

strength (Vm,p), lateral load at cracking (Vcr,p), and lateral load at ultimate limit (Vu,p) of CM 

walls are given in Table 6.1. In all the studies, the primary contribution to the lateral strength 

was considered to be provided by masonry walls only (cracking strength as well as maximum 

strength), and influence of axial loads, aspect ratio, longitudinal reinforcement in tie columns 

(including the dowel action), number of tie columns, and confinement effect of ties was 

additionally considered in some studies.  
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Table 6.1:  Estimation of lateral shear at the three critical damage stages of CM walls. 

Study Equations Eq. 

Flores and Alcocer 

(1996) 

( )  ( )2

, Min 0.5 0.3 ; 1.5 0.3 1.26m p m m bl c ylV v A v A d f f= + +  
(6.1a) 

( ) , Min 0.5 0.3 ; 1.5cr p m mV v A v A= + , or 
, ,0.8cr p m pV V=  (6.1b) 

, , ; 0.9u p sr m p srV C V C= =  (6.1c) 

Tomaževič and Klemenc 

(1997a) 

( )  ( ) ( )2 2

, 1 1 1 0.8059m p i m i AR m w r bl c ylV c v c f v A n d f f = + + + +
  

 

where, 5
2 ,

AR 4

AR
i i i

f
c  = = , 

1.0 AR 1

AR 1 AR 1.5

1.5 AR 1.5

ARf




=  
 

 (6.2a) 

, , ,0.7 to 0.8cr p m p m pV V V=  (6.2b) 

, , ; 0.7u p sr m p srV C V C=   (6.2c) 

Marinilli and Castilla 

(2006) 

( )( ), 0.47 0.29 4200m p m cV v A nA n= + − +  (in kg cm) (6.3a) 

( ), 0.47 0.29cr p mV v A= +  (in kg cm) (6.3b) 

Bourzam et al. (2008a, b) 

( )  ( )2

, 1 0.537m p m AR m w r bl c ylV v f v A nn d f f= + +  (6.4a) 

( )  ( ) ( )2 2

, 1 1 1 0.537m p i m i AR m w r bl c ylV c v c f v A nn d f f = + + + +
  

 (6.4b) 

( )  ( )( ) ( )2 2 2

, 1 1 0.537m p w AR m m m m m m m m r bl c ylV A f v f v v v f v f nn d f f    = + + − − + 
 (6.4c) 

, , ,0.6 to 0.8cr p m p m pV V V=  (6.4d) 

, , ; 0.4to 0.8u p sr m p srV C V C= =  (6.4e) 

Riahi et al. (2009) 

( ), 0.21 0.363 0.0141m p m c yllV v f f A= + +  
(6.5a) 

( ) , Min 0.424 0.374 ;cr p m mV v A v A= +  or (6.5b) 

, ,0.7cr p m pV V=  
(6.5c) 

, , ; 0.8u p sr m p srV C V C= =  (6.5d) 

Marques and Lourenço 

(2013) 

( ) ( ) ( ) , 0.49 0.53 0.14 1m p m wV v H L A A A= + − − +  (6.6a) 

, ,0.8cr p m pV V=  
(6.6b) 

, , ; 0.8u p sr m p srV C V C= =  
(6.6c) 

Singhal and Rai (2016) ( ) ( ) , 0.7 2.15 Min 0.2 0.4 ; 0.25m p i p m wV L L f A = + +
 

(6.7) 

Gavilán et al. (2015) 

( ) , Min 0.5 0.3 ; 1.5cr p m AR m ARV v f A v f A= +  

where, ( )

1.55 / 0.2

1.69 0.69 / 0.2 / 1.0

1.0 / 1.0

AR

H L

f H L H L

H L




= −  
 

 (6.8) 

Marques and Lourenço 

(2019) 

( ), 0.5 0.4m p AR mV f v A= + ; where, 1.15 0.15ARf H L= −  (6.9a) 

( ) ( ) , 0.45 0.3 0.4 1m p m c i cV v f n nA A A= + + +  (6.9b) 

 

The three equations (Eqs. 6.4a, 6.4b, and 6.4c) of Bourzam et al. (2008a) represents the 

consideration of three different methods for the prediction of masonry wall contribution in 

the lateral strength depending on three different failure hypotheses: failure at a critical in-

plane tensile strength as per Turnšek and Čačovič (1971), failure at a critical tensile strength 

by considering the interaction effect of confining elements developed by Tomaževič and 

Klemenc (1997a), and failure by a critical biaxial combination of normal principal stresses 

following the study of Sucuoğlu and McNiven (1991). The ultimate lateral load before failure 
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has been simply formulated as a function of the lateral strength as: Vu,p = CsrVm,p, where Csr 

is the strength reduction factor. 

The analytical models for the initial lateral stiffness of CM walls, defining the slope of the 

first branch of the idealized backbone curve, are mainly developed considering the flexural 

and shear deformations of wall as observed in Flores and Alcocer (1996), Tomaževič and 

Klemenc (1997a), and Bourzam et al. (2008b). The contribution of RC confining elements 

to lateral stiffness is not considered explicitly; however, in the calculation of the moment of 

inertia of wall section, gross sectional area including the dimensions of the tie-columns with 

attributed masonry mechanical characteristics is considered. Singhal and Rai (2016) 

combined the method developed by Rai et al. (2014) and Drysdale et al. (1999) to estimate 

the initial stiffness of CM wall. To model the degradation of stiffness after cracking, 

Tomaževič and Klemenc (1997a) proposed a model for degraded or secant stiffness as a 

function of initial stiffness and extent of damage in walls at characteristic damage stages. The 

damage index Id is suggested as 0.25, 0.5, and 1, respectively, at first cracking, maximum 

load, and ultimate limit for which the stiffness is 2% of initial stiffness. Further, it was 

suggested that the degraded strength beyond the post-peak region should not be more than 

70% of the maximum lateral strength. The degraded stiffness proposed by Bourzam et al. 

(2008b) is similar to that given in Tomaževič and Klemenc (1997a) except for the values of 

the coefficients, and also that the ultimate limit is considered for 5% of initial stiffness. 

Many of the past research studies have mainly focused on the force characteristics of CM 

walls; with the increasing popularity of performance-based design, deformation capacity has 

also been addressed in a limited number of studies. Deformation capacity is a very complex 

parameter that depends on many variables related to material and geometrical properties, 

overburden loading, etc. Especially after cracking it becomes more difficult to formulate 

analytical models for drift at different performance levels because of the complex interaction 

between tie-columns and masonry walls in addition to the heterogeneity and highly nonlinear 

behavior of masonry. The lateral drift values corresponding to different damage stages or at 

critical points on the backbone curves have been recommended in past studies as given in 

Table 6.2. On the basis of wall characteristics, drift at different damage stages was proposed 

by Riahi et al. (2009) using linear regression analysis of several past experimental test results. 

In that proposal, the ultimate drift limit was considered against 80% residual strength (Vu,p = 

0.8Vm,p). The drift at cracking can be evaluated from the initial stiffness if the lateral load at 
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cracking is also known. As per Flores and Alcocer (1996), the lateral drift limits are 0.3% 

and 0.5% at peak lateral load and at ultimate limit corresponding to 10% strength degradation 

(Vu,p = 0.9Vm,p), respectively.  

Table 6.2:  Estimation of lateral stiffness and drift limits of CM walls. 

Parameter Researchers Analytical model for lateral strength of CM wall Eq. 

Initial Stiffness 

Flores and Alcocer (1996), 

Tomaževič and Klemenc 

(1997a) 

1
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,
w w
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where, κ = 1.2, β = 3 for cantilever, 12 for fixed 
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Riahi et al. (2009) 

( ), , ,100i p cr p cr pK V H=  

where, Vcr,p is taken from Eq. (6.5b) or (6.5c), and 

δcr,p from Eq. (6.17) 

(6.12) 

Singhal and Rai (2016) ( )
1

3

, 0.29 0.26
3

w w
i p i p

m m w

H H
K L L

E I G A

−

 
= + + 

 

 (6.13) 

Degraded or 

Secant Stiffness 

Tomaževič and Klemenc 

(1997a) 
( ), , 1 1.28 0.32d p i p dK K I= − −  (6.14) 

Bourzam et al. (2008b) ( ), , 1 1.805 0.451d p i p dK K I= − −  (6.15) 

Lateral Drift at 

Cracking 

Flores and Alcocer (1996), 

Tomaževič and Klemenc 

(1997a) 

( )( ), , , 100 /cr p cr p i p wV K H =  (6.16) 

Riahi et al. (2009) 

'

, ,cr p cr p mf V A f =  

where, fδ = 1.13 for clay brick wall and 0.72 for 

concrete block wall 

(6.17) 

Lateral Drift at 

Peak Strength 

Flores and Alcocer (1996) , 0.3%m p =  
(6.18) 

Riahi et al. (2009) , ,0.65m p u p =  
(6.19) 

Lateral Drift at 

Ultimate Limit 

Flores and Alcocer (1996) , 0.5%u p =  (6.20) 

Riahi et al. (2009) 
, ,u p m p mf V A f  =  

where, ( ) 2

,Min 1.3 0.5 ; 6m pV A = +  (6.21) 

 

6.2.2 Status of Existing Codes of Practice 

Some seismic codes provide relations to estimate the design shear strength of CM walls, as 

mentioned in Chapter 5. Removing all the design safety factors, the different codal 

formulations were used in this section to evaluate their effectiveness in predicting the lateral 

strength of CM wall. Thus, the generalized equation of codes for the prediction of lateral 

shear strength of CM wall can be expressed as: 
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 ( ) ( ),cr p m i c i c tc c yl r slV av A n A b A n A cf A df n A= − + − + +  (6.22) 

where, a, b, c, d are the coefficients representing the contribution of different parameters. As 

the codal formulations are mainly based on a conservative approach by considering the 

design lateral load at the initial cracking stage, only the first two terms are considered in the 

codes except for the Chinese code, in which the last two terms are also included to consider 

the contribution of concrete and steel in the intermediate columns of multi-bay specimens. 

As mentioned previously, Mexico and Indian codes consider wall aspect ratio factor in the 

coefficient of the first two terms in Eq. 6.22, and the Peruvian code considers an aspect ratio 

factor in the coefficient of the first part. Table 6.3 summarizes the values of different 

coefficients involved in Eq. 6.22, where some of the coefficients (a, b, c, d) are specified 

directly in some design codes, while some are derived in the present study by combining the 

influence of one or more parameters.  

Table 6.3:  Coefficients in the generalized equation for strength estimation (Eq. 6.22). 
Design Code Coefficients used in Eq. (6.22) 

a b c d 

Mexico (NTC-M 2017): [Mex] 0.5 to 0.75 0.3 to 0.45 - - 

Peru (NT E.070 2019): [Per] 0.167 to 0.5 0.23 - - 

Chile (NCh2123 2003): [Chl] 0.45 0.24 - - 

Argentina (INPRES-CIRSOC 103 2018): [Arg] 1 0.4 - - 

Colombia (NSR-98 2010): [Col] 0.08 0.3 - - 

Costa Rica (CSCR 2002): [CR] 0.13 0.24 - - 

Eurocode (CEN 2005): [EC] 1 0.4 - - 

China (GB 50003 2011): [Chn] 1 or 1.1 0 0.5 or 0.4 0.08 

India (BIS 2021): [Ind] 0.5 to 0.775 0.4 to 0.62 - - 

 

The deformation capacity of CM walls has been defined in a few design codes and it is 

defined only in terms of recommended drift values for different damage stages. The Peruvian 

code allows up to 0.125% drift limit to prevent initial cracking in wall and this limit may go 

up to 0.5% for economically repairable damage. Similarly, Mexican code suggests an inter-

story drift limit at peak strength of 0.5% and 0.4% for walls made using solid and hollow 

units, respectively. 

6.3 EXPERIMENTAL DATA  

Several experimental studies have been carried out on CM walls under quasi-static 

monotonic or cyclic loads as well as dynamic loads on shake table to understand and 

characterize the lateral load behavior of CM construction system. Table 6.4 gives details of 

relevant experimental studies carried out by 24 research teams with a total of 166 CM wall 
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specimens. However, specimens having more than one-story, openings, horizontal wall 

reinforcement, joint reinforcement at wall-to-tie interfaces, and additional moment on top 

were removed from the database, and finally, seventy-eight specimens were selected as given 

in Table 6.4. This database contains seventy single-bay CM specimens in addition to eight 

multi-bay specimens from the studies of Marinilli and Castilla (2004), Singhal and Rai 

(2014), and Gavilán et al. (2015). The scaling ratio of the considered specimens ranges from 

full-scale to one-fifth scale, in which 35 specimens were constructed in full-scale, 34 in half-

scale, 6 had one-third scaling, and one-fifth scaling was used in the remaining 3 specimens. 

Table 6.4:  Database of CM wall specimens tested in previous studies. 

Sl. Experimental Study Scale Parameters studied Considered Specimen ID 

1 Kato et al. (1992) 0.5 tie-detailing A, B, C, D 

2 Aguilar et al. (1996) 1 wall reinforcement, % opening MO 

3 Iiba et al. (1996) 0.5 
unit type, tie-column 

reinforcement 
IDM, IDJ, HDJ 

4 Yoshimura et al. (1996) 0.5 tie-detailing, wall reinforcement 4-H0V0, 1-H0V0 

5 Tomaževič and Klemenc (1997a) 0.2 
common practice for 

comparison with URM 
AH-1/2/3 

6 Yoshimura et al.  (2000) 0.5 
axial load, load application 

point, wall reinforcement 
H/L1-H0V0-HC/LC/T 

7 Kumazawa and Ohkubo (2000) 0.5 horizontal wall reinforcement ISM 

8 Yoshimura et al.  (2004a) 0.5 

masonry type, axial load, load 

application point, anchorage, 

wall reinforcement, 3D effect 

2D-H/L1-H0V0-48/84-1/2 

9 Yáñez et al.  (2004) 1 unit type, % opening Pattern 1-CMU/Clay Brick 

10 Marinilli and Castilla (2004) 1 no. of tie-columns M1/2/3/4 

11 Zabala et al.  (2004) 1 
tie-column reinforcement, axial 

load, wall reinforcement 
1, 2, 3, 4 

12 Gouveia and Lourenço (2007) 0.5 wall reinforcement W2.4 

13 Bourzam et al.  (2008 a, b) 0.5* common practice, axial load JCM, CM30J-1/2 

14 Kuroki et al.  (2010) 0.5 confining scheme for opening CMWO-01/07 

15 Wijaya et al.  (2011) 1 wall to tie-column connection A, C 

16 Bourzam et al.  (2013) 0.5* unit type CM60J 

17 Matošević et al.  (2014) 0.67 wall to tie-column connection A/B-1/2/3 

18 Singhal and Rai (2014) 0.5 wall to tie-column connection SCNT, SCCT, SCFT 

19 Gavilán et al.  (2015) 1 aspect ratio ME1/2/3/4/5/6/7 

20 Quiroz et al.  (2017) 1 tie-detailing A1/2-1/2 

21 Varela-Rivera et al.  (2019) 1 aspect ratio, axial load M1/2/3/4/5/6 

22 Cruz et al.  (2019) 1 wall to tie-column connection MB0 

23 Gavilán (2020) 1 moment on top M1/2-1 

24 Present study  0.5 aspect ratio S1/2/3 

*full-scale masonry pier was tested 

6.3.1 Variation of Different Parameters 

In an attempt to understand the influence of different parameters on the lateral load response 

of tested CM walls, the following information was extracted from the reported experimental 

results: material properties, which vary significantly with geographical location; geometric 
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properties and reinforcement detailing; loading data; and force-displacement envelope curves 

in terms of maximum strength ordinates, initial stiffnesses and drift limits. In some studies, 

some of the data were missing, and in that case, the required values were considered based 

on usual practice. The ranges of some important input parameters along with their occurrence 

frequency in the database can be observed in Fig. 6.2.  

6.3.2 Material and Loading Parameters 

Among all the parameters, the variation associated with masonry property is found to be the 

highest. In the considered test database, the compressive strength of masonry prism ( mf  ) 

ranges from 1.7 MPa to 61 MPa (Fig. 6.2). This huge variation is due to the adoption of 

combinations of different types of masonry unit and mortar at different places. Different types 

of masonry units, such as hand-made clay bricks, machine-made clay bricks, solid concrete 

blocks, concrete units, hollow clay units, multi-perforated clay bricks, hollow concrete 

blocks, etc., were used in different studies, resulting in significant variation of compressive 

strength of masonry unit fb (4 to 60 MPa). Substantial variation was also found in the 

compressive strength of mortar fj from 6 to 63 MPa, due to the use of different compositions 

of cement, sand, and lime, etc. The sand to cement ratio in mortar was found to vary from 

2.5 to 6, whereas, half or equal ratio of lime to cement ratio was also observed in some mortar 

mixture. In these specimens, the shear strength of masonry (vm) varies from 0.24 to 2.74 MPa. 

Not all studies have reported vm; the missing vm values were evaluated as 0.184 mf   as 

suggested by Riahi et al. (2007). The higher vm values (> 1.0) were reported in Kato et al. 

(1992), Iiba et al. (1996), Yoshimura et al. (2004), Bourzam et al. (2008a, 2008b, 2013), 

Kuroki et al. (2010), and Cruz et al. (2019). The concrete used in these specimens had 

compressive strength (fc) of 10 MPa to 44 MPa. The material strengths used in the one-fifth 

scale specimens tested by Tomaževič and Klemenc (1997a) were very low compared to the 

other studies: fb = 1.09 MPa, fj = 0.45 MPa (with C:S: L = 0.4: 11: 1), mf   = 1.27 MPa, and fc 

= 10.8 MPa; therefore, these are not compared here. Further, all studies have not reported the 

modulus of elasticity of materials (Em, Ec, Gm, and Gc); the missing values were evaluated 

using Em = 550 mf   for masonry and 5000c ckE f=  for concrete. The missing shear modulus 

of masonry was estimated using its general relationship with the modulus of elasticity 

recommended in past studies: Gm = 0.4Em. The lateral loading was simulated mostly by 

applying quasi-static cyclic loads in most of the specimens, and shake table dynamic loads 

in a few cases. Axial loads in different test specimens range from -0.1 MPa to 1.8 MPa. The 
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negative axial load was considered in two specimens of Yoshimura et al. (2000), while in 

some studies, there was no overburden pressure (Kato et al. 1992 and Yáñez et al. 2004).  

6.3.3 Geometry and Detailing Parameters 

In the database, the aspect ratio of specimens (AR = Hw/Lw) ranges from 0.6 to 2.75, if 

individual single panels are considered; however, the lower limit reduces to 0.3, if multi-bay 

CM specimens with more than two tie-columns are considered as a single unit. The 

effectiveness of confinement provided to CM walls by RC tie-elements depends on various 

factors, such as number, location, and size of tie-elements, grade of concrete, grade of steel, 

reinforcement percentage, etc. In the considered experimental studies, minimum two and 

maximum four numbers of tie-columns have been used in CM specimens. The full-scale 

thickness of masonry wall used in the specimens ranges from 115 mm to 286 mm; whereas, 

the full-scale in-plane width of tie-column ranges from 100 mm to 400 mm. To show the 

variation associated with the cross-section of different specimens, a dimensionless parameter 

nAc/A, which varies from 0.07 to 0.32, is presented in Fig. 6.2. Moreover, as explained earlier, 

the post-peak behavior of CM walls is also governed by the reinforcement detailing of tie-

columns. Huge variation is observed in the amount of longitudinal steel provided in tie-

columns of different specimens; one to six numbers of longitudinal rebars, with full-scale 

diameter ranging from 8 mm to 38 mm amounting to 0.5% to 6.6% of the cross-sectional 

area of tie-columns, have been used in these studies. While, shear reinforcement was not 

provided at all in some specimens (Zabala et al.  2004, Varela-Rivera et al.  2019), spiral 

hoops were provided in some of the specimens with single longitudinal rebar (Yoshimura et 

al. 1996, 2000, 2004a, Varela-Rivera et al. 2019), and commonly used stirrups were provided 

in rest of the specimens. The full-scale diameter of these stirrups ranges from 6 mm to 12 

mm with full-scale spacing ranging from 50 mm to 440 mm (at the end of tie-columns) 

indicating a wide range of shear capacities of tie-columns. Further, in some experimental 

studies, it was observed that the bonding between the masonry wall and RC tie-elements can 

be improved with the help of joint reinforcement (anchorage) or toothed edges to delay the 

undesirable cracking and separation at the wall-to-tie-column interface. The considered test 

database contains 8 single-bay and 2 multi-bay specimens with toothed connections (Wijaya 

et al. 2011, Matošević et al. 2015, Quiroz et al. 2017, Singhal and Rai 2014). As already 

discussed, the specimens with joint reinforcement are not considered in the present study.  
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Figure 6.2: Histogram showing range and frequency of occurrence of some important 

parameters in the considered database of CM wall specimens tested in the past. 

 

Clearly good variation can be observed in different parameters considered in the experiments; 

this will provide prospect to realistically assess the effectiveness of all equations in predicting 

the lateral loads and deformations of CM walls considering the variations in different 

parameters. 

6.4 SUMMARIZED INFLUENCE OF IMPORTANT PARAMETERS  

Depending upon the availability of materials, cost, climatic condition, living habits, and 

tradition, different types of brick unit and mortar combinations have been adopted for 

confined masonry construction in different parts of the world. A few past studies have shown 

that the type of masonry used in the construction changes the lateral load response of confined 

masonry walls (Iiba et al. 1996, Yáñez et al. 2004, Yoshimura et al. 2004a). For example, the 

study of Yáñez et al. (2004) showed that when hollow clay brick masonry units having 

compressive strength fb of 25.9 MPa were used, CM specimens demonstrated larger strength 

and stiffness degradation than when concrete masonry units (fb = 9.68 MPa) were used, 

although the former specimens reached larger lateral strength. From different studies, it was 

found that the axial load improves the lateral strength (around 30%) of CM walls (Yoshimura 

et al. 2000, Zabala et al. 2004, Varela-Rivera et al. 2019). Aspect ratio (AR) of masonry panel 
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is one of the governing factors from the consideration of damage pattern and failure modes. 

Seismic behavior of squat CM walls with AR less than or around one is mostly governed by 

shear deformations. When AR is higher or more than one, the flexural deformations become 

predominant in CM walls. With a decrease in aspect ratio, lateral strength of CM wall 

increases; whereas, the drift corresponding to it reduces (Gavilán et al. 2015, Varela-Rivera 

et al. 2019). An increase in the number of tie-columns improves the lateral load response of 

CM wall as observed by Marinilli and Castilla (2004). Further, an increase in the percentage 

reinforcement (longitudinal or transverse) in tie-columns or tie-beams results in a substantial 

increase of lateral capacity and deformation response of CM walls (Kato et al. 1992, Iiba et 

al. 1996, Zabala et al. 2004, Quiroz et al. 2017). However, excessive longitudinal 

reinforcement may trigger brittle shear failure if not designed properly for shear failure mode. 

Lateral ties also play a vital role in the behavior of CM walls. After formation of the initial 

diagonal crack when lateral load increases, the crack gets propagated to tie-columns leading 

to shear concentration at the ends of the tie-columns. Thus, adequate transverse reinforcement 

is needed to achieve desired deformation and energy dissipation characteristics; Kato et al. 

(1992) observed that 3.8 times increase in ρl resulted in 1.5 times increase in the lateral 

capacity. Similarly, though the cracking drift remains the same and only a slight increment 

was observed in ultimate drift with 4 times increase in ρt, the drift at lateral strength increases 

by 1.4 times and goes up to 2.7 times. Iiba et al. (1996) observed that 4 times increase in ρl 

with 2 times increase in ρt did not result in any significant increase in the lateral capacity; 

however, δm,e increases by 2 times and a slight increment was observed in δu,e. Zabala et al. 

(2004) showed that 1.5 times increase in ρl, along with 2 times increase in σ, increases the 

lateral capacity of confined masonry walls by around 2 times; whereas, δm,e increases around 

3 times and a slight increase was observed in δu,e. Quiroz et al. (2017) observed 1.3 times 

increase in ρl results in the increase in the lateral capacity by 1.4 times, whereas δm,e and δu,e 

increase by around 4 times. 

As observed in different models, the output parameters – stiffness, strength and lateral drift 

capacity of a CM wall are functions of different input variables related to material properties, 

geometric characteristics, overburden pressure, reinforcement detailing, etc. The developed 

models were based on the consideration of different combinations of input parameters by 

mainly observing and analyzing the experimentally obtained responses. All the parameters 

involved in the development of stiffness, strength, and drift capacity of CM walls are shown 

in Table 6.5. 
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Table 6.5:  Input parameters considered in different formulations. 

Output 

Parameters of CM wall 

Input properties considered  

Material Parameters Load 

Parameters 

Geometrical 

Parameters 

Detailing 

Parameters 
Others 

Masonry Concrete Steel 

Lateral load at cracking, Vcr,p vm,
mf   ftc

* fyl
* σ 

A, AR, Ac
*, 

ni
*  

Asl
*, nr

* ̶ 

Lateral capacity, Vm,p vm,
mf   fc fyl σ 

A, Ac, n, ni, 

Li/Lp, AR 

Asl, nr, dbl, 

ρl 
̶ 

Ultimate lateral load, Vu,p ̶ ̶ ̶ ̶ ̶ ̶ Vm,p 

Initial stiffness, Ki,p Em, Gm Ec, Gc ̶ ̶ Hw, A, I, Li/Lp ̶ β, Vcr,p, δcr,p 

Degraded stiffness, Kd,p ̶ ̶ ̶ ̶ ̶ ̶ 
Id, Ki,p,  

Vm,p, Vu,p 

Drift at cracking, δcr,p 
unit type, 

mf   
̶ ̶ ̶ Hw, A ̶ Ki,p, Vcr,p 

Drift at capacity, δm,p ̶ ̶ ̶ ̶ ̶ ̶ δu,p 

Drift at ultimate load, δu,p 
unit type, 

mf   
̶ ̶ ̶ A ̶ Vm,p 

* wall with intermediate tie-columns 

The analytical models for the estimation of lateral load at cracking are mainly based on 

Coulomb’s friction model along with vm, mf  , σ, and A. Effect of aspect ratio was also 

considered in some equations (Gavilán et al. 2015, and codes of Mexico, Peru, and India). In 

addition, contribution of intermediate tie-columns on the lateral strength of confined masonry 

walls is considered in Chinese code using parameters ftc, fyl, nr, ni, Ac, Asl (marked with asterisk 

in Table 6.5). Similarly, main parameters considered for lateral capacity prediction are vm, 

mf  , σ, and A; AR is considered in Eqns. (6.2a), (6.4a), (6.4b), (6.4c), (6.6a), and (6.9a) 

(Tomaževič and Klemenc 1997, Bourzam et al. 2008a, Marques and Lourenço 2013, 

Marques and Lourenço 2019). Most of the equations, such as Eqs. (6.1a), (6.2a), (6.3a), 

(6.4a), (6.4b), (6.4c), (6.5a), considered the contribution by the tie-columns using the 

parameters fc, fyl, nr, n, ni, A, Ac, Asl, dbl, ρl (Flores and Alcocer 1996, Tomaževič and Klemenc 

1997a, Marinilli and Castilla 2006, Bourzam et al. 2008a, and Riahi et al. 2009). Along with 

the main parameters, one additional geometrical parameter Li/Lp (ratio of total centerline 

length of internal confining elements to centerline length of confining elements at perimeter 

of the wall), is considered in Singhal and Rai (2016), which gives a constant minimum 

multiplying factor of 2.15 in lateral strength, irrespective of variation in materials and 

detailing of tie-elements. 

The analytical models for the initial lateral stiffness of CM walls are mainly proposed 

considering the flexural and shear deformations using parameters Em, Gm, Hw, A, I, and β 

(with values 3 or 12). Additional parameters Ec and Gc are considered in Bourzam et al. 

(2008b) by formulating equivalent stiffness values from masonry and concrete. Singhal and 
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Rai (2016) on the other hand considered one additional geometrical parameter Li/Lp along 

with the main parameters, which gives a constant minimum multiplying factor of 0.29. The 

analytical models for the degraded lateral stiffness of CM walls after cracking (Eqs. 6.14, 

6.15) were developed based on the initial stiffness and the extent of damage using the 

parameter Id. For the drift estimation at different damage stages, unit type, mf  , Hw and A are 

mainly considered.  

6.5 ESTIMATION OF RESPONSES USING AVAILABLE MODELS 

The experimental data collected from seventy-eight confined masonry walls tested in the past 

studies (including the three specimens tested in the present study) were used to understand 

the efficacy of several existing models in estimating the lateral loads at various damage 

stages, initial lateral stiffness, and lateral drift at various damage stages.  

6.5.1 Lateral Load – at Initial Cracking, Maximum Capacity, and Failure  

The effectiveness of all the equations suggested in the past studies and design codes of some 

countries in predicting the lateral strength as well as the lateral load at cracking of confined 

masonry walls was evaluated by utilizing them for all the seventy-eight CM walls tested in 

the past experimental studies. Tables 6.6 and 6.7 show the experimentally obtained lateral 

loads, and the ratio of predicted to experimental lateral loads for all the specimens at strength 

(Vm,p /Vm,e) and cracking (Vcr,p /Vcr,e) levels. In these two tables, the first seventy specimens 

are single-bay specimens and the last eight specimens have multiple bays. Figs. 6.3 and 6.4 

show the graphical comparison of the experimentally obtained lateral load carrying capacity 

and lateral load at cracking, respectively, for all the seventy-eight CM walls with their  

predictions. The dotted line represents the mean value (± standard deviation) of the predicted 

to experimental load ratio for the specimens. Tables 6.6 and 6.7, or Figs. 6.3 and 6.4 show 

huge variations in the overestimation or underestimation of the lateral strength as well as the 

lateral load at cracking obtained using all the equations. The predicted mean values of the 

lateral strength appear to be quite accurate if the equations of Marques and Lourenço (2013), 

Marques and Lourenço (2019) (Eq. 9a), Riahi et al. (2009), and Flores and Alcocer (1996) 

are used; the standard deviations are also quite low for these equations (Fig. 6.3). Similarly, 

the mean values of lateral load at cracking were predicted with acceptable accuracy using the 

design codes of Peru, Chile, and Colombia (Fig. 6.4).  
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Table 6.6: Comparison of predicted and experimentally obtained lateral strengths for all 

the specimens. 

Sr Experimental Study and Model Id 
Vm,e 

(kN) 

Vm,p /Vm,e 

M&L

3 

M&L

2 
S&R 

M&L

1 
Ria 

Bzm 

1 

Bzm 

2 

Bzm 

3 
M&C T&K F&A 

1 Kato et al. (1992) - A 230 1.0 0.7 0.2 0.8 0.5 1.3 1.6 1.3 0.8 1.3 0.8 

2 Kato et al. (1992) - B 235 1.0 0.7 0.2 0.8 0.4 1.0 1.3 0.9 0.8 1.3 0.8 

3 Kato et al. (1992) - C 167 1.4 1.0 0.2 1.1 0.5 1.5 2.0 1.4 1.2 1.5 1.1 

4 Kato et al. (1992) - D 147 1.6 1.1 0.3 1.3 0.6 1.2 1.7 1.1 1.3 1.7 1.2 

5 Aguilar et al. (1996) - MO 141 1.1 0.7 1.7 0.8 0.9 1.3 1.5 1.2 1.1 1.2 0.6 

6 Iiba et al. (1996) - IDM 114 1.1 0.7 1.2 0.9 0.8 0.9 1.0 0.8 1.2 1.0 0.7 

7 Iiba et al. (1996) - IDJ 140 1.0 0.8 1.0 0.9 0.7 0.9 1.1 0.9 1.2 1.0 0.7 

8 Iiba et al. (1996) - HDJ 135 1.0 0.8 1.0 1.0 0.7 0.7 1.0 0.7 1.2 1.0 0.8 

9 Yoshimura et al. (1996) - 4-H0V0 240 0.6 0.5 0.8 0.6 0.5 0.8 1.0 0.8 0.7 1.0 0.5 

10 Yoshimura et al. (1996) - 1-H0V0 236 0.7 0.6 0.8 0.6 0.5 0.9 1.1 0.9 0.8 1.1 0.6 

11 Tomaževič and Klemenc (1997a) - AH-1 2.3 1.5 0.8 2.4 0.6 1.1 1.0 1.1 0.9 36.5 1.1 0.8 

12 Tomaževič and Klemenc (1997a) - AH-3 1.8 1.9 1.0 3.0 0.8 1.4 1.2 1.4 1.1 45.5 1.4 0.9 

13 Tomaževič and Klemenc (1997a) - AH-2 1.6 2.2 1.1 3.5 0.9 1.6 1.4 1.6 1.2 52.3 1.6 1.1 

14 Yoshimura et al. (2000) - H1-H0V0-HC 264 0.8 0.7 1.2 0.9 0.7 0.9 1.0 0.8 0.8 1.0 0.7 

15 Yoshimura et al. (2000) - H1-H0V0-LC 186 0.8 0.7 1.0 0.8 0.7 1.2 1.4 1.1 1.0 1.4 0.7 

16 Yoshimura et al. (2000) - H1-H0V0-T 103 0.9 0.5 0.5 0.4 0.6 1.3 1.7 1.3 1.2 1.6 0.6 

17 Yoshimura et al. (2000) - L1-H0V0-HC 343 0.6 0.6 0.9 0.7 0.5 0.8 0.9 0.7 0.7 0.9 0.5 

18 Yoshimura et al. (2000) - L1-H0V0-LC 239 0.6 0.6 0.8 0.6 0.5 0.9 1.1 0.9 0.8 1.1 0.5 

19 Yoshimura et al. (2000) - L1-H0V0-T 150 0.7 0.4 0.4 0.4 0.5 1.1 1.4 1.0 0.9 1.3 0.5 

20 Kumazawa and Ohkubo (2000) - ISM 115 1.3 1.0 1.4 1.2 1.0 1.1 1.3 1.0 1.3 1.2 0.8 

21 Yoshimura et al. (2004a) - 2D-H1-H0V0-48-2 149 1.2 1.0 0.9 1.1 0.8 1.9 2.3 1.8 1.4 2.3 1.1 

22 Yoshimura et al. (2004a) - 2D-H1-H0V0-84-2 158 1.3 1.2 1.1 1.3 1.0 2.0 2.5 1.9 1.4 2.5 1.2 

23 Yoshimura et al. (2004a) - 2D-L1-H0V0-48-1 149 0.9 0.7 0.9 0.8 0.7 1.3 1.6 1.2 1.1 1.6 0.7 

24 Yoshimura et al. (2004a) - 2D-L1-H0V0-84-1 140 1.1 0.9 1.3 1.0 0.9 1.5 1.8 1.4 1.3 1.8 0.9 

25 Yáñez et al. (2004) - Pattern 1-CMU-1 117 1.9 1.1 1.7 1.2 1.1 2.2 2.7 2.1 1.6 2.7 1.1 

26 Yáñez et al. (2004) - Pattern 1-CMU-2 130 1.7 1.0 1.5 1.0 1.0 2.0 2.5 1.8 1.4 2.4 1.0 

27 Yáñez et al. (2004) - Pattern 1-Clay Brick-1 162 1.4 0.9 1.2 0.9 0.8 1.7 2.2 1.6 1.2 2.1 0.9 

28 Yáñez et al. (2004) - Pattern 1-Clay Brick-2 191 1.2 0.8 1.0 0.8 0.7 1.5 1.8 1.4 1.0 1.8 0.7 

29 Marinilli and Castilla (2004) - M1 215 1.1 0.8 1.3 0.9 0.9 2.4 2.7 2.3 1.0 1.8 0.8 

30 Zabala et al. (2004) - 1 118 2.1 1.1 2.6 1.2 1.2 1.8 2.4 1.7 1.5 2.4 1.0 

31 Zabala et al. (2004) - 2 93 2.7 1.4 3.3 1.5 1.5 2.3 3.1 2.2 1.9 3.0 1.3 

32 Zabala et al. (2004) - 3 207 1.4 0.8 1.9 0.9 1.1 1.4 1.8 1.3 1.0 1.7 0.8 

33 Zabala et al. (2004) - 4 235 1.2 0.7 1.6 0.8 0.9 1.3 1.5 1.2 0.9 1.5 0.7 

34 Gouveia and Lourenço (2007) - W2.4 95 1.1 0.8 1.3 1.0 0.8 0.8 1.0 0.7 1.4 1.0 0.7 

35 Gouveia and Lourenço (2007) - W2.4 95 1.1 0.8 1.3 1.0 0.8 0.8 1.0 0.7 1.4 1.0 0.7 

36 Bourzam et al. (2008a) - JCM 81 1.2 0.9 0.8 0.9 0.7 1.2 1.5 1.0 1.7 1.5 0.9 

37 Bourzam et al. (2008b) - CM30J-1 78 1.3 0.9 0.9 1.0 0.8 1.2 1.6 1.1 1.8 1.6 0.9 

38 Bourzam et al. (2008b) - CM30J-2 161 0.8 0.7 0.9 0.8 0.6 0.9 1.1 0.8 1.0 0.9 0.7 

39 Kuroki et al. (2010) - CMWO-01 194 0.7 0.6 0.7 0.6 0.5 1.1 1.3 1.0 0.9 1.3 0.6 

40 Kuroki et al. (2010) - CMWO-07 83 1.3 1.0 1.5 1.1 1.1 1.8 2.2 1.7 1.7 2.1 1.1 

41 Wijaya et al. (2011) - A 51 2.5 1.1 3.4 0.7 1.6 2.3 3.2 2.1 2.5 3.2 1.1 

42 Bourzam et al. (2013) - CM60J 92 1.3 1.0 0.7 1.1 0.8 1.3 1.7 1.2 1.7 1.7 1.0 

43 Matošević et al. (2014) - A1 156 1.5 0.8 1.2 0.9 0.9 0.9 1.1 0.8 1.0 1.1 0.7 

44 Matošević et al. (2014) - A2 125 1.8 0.9 1.5 1.2 1.0 1.1 1.4 0.9 1.3 1.4 0.9 

45 Matošević et al. (2014) - A3 180 1.2 0.7 1.1 0.8 0.7 0.8 1.0 0.6 0.9 1.0 0.6 

46 Gavilán et al. (2015) - ME1 46 2.7 1.0 1.9 1.1 1.6 2.1 2.5 2.0 2.4 2.5 1.1 

47 Gavilán et al. (2015) - ME2 76 1.6 0.9 1.8 1.0 1.2 1.4 1.6 1.3 1.7 1.6 0.9 

48 Gavilán et al. (2015) - ME3 99 1.4 0.9 1.8 1.0 1.2 1.3 1.6 1.3 1.5 1.6 0.9 

49 Gavilán et al. (2015) - ME4 157 1.0 0.7 1.5 0.8 0.9 1.2 1.4 1.1 1.0 1.4 0.6 

50 Gavilán et al. (2015) - ME5 321 0.7 0.6 1.1 0.7 0.7 1.0 1.2 0.9 0.7 1.2 0.5 

51 Varela-Rivera et al. (2019) - M1 80 2.2 1.9 2.1 1.7 1.3 2.9 4.1 2.7 2.6 4.1 1.8 

52 Varela-Rivera et al. (2019) - M2 53 2.7 2.0 2.3 1.9 1.5 2.4 3.4 2.2 3.2 3.3 2.1 

53 Varela-Rivera et al. (2019) - M3 65 2.5 1.9 2.4 1.9 1.5 2.1 2.9 1.9 2.8 2.9 1.9 

54 Varela-Rivera et al. (2019) - M4 26 4.2 2.4 2.8 2.3 1.9 3.0 5.1 2.8 5.2 5.1 2.8 

55 Varela-Rivera et al. (2019) - M5 35 3.5 2.1 2.7 2.2 1.8 2.5 4.0 2.2 4.1 4.0 2.3 

56 Varela-Rivera et al. (2019) - M6 45 2.9 2.0 2.6 2.1 1.7 2.1 3.3 1.8 3.4 3.3 2.0 

TH-2646_156104002



Chapter 6 Development of Lateral Load-Displacement Backbone Model 

136 

57 Cruz et al. (2019) - MB0 301 1.0 0.8 0.8 0.8 0.9 1.6 2.0 1.4 0.9 2.1 0.8 

58 Gavilán (2020) - M1-1 189 1.2 1.1 1.6 1.3 1.1 1.1 1.3 0.9 1.2 1.3 0.8 

59 Gavilán (2020) - M2-1 219 1.1 1.2 2.0 1.4 1.2 1.4 1.6 1.3 1.2 1.6 0.8 

60 Present study - S1 48 2.1 0.7 1.1 0.8 0.8 1.3 1.7 1.2 2.2 1.4 0.7 

61 Present study - S2 56 1.9 0.7 1.2 0.8 0.8 1.3 1.6 1.2 2.0 1.3 0.8 

62 Present study - S3 81 1.5 0.7 1.3 0.8 0.8 1.5 2.0 1.4 1.6 1.8 0.7 

63 Wijaya et al. (2011) - C 43 3.0 1.3 4.1 0.8 1.9 2.8 3.8 2.5 3.0 3.8 1.3 

64 Matošević et al. (2014) - B1 167 1.4 0.7 1.1 0.9 0.8 0.9 1.1 0.7 1.0 1.1 0.6 

65 Matošević et al. (2014) - B2 131 1.8 0.9 1.5 1.1 1.0 1.1 1.3 0.9 1.2 1.3 0.8 

66 Matošević et al. (2014) - B3 129 1.6 0.9 1.5 1.1 0.9 1.1 1.3 0.9 1.3 1.3 0.8 

67 Quiroz et al. (2017) - A1-1 230 1.6 0.8 1.0 1.0 0.7 1.3 1.7 1.2 0.9 1.6 0.7 

68 Quiroz et al. (2017) - A1-2 248 1.5 0.7 1.0 0.9 0.6 1.2 1.6 1.1 0.8 1.5 0.7 

69 Quiroz et al. (2017) - A2-1 179 2.1 1.0 1.3 1.3 0.8 1.7 2.2 1.5 1.1 1.9 0.9 

70 Quiroz et al. (2017) - A2-2 248 1.5 0.7 1.0 0.9 0.6 1.2 1.6 1.1 0.8 1.5 0.7 

71 Marinilli and Castilla (2004) - M2 269 1.5 0.7 1.1 0.7 0.7 2.4 2.6 2.3 0.9 1.4 0.6 

72 Marinilli and Castilla (2004) - M3 245 1.7 0.7 1.2 0.8 0.8 2.6 2.9 2.5 1.0 1.6 0.7 

73 Marinilli and Castilla (2004) - M4 310 2.2 0.6 1.0 0.6 0.6 2.5 2.7 2.4 0.9 1.3 0.5 

74 Gavilán et al. (2015) - ME6 95 1.0 0.4 0.7 0.3 0.6 1.3 1.5 1.3 1.6 1.0 0.4 

75 Gavilán et al. (2015) - ME7 90 1.1 0.5 0.9 0.4 0.8 1.1 1.3 1.1 1.8 1.2 0.5 

76 Singhal and Rai (2014) - SCNT 98 1.0 0.4 0.8 0.3 0.7 1.0 1.2 1.0 1.6 1.1 0.4 

77 Singhal and Rai (2014) - SCCT 690 0.7 0.5 0.9 0.5 0.6 0.9 0.9 0.8 0.6 0.9 0.4 

78 Singhal and Rai (2014) - SCFT 835 1.0 0.5 1.2 0.6 0.7 0.9 0.9 0.8 0.6 0.9 0.5 

  Vm,e M&L3 M&L2 S&R M&L1 Ria Bzm1 Bzm2 Bzm3 M&C T&K F&A 

M&L3 = Marques and Lourenço (2019) (Eq. 9b); M&L2 = Marques and Lourenço (2019) (Eq. 9a); S&R = Singhal and Rai 

(2014); M&L1 = Marques and Lourenço (2013) (Eq. 6a); Ria = Riahi et al. (2009); Bzm1 = Bourzam et al. (2008a) (Eq. 

4a); Bzm2 = Bourzam et al. (2008a) (Eq. 4b); Bzm3 = Bourzam et al. (2008a) (Eq. 4c); M&C = Marinilli and Castilla 

(2006); T&K = Tomaževič and Klemenc (1997a); F&A = Flores and Alcocer (1996). 

 

Table 6.7: Comparison of predicted and experimentally obtained lateral loads at cracking 

for all the specimens. 

Sr Experimental Study and Model Id 
Vcr,e 

(kN) 

Vcr,p /Vcr,e 

Gav Ria M&C F&A Mex Per Chl Arg Col CR EC Chn Ind 

1 Kato et al. (1992) - A 150 1.2 1.0 1.1 0.8 1.2 0.8 1.0 2.3 0.5 0.7 2.3 2.3 1.2 

2 Kato et al. (1992) - B 150 1.2 1.0 1.1 0.8 1.2 0.8 1.0 2.3 0.5 0.7 2.3 2.3 1.2 

3 Kato et al. (1992) - C 120 1.5 1.2 1.4 1.0 1.5 1.0 1.3 2.9 0.6 0.8 2.9 2.9 1.5 

4 Kato et al. (1992) - D 100 1.7 1.5 1.6 1.2 1.7 1.2 1.6 3.5 0.7 1.0 3.5 3.5 1.7 

5 Aguilar et al. (1996) - MO 103 0.8 0.8 0.8 0.7 0.8 0.7 0.7 1.4 0.9 1.1 1.4 0.8 1.0 

6 Iiba et al. (1996) - IDM 79 0.9 0.7 0.9 0.7 0.9 0.7 0.8 1.4 0.9 0.9 1.4 0.7 1.1 

7 Iiba et al. (1996) - IDJ 100 1.0 1.0 1.0 0.8 1.0 0.7 0.9 1.8 1.0 1.2 1.8 1.2 1.2 

8 Iiba et al. (1996) - HDJ 90 1.1 1.2 1.1 0.9 1.1 0.8 1.0 2.0 1.1 1.3 2.0 1.3 1.3 

9 Yoshimura et al. (1996) - 4-H0V0 173 0.7 0.6 0.6 0.5 0.7 0.6 0.5 1.1 0.6 0.7 1.1 0.7 0.8 

10 Yoshimura et al. (1996) - 1-H0V0 186 0.7 0.6 0.6 0.5 0.7 0.6 0.5 1.1 0.6 0.7 1.1 0.8 0.8 

11 Tomaževič and Klemenc (1997a) - AH-1 1.1 1.3 1.1 1.3 1.1 1.3 1.0 1.1 2.2 1.7 1.9 2.2 1.1 1.6 

12 Tomaževič and Klemenc (1997a) - AH-3 0.6 2.4 2.0 2.3 2.0 2.4 1.7 2.0 3.9 3.0 3.5 3.9 2.0 2.9 

13 Tomaževič and Klemenc (1997a) - AH-2 0.6 2.4 2.0 2.3 2.0 2.4 1.7 2.0 3.9 3.0 3.5 3.9 2.0 2.9 

14 Yoshimura et al. (2000) - H1-H0V0-HC 175 1.0 0.7 0.9 0.7 1.0 0.8 0.8 1.4 0.9 0.9 1.4 0.7 1.2 

15 Yoshimura et al. (2000) - H1-H0V0-LC 130 1.0 0.9 0.9 0.7 1.0 0.8 0.8 1.6 0.8 1.0 1.6 1.1 1.1 

16 Yoshimura et al. (2000) - H1-H0V0-T 72 0.8 0.7 0.7 0.5 0.8 0.7 0.7 1.5 0.6 1.0 1.5 1.6 0.8 

17 Yoshimura et al. (2000) - L1-H0V0-HC 240 0.8 0.6 0.7 0.6 0.8 0.6 0.6 1.1 0.7 0.7 1.1 0.6 0.9 

18 Yoshimura et al. (2000) - L1-H0V0-LC 190 0.7 0.6 0.6 0.5 0.7 0.6 0.5 1.1 0.6 0.7 1.1 0.8 0.8 

19 Yoshimura et al. (2000) - L1-H0V0-T 105 0.7 0.6 0.6 0.4 0.7 0.6 0.6 1.3 0.6 0.9 1.3 1.4 0.7 

20 Kumazawa and Ohkubo (2000) - ISM 80 1.1 0.8 1.1 0.8 1.1 0.9 1.0 1.8 1.1 1.1 1.8 0.8 1.2 

21 Yoshimura et al. (2004a) - 2D-H1-H0V0-48-2 88 1.8 1.5 1.5 1.2 1.8 1.6 1.4 3.1 1.5 2.1 3.1 2.7 1.9 

22 Yoshimura et al. (2004a) - 2D-H1-H0V0-84-2 96 1.9 1.7 1.7 1.3 1.9 1.7 1.5 3.2 1.6 2.1 3.2 2.6 2.1 

23 Yoshimura et al. (2004a) - 2D-L1-H0V0-48-1 88 1.2 1.1 1.1 0.8 1.2 1.1 1.0 2.1 1.0 1.4 2.1 1.7 1.3 

24 Yoshimura et al. (2004a) - 2D-L1-H0V0-84-1 140 0.9 0.8 0.8 0.6 0.9 0.7 0.7 1.4 0.8 0.9 1.4 1.0 1.0 

25 Yáñez et al. (2004) - Pattern 1-CMU-1 60 2.6 1.8 2.0 1.4 2.6 2.1 1.9 4.2 1.7 2.6 4.2 4.2 2.6 

26 Yáñez et al. (2004) - Pattern 1-CMU-2 68 2.3 1.6 1.7 1.2 2.3 1.9 1.7 3.7 1.6 2.3 3.7 3.7 2.4 

27 Yáñez et al. (2004) - Pattern 1-Clay Brick-1 147 1.2 0.8 0.9 0.6 1.2 0.9 0.9 1.9 0.8 1.1 1.9 1.9 1.2 
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28 Yáñez et al. (2004) - Pattern 1-Clay Brick-2 128 1.4 0.9 1.0 0.7 1.4 1.1 1.0 2.2 0.9 1.3 2.2 2.2 1.4 

29 Marinilli and Castilla (2004) - M1 134 1.4 1.1 1.1 0.9 1.4 1.1 1.0 2.1 1.0 1.4 2.1 1.7 1.5 

30 Zabala et al. (2004) - 1 65 1.8 1.7 1.7 1.4 1.8 1.7 1.6 3.2 2.2 3.0 3.2 2.6 2.0 

31 Zabala et al. (2004) - 2 65 1.8 1.7 1.7 1.4 1.8 1.7 1.6 3.2 2.2 3.0 3.2 2.6 2.0 

32 Zabala et al. (2004) - 3 155 1.0 1.0 0.9 0.8 1.0 0.9 0.8 1.6 1.1 1.4 1.6 1.1 1.1 

33 Zabala et al. (2004) - 4 160 0.9 0.9 0.9 0.8 0.9 0.8 0.8 1.6 1.1 1.4 1.6 1.1 1.1 

34 Gouveia and Lourenço (2007) - W2.4 58 1.1 0.9 1.1 0.9 1.1 0.9 0.9 1.8 1.1 1.1 1.8 0.9 1.3 

35 Gouveia and Lourenço (2007) - W2.4 58 1.1 0.9 1.1 0.9 1.1 0.9 0.9 1.8 1.1 1.1 1.8 0.9 1.3 

36 Bourzam et al. (2008a) - JCM 70 1.0 0.9 1.0 0.7 1.0 0.7 0.9 1.9 0.6 0.7 1.9 1.7 1.1 

37 Bourzam et al. (2008b) - CM30J-1 70 1.0 0.9 1.0 0.7 1.0 0.7 0.9 1.9 0.6 0.7 1.9 1.7 1.1 

38 Bourzam et al. (2008b) - CM30J-2 101 1.0 1.0 1.0 0.8 1.0 0.7 0.9 1.8 0.7 0.8 1.8 1.2 1.2 

39 Kuroki et al. (2010) - CMWO-01 136 0.9 0.7 0.8 0.6 0.9 0.8 0.7 1.5 0.7 1.0 1.5 1.2 0.9 

40 Kuroki et al. (2010) - CMWO-07 33 2.4 2.2 2.1 1.8 2.4 2.1 2.0 4.0 2.1 2.7 4.0 3.0 2.7 

41 Wijaya et al. (2011) - A 38 1.4 1.2 1.4 1.0 1.4 1.4 1.3 2.9 1.3 2.0 2.9 2.9 1.4 

42 Bourzam et al. (2013) - CM60J 72 1.3 1.2 1.2 0.9 1.3 0.8 1.2 2.5 0.7 1.0 2.5 2.2 1.4 

43 Matošević et al. (2014) - A1 113 0.9 0.9 0.9 0.7 0.9 0.8 0.8 1.6 0.7 0.8 1.6 1.1 1.1 

44 Matošević et al. (2014) - A2 89 1.2 1.2 1.1 0.9 1.2 1.0 1.0 2.0 0.9 1.0 2.0 1.3 1.3 

45 Matošević et al. (2014) - A3 125 0.8 0.8 0.8 0.7 0.8 0.7 0.7 1.4 0.6 0.7 1.4 1.0 1.0 

46 Gavilán et al. (2015) - ME1 45 0.9 0.9 0.9 0.8 0.9 0.6 0.8 1.5 1.1 1.3 1.5 0.9 1.1 

47 Gavilán et al. (2015) - ME2 71 0.9 0.9 0.8 0.7 0.9 0.6 0.7 1.5 0.9 1.1 1.5 0.9 1.0 

48 Gavilán et al. (2015) - ME3 88 0.9 0.9 0.9 0.7 0.9 0.7 0.8 1.5 1.0 1.2 1.5 1.0 1.0 

49 Gavilán et al. (2015) - ME4 101 1.0 1.0 0.9 0.8 1.0 0.8 0.8 1.6 1.1 1.3 1.6 1.0 1.1 

50 Gavilán et al. (2015) - ME5 252 0.8 0.7 0.6 0.5 0.8 0.6 0.6 1.2 0.7 0.9 1.2 0.8 0.9 

51 Varela-Rivera et al. (2019) - M1 60 2.4 2.2 2.2 1.7 2.4 2.2 2.1 4.5 1.6 2.1 4.5 4.0 2.5 

52 Varela-Rivera et al. (2019) - M2 35 3.0 2.7 2.8 2.2 3.0 2.2 2.7 5.7 2.0 2.7 5.7 5.1 3.2 

53 Varela-Rivera et al. (2019) - M3 50 2.4 2.3 2.3 1.8 2.4 1.7 2.1 4.4 1.7 2.1 4.4 3.6 2.6 

54 Varela-Rivera et al. (2019) - M4 20 3.4 3.1 3.2 2.4 3.4 1.7 3.0 6.5 2.3 3.1 6.5 5.8 3.6 

55 Varela-Rivera et al. (2019) - M5 28 2.8 2.6 2.6 2.1 2.8 1.5 2.4 5.1 2.0 2.5 5.1 4.2 3.0 

56 Varela-Rivera et al. (2019) - M6 20 4.4 4.3 4.2 3.4 4.4 2.5 3.8 7.8 3.3 3.8 7.8 5.8 4.9 

57 Cruz et al. (2019) - MB0 163 1.3 1.2 1.2 1.0 1.3 1.2 1.2 2.4 0.8 1.0 2.4 2.1 1.4 

58 Gavilán (2020) - M1-1 143 1.0 0.6 1.1 0.6 1.0 1.0 0.9 1.7 1.2 1.2 1.7 0.6 1.0 

59 Gavilán (2020) - M2-1 174 1.0 0.7 1.1 0.7 1.0 1.0 1.0 1.8 1.3 1.3 1.8 0.7 1.0 

60 Present study - S1 34 0.9 0.9 0.9 0.7 0.9 0.6 0.8 1.8 0.8 1.2 1.8 1.6 1.0 

61 Present study - S2 38 1.1 1.0 1.0 0.8 1.1 0.8 0.9 2.0 0.9 1.3 2.0 1.8 1.1 

62 Present study - S3 61 1.0 0.8 0.9 0.7 1.0 0.9 0.8 1.8 0.8 1.1 1.8 1.6 1.0 

63 Wijaya et al. (2011) - C 25 2.2 1.9 2.1 1.5 2.2 2.2 2.0 4.4 2.0 3.0 4.4 4.4 2.2 

64 Matošević et al. (2014) - B1 117 0.9 0.9 0.8 0.7 0.9 0.7 0.8 1.5 0.7 0.8 1.5 1.0 1.0 

65 Matošević et al. (2014) - B2 92 1.1 1.2 1.1 0.9 1.1 0.9 1.0 2.0 0.9 1.0 2.0 1.3 1.3 

66 Matošević et al. (2014) - B3 90 1.2 1.2 1.1 0.9 1.2 1.0 1.0 2.0 0.9 1.0 2.0 1.3 1.3 

67 Quiroz et al.  (2017) - A1-1 130 1.3 1.1 1.2 0.9 1.3 1.2 1.1 2.4 0.9 1.2 2.4 2.1 1.4 

68 Quiroz et al. (2017) - A1-2 167 1.0 0.9 0.9 0.7 1.0 0.9 0.9 1.8 0.7 0.9 1.8 1.6 1.1 

69 Quiroz et al. (2017) - A2-1 172 1.0 0.9 0.9 0.7 1.0 0.9 0.8 1.8 0.7 0.9 1.8 1.6 1.1 

70 Quiroz et al. (2017) - A2-2 167 1.0 0.9 0.9 0.7 1.0 0.9 0.9 1.8 0.7 0.9 1.8 1.6 1.1 

71 Marinilli and Castilla (2004) - M2 210 0.9 0.7 0.7 0.6 0.9 0.7 0.7 1.4 0.7 0.9 1.4 1.7 1.0 

72 Marinilli and Castilla (2004) - M3 140 1.3 1.1 1.1 0.9 1.3 1.1 1.0 2.0 1.0 1.3 2.0 2.5 1.4 

73 Marinilli and Castilla (2004) - M4 160 1.1 0.9 0.9 0.7 1.1 0.9 0.9 1.8 0.9 1.1 1.8 2.7 1.3 

74 Gavilán et al. (2015) - ME6 65 0.7 0.5 0.5 0.4 0.7 0.5 0.5 1.1 0.6 0.9 1.1 1.5 0.7 

75 Gavilán et al. (2015) - ME7 61 0.8 0.5 0.6 0.4 0.8 0.6 0.6 1.3 0.7 1.0 1.3 1.8 0.8 

76 Singhal and Rai (2014) - SCNT 66 0.8 0.5 0.6 0.4 0.8 0.6 0.5 1.2 0.7 1.0 1.2 1.6 0.8 

77 Singhal and Rai (2014) - SCCT 473 0.9 0.6 0.6 0.5 0.9 0.6 0.5 1.1 0.6 0.8 1.1 1.0 1.0 

78 Singhal and Rai (2014) - SCFT 628 0.9 0.6 0.6 0.5 0.9 0.5 0.5 1.0 0.6 0.8 1.0 1.0 1.0 

  Vcr,e Gav Ria M&C F&A Mex Per Chl Arg Col CR EC Chn Ind 

Gav = Gavilán et al. (2015); Mex = Mexico Code (NTC-M 2017); Per = Peruvian Code (NT E.070 2019); Chl = Chilean 

Code (NCh2123 2003); Arg = Argentinian Code (INPRES 2018); Col = Colombian Code (NSR-98 2010); CR = Costa 

Rican Code (CSCR 2002); EC = Eurocode (CEN 2005); Chn = Chinese Code (GB 50003 2011); and Ind = Indian Code 

(BIS 2021). 
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Figure 6.3: Effectiveness of different equations in predicting the lateral strength (numbers 

inside the chart represent mean Vm,p/Vm,e, i.e., slope of the dotted line, with 

standard deviation). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4: Effectiveness of different equations in predicting the lateral load at cracking 

(numbers inside the chart represent mean Vcr,p/Vcr,e, i.e., slope of the dotted 

line, with standard deviation). 
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To gain more insight into the obtained results, the number of studies for which the equations 

overestimate or underestimate the lateral strength of confined masonry walls are shown in 

Table 6.8 along with the average error obtained in the underestimation or overestimation of 

the strength. For single-bay CM specimens, the average error in prediction of lateral strength 

is lower for underestimated cases (varying from 5% to 44%) than that for overestimation 

cases (varying from 35% to 90%). Clearly, when the equations overestimate the lateral 

strength, the overestimation is done with a big margin of error. The second part of the lateral 

strength equation (Eq. 6.3a) proposed by Marinilli and Castilla (2006) gives a constant 

minimum additive lateral strength of 82 kN as a contribution by the tie-elements, thus the 

predicted lateral capacities were very high (maximum error goes up to 326%) in comparison 

to the experimental values for the one fifth-scale specimens of Tomaževič and Klemenc 

(1997a) as given in Table 6.6, whose total lateral strengths were observed to be just 1.6 kN 

to 2.3 kN from the experimental study. These three specimens were therefore removed from 

the database of Marinilli and Castilla (2006) while evaluating the accuracy of the model in 

lateral capacity estimation. Again, in case of multi-bay confined masonry specimens, the 

average error in prediction of lateral strength is almost similar for the underestimated 

(varying from 6% to 101%) and overestimated (varying from 14% to 105%) cases. The mean 

values and standard deviation of predicted to experimental strength ratios obtained for all 

seventy-eight specimens (also shown in Fig. 6.3) shows the variation in predicted to 

experimental lateral strength ratios across all the specimens using all the equations considered 

in the study. Similarly, the four available equations suggested in past studies for predicting 

the lateral load of CM walls at initial cracking (Table 6.1), along with the nine equations 

provided in the design codes (Table 6.3), were also evaluated using the experimental database 

to compare their effectiveness as shown in Table 6.9. For single-bay CM specimens, the 

average error in prediction is lower for underestimated cases (varying from 13% to 35%) 

than that observed in overestimated cases (varying from 63% to 141%). Clearly, the 

equations predict with much larger errors whenever they overestimate the lateral loads. On 

the other hand, for multi-bay specimens most of the equations underestimate the cracking 

load with mean prediction error varying from 3% to 58%; and the mean overprediction error 

varying from 0% to 96%, where the equations proposed by the design codes of Argentina, 

Eurocode, and China mostly overestimate the load.  
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Table 6.8: Lateral strength prediction: underestimated and overestimated cases. 

Equation → M&L3 M&L2 S&R M&L1 Ria Bzm1 Bzm2 Bzm3 M&C T&K F&A 

Single-bay CM wall specimens (Total 70) 

No. of underestimated cases  16 51 22 42 47 16 4 22 19 6 51 

Average of (Vm,p /Vm,e < 1) 0.79 0.77 0.70 0.80 0.73 0.87 0.95 0.81 0.84 0.94 0.73 

Average error (%) 26 30 44 24 36 15 5 23 19 6 36 

No. of overestimated cases  54 19 48 28 23 54 66 48 48 64 19 

Average of (Vm,p /Vm,e > 1) 1.71 1.42 1.79 1.35 1.37 1.60 1.90 1.54 1.73 1.86 1.45 

Average error (%) 71 42 79 35 37 60 90 54 73 86 45 

Multi-bay CM wall specimens (Total 8) 

No. of underestimated cases  3 8 4 8 8 2 2 3 4 2 8 

Average of (Vm,p /Vm,e < 1) 0.89 0.54 0.82 0.53 0.69 0.87 0.94 0.86 0.75 0.88 0.50 

Average error (%) 13 86 21 90 44 15 6 16 33 13 101 

No. of overestimated cases  5 0 4 0 0 6 6 5 4 6 0 

Average of (Vm,p /Vm,e > 1) 1.51 - 1.14 - - 1.82 2.05 1.91 1.50 1.27 - 

Average error (%) 51 - 14 - - 82 105 91 50 27 - 

All 78 Specimens 

Average of Vm,p /Vm,e 1.48 0.90 1.40 0.97 0.92 1.45 1.84 1.33 1.44 1.72 0.88 

Standard deviation  0.69 0.39 0.79 0.39 0.35 0.57 0.85 0.55 0.81 0.84 0.43 

 

Table 6.9: Prediction of lateral loads at cracking: underestimated and overestimated 

cases. 
Equation → Gav Ria M&C F&A Mex Per Chl Arg Col CR EC Chn Ind 

Single-bay CM wall specimens (Total 70) 

No. of underestimated cases 25 39 32 30 25 46 43 0 40 25 0 19 13 

Average of (Vcr,p /Vcr,e < 1) 0.87 0.82 0.82 0.85 0.87 0.78 0.81 - 0.74 0.83 - 0.81 0.88 

Average error (%) 15 21 22 17 15 28 24 - 35 21 - 23 13 

No. of overestimated cases 45 31 38 40 45 24 27 70 30 45 70 51 57 

Average of (Vcr,p /Vcr,e > 1) 1.66 1.70 1.63 1.68 1.66 1.64 1.72 2.41 1.66 1.78 2.41 2.30 1.64 

Average error (%) 66 70 63 68 66 64 72 141 66 78 141 130 64 

Multi-bay CM wall specimens (Total 8) 

No. of underestimated cases 6 7 7 7 6 7 8 0 7 4 0 2 4 

Average of (Vcr,p /Vcr,e < 1) 0.83 0.63 0.64 0.68 0.83 0.65 0.65 - 0.69 0.83 - 0.97 0.82 

Average error (%) 20 58 56 47 20 54 55 - 46 20 - 3 22 

No. of overestimated cases 2 1 1 1 2 1 0 8 1 4 8 6 4 

Average of (Vcr,p /Vcr,e > 1) 1.23 1.08 1.07 1.13 1.23 1.06 - 1.37 1.00 1.13 1.37 1.96 1.18 

Average error (%) 23 8 7 13 23 6 - 37 0 13 37 96 18 

All 78 Specimens 

Average of Vcr,p /Vcr,e 1.33 1.16 1.20 1.27 1.33 1.04 1.11 2.30 1.09 1.39 2.30 1.88 1.45 

Standard deviation 0.70 0.65 0.66 0.70 0.70 0.48 0.61 1.30 0.60 0.77 1.30 1.19 0.75 

 

As discussed earlier, the equations proposed by Marques and Lourenço (2013), Marques and 

Lourenço (2019) (Eq. 9a), Riahi et al. (2009), and Flores and Alcocer (1996) provide a 

comparatively accurate estimation of experimental strength values; whereas, the design codes 

of Peru, Chile, and Colombia provide better prediction of lateral load at cracking on an 

average when data for all the seventy-eight CM walls are considered. Some studies have 
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proposed equations for estimation of both cracking load and lateral strength (Riahi et al. 2009, 

Marinilli and Castilla 2006, and Flores and Alcocer 1996); average value (± standard 

deviation) of predicted cracking strength to predicted lateral strength ratios were found to be 

0.86 ± 0.26, 0.57 ± 0.18, and 0.95 ± 0.04, respectively. In fact, the cracking load predicted 

by Riahi et al. (2009) using Eq. (6.5b) comes out to be higher (maximum 1.6 times) than the 

lateral strength using Eq. (6.5a) in nineteen single-bay specimens. It is to be noted here that 

the lateral strength or lateral load at cracking predicted using any of the equations were quite 

high for some of the single-bay CM specimens, such as walls with 0.5% longitudinal 

reinforcement in tie-columns of CM walls tested by Varela-Rivera et al. (2019), CMWO-07 

wall of Kuroki et. al (2010), wall with low reinforcement and axial load of Zabala et al., 

concrete masonry unit walls of Yáñez et. al (2004), and one-fifth scaled specimens of 

Tomaževič and Klemenc (1997a) as given in Tables 6.6 and 6.7. This is understandable as 

all the models are unable to consider the influence of the variation in input parameters 

considered in these specimens. Thus, if these specimens are removed, the maximum 

overestimation error reduces to 64% (from 90%) and 90% (from 141%), respectively, for the 

prediction of lateral strength and lateral load at cracking of single-bay CM specimens. With 

these studies removed from the database, the lateral strength predicted using Marques and 

Lourenço (2013) and Singhal and Rai (2016) provide better prediction on an average for 

single and multi-bay specimens, respectively; and the cracking load estimated using Gavilán 

et al. (2015) and codes of Mexico and India provide good prediction on an average both for 

single as well as multi-bay specimens. Further, for the comparative analyses of all the models, 

the ultimate lateral strength before failure is considered at 20% degradation of peak lateral 

strength, i.e., Vu,p = 0.8Vm,p. 

6.5.2 Initial Lateral Stiffness 

The effectiveness of the four equations in predicting the initial lateral stiffness (Table 6.2) 

was evaluated by utilizing them on all the seventy-eight CM walls tested in the past 

experimental studies as given in Table 6.10. Eqs. (10) and (11) (Flores and Alcocer 1996 or 

Tomaževič and Klemenc 1997a and Bourzam et al. 2008b) highly overestimate the initial 

stiffness in most of the cases, as these equations were derived on the basis of experimental 

behavior of URM walls (also shown in Fig. 6.5). However, the equations work well when 

used in their own studies, for example, Bourzam et al. (2008b) provides accurate estimation 

for their own experimental study using β = 12. High variation in the predicted stiffnesses is 

evident in Fig. 6.5 that shows the scattering of data points representing the predicted stiffness 
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in relation to the experimentally obtained stiffnesses for all the studies. Fig. 6.5 also shows 

the mean values of the ratios of predicted to experimental stiffnesses for all the experimental 

studies along with their standard deviations. Table 6.11 gives the total number of 

experimental studies for which the equations provide overestimation or underestimation of 

lateral stiffness. For single-bay specimens, Singhal and Rai (2016) and Riahi et al. (2009) 

underestimate the stiffness most with higher errors. The other equations mostly overestimate 

the stiffness with very high errors. For eight multi-bay specimens, all equations except for 

that proposed by Singhal and Rai (2016) and Riahi et al. (2009) overestimate the stiffness by 

large margins. None of the equations estimate the lateral stiffness with acceptable accuracy; 

though, considering all the seventy-eight specimens, Riahi et al. (2009) provide a reliable 

estimation with slightly higher than acceptable values of standard deviation (also observed 

in Fig. 6.5). 

Table 6.10: Estimation of initial lateral stiffness using existing equations. 

Sr. Experimental Study and Model Id AR 
Ki,e 

(kN/mm) 

Ki,p/Ki,e 

S&R Ria 
Bzm  T&K, F&A  

β=12 β=3 β=12 β=3 

1 Kato et al. (1992) - A 1.53 150 0.3 0.4 2.4 1.3 2.0 0.9 

2 Kato et al. (1992) - B 1.53 150 0.3 0.4 2.4 1.3 2.0 0.9 

3 Kato et al. (1992) - C 1.53 120 0.4 0.4 3.0 1.6 2.5 1.1 

4 Kato et al. (1992) - D 1.53 100 0.5 0.5 3.5 1.9 3.0 1.3 

5 Aguilar et al. (1996) - MO 1.02 38 0.4 0.6 4.7 2.8 2.0 0.9 

6 Iiba et al. (1996) - IDM 1.39 60 0.2 0.3 3.1 1.6 1.3 0.5 

7 Iiba et al. (1996) - IDJ 1.53 1250 0.0 0.0 0.3 0.2 0.3 0.1 

8 Iiba et al. (1996) - HDJ 1.53 1286 0.0 0.0 0.3 0.1 0.3 0.1 

9 Yoshimura et al. (1996) - 4-H0V0 0.75 288 0.3 0.3 1.7 1.2 1.3 0.6 

10 Yoshimura et al. (1996) - 1-H0V0 0.75 311 0.4 0.3 1.8 1.3 1.6 0.7 

11 Tomaževič and Klemenc (1997a) - AH-1 1.58 1.8 0.3 1.5 9.4 4.6 1.8 0.8 

12 Tomaževič and Klemenc (1997a) - AH-3 1.58 2.4 0.3 1.2 7.2 3.5 1.4 0.6 

13 Tomaževič and Klemenc (1997a) - AH-2 1.58 1.0 0.6 2.7 16.8 8.1 3.3 1.4 

14 Yoshimura et al. (2000) - H1-H0V0-HC 0.75 224 0.4 0.3 2.0 1.4 1.5 0.7 

15 Yoshimura et al. (2000) - H1-H0V0-LC 0.75 181 0.6 0.5 3.2 2.2 2.7 1.2 

16 Yoshimura et al. (2000) - H1-H0V0-T 0.75 86 0.8 0.9 4.8 3.4 3.7 1.6 

17 Yoshimura et al. (2000) - L1-H0V0-HC 0.75 400 0.3 0.2 1.4 1.0 1.2 0.5 

18 Yoshimura et al. (2000) - L1-H0V0-LC 0.75 288 0.4 0.3 2.0 1.4 1.7 0.7 

19 Yoshimura et al. (2000) - L1-H0V0-T 0.75 175 0.6 0.5 3.1 2.2 2.7 1.2 

20 Kumazawa and Ohkubo (2000) - ISM 1.24 23 0.2 1.0 5.2 2.9 1.2 0.5 

21 Yoshimura et al. (2004a) - 2D-H1-H0V0-48-2 0.77 368 0.8 0.4 3.7 2.6 3.7 1.6 

22 Yoshimura et al. (2004a) - 2D-H1-H0V0-84-2 0.77 324 1.1 0.5 4.6 3.2 4.7 2.0 

23 Yoshimura et al. (2004a) - 2D-L1-H0V0-48-1 0.77 368 0.3 0.3 1.6 1.1 1.4 0.6 

24 Yoshimura et al. (2004a) - 2D-L1-H0V0-84-1 0.77 392 0.3 0.2 1.4 1.0 1.2 0.5 

25 Yáñez et al. (2004) - Pattern 1-CMU-1 0.63 146 0.4 0.6 2.7 2.3 1.4 0.6 

26 Yáñez et al. (2004) - Pattern 1-CMU-2 0.63 165 0.4 0.5 2.4 2.1 1.2 0.5 

27 Yáñez et al. (2004) - Pattern 1-Clay Brick-1 0.63 73 0.5 0.8 4.3 3.7 1.5 0.6 

28 Yáñez et al. (2004) - Pattern 1-Clay Brick-2 0.62 106 0.3 0.6 3.0 2.6 1.0 0.4 

29 Marinilli and Castilla (2004) - M1 0.78 48 1.1 1.6 7.8 5.4 5.1 2.2 

30 Zabala et al. (2004) - 1 1.00 47 0.4 1.5 6.5 4.0 2.3 1.0 
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31 Zabala et al. (2004) - 2 1.00 28 0.7 2.6 10.8 6.7 3.8 1.6 

32 Zabala et al. (2004) - 3 1.00 33 0.6 2.1 9.1 5.6 3.1 1.4 

33 Zabala et al. (2004) - 4 1.00 43 0.5 1.7 7.0 4.3 2.4 1.1 

34 Gouveia and Lourenço (2007) - W2.4 1.17 73 0.2 0.5 3.4 1.9 1.3 0.6 

35 Gouveia and Lourenço (2007) - W2.4 1.17 73 0.2 0.5 3.4 1.9 1.3 0.6 

36 Bourzam et al. (2008a) - JCM 1.53 135 0.1 0.2 1.0 0.6 0.7 0.3 

37 Bourzam et al. (2008b) - CM30J-1 1.53 135 0.1 0.2 1.0 0.6 0.7 0.3 

38 Bourzam et al. (2008b) - CM30J-2 1.53 191 0.1 0.1 0.7 0.4 0.5 0.2 

39 Kuroki et al. (2010) - CMWO-01 0.79 285 0.5 0.2 2.6 1.8 2.4 1.0 

40 Kuroki et al. (2010) - CMWO-07 0.79 56 1.0 0.7 6.3 4.3 4.5 2.0 

41 Wijaya et al. (2011) - A 1.06 5 1.4 3.6 24.5 14.3 8.0 3.5 

42 Bourzam et al. (2013) - CM60J 1.53 163 0.2 0.2 1.2 0.6 1.0 0.4 

43 Matošević et al. (2014) - A1 1.31 44 0.7 0.6 10.0 5.4 4.2 1.8 

44 Matošević et al. (2014) - A2 1.31 35 0.9 0.7 12.1 6.6 5.3 2.3 

45 Matošević et al. (2014) - A3 1.31 44 0.7 0.6 8.8 4.8 4.2 1.8 

46 Gavilán et al. (2015) - ME1 2.75 13 0.3 1.0 5.0 1.8 2.8 1.2 

47 Gavilán et al. (2015) - ME2 1.73 20 0.5 0.8 4.7 2.1 3.8 1.7 

48 Gavilán et al. (2015) - ME3 1.32 21 0.8 1.1 6.3 3.3 5.4 2.3 

49 Gavilán et al. (2015) - ME4 1.04 54 0.5 0.5 3.4 2.0 2.9 1.3 

50 Gavilán et al. (2015) - ME5 0.68 134 0.5 0.4 2.3 1.7 2.1 0.9 

51 Varela-Rivera et al. (2019) - M1 1.10 22 1.2 1.4 9.0 5.0 7.0 3.1 

52 Varela-Rivera et al. (2019) - M2 1.54 11 1.2 2.1 12.1 5.5 8.8 3.8 

53 Varela-Rivera et al. (2019) - M3 1.54 23 0.6 1.0 5.8 2.6 4.1 1.8 

54 Varela-Rivera et al. (2019) - M4 2.57 3 1.5 5.3 22.6 8.0 14.2 6.1 

55 Varela-Rivera et al. (2019) - M5 2.57 6 0.7 2.5 11.1 3.9 6.7 2.9 

56 Varela-Rivera et al. (2019) - M6 2.57 4 0.9 3.3 14.8 5.3 9.0 3.9 

57 Cruz et al. (2019) - MB0 1.03 153 0.3 0.4 2.1 1.3 1.4 0.6 

58 Gavilán (2020) - M1-1 1.06 32 0.1 0.7 0.4 0.3 0.5 0.2 

59 Gavilán (2020) - M2-1 1.05 39 0.4 0.9 2.2 1.6 1.4 0.6 

60 Present study - S1 2.00 12 0.4 1.5 11.8 5.1 2.9 1.2 

61 Present study - S2 1.50 13 0.6 1.7 13.6 6.8 3.9 1.7 

62 Present study - S3 1.00 20 0.8 1.5 11.5 7.1 4.2 1.8 

63 Wijaya et al. (2011) - C 1.06 2 4.6 11.3 77.5 45.0 25.4 11.0 

64 Matošević et al. (2014) - B1 1.31 39 0.8 0.7 11.3 6.2 4.7 2.0 

65 Matošević et al. (2014) - B2 1.31 29 1.1 0.9 14.5 7.9 6.3 2.7 

66 Matošević et al. (2014) - B3 1.31 37 0.8 0.7 10.3 5.6 4.9 2.1 

67 Quiroz et al.  (2017) - A1-1 1.07 118 0.2 0.4 3.9 2.5 1.1 0.5 

68 Quiroz et al. (2017) - A1-2 1.07 108 0.2 0.4 4.2 2.7 1.2 0.5 

69 Quiroz et al. (2017) - A2-1 1.07 98 0.3 0.4 4.7 3.0 1.4 0.6 

70 Quiroz et al. (2017) - A2-2 1.07 108 0.2 0.4 4.2 2.7 1.2 0.5 

71 Marinilli and Castilla (2004) - M2 0.78 44 1.5 1.8 9.8 6.8 5.6 2.4 

72 Marinilli and Castilla (2004) - M3 0.78 49 1.3 1.6 8.9 6.1 5.0 2.2 

73 Marinilli and Castilla (2004) - M4 0.78 84 0.9 0.9 5.8 4.0 2.9 1.3 

74 Gavilán et al. (2015) - ME6 0.61 45 0.9 0.7 4.6 3.5 3.1 1.3 

75 Gavilán et al. (2015) - ME7 0.55 35 1.1 0.9 5.9 4.7 3.6 1.6 

76 Singhal and Rai (2014) - SCNT 0.55 31 1.3 1.1 7.0 5.5 4.5 1.9 

77 Singhal and Rai (2014) - SCCT 0.40 202 0.8 0.4 2.7 2.3 2.4 1.0 

78 Singhal and Rai (2014) - SCFT 0.26 298 0.9 0.4 2.6 2.4 2.3 1.0 

  AR Ki,e S&R Ria Bzm Bzm T&K, F&A  

Bzm = Bourzam et al. (2008b) (Eq. 11) 
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Figure 6.5: Effectiveness of different equations in predicting the lateral stiffness (numbers 

inside the chart represent mean Ki,p/Ki,e, i.e., slope of the dotted line, with 

standard deviation). 

 

Table 6.11: Prediction of initial lateral stiffness: underestimated and overestimated cases. 

Equation → S&R Ria 
Bzm  T&K, F&A  

β=12 β=3 β=12 β=3 

Single-bay CM wall specimens (Total 70)  

No. of underpredicted cases   62 50 4 9 7 35 

Average of (Ki,p/Ki,e < 1) 0.44 0.48 0.45 0.53 0.55 0.56 

Average error (%) 126 114 123 90 80 78 

No. of overpredicted cases   8 20 66 61 63 35 

Average of (Ki,p/Ki,e > 1) 1.65 2.56 7.37 4.36 3.61 2.31 

Average error (%) 65 156 637 336 261 131 

Multi-bay CM wall specimens (Total 8)  

No. of underpredicted cases  4 5 0 0 0 1 

Average of (Ki,p/Ki,e < 1) 0.9 0.6 - - - 1.0 

Average error (%) 16 54 - - - 1 

No. of overpredicted cases  4 3 8 8 8 7 

Average of (Ki,p/Ki,e > 1) 1.30 1.48 5.90 4.42 3.69 1.69 

Average error (%) 30 48 490 342 269 69 

All 78 Specimens 

Average of Ki,p/Ki,e 0.63 1.06 6.86 3.92 3.34 1.45 

Standard deviation  0.58 1.48 9.45 5.29 3.44 1.49 

 

6.5.3 Lateral Drift at Initial Cracking, Lateral Strength, and Ultimate Load at Failure 

Lateral drift of a structure is expressed as a ratio of top lateral displacement to the height of 

the structure. Equations for estimation of lateral drift at different limit states have been 

suggested by Riahi et al. (2009) as given in Eqs. (6.17), (6.19), and (6.21). On the other hand, 

Flores and Alcocer (1996) suggested constant values for drift at lateral strength and ultimate 

load at failure (Eqs. 6.18 and 6.20). Though the drift values at different damage stages can 
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also be obtained indirectly using the stiffness (initial and degraded) equations suggested by 

Tomaževič and Klemenc (1997a), and Bourzam et al. (2008b) using lateral load values, the 

estimated lateral load or stiffness were not closer to the experimentally obtained values as 

observed previously, and thus, those methods were not considered for drift estimation. Table 

6.12 shows the experimental and predicted lateral drift values obtained at different damage 

stages for sixty-three confined masonry walls, for which the experimentally reported drift 

values were obtained satisfactorily. The effectiveness of individual equations in predicting 

the lateral drifts is also evaluated in Fig. 6.6, in which the mean value of predicted to 

experimental drift ratios and its standard deviation is also shown for each equation. Table 

6.13 gives the total number of experimental studies for which the equations provide 

underestimation or overestimation of lateral drifts at different damage stages.  

As observed, the mean value of lateral drift at cracking load predicted using the two available 

methods considering all sixty-three confined masonry wall specimens varies from 0.05% to 

0.14%. It was further observed that Flores and Alcocer (1996) mostly underpredict the lateral 

drift at cracking load with an average error of 125%. Whereas, the overpredicted cases are 

more when Riahi et al. (2009) was used for prediction. The obtained average error was 56% 

in underprediction and 113% in overprediction. The mean values and standard deviation of 

predicted to experimental lateral drift at cracking show that both the methods are not suitable 

for drift estimation at cracking load (also shown in Fig. 6.6). Further, the mean value of the 

lateral drift at lateral strength predicted using the two methods is around 0.3%, and both the 

equations mostly underpredict the drift at lateral strength. Interestingly, the average error in 

underprediction of the mean values is lower than the error obtained in the overprediction 

cases. Though the mean ratio of predicted to experimental drift at lateral strength values are 

approximately 1.0, the standard deviation is quite high with both methods. Again, the mean 

value of lateral drift at ultimate limit predicted using both the methods is around 0.5%, and 

both of the methods underpredict the observed ultimate drift in experimental studies. The 

average error in underprediction is quite high compared to overpredicted cases.  
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Table 6.12: Estimation of lateral drift (%) of CM walls at the three damage stages using 

existing equations. 

Sr. Studies 

δcr,e δcr,p δm,e δm,p δu,e δu,p 

Exp 

 
Ria 

F&A 
Exp Ria F&A Exp Ria F&A 

β=12 β=3 

1 Kato et al. (1992) - A 0.08 0.21 0.04 0.08 0.62 0.28 0.30 1.17 0.43 0.5 

2 Kato et al. (1992) - B 0.08 0.21 0.04 0.08 0.24 0.28 0.30 0.85 0.43 0.5 

3 Kato et al. (1992) - C 0.08 0.21 0.04 0.08 0.23 0.31 0.30 0.94 0.48 0.5 

4 Kato et al. (1992) - D 0.08 0.21 0.04 0.08 0.17 0.31 0.30 0.75 0.48 0.5 

5 Aguilar et al. (1996) - MO 0.12 0.15 0.05 0.08 0.44 0.45 0.30 0.67 0.70 0.5 

6 Yoshimura et al. (1996) - 4-H0V0 0.05 0.12 0.02 0.03 0.11 0.17 0.30 0.36 0.26 0.5 

7 Yoshimura et al. (1996) - 1-H0V0 0.05 0.11 0.02 0.03 0.16 0.16 0.30 0.61 0.25 0.5 

8 Yoshimura et al. (2000) - H1-H0V0-HC 0.07 0.13 0.04 0.05 0.38 0.15 0.30 0.55 0.23 0.5 

9 Yoshimura et al. (2000) - H1-H0V0-LC 0.06 0.11 0.02 0.03 0.30 0.16 0.30 1.00 0.25 0.5 

10 Yoshimura et al. (2000) - H1-H0V0-T 0.07 0.06 0.01 0.02 0.20 0.18 0.30 1.00 0.28 0.5 

11 Yoshimura et al. (2000) - L1-H0V0-HC 0.05 0.13 0.03 0.04 0.32 0.15 0.30 0.36 0.23 0.5 

12 Yoshimura et al. (2000) - L1-H0V0-LC 0.06 0.11 0.02 0.03 0.17 0.16 0.30 0.51 0.25 0.5 

13 Yoshimura et al. (2000) - L1-H0V0-T 0.05 0.06 0.01 0.02 0.21 0.17 0.30 0.75 0.26 0.5 

14 Kumazawa and Ohkubo (2000) - ISM 0.27 0.21 0.26 0.47 0.61 0.28 0.30 1.48 0.44 0.5 

15 Yoshimura et al. (2004a) - 2D-H1-H0V0-48-2 0.02 0.07 0.01 0.01 0.20 0.11 0.30 0.26 0.17 0.5 

16 Yoshimura et al. (2004a) - 2D-H1-H0V0-84-2 0.03 0.09 0.01 0.01 0.20 0.11 0.30 0.47 0.17 0.5 

17 Yoshimura et al. (2004a) - 2D-L1-H0V0-48-1 0.02 0.08 0.02 0.02 0.10 0.16 0.30 0.22 0.24 0.5 

18 Yoshimura et al. (2004a) - 2D-L1-H0V0-84-1 0.03 0.11 0.02 0.03 0.03 0.16 0.30 0.40 0.25 0.5 

19 Yáñez et al. (2004) - Pattern 1-Clay Brick-1 0.10 0.10 0.06 0.07 0.54 0.39 0.30 1.12 0.60 0.5 

20 Yáñez et al. (2004) - Pattern 1-Clay Brick-2 0.06 0.10 0.06 0.07 0.64 0.39 0.30 1.08 0.60 0.5 

21 Marinilli and Castilla (2004) - M1 0.13 0.09 0.03 0.04 0.36 0.24 0.30 0.42 0.37 0.5 

22 Zabala et al. (2004) - 1 0.05 0.06 0.04 0.07 0.16 0.23 0.30 0.63 0.36 0.5 

23 Zabala et al. (2004) - 2 0.09 0.06 0.04 0.07 0.18 0.23 0.30 0.76 0.36 0.5 

24 Zabala et al. (2004) - 3 0.18 0.08 0.05 0.09 0.54 0.26 0.30 0.71 0.40 0.5 

25 Zabala et al. (2004) - 4 0.14 0.08 0.05 0.09 0.50 0.26 0.30 0.91 0.40 0.5 

26 Gouveia and Lourenço (2007) - W2.4 0.08 0.13 0.07 0.12 0.29 0.27 0.30 0.56 0.41 0.5 

27 Gouveia and Lourenço (2007) - W2.4 0.08 0.13 0.07 0.12 0.29 0.27 0.30 0.56 0.41 0.5 

28 Kuroki et al. (2010) - CMWO-01 0.04 0.13 0.01 0.02 0.19 0.21 0.30 0.44 0.33 0.5 

29 Kuroki et al. (2010) - CMWO-07 0.05 0.15 0.03 0.04 0.85 0.31 0.30 3.01 0.48 0.5 

30 Wijaya et al. (2011) - A 0.26 0.09 0.05 0.08 0.75 0.34 0.30 1.08 0.53 0.5 

31 Bourzam et al. (2013) - CM60J 0.03 0.20 0.05 0.08 0.03 0.32 0.30 0.47 0.49 0.5 

32 Matošević et al. (2014) - A1 0.17 0.27 0.04 0.07 0.30 0.60 0.30 0.37 0.93 0.5 

33 Matošević et al. (2014) - A2 0.17 0.27 0.04 0.07 0.41 0.63 0.30 0.54 0.96 0.5 

34 Matošević et al. (2014) - A3 0.19 0.27 0.04 0.07 0.35 0.67 0.30 0.46 1.03 0.5 

35 Gavilán et al. (2015) - ME1 0.15 0.15 0.05 0.14 0.40 0.30 0.30 1.55 0.46 0.5 

36 Gavilán et al. (2015) - ME2 0.15 0.16 0.03 0.08 0.39 0.38 0.30 0.70 0.58 0.5 

37 Gavilán et al. (2015) - ME3 0.18 0.16 0.03 0.06 0.25 0.38 0.30 0.47 0.59 0.5 

38 Gavilán et al. (2015) - ME4 0.08 0.15 0.03 0.04 0.38 0.34 0.30 0.46 0.53 0.5 

39 Gavilán et al. (2015) - ME5 0.08 0.15 0.03 0.04 0.35 0.32 0.30 0.35 0.49 0.5 

40 Varela-Rivera et al. (2019) - M1 0.11 0.17 0.04 0.06 0.75 0.57 0.30 1.03 0.88 0.5 

41 Varela-Rivera et al. (2019) - M2 0.13 0.17 0.04 0.10 1.50 0.57 0.30 1.84 0.88 0.5 

42 Varela-Rivera et al. (2019) - M3 0.09 0.20 0.05 0.11 0.75 0.50 0.30 2.43 0.76 0.5 

43 Varela-Rivera et al. (2019) - M4 0.28 0.17 0.07 0.19 2.00 0.57 0.30 2.66 0.87 0.5 

44 Varela-Rivera et al. (2019) - M5 0.19 0.20 0.08 0.22 1.00 0.49 0.30 2.28 0.75 0.5 

45 Varela-Rivera et al. (2019) - M6 0.18 0.23 0.09 0.25 0.75 0.46 0.30 1.88 0.71 0.5 

46 Cruz et al. (2019) - MB0 0.05 0.14 0.04 0.07 0.38 0.18 0.30 0.72 0.28 0.5 

47 Gavilán (2020) - M1-1 0.19 0.17 0.36 0.56 0.62 0.24 0.30 0.64 0.38 0.5 

48 Gavilán (2020) - M2-1 0.20 0.14 0.14 0.18 0.59 0.17 0.30 0.60 0.26 0.5 

49 Present study - S1 0.20 0.12 0.06 0.15 0.87 0.45 0.30 3.34 0.70 0.5 

50 Present study - S2 0.20 0.12 0.05 0.11 0.82 0.45 0.30 1.40 0.70 0.5 

51 Present study - S3 0.20 0.12 0.05 0.07 0.50 0.45 0.30 0.87 0.70 0.5 

52 Wijaya et al. (2011) - C 0.54 0.09 0.05 0.08 1.40 0.34 0.30 2.46 0.53 0.5 

53 Matošević et al. (2014) - B1 0.20 0.27 0.04 0.07 0.38 0.60 0.30 0.47 0.93 0.5 

54 Matošević et al. (2014) - B2 0.21 0.27 0.04 0.07 0.65 0.63 0.30 0.76 0.96 0.5 

55 Matošević et al. (2014) - B3 0.16 0.27 0.04 0.07 0.39 0.67 0.30 0.60 1.03 0.5 

56 Marinilli and Castilla (2004) - M2 0.23 0.09 0.03 0.04 0.55 0.24 0.30 0.56 0.37 0.5 
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57 Marinilli and Castilla (2004) - M3 0.14 0.09 0.03 0.04 0.38 0.24 0.30 0.38 0.37 0.5 

58 Marinilli and Castilla (2004) - M4 0.09 0.09 0.03 0.04 0.48 0.24 0.30 0.67 0.37 0.5 

59 Gavilán et al. (2015) - ME6 0.10 0.15 0.03 0.03 0.32 0.30 0.30 0.32 0.47 0.5 

60 Gavilán et al. (2015) - ME7 0.09 0.16 0.02 0.03 0.19 0.31 0.30 0.41 0.48 0.5 

61 Singhal and Rai (2014) - SCNT 0.10 0.09 0.02 0.03 0.40 0.25 0.30 0.85 0.38 0.5 

62 Singhal and Rai (2014) - SCCT 0.12 0.09 0.02 0.03 0.48 0.22 0.30 1.07 0.34 0.5 

63 Singhal and Rai (2014) - SCFT 0.15 0.08 0.02 0.03 0.49 0.22 0.30 1.79 0.33 0.5 

  Exp 

 
Ria F&A F&A Exp Ria F&A Exp Ria F&A 

 

 

 

 
Figure 6.6: Effectiveness of different equations in predicting the lateral drift at different 

damage stages (numbers inside the chart represent mean δcr,p/δcr,e or δm,p/δm,e 

or δu,p/δu,e, i.e., slope of the dotted line, with standard deviation). 

 

6.6 RECOMMENDATIONS ON BACKBONE ENVELOPES 

Based on assessment of the past experimental results and formulations, a backbone envelope 

for lateral load-deformation of CM walls can be defined using three distinct stages 

corresponding to: cracking point, maximum strength point, and ultimate deformation point 

on the backbone envelope. Fig. 6.7(a) shows the developed trilinear envelopes for all seventy-

eight CM walls obtained using their experimental data. For a better comparison, the 
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envelopes are also plotted in Fig. 6.7(b) by normalizing the lateral loads with respect to their 

corresponding lateral strength.  

Table 6.13: Lateral drift prediction: underestimated and overestimated cases. 
Equation → 

Ria 
F&A 

 (β=12) (β=3) 

Drift at Initial Cracking 

Average ± Stdev of δcr,p (%) 0.14 ± 0.06 0.05 ± 0.05 0.09± 0.09 

No. of underpredicted cases 21 57 57 

Average of (δcr,p / δcr,e < 1) 0.64 0.44 0.44 

Average error (%) 56 125 125 

No. of overpredicted cases 42 6 6 

Average of (δcr,p / δcr,e > 1) 2.13 1.68 1.68 

Average error (%) 113 68 68 

Average of δcr,p / δcr,e 1.63 0.56 0.56 

Standard deviation 1.09 0.45 0.45 

Drift at Maximum Capacity 

Average ± Stdev of δm,p (%) 0.33 ± 0.15 0.30± 0 

No. of underpredicted cases 45 41 

Average of (δm,p / δm,e < 1) 0.62 0.58 

Average error (%) 62 71 

No. of overpredicted cases 18 20 

Average of (δm,p / δm,e > 1) 2.16 2.40 

Average error (%) 116 140 

Average of δm,p/ δm,e 1.06 1.18 

Standard deviation 1.28 1.58 

Drift at Ultimate Load 

Average ± Stdev of δu,p (%) 0.50 ± 0.23 0.50± 0 

No. of underpredicted cases 49 45 

Average of (δu,p / δu,e < 1) 0.50 0.56 

Average error (%) 101 78 

No. of overpredicted cases 14 18 

Average of (δu,p / δu,e > 1) 1.51 1.32 

Average error (%) 51 32 

Average of δu,p / δu,e 0.72 0.78 

Standard deviation 0.50 0.43 

 

The trilinear backbone curves of seventy-eight CM walls show the high variability associated 

with all three damage stages. Though researchers have suggested various equations for the 

prediction of lateral load at cracking, it can also be simply estimated from the lateral strength 

of CM walls as: Vcr,p = CcrVm,p, where Ccr is a reduction factor that varies from 0.6 to 0.8 in 

different studies as already discussed in Table 6.1. For the considered experimental database, 

Ccr, taken as Vcr,e /Vm,e, is found to vary from 0.35 to 1.0 with mean value of 0.7 and standard 
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deviation of 0.13. Clearly, from both the experimental database and the available equations, 

the mean lateral load at cracking can be suitably taken as 70% of the mean lateral strength. 

Similarly, the ultimate lateral load before failure can be taken from available equations as: 

Vu,p = CsrVm,p, where Csr is the strength reduction factor. Taking clue from the data obtained 

experimentally and that prescribed by different relations, the present study recommends Csr 

as 0.8. Thus, the recommended value of lateral load at ultimate limit (in the post-peak region) 

is 80% of the lateral strength. 

 
(a) 

 
(b) 

Figure 6.7: Trilinear lateral load – deformation envelopes for seventy-eight experimental 

studies: (a) actual envelopes, and (b) by normalizing the lateral loads with 

lateral strength. 
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Even though various equations have been suggested in the past studies for the prediction of 

different deformation levels for confined masonry walls, it was observed that the predicted 

results are significantly different from the experimentally obtained results and observations. 

The lateral loads at various stages can be predicted with a better confidence level; however, 

the same is not true for deformations because of the high level of uncertainty in deformation 

prediction, especially in the nonlinear range. The lateral displacement corresponding to the 

cracking load can be estimated from the in-plane initial stiffness and lateral cracking load of 

the wall. However, the displacement corresponding to the maximum load and ultimate load 

before collapse are difficult to predict due to the complex failure mechanism of masonry. For 

the considered experimental database, the lateral drift at cracking (δcr,e) varies from 0.01%  

to 0.54% (mean 0.11, and standard deviation 0.08). In the seventy-eight experimental studies, 

the lateral drift at lateral strength (δm,e) is observed to vary from 0.03% to 2.0% (mean 0.46, 

standard deviation 0.33). The ultimate drift for 20% strength degradation of the wall (δu,e) is 

observed to vary from 0.22% to 3.34% (mean 0.94, standard deviation 0.67).  

The scattered experimental data points representing three damage stages corresponding to 

the cracking stage, maximum resistance stage, and ultimate deformation stage in the post-

peak regime are shown in Fig. 6.8 by removing the outliers from the dataset. The normalized 

trilinear envelope curve shown in Fig. 6.8 is developed from the mean values of the suggested 

load and deformation values as discussed above. To facilitate the designers in estimating the 

lateral load response of CM walls, an idealized trilinear lateral load-deformation curve is also 

developed as shown in Fig. 6.9. The recommendations include simple relations to estimate 

not only the lateral loads at three critical points, but also the corresponding lateral drift values. 

The mathematical formulations are derived by unconstrained multiple variable linear 

regression analysis of the experimentally obtained data by removing the outliers.  As clear 

from Fig. 6.9 and already discussed in Fig. 6.8, the recommended lateral loads corresponding 

to the cracking stage and the ultimate deformation stage are actually derived from the lateral 

strength values observed from past experimental and analytical studies. The recommended 

equations for estimation of lateral drifts, shown in Fig. 6.9, are comparatively much simpler 

as they require lesser input parameters than that required by other existing equations given 

in Tables 6.1 and 6.2. Moreover, the recommended equations for lateral drifts estimate the 

values at different damage stages with better accuracy as evident from the comparison of 

Figs. 6.6 and 6.10. 
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Figure 6.8: Development of the normalized trilinear envelope curve from the 

experimental responses. 
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Figure 6.10: Effectiveness of the recommended empirical equations in predicting the 

lateral strength and lateral drift at the three damage stages. 

 

6.7 SUMMARY  

Seismic analysis and performance-based design of confined masonry walls require accurate 

representation of lateral stiffness, strength, and deformation capacity. Several past 

experimental testing of CM walls demonstrated that there are a number of parameters that 

significantly influence the lateral load response of CM walls. The in-plane hysteretic 

responses of CM walls have been commonly idealized in the past as trilinear lateral load-

deformation envelope curves using different formulations available in the literature. 

However, these models, which assume different sets of parameters that may differ regionally, 

are difficult to be generalized because of their specific calibration for particular CM wall 

schemes. Large variations in important parameters, such as compressive ( mf   = 1.7 MPa to 61 

MPa) and shear (vm = 0.24 to 2.74 MPa) strength of masonry, compressive strength of 

concrete (fc = 10 to 44 MPa), wall aspect ratio (Hw/Lw = 0.3 to 2.75), longitudinal 

reinforcement in tie-columns (0.5% to 6.6% of the cross-sectional area), cross-sectional area 

of tie-columns with respect to the total area (nAc/A = 0.07 to 0.32), and vertical axial load on 

walls (σ = -0.1 to 1.8 MPa), introduce many challenges in developing idealized load-

deformation envelop curves for analysis and design of CM walls. 

Most of the past studies have concentrated on prediction of lateral loads, while only a few 

have recommended some methods for lateral drift estimation at different damage stages. 

From the comparison of the existing models, it was observed that the lateral strength equation 
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recommended by Marques and Lourenço (2013) provides comparatively better prediction. 

Similarly, Gavilán et al. (2015) provides better prediction of cracking load. As far as the 

prediction of lateral drifts at different damage stages are concerned, the available two 

methods (Riahi et al. 2009 and Flores and Alcocer 1996) show very large variations. This is 

primarily because of huge variation in the lateral drifts observed in the past experimental 

studies due to sensitivity of lateral load response of masonry walls to different parameters.  

Keeping these uncertainties into consideration, it becomes imperative to try and obtain even 

simpler empirical equations for prediction of complete lateral load response of CM walls. 

Therefore, in the present study, an easy-to-use trilinear backbone curve model is developed 

for CM walls on the basis of past experimental results. The developed model uses simple 

geometric, loading, and material parameters as input variables, and characterize the lateral 

load response of CM walls into three different damage stages – those corresponding to – 

cracking load, strength, and ultimate load. The predicted strength and drift values not only 

demonstrate better mean and standard deviations compared to the existing equations, but also 

show much better fit with the experimentally obtained responses. The proposed simplified 

load-deformation envelop model will provide an additional tool to the users in nonlinear 

seismic analysis for performance-based design. The results of the study can also be used to 

further improve the analysis and design guidelines for CM buildings. The uncertainties, 

especially in the prediction of ultimate deformation, highlights the large variability in 

available test results, and thus, more experimental investigations are required to develop a 

more refined backbone curve model.  
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7.1 OVERVIEW 

In confined masonry buildings, masonry structural walls are confined on all four sides with 

reinforced concrete (RC) vertical and horizontal confining elements. Though masonry walls 

are the primary load-resisting members in CM walls, the RC confining members, particularly 

the tie-columns, play a key role in improving the structural integrity or stability and 

preventing extensive damage to masonry walls during an earthquake. Unlike the beams and 

columns in RC frame structures, the confining members of CM are generally not designed 

for seismic loads as there is not enough literature available to estimate the design forces. 

Some simplistic guidelines, mostly based on thumb rules, are available for controlling the 

minimum dimensions and minimum reinforcement detailing in confining elements. Only a 

few design codes recommend additional criteria, albeit in a limited manner, for seismic 

design of tie-members. For example, the Argentina code (INPRES-CIRSOC 103 2018) has 

some guidelines to estimate the design axial strength of tie-columns as a fraction of the wall 
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shear. Peru code (NT E.070 2019) provides guidelines to evaluate the ultimate internal design 

forces (shear, tensile, and compression forces) for the confining elements. The confining 

columns are to be designed for shear force equal to a fraction of the design shear strength of 

the masonry wall depending upon the length of the wall and number of the tie-columns in the 

CM wall. Using this method, the shear force in tie-column of one bay CM walls comes out 

to be 50% of the design shear strength of the masonry wall; it is not clear if such values of 

design forces are adequate for tie-columns design. Mexico code (NTC-M 2017) suggests a 

simple methodology for estimation of minimum reinforcement area in tie-columns. Most of 

the existing design codes provide prescriptive provisions for the confining elements, such as 

guidelines on minimum cross-sectional size, number, diameter, spacing of longitudinal and 

transverse rebars. For instance, some codes simply suggest providing four bars as 

longitudinal reinforcement (diameter ranging from 5 mm to 12 mm) and 6 mm diameter ties 

in confining elements for acceptable seismic performance (Meli et al. 2011). 

Because of the fact that confining elements are not typically designed through detailed 

structural calculations, the design and detailing of these elements are solely dependent on 

engineers’ judgement and experience in construction practices. This can sometimes result 

into unnecessary large-sized tie-members without fully utilizing the material strength that the 

tie-members can additionally provide to the structure. On the other extreme, masonry walls 

of CM buildings may not resist the design forces as per the expectations and may fail 

prematurely if inadequate tie-columns are provided. This results in a potential seismic risk to 

these buildings, especially under bigger earthquake shakings where nonlinear response is 

expected from masonry walls as well as tie-elements of CM walls. These deficiencies related 

to inadequate design of tie-columns in CM buildings were observed during some of the past 

earthquakes, such as 2003 Tecomán, Mexico earthquake, 1985 Llolleo, and 2010 Maule, 

Chile earthquakes (Brzev 2007, Brzev and Mitra 2018). In 2010 Chile earthquake, the failure 

of tie-columns due to insufficient longitudinal and transverse reinforcement resulted in 

damage to masonry walls of some CM buildings (Fig. 7.1). 

For seismic design of masonry infilled RC frame buildings, which resemble the CM buildings 

in appearance and materials used, several design codes recommend minimum design forces 

for RC columns though the columns are not subjected to any significant force resultants until 

infill walls are damaged (Kaushik et al. 2006). This is to ensure the safety of such buildings 

in case of failure of brittle masonry infill walls after which the entire loads are transferred to 
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RC frame. In case of CM walls too, it is important to distribute the seismic base shear to both 

masonry walls and tie-columns appropriately, and then design these members for improving 

their seismic performance during intense shakings. Clearly, a systematic design approach for 

the elements of CM buildings is of utmost importance for satisfactory performance. 

 
Figure 7.1:  Damage in CM walls due to premature failure of tie-columns in 2010 Chile 

earthquake of magnitude 8.8 (Brzev and Mitra 2018). 

 

7.2 INFLUENCE OF TIE-MEMBERS ON SEISMIC BEHAVIOR OF CM WALLS 

A few past experimental studies have shown the importance and significance of tie-elements 

in CM wall constructions by considering variations in their numbers, location, size, and their 

reinforcement content. The presence of more than two tie-columns in a CM wall is a common 

practice due to the limitation imposed in various codes on the length of the masonry panels 

to improve their lateral stability. The influence of additional number of tie-columns in a CM 

wall was studied by Marinilli and Castilla (2004) by testing four full-scaled CM walls with 

three different configurations of intermediate tie-columns. The first specimen was a regular 

single bay squat CM wall having aspect ratio (AR = Hw/Lw) of 0.78 (M1), second was with 
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one intermediate tie-column making two panels of 1.65 aspect ratio (M2), third wall was with 

one intermediate tie-column having panels of 2.5 and 1.24 aspect ratio (M3), and the fourth 

wall was with two intermediate tie-columns having 2.63 aspect ratio for each of the three 

panels (M4). The quasi-static cyclic lateral load test showed that the inclusion of tie-columns 

increases the initial stiffness, strength, and ductility of CM walls, and allows a better damage 

distribution in the masonry panels in conjunction with a lesser and uniform spacing.  

Another big influential parameter is the size of tie-columns as observed in the experimental 

study of San Bartolomé et al. (2010). In this study, lateral load performance of two identical 

CM walls (2.4m × 2.4m × 0.13m) with two different tie-column widths - M1 with 200 mm 

(AR = 1) and M2 with 400 mm (AR = 1.25) - were compared. Both the walls had horizontal 

wall reinforcement made with same materials; however, M2 had 5% additional vertical 

reinforcement in the tie-columns. From the test results, it was observed that wall M2 had 

significantly higher lateral strength mainly because of the greater concrete occupied area 

(33% of total area) than in M1 (17% of total area). The results of the tests also concluded that 

the tie-columns of M2 were oversized. The failure mechanism of M1 may be characterized 

by composite action of wall and tie-columns as the diagonal cracking in masonry wall 

propagated into the tie-columns. On the other hand, a vertical separation crack was observed 

between the wall and tie-columns in M2 with significant cracks in tie-columns. Thus, 

according to Meli et al. (2011), when tie-elements of a CM wall have larger sections (inplane 

dimension) or significant relative stiffness in comparison to masonry panel, the behavior of 

a CM wall is similar to infilled RC frames.  

There is no consensus in the past literature on the influence of longitudinal and transverse 

reinforcement in tie-columns on the lateral strength of CM walls, though the lateral 

deformability and ductility have been found to consistently improve with increasing 

reinforcement content. It was observed in the shake table testing of CM walls with different 

variations in the tie-columns’ axial reinforcement that four times increase in tie-columns’ 

longitudinal reinforcement percentage (ρl) along with two times increase in transverse 

reinforcement percentage (ρt) did not result in any significant increase in the lateral strength 

of CM walls. However, the drift at peak lateral strength (δm) increased by two times and a 

slight increment was observed in the drift at ultimate load (δu) (Iiba et al. 1996). Contrary to 

this, from the quasi-static cyclic lateral load testing of four half-scaled CM walls with 

different tie-column reinforcement, Kato et al. (1992) observed that 3.8 times increase in ρl 
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resulted in 1.5 times increase in the lateral strength and 1.4 times increase in δm. Further, the 

drift capacity increased by 2.7 times with four times increase in ρt, though the cracking drift 

remained the same and only a slight increment was observed in δu. From the quasi-static 

cyclic lateral load testing of CM walls with different variations of overburden load and tie-

column reinforcement, Zabala et al. (2004) found that 1.5 times increase in ρl, along with two 

times increase in overburden pressure (σ), increased the lateral load capacity of CM walls by 

around 2 times; whereas, δm increases by around 3 times and a slight increase was observed 

in δu. Quasi-static cyclic lateral load testing carried out on four full-scaled CM walls with 

different tie-element reinforcement also demonstrated that 1.3 times increase in ρl results in 

1.4 times increase in the lateral capacity of CM; whereas, δm and δu increases by around 4 

times (Quiroz et al. 2017).  

Again, from different experimental and analytical investigations of CM walls under lateral 

loading, it was observed that the maximum lateral load resistance of a CM wall is generally 

around 1.4 times the lateral load resistance at the initial cracking, i.e., initial cracking occurs 

at 70% of lateral strength. For that, the tie-columns should have adequate strength and 

deformability to deliver sufficient confinement to the masonry wall by not allowing the brittle 

shear failure to occur under lateral loading. Therefore, it is essential to first understand how 

the load distribution takes place between masonry wall and tie-columns of a CM wall under 

the influence of relevant parameters so that a systemic, safe, and economical design 

methodology for the tie-columns can be proposed. 

7.3 DISTRIBUTION OF FORCES IN CM MEMBERS 

In CM buildings, it is assumed that initially the masonry wall resists the effect of lateral 

earthquake loads while the confining elements do not play a significant role. Once the 

cracking takes place in masonry units or mortar joints, the masonry panel becomes less 

effective in transferring the loads and the tie-columns become engaged in confining the 

masonry walls, thereby indirectly resisting the loads. Thus, it is very important to have the 

information on the required strength of the tie-columns for safe and affordable design of CM 

buildings. The forces developed in the members of a CM wall under lateral loading were 

investigated in the present study by adopting two methodologies: (a) using available 

equations for lateral strength estimation, and (b) by finite element (FE) simulation. In the first 

methodology, the existing equations for lateral strength estimation of CM wall were utilized 

for extracting the forces developed in the members of seventy-eight CM wall specimens 
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tested in the past. Whereas, in the second methodology, FE simulation was first carried out 

on three CM walls tested previously by the authors. This was followed by a parametric FE 

study considering variations in several important input parameters for development of a 

generalized force distribution model. 

7.3.1 Distribution of Forces based on Existing Formulations 

As already explained in Chapter 6, some formulations have been recommended in past 

studies for the prediction of lateral strength of CM walls. In the existing methods, the lateral 

load at the initial cracking is mostly formulated with parameters related to only masonry wall; 

on the other hand, the lateral strength is formulated as additive resistance from masonry wall 

and tie-columns using different influencing parameters (Table 6.1). However, these 

formulations do not directly provide an estimation of individual member’s (masonry wall and 

tie-columns) contribution to the strength. In the present study, an indirect method was 

followed to estimate the distribution of forces. In this approach, as given in Table 7.1, the 

contribution of masonry wall and tie-columns was arranged or separated (wherever possible) 

from the original equations in such a way that the additive resistance of these two terms 

provides the same lateral strengths that were obtained from the original equations. This 

methodology helped attaining some knowledge on the considered influence of tie-columns 

in existing formulations of lateral strength of CM wall. Here, the contribution of tie-columns 

represents combined resistance from all the tie-columns in a CM wall. 

Table 7.1:  Estimation of lateral strength of CM walls using existing formulations. 

Formulations Contribution of Masonry Wall Contribution of Tie-columns  

1. F&A  ( ) Min 0.5 0.3 ; 1.5m mv A v A+  ( )20.3 1.26 bl c yld f f  

2. T&K  ( )  ( )21 1 1i m i AR m wc v c f v A + + +
  

 20.8059 r bl c yln d f f  

3. M&C  ( )( )0.47 0.29m cv A nA+ −  (in kg cm) 4200n (in kg cm) 

4a. Bzm1 

 

4b. Bzm2   

 

4c. Bzm3  

( ) 1 m AR m wv f v A+  
20.4 , if 2

*
2 1

max , , if 2
3 3

r bl c yl d

r c c st d

nn d f f s l

nn R R R s l

 

  
  +  
  

 
( )  ( )21 1 1i m i AR m wc v c f v A + + +

  
 

( )  ( )( )2 21 1w AR m m m m m m m mA f v f v v v f v f    + + − − 
 

5. Ria  ( )0.21 0.363mv A+  0.0141 l c ylf f A  

6. S&R  ( ) Min 0.2 0.4 ; 0.25 m wf A +  (0.7Li/Lp+1.15) times masonry wall part 

7. M&L3 ( )0.45 0.3mv A+  ( )0.4 1c i cf n nA+  

*Rst = fytAsv; Rc is obtained from 
3

2
20.256

0
32

yt sv yt sv bl yl

c c

c bl c bl

f A f A s d f
R R

f d f d

−
+ − =  

F&A = Flores and Alcocer (1996); T&K = Tomaževič and Klemenc (1997a); M&C = Marinilli and Castilla (2004); Bzm1 

= Bourzam et al. (2008a) (Eq. 6.4a); Bzm2 = Bourzam et al. (2008a) (Eq. 6.4b); Bzm3 = Bourzam et al. (2008a) (Eq. 6.4c); 

Ria = Riahi et al. (2009); S&R = Singhal and Rai (2016); M&L3 = Marques and Lourenço (2019) (Eq. 6.9b). 
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The different parameters related to the contribution of tie-columns in the lateral strength 

prediction of CM walls are: diameter of longitudinal rebars (dbl), concrete compressive 

strength (fc), yield strength of longitudinal rebar (fyl), number of longitudinal rebars in a tie-

column (nr), number of total or intermediate tie-columns in a CM wall (n or ni), geometrical 

length ratio Li/Lp, and cross-sectional area of tie-column (Ac) (Table 7.1). It is to be noted 

here that in Riahi et al. (2009), total wall area (A) parameter is also kept in the second part as 

it was difficult to separate the tie-columns’ contribution from Eq. 6.5a. The percentage 

contribution of tie-columns in the predicted lateral strength obtained using the existing 

formulations are given in Table 7.2 for seventy-eight CM wall specimens tested in the past 

(as given in Chapter 6).  

Table 7.2:  Lateral load contribution of tie-columns Vtc,p (as % of empirically obtained 

lateral strength Vm,p) in all the specimens. 

Sr Experimental Study and Model Id 
Vtc,p /Vm,p (in %) 

M&L3 S&R Ria Bzm1 Bzm2 Bzm3 M&C T&K F&A 

1 Kato et al. (1992) - A 31 53 29 47 37 49 42 23 3 

2 Kato et al. (1992) - B 31 53 29 31 23 32 42 23 3 

3 Kato et al. (1992) - C 31 53 18 36 27 37 42 7 1 

4 Kato et al. (1992) - D 31 53 18 11 8 11 42 7 1 

5 Aguilar et al. (1996) - MO 45 53 41 36 31 39 54 15 4 

6 Iiba et al. (1996) - IDM 45 53 33 36 32 41 60 31 5 

7 Iiba et al. (1996) - IDJ 30 53 23 25 20 26 51 15 2 

8 Iiba et al. (1996) - HDJ 30 53 13 6 4 6 51 4 1 

9 Yoshimura et al. (1996) - 4-H0V0 31 53 38 18 15 19 47 15 4 

10 Yoshimura et al. (1996) - 1-H0V0 29 53 34 16 13 17 45 12 11 

11 Tomaževič and Klemenc (1997a) - AH-1 58 53 46 40 35 46 98 35 12 

12 Tomaževič and Klemenc (1997a) - AH-3 58 53 46 40 35 46 98 35 12 

13 Tomaževič and Klemenc (1997a) - AH-2 58 53 46 40 35 46 98 35 12 

14 Yoshimura et al. (2000) - H1-H0V0-HC 23 53 24 15 13 16 38 12 9 

15 Yoshimura et al. (2000) - H1-H0V0-LC 29 53 34 16 13 17 45 12 11 

16 Yoshimura et al. (2000) - H1-H0V0-T 48 53 63 25 20 26 65 17 21 

17 Yoshimura et al. (2000) - L1-H0V0-HC 19 53 21 13 11 14 37 9 7 

18 Yoshimura et al. (2000) - L1-H0V0-LC 29 53 34 16 13 17 45 12 11 

19 Yoshimura et al. (2000) - L1-H0V0-T 41 53 57 21 16 21 60 14 16 

20 Kumazawa and Ohkubo (2000) - ISM 39 53 27 33 28 37 53 23 4 

21 Yoshimura et al. (2004) - 2D-H1-H0V0-48-2 27 53 37 12 10 12 41 9 10 

22 Yoshimura et al. (2004) - 2D-H1-H0V0-84-2 23 53 30 11 8 11 37 8 8 

23 Yoshimura et al. (2004) - 2D-L1-H0V0-48-1 31 53 39 16 13 16 50 12 12 

24 Yoshimura et al. (2004) - 2D-L1-H0V0-84-1 29 53 34 15 13 16 46 12 11 

25 Yáñez et al. (2004) - Pattern 1-CMU-1 49 53 59 13 10 14 44 10 3 

26 Yáñez et al. (2004) - Pattern 1-CMU-2 49 53 59 13 10 14 44 10 3 

27 Yáñez et al. (2004) - Pattern 1-Clay Brick-1 47 53 56 12 9 13 42 9 3 

28 Yáñez et al. (2004) - Pattern 1-Clay Brick-2 47 53 56 12 9 13 42 9 3 

29 Marinilli and Castilla (2004) - M1 38 53 49 49 43 51 38 13 4 

30 Zabala et al. (2004) - 1 57 53 48 14 11 15 46 10 3 

31 Zabala et al. (2004) - 2 57 53 48 14 11 15 46 10 3 

32 Zabala et al. (2004) - 3 51 53 49 26 21 28 40 21 6 

33 Zabala et al. (2004) - 4 51 53 49 26 21 28 40 21 6 

34 Gouveia and Lourenço (2007) - W2.4 38 53 25 13 11 16 61 11 2 

35 Gouveia and Lourenço (2007) - W2.4 38 53 25 13 11 16 61 11 2 

36 Bourzam et al. (2008a) - JCM 35 53 33 21 16 23 60 15 3 
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37 Bourzam et al. (2008b) - CM30J-1 35 53 33 21 16 23 60 15 3 

38 Bourzam et al. (2008b) - CM30J-2 27 53 19 31 26 36 51 13 2 

39 Kuroki et al. (2010) - CMWO-01 29 53 38 13 11 14 48 11 11 

40 Kuroki et al. (2010) - CMWO-07 34 53 42 20 17 22 57 15 14 

41 Wijaya et al. (2011) - A 61 53 71 21 15 23 64 15 5 

42 Bourzam et al. (2013) - CM60J 29 53 28 16 12 17 53 12 2 

43 Matošević et al. (2014) - A1 59 53 41 24 19 29 51 19 4 

44 Matošević et al. (2014) - A2 57 53 39 22 18 27 51 18 3 

45 Matošević et al. (2014) - A3 54 53 36 20 16 25 51 16 3 

46 Gavilán et al. (2015) - ME1 68 53 53 65 54 67 74 54 15 

47 Gavilán et al. (2015) - ME2 53 53 46 47 39 49 63 39 8 

48 Gavilán et al. (2015) - ME3 45 53 45 35 29 37 56 29 6 

49 Gavilán et al. (2015) - ME4 43 53 48 28 23 30 51 23 6 

50 Gavilán et al. (2015) - ME5 30 53 45 16 14 17 36 13 3 

51 Varela-Rivera et al. (2019) - M1 25 53 26 3 2 3 40 2 2 

52 Varela-Rivera et al. (2019) - M2 32 53 26 5 4 6 49 4 3 

53 Varela-Rivera et al. (2019) - M3 30 53 22 5 4 6 45 4 3 

54 Varela-Rivera et al. (2019) - M4 42 53 26 9 5 9 61 5 4 

55 Varela-Rivera et al. (2019) - M5 41 53 23 9 5 10 58 5 4 

56 Varela-Rivera et al. (2019) - M6 37 53 19 8 5 9 55 5 4 

57 Cruz et al. (2019) - MB0 32 53 54 26 21 29 32 24 8 

58 Gavilán (2020) - M1-1 30 53 25 14 12 18 37 12 2 

59 Gavilán (2020) - M2-1 18 53 25 27 23 29 32 23 5 

60 Present Study - S1 70 53 53 49 38 52 78 23 5 

61 Present Study - S2 65 53 53 42 34 45 73 20 4 

62 Present Study - S3 57 53 53 25 19 26 64 10 3 

63 Wijaya et al. (2011) - C 61 53 71 21 15 23 64 15 5 

64 Matošević et al. (2014) - B1 59 53 41 24 19 29 51 19 4 

65 Matošević et al. (2014) - B2 57 53 39 22 18 27 51 18 3 

66 Matošević et al. (2014) - B3 54 53 36 20 16 25 51 16 3 

67 Quiroz et al. (2017) - A1-1 60 53 42 25 19 28 41 13 3 

68 Quiroz et al. (2017) - A1-2 60 53 42 25 19 28 41 13 3 

69 Quiroz et al. (2017) - A2-1 60 53 35 24 18 27 41 8 2 

70 Quiroz et al. (2017) - A2-2 60 53 42 25 19 28 41 13 3 

71 Marinilli and Castilla (2004) - M2 64 56 49 59 53 61 49 13 4 

72 Marinilli and Castilla (2004) - M3 64 56 49 59 53 61 49 13 4 

73 Marinilli and Castilla (2004) - M4 78 59 49 66 60 68 58 13 4 

74 Gavilán et al. (2015) - ME6 44 55 46 14 13 15 32 9 2 

75 Gavilán et al. (2015) - ME7 57 56 50 16 15 17 33 8 2 

76 Singhal and Rai (2014) - SCNT 61 56 68 45 39 46 78 13 4 

77 Singhal and Rai (2014) - SCCT 62 56 71 23 19 24 76 13 4 

78 Singhal and Rai (2014) - SCFT 61 56 70 22 19 23 76 13 4 

  M&L3 S&R Ria Bzm1 Bzm2 Bzm3 M&C T&K F&A 

M&L3 = Marques and Lourenço (2019) (Eq. 6.9b); S&R = Singhal and Rai (2016); Ria = Riahi et al. (2009); Bzm1 = 

Bourzam et al. (2008a) (Eq. 6.4a); Bzm2 = Bourzam et al. (2008a) (Eq. 6.4b); Bzm3 = Bourzam et al. (2008a) (Eq. 6.4c); 

M&C = Marinilli and Castilla (2004); T&K = Tomaževič and Klemenc (1997a); F&A = Flores and Alcocer (1996) 

 

Huge variation is observed in the estimated values using different methods for all the 

specimens. The maximum contribution to lateral strength of single bay CM wall by the tie-

columns was observed to vary from 21% to 78% using different empirical formulations and 

these maximum values were mainly observed with the slender specimen ME1 of Gavilán et 

al. (2015), slender specimen S1 of present study, specimen C of Wijaya et al. (2011), and 

H1-H0V0-T specimen of Yoshimura et al. (2000) as given in Table 7.2. It is to be noted here 

that the contribution of tie-columns was found to be maximum (98%) using the formulation 

TH-2646_156104002



Seismic Analysis and Design of Confined Masonry Buildings 

163 

of M&C for the specimens of Tomaževič and Klemenc (1997a). However, the second part of 

the lateral strength equation proposed by M&C gives a constant minimum additive lateral 

strength of 82 kN for single bay walls with two tie-columns as a contribution by the tie-

elements. This is a very huge number for the one-fifth scaled specimens of Tomaževič and 

Klemenc (1997a), where the maximum capacity of the walls is not more than 3 kN. Thus, 

these three specimens were removed from the database of M&C. For the eight multi-bay 

specimens, the maximum contribution by the tie-columns was observed to vary from 4% to 

78% using different empirical formulations. Further, the minimum contribution of tie-

columns was found to vary from 1% to 53% for single bay and 2% to 55% for multi-bay 

specimens using different empirical formulations.  

This comparative assessment for the contribution of predicted lateral strength of CM wall 

coming from masonry wall and tie-columns is also shown in Fig. 7.2. Here, the individual 

bar diagram shows the mean percentage contribution of masonry wall and tie-columns in the 

lateral strength obtained using the existing formulations on seventy-eight CM walls, while 

the error bar shows the standard deviation. The mean values shown in Fig. 7.2 (i.e., 5% to 

55% contribution of tie-columns in the lateral strength) show a huge variation in the estimated 

percentage contribution of the tie-columns in lateral strength of wall using different 

formulations. It is observed that the mean contribution of the tie-columns at the predicted 

lateral strength of CM wall is comparatively low when the models developed by F&A, T&K, 

Bzm1, Bzm2, and Bzm3 are used. However, the four remaining models (M&L, S&R, Ria, 

and M&C) estimate comparatively higher contribution of the tie-columns in the lateral 

strength of CM walls. As observed in Fig. 7.2, the highest average contribution of masonry 

part to lateral strength of CM wall is 95% when the model of F&A was used; whereas the 

highest mean contribution by the tie-columns was 54% using the model of S&R. S&R 

provides a constant additive part (i.e., 1.15 times the masonry part or 53%) for single bay 

CM specimens (as Li = 0 for single bay wall); whereas based on Li/Lp a small part is added if 

the wall is multi-bay. Thus, the mean percentage contribution of masonry wall and tie-

columns was 46% and 54%, respectively, with very less standard deviation.  

Clearly, some studies do not intend to rely on the strength of RC tie-columns (such as F&A, 

T&K) as these are generally not designed and detailed for seismic resistance. On the other 

hand, some studies take full utilization of the strength of RC tie-columns as well in the lateral 

load sharing (such as M&L3, S&R, Ria, M&C used to consider 40% to 55% contribution by 
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the tie-columns in lateral strength of CM wall on an average), thereby reducing the design 

loads on the masonry walls. As the formulations provide inconsistent distribution of forces, 

a more refined study is required which can capture the load distribution between different 

members of a CM wall.  

 
Figure 7.2:  Distribution of lateral load at the lateral strength stage in the considered 

database of CM wall specimens tested in the past obtained using different 

empirical formulations (individual bar represents mean percentage 

contribution of masonry wall and tie-columns obtained in seventy-eight 

specimens, with standard deviation depicted by the error bar). 

 

7.3.2 Distribution of Forces based on FE Analysis 

As already discussed in Chapter 6 and also shown in Table 7.1, past studies have evaluated 

and formulated the lateral load resistance of CM walls as a combined resistance of masonry 

wall and tie-columns under lateral loading assuming the members, i.e., masonry and ties, 

work in unison. The individual effect of the members on the lateral strength, or in other 

words, distribution of lateral forces in masonry wall and the tie-columns has not been studied 

in detail for confined masonry because of the complexities associated with the analysis of 

composite structures like CM. Thus, in order to develop better understanding in this aspect, 

the previously calibrated 3D finite element models of the three tested specimens - S1, S2, 

and S3 (as discussed in Chapter 3) were again studied here in detail.  
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Using the FE analyses of the three CM walls, the average nodal forces at different cross-

sections along the wall height were extracted for both tie-columns and masonry wall at 

different lateral displacement levels. A visual representation of extraction of nodal forces at 

different cross-sections of tie-columns and masonry wall of a typical CM wall are shown in 

Fig. 7.3. The schematic of the developed FE model showing the elements, interfaces, 

boundary and loading conditions is shown in Fig. 7.3a, which also show the left and right tie-

columns and the masonry wall on which the nodal forces are evaluated. Figs. 7.3b and 7.3c 

show the developed shear forces at a particular drift level under lateral loading at different 

cross-sections along the wall height for masonry wall and tie-columns, respectively. The 

formation of diagonal strut in masonry wall under lateral loading can also be clearly observed 

from the stress-contours shown in the figure. Similarly, Fig. 7.3d shows the extracted bending 

moment in tie-columns as well as in masonry walls at a particular drift level under lateral 

loading at different cross-sections along the wall height. At first, the nodal forces will be 

evaluated and discussed at two limit states – cracking and lateral strength level, before 

evaluating them at several other displacement levels. 

7.3.2.1 At initial cracking stage 

The shear forces (SF) and bending moments (BM) obtained from the cross-sections along the 

height of the three CM walls S1, S2, and S3 at the initial cracking stage (i.e., at 0.2% drift 

level) under the combined action of axial and lateral loading are shown in Figs. 7.4 and 7.5, 

respectively. Here, the forces were extracted from the sections of different elements of wall 

– left tie-column (LC), masonry wall (MW), and right tie-column (RC). In addition, the SF 

extracted from the section taken along the whole length of the CM walls (including both the 

tie-columns and masonry wall) is also shown in the figures (as CM). The y-axis represents 

the height of the considered section (Hs) in terms of the total height H. It was observed that 

significant forces (SF and BM) developed at top and bottom sections of the tie-columns in 

all three specimens. On the other hand, a relatively low SF was observed towards the mid-

height of tie-columns, where most of the shear forces were resisted by the masonry wall. The 

total SF in the entire CM wall was found to be same as the cumulative SF extracted in the 

CM walls obtained by adding the two components from tie-columns and masonry wall. The 

maximum BM was obviously observed at both ends of the tie-columns as well as the masonry 

wall, while very low BM was developed towards the mid-height of tie-columns as well as 

masonry wall.  
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Figure 7.3:  Estimation of force resultants in different elements of CM walls using FE 

analysis: (a) schematic of FE model, (b) SF extraction in masonry wall, (c) SF 

extraction in tie-columns, and (d) BM extraction in masonry wall as well as 

tie-columns (all units in N and mm). 

 

(b) (c) 

(d) 

(a) 

Pre-compression 

2-noded truss 

element (T3D2) 

for rebars 

8-noded brick 

element (C3D8R) 

In-plane 

cyclic drift 

Masonry-concrete  
interface 

Embedded 

constraint (steel) 
Masonry 

Wall 

L
ef

t 
T

ie
-C

o
lu

m
n

 

R
ig

h
t 

T
ie

-C
o

lu
m

n
 

TH-2646_156104002



Seismic Analysis and Design of Confined Masonry Buildings 

167 

The maximum SF developed in the left or right tie-column was about 10 kN, 16 kN and 27 

kN for S1, S2, and S3, respectively; whereas the maximum BM was about 3 kNm for all 

three specimens. In case of masonry wall, the maximum SF developed was 22 kN, 41 kN, 

and 73 kN at the mid-height of S1, S2, and S3, respectively; whereas the maximum BM was 

13 kNm, 23 kNm, and 36 kNm near the end region for the three specimens, respectively. For 

the complete wall, the maximum SF developed was 29 kN, 49 kN, and 79 kN; whereas the 

maximum BM was 17 kNm, 33 kNm, and 41 kNm for S1, S2, and S3, respectively. It can be 

clearly observed from these figures that the force resultants in tie-columns as well as masonry 

walls consistently increase with increasing aspect ratio of CM walls. Therefore, the 

commonly adopted design rules for CM walls, in which the design of tie-columns is kept 

unchanged irrespective of the aspect ratio, need a relook.  

 

    
 
 
 
 
 

 
Figure 7.4:  Shear force in tie-columns and masonry wall at cracking stage. 

 

 
 
 
 
 

 

 

 

Figure 7.5:  Bending moment in tie-columns and masonry wall at cracking stage. 

 

7.3.2.2 At lateral strength stage 

From the FE analyses, it was observed that when CM walls reach the lateral strength stage, 

the masonry wall contributes their highest possible contribution; whereas, the tie-columns 

attain their maximum contribution at a slightly higher drift level. Figs. 7.6 and 7.7 show the 

SF and BM developed in masonry wall, tie-columns, and total wall at the lateral strength 

level for the three specimens. When all three specimens achieved the lateral strength, the 

shear resistance towards the mid-height of the CM wall was mostly provided by masonry 
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wall only; thus, the maximum forces developed in masonry wall at mid-height became almost 

equal to the lateral strength of the CM walls. The tie-columns exhibited significant resistance 

at top and bottom. The maximum SF developed in the left or right tie-column was about 13 

kN, 29 kN and 34 kN for S1, S2, and S3, respectively; whereas, the maximum BM developed 

in the left or right tie-column was 4 kNm, 6 kNm, and 7 kNm near the end region for the 

three specimens. In case of masonry wall, the maximum SF developed was 24 kN, 52 kN, 

and 89 kN at the mid-height of S1, S2, and S3, respectively; whereas, the maximum BM was 

10 kNm, 20 kNm, and 39 kNm near the end region. For the complete wall, the maximum SF 

developed was 36 kN, 59 kN, and 93 kN; whereas the maximum BM was 14 kNm, 41 kNm, 

and 50 kNm for S1, S2, and S3, respectively. The force resultants as well as the lateral 

strength, obtained numerically or experimentally, for specimen S3 came out to be largest 

because of the lower AR of the specimen; comparatively squat specimens have been found 

to resist larger lateral loads due to higher horizontal cross-sectional area of the masonry. 

    

 

 

 

 

Figure 7.6:  Shear force in tie-columns and masonry wall at lateral strength stage.  
 

 

 
 
 

 

 

Figure 7.7:  Bending moment in tie-columns and masonry wall at lateral strength stage.  
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understanding on the issue, the distribution of shear forces in different members (maximum 

from left or right tie-columns, and masonry wall) along the height of the wall models was 

also studied for the entire loading or displacement history. For simplification, Fig. 7.8 shows 

the distribution of SF for the entire loading history in only the left tie-columns of all the CM 

walls along with the SF in masonry walls. The SF extracted from the section taken along the 

whole length of the CM walls is also shown in the figures as S1 - CM, S2 - CM, and S3 - 

CM. The total SF in the entire CM wall was found to be same as the cumulative SF extracted 

in the CM walls obtained by adding the two components from tie-columns and masonry wall.  

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Figure 7.8:  Distribution of lateral loads to tie-columns and masonry walls along the height 

of the wall at different drift levels for specimens S1, S2, and S3 (different 

curves represent distribution of shear force in different sections taken along 

the height of the model). 
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compared to that of the other walls. This could also be one of the reasons for early failure of 

tie-columns in wall S3 and its inferior performance. In masonry wall, the generated SF was 

more than that in the tie-columns in all the specimens. At cracking, the ratio of SF in tie-

columns to that in the masonry wall was 0.50, 0.39, and 0.37 for S1, S2, and S3, respectively. 

On consideration of the maximum possible values, which occurred at the lateral strength 

stage, the ratio increased to 0.97, 0.64, and 0.45 for S1, S2, and S3, respectively. The 

observed values of BM were more or less similar in the tie-columns of all three walls (around 

3 kNm at cracking, and maximum value of 11 kNm); however, for the three specimens, the 

BM in masonry wall varied from 13 kNm to 36 kNm and 16 kNm to 43 kNm, respectively 

at cracking level and at strength level. In all three specimens, tie-columns started resisting 

considerable amount of SF beyond the lateral drift corresponding to the maximum lateral 

strength of the wall, where masonry wall attained the maximum resistance. The maximum 

SF carried by tie-columns was 34 kN, 34 kN, and 40 kN at lateral drift values of 1.4%, 1.0%, 

and 0.50% for the three specimens, respectively. Evidently, the force resultants obtained in 

tie-columns and masonry walls depended largely on the aspect ratio of the CM wall. In any 

case, it is clear that the tie-columns are required to resist a significant amount of SF and BM, 

and therefore, they must be designed sufficiently to safely withstand these forces. 

Table 7.3:  Comparison of force resultants and corresponding drifts obtained in the FE 

analyses of specimens S1, S2, and S3. 

Details 

S1 S2 S3 

SF, BM, 

Drift 
R 

SF, BM, 

Drift 
R 

SF, BM, 

Drift 
R 

SF in tie-column at cracking (kN) 11 (0.20%)* 

0.50 
16 (0.20%) 

0.39 
27 (0.20%) 

0.37 
SF in masonry at cracking (kN) 22 (0.20%) 41 (0.20%) 73 (0.20%) 

       
Maximum SF in tie-column (kN) 34 (1.40%) 

0.97 
34 (1.00%) 

0.64 
40 (0.50%) 

0.45 
Maximum SF in masonry (kN) 35 (1.00%) 53 (0.75%) 89 (0.35%) 

BM in tie-column at cracking (kNm)   3 (0.20%) 
0.23 

 3 (0.20%) 
0.13 

 3 (0.20%) 
0.08 

BM in masonry at cracking (kNm) 13 (0.20%) 23 (0.20%) 36 (0.20%) 
       
Maximum BM in tie-column (kNm) 11 (2.20%) 

0.69 
10 (0.75%) 

0.37 
11 (0.75%) 

0.26 
Maximum BM in masonry (kNm) 16 (0.50%) 27 (0.50%) 43 (0.25%) 

* Numbers in the () are the lateral drift values corresponding to the obtained force resultants 

R = ratio of the force resultants in tie-columns to masonry wall 

As observed in the past, CM walls resist lateral loads primarily in shear mode, thus making 

the shear as the most common failure mode. Considering this, the distribution of only shear 

forces in CM walls be discussed in the subsequent discussion; the tie-columns will be 

assumed to be designed for the minimum required BM. If required, the same method can be 

applied to extract the BM too in different members. 
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7.4 PARAMETRIC FE STUDY  

In order to develop a generalized method for determining the relative force distribution in 

masonry walls and individual tie-column in CM walls, a parametric nonlinear FE analyses 

was carried out in Abaqus by considering the variation in six important parameters related 

to: material properties ( '

mf  and fc), reinforcement detailing (ρl), gravity loads (σ), and 

geometric characteristics (t and AR). These parameters were discussed in Chapter 4 in 

developing the database of lateral capacity of CM walls of different parametric variations. 

As already given in Table 4.4, the considered variation in these parameters were: '

mf  (in MPa) 

= 3, 5.5, and 8.5; fc (in MPa) = 20, 25, 30; ρl (in %) = 0.6, 1.0, 1.5, 2; σ (in MPa) = 0.1, 0.3, 

0.65; t (in mm) = 100, 200, 250; and AR = 0.75, 1.0, 1.25, 1.5, 1.75. In addition to the five 

AR considered in Chapter 4, one additional AR of 2.0 was considered in this section to study 

the influence of very slender CM walls. It is to be noted here that in most CM walls, the 

thickness of tie-columns (along the direction of the masonry wall thickness) is generally kept 

equal to the thickness of the masonry wall as a thumb rule. Therefore, in the present study, 

variation in the thickness of the masonry wall also resulted in variation in the dimensions of 

the tie-columns, which were square in cross-section. Aspect ratio was varied by varying the 

length of the wall, while the height of the masonry wall (Hw) was kept constant as 3 m. 

Varying each of these parameters one at a time while keeping other parameters constant 

resulted in 1944 (= 3×3×4×3×3×6) models, which were analyzed under gravity and cyclic 

lateral loads to extract the shear forces in tie-columns and masonry wall. The FE models used 

here were already validated with the experimental study discussed in Chapter 4. 

In order to understand the lateral SF distribution in different members of 1944 CM walls with 

different parametric variation, the results obtained from the FE analyses were studied in terms 

of peak lateral strength (V), developed forces in masonry walls in terms of the lateral strength 

(Vw/V), and developed forces in tie-columns (maximum from left and right tie-columns) in 

terms of the lateral strength (Vtc/V). As obtained in the previous section, the developed forces 

in tie-columns are maximum either at the top or the bottom. Thus, for brevity, the force 

distributions for all the walls studied in the parametric study were assessed at the bottom 

section of the walls. As an example, the results of a CM wall from the parametric study are 

represented in Fig. 7.9, which verified that the cumulative shear forces developed in different 

members of the CM wall matched with the base shear of the CM wall under the effect of 

incremental lateral displacement loading. 
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 (a)  (b) 

Figure 7.9:  Variation in the lateral shear with lateral drift levels observed in the parametric 

study: (a) SF in the bottom sections of LC, MW, and RC; (b) Comparison of 

sum of these shear forces with the base shear of the CM wall. (Model: AR = 

2, '

mf = 8.5 MPa, t = 100 mm, σ = 0.1 MPa, fc = 30 MPa, ρl = 1.5%). 

 

Fig. 7.10 shows the variation in lateral strength and its distribution in different members 

plotted against the corresponding parameters (AR, '

mf , t, σ, fc, ρl) for all the considered CM 

walls. As observed here, the contribution of tie-columns in lateral strength increased as AR 

was increased from 1 to 2.  It is to be noted here that the variability in the distribution of 

lateral strength is quite high for the squat specimens with AR = 0.75. The shear forces in tie-

columns also increased with the increment in t and ρl. When '

mf was increased, the shear 

forces developed in the masonry wall increased significantly, which is contrary to the 

observed variation of shear forces in the tie-columns.  

The obtained FE results were segregated into two groups corresponding to – half brick thick 

wall, i.e. CM walls with t = 100 mm, and full brick thick wall, i.e., CM wall with t = 200 mm 

and 250 mm. Each of the two groups was again subdivided into three sub-groups based on 

masonry strength corresponding to – weak masonry with '

mf = 3 MPa, intermediate masonry 

with '

mf = 5.5 MPa, and strong masonry with '

mf = 8.5 MPa. For each of these six groups, the 

upper and lower bound values of Vtc/V are plotted against the wall aspect ratios and shown in 

Fig. 7.11. Such a representation of the shear force distribution in tie-columns resulted in the 

formation of distinctive bands for Vtc/V distribution. From the figure, it may be concluded 

that for thick CM walls with similar tie-column configuration, the shear forces developed in 

tie-columns are significantly high. However, for usual half brick thick CM wall with small 

sized tie-columns, the developed shear forces in tie-columns are comparatively lower and 

masonry wall mainly contributes to the lateral strength.  
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Figure 7.10:  Variation in the lateral strength observed in the parametric study and its 

distribution to masonry wall and tie-columns. 
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Figure 7.11:  Upper and lower bound shear forces in tie-columns shown as banded 

distribution considering variation in thickness of masonry wall, strength of 

masonry, and AR. 

7.5 RECOMMENDATIONS  

It is clear that the shear forces in tie-columns can be very high for CM walls having high 

aspect ratio, thicker walls, and low compressive strength of masonry. However, as already 

discussed, the primary role of the tie-columns is not to resist the lateral shear but to provide 

the stability and confinement to the masonry walls. Therefore, a method was suggested in the 

present study to limit the distributed lateral shear to the tie-columns. Four distinct points (A, 

B, C, and D), corresponding to the maximum relative shear force that the tie-columns are 

required to resist in CM walls having four aspect ratios, are marked on the generalized force 

distribution curve shown in Table 7.4. Based on the results of the FE study, the maximum 

normalized shear forces for which the tie-columns are required to be designed are 

recommended and given in the table. It is suggested that those combinations of aspect ratio, 

thickness, and masonry strength that result in normalized shear force in individual tie-column 

higher than 50% should be rejected, and such CM walls should be redesigned with a different 

combination of the parameters. The recommended shear forces are to be considered for each 

of the tie-columns. The resulting tie-column design should be able to provide additional 

deformability, ductility, and stability to CM walls by continued confinement even after 

reaching the lateral strength. It is also recommended that the masonry walls must be designed 

to resist the full lateral strength of the CM walls. 
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Table 7.4: Distribution of shear forces on tie-columns. 

Wall 

Thickness 
Masonry Type 

Normalized shear force in 

each tie-column (Vtc/V in 

%) 

Generalized distribution of shear 

force on tie-columns 

A B C D 

 

Half Brick 

Thick 

Weak Masonry  45 25 30 35 

Intermediate 

Masonry 
35 20 20 30 

Strong Masonry  30 15 15 20 

Full Brick 

Thick 

Weak Masonry  50 50 50 50 

Intermediate 

Masonry  
50 40 50 50 

Strong Masonry  50 35 35 35 

Linear interpolation can be carried out between the four points 

 

7.6 SUMMARY  

Influence of RC tie-columns are generally disregarded in seismic design of CM walls. 

However, based on experimental behavior and performance in past earthquakes, time and 

again it has been iterated that tie-columns are required to provide sufficient confinement and 

stability to the masonry walls for improved seismic behavior of CM walls. Therefore, it is 

felt essential to get an in-depth understanding of the influence of tie-columns on the lateral 

load behavior of CM walls. This issue is studied in the present chapter in great detail to 

develop a systematic approach for estimating the design shear forces for tie-columns. Based 

on the formulations available in the literature, an indirect method was used to segregate the 

contribution of masonry walls and tie-columns in lateral strength resistance. A huge variation 

in the range of 5% to 55% was observed in the mean percentage contribution of the tie-

columns in lateral strength predicted using different formulations. The study clearly marked 

that the tie-columns may be subjected to a significant amount of shear forces. However, the 

available formulations provide an inconsistent distribution of shear forces due to the limited 

number of experimental studies and parameters considered in developing these formulations. 

A finite element study was therefore carried out to understand the load distribution between 

different members of CM walls under the combined action of gravity and lateral loads. The 

adopted FE models were used to evaluate the load distribution between different members of 

CM walls. An extensive parametric FE study was carried out considering the influence of 

several important parameters on the lateral load distribution. Finally, recommendations were 

proposed for distribution of lateral loads to the tie-columns. The proposed method 
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recommends that the tie-columns be designed for about 15% to 50% of the total design lateral 

shear of a CM wall, depending upon the masonry strength, thickness, and aspect ratio. The 

upper limit of 50% is recommended to ensure that the designed building behaves like a CM 

building in which the masonry walls are the primary load resisting elements, and the tie-

members play a supporting role while providing the residual structural strength even after the 

failure of masonry walls. The accuracy of the developed method can be further improved by 

conducting additional experimental and numerical studies. 

  

 

 

 

 

 

TH-2646_156104002



Seismic Analysis and Design of Confined Masonry Buildings 

177 

Chapter 8  

SUMMARY AND CONCLUSIONS  

CONTENTS 

8.1 Overview 177 

8.2 Summary 178 

8.3 Conclusions 181 

8.4 Recommendations for Future Work 183 

 

8.1 OVERVIEW 

Confined Masonry (CM) buildings have been embraced in many earthquake-prone regions 

and continuously gaining popularity all over the world. This is primarily because of the better 

seismic performance exhibited by these buildings, which were made at an affordable cost 

with simple construction methodology. Several guidelines and design codes have been 

developed over the years in different countries to provide basic details on CM and promote 

its construction practice. However, the engineering behavior of this building type has not 

been established sufficiently due to significant variation in materials used, lack of research 

in order to understand the complex composite mechanism and lack of development efforts in 

building sectors. Significant gaps exist in research, especially in reliable method of analysis 

and design under gravity and seismic loadings. Therefore, an attempt has been made in the 

present study to assess the behavior of confined masonry walls by carrying out extensive 

experimental, numerical, and analytical studies. In this chapter, a brief summary of the work 

carried out in the study is presented, and the major conclusions are drawn. Finally, limitations 

of the study, and recommendations for possible future work have been suggested. 
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8.2 SUMMARY 

The present study can be broadly summarized into five main parts, which have been 

discussed elaborately in the previous chapters of the thesis and summarized below. 

8.2.1 Experimental Evaluation of Lateral Load Behavior 

Experimental study on half-scale specimens of CM walls having three different aspect ratios 

was carried out considering one slender CM wall (aspect ratio 2.0), one wall with 

intermediate aspect ratio (aspect ratio 1.5), and one relatively squat wall (aspect ratio 1.0). 

The properties related to bricks, mortar cubes, concrete cubes, rebars, masonry prisms, 

masonry triplets and masonry wallettes were evaluated. Then, the CM wall specimens were 

subjected to quasi-static cyclic lateral loads at the slab level using servo-controlled hydraulic 

actuators to evaluate their lateral load behaviour. Quasi-static cyclic testing of the specimens 

exhibited the strong influence of aspect ratio on their lateral load responses. The initiation of 

damage pattern changed from flexural cracking of tie-columns to shear cracking of masonry 

when the configuration of the CM wall changed from slender to squat. The uniform lateral 

deformability of the slender wall along the height drastically altered, and the lateral drift 

values corresponding to yielding of rebars in tie-columns reduced with decreasing aspect 

ratio. Again, when the aspect ratio of the wall panel reduced by 50% (i.e., from 2 to 1), initial 

cyclic stiffness of specimen increased by about 48%, the lateral strength increased by about 

70%; whereas, the shear stresses in masonry wall decreased by about 13%, the lateral drift 

capacity corresponding to the lateral strength reduced by 43%, and the ductility reduced by 

59%. A similar trend for cyclic stiffness degradation was observed in all three specimens; 

whereas, degradation in the post-peak strength increases as aspect ratio decreases. Though 

the relatively squat wall (S3) achieved the highest lateral strength among all three specimens, 

the drift level corresponding to the strength was comparatively low, and the strength 

degradation after the peak was also more due to early damage in its tie-columns; so, the 

lowest dissipation of energy was observed for the squat wall when compared to others.  

8.2.2 Development of a Simplified Numerical Model  

From a preliminary study, it was observed that the equivalent diagonal strut model (ESM), 

which is a reliable modeling technique for masonry infilled RC frames, needs some important 

modifications for the application in CM buildings. Thus, ESM was modified and a new V-D 

(Vertical-Diagonal) strut model was developed in which a vertical strut was also modeled in 
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addition to the diagonal strut to simulate realistic tie-beam deflection and tie-column axial 

forces under gravity loading. In the developed model, thickness of the diagonal struts was 

taken equal to the masonry panel thickness; width of diagonal strut was considered as one-

third of the diagonal length of the strut; width of the vertical strut was taken as 75% of the 

panel length; and modulus of elasticity of tie-beam was enhanced by 20 times of the original. 

These modifications provided accurate prediction of displacement of tie-beam in the V-D 

strut model and ensured realistic vertical load distribution in different elements of the CM 

wall. Further, nonlinear static analyses showed that the use of masonry prism strength ( mf  ) 

as the compressive strength the diagonal strut overestimates the lateral strength of CM walls 

because of the unique failure modes of the CM walls. In order to simulate the realistic failure 

of CM walls, a new term “Effective Shear Strength of Masonry (fss)” was defined that 

corresponds to the lowest strength of masonry considering all the possible failure modes. fss 

was used in place of mf   for defining the strength of the diagonal strut. As the strength of the 

strut, corresponding to various failure modes, depends on various parameters, a parametric 

finite element study was carried out to develop a methodology for the estimation of fss. Two 

empirical equations were proposed for the estimation of fss by carrying out regression analysis 

of the obtained data. The effectiveness of the empirical equations and V-D strut model was 

validated using several past experimental studies carried out on CM walls of different 

configurations. It was observed that the developed V-D strut model is able to suitably capture 

the linear and nonlinear behavior of CM walls with acceptable accuracy. The developed 

analysis method that uses the V-D strut model and fss is extremely simple and effective to 

use, as it needs only a few easily available input parameters and well-established principles 

of ESM.  

8.2.3 Assessment of Design Provisions 

In order to assess the efficacy of the existing codes of practice in safely predicting the design 

lateral strength of CM walls of different configurations, the existing methods adopted in the 

design codes of different countries were thoroughly reviewed. Nine design codes provide the 

design values of shear strength of CM walls; whereas the design flexural strength is provided 

only in six design codes. The design shear and flexural strengths for three specimens tested 

in the present study were evaluated using all the formulations. The variation in the weightage 

given to the input parameters (related to material, geometry and axial loading) along with the 

safety factors related to materials, loading, and others recommended in the design codes were 
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compared. In addition to the three specimens tested in the present study, nine CM walls 

(having similar geometrical configurations) tested in past studies were also investigated by 

estimating the design values of shear and flexural strengths using different seismic codes. 

Comparison of the design-to-experimental strength ratios unveiled the global safety margins 

adopted in different codes against shear and flexural failure. A large variation was observed 

in the estimated global safety margins in different codes against shear failure (ratio of design 

shear to lateral load at cracking varies from 0.21 to 1.31) as well as flexural failure (ratio of 

equivalent design shear corresponding to design flexural strength to lateral strength varies 

from 0.3 to 1.7). Even after considering all the partial safety factors associated with the design 

shear strength of CM wall, design-to-experimental strength ratios was greater than one for 

some cases. This highlights the inconsistent estimation of design strength by design codes 

and limitations of some of the design codes in safe and economical design of CM walls 

against shear and flexure failure. Such inconsistencies may arise due to limited experimental 

data and highly uncertain material properties of masonry. 

8.2.4 Development of Lateral Load-Displacement Backbone Model  

Seismic analysis and performance-based design of confined masonry walls require accurate 

representation of lateral stiffness, strength, and deformation capacity. The in-plane hysteretic 

responses of CM walls obtained from experimental investigations have been commonly 

idealized into trilinear lateral load-deformation envelope curves. Utilizing the idealized 

envelope curves, formulations were established in the past to predict lateral stiffness, lateral 

loads, and lateral drift of CM walls at different damage stages. It is necessary to assess the 

effectiveness of the available methods in estimating the key parameters of CM walls at 

different damage stages as most of these methods were calibrated for a particular CM wall 

scheme considering the assumed material properties. First, a database of past experimental 

studies on seventy-eight (seventy single-bay and eight multi-bay) solid one-story CM walls 

was prepared. Trilinear backbone curves of the seventy-eight CM walls were then developed 

using the experimental results, which showed high variability associated with all three critical 

points. The experimentally obtained backbone parameters were then compared with those 

estimated analytically using different models to evaluate their effectiveness. From the 

comparison of the existing models, it was observed that the lateral strength equation 

recommended by Marques and Lourenço (2013) provides comparatively better prediction. 

Similarly, Gavilán et al. (2015) provides better prediction of cracking load. As far as the 

prediction of lateral drifts at different damage stages are concerned, the available two 
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methods (Riahi et al. 2009 and Flores and Alcocer 1996) showed very large variations. This 

is primarily because of huge variation in the lateral drifts observed in the past experimental 

studies due to sensitivity of lateral load response of masonry walls to different parameters. 

Finally, using the past experimental and analytical data and employing engineering judgment, 

recommendations were provided for a suitable easy-to-use analytical backbone curve model 

for seismic analysis and design of CM walls.  

8.2.5 Design Force Estimation in Different Members  

Though masonry walls are the primary load resisting members in CM walls, confining 

members, particularly the tie-columns, influence the deformation capacity by maintaining 

structural stability and integrity. Most of the existing design codes as well as past research 

studies do not clearly provide method for estimation of the design forces for tie-columns and 

masonry wall of a CM wall. The FE analysis of the three tested CM walls showed that the 

maximum shear force in masonry wall developed towards the mid-height of wall under the 

action of lateral loading; whereas significant shear forces developed at the top and bottom of 

tie-columns. Thus, the tie-columns must have sufficient shear capacity at the top and bottom 

regions to resist the lateral loads. It was also observed that the bending moments developed 

in the tie-columns were very less compared to that developed in the masonry walls. A 

parametric nonlinear FE analyses of CM walls was carried out considering variations in six 

important parameters related to three different types of masonry as well as concrete, four 

different axial reinforcement percentage in tie members, three variations in gravity loads, 

three variations in wall thickness, and six variations in geometric characteristics. From the 

analyses, it was observed that for usual half-brick thick CM walls with small sized tie-

columns, masonry walls mainly contribute to the lateral load resistance and the shear forces 

developed in tie-columns are comparatively lower. However, for thicker CM walls with 

similar tie-column configuration, the shear forces developed in the tie-columns are 

significantly higher.  

8.3 CONCLUSIONS 

Following major conclusions can be drawn from the exhaustive experimental, numerical, and 

analytical study: 
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1. Quasi-static cyclic tests on three specimens demonstrated the significant influence of 

aspect ratio on the lateral load behavior of confined walls including the damage 

pattern of tie-columns and masonry walls.  

2. The inferior performance of squat wall highlighted that the existing design 

methodologies for confined masonry walls, especially for tie-columns, are required 

to be further improved by providing clear influence of aspect ratio and other relevant 

parameters.  

3. A novel numerical method was developed for seismic analysis of confined masonry 

walls by using a simple V-D strut model that can reliably simulate the gravity load 

response as well as the nonlinear lateral load response of confined masonry walls with 

reasonable accuracy.  

4. Comparison of the global safety factors associated with design forces (both shear and 

flexure) for confined masonry walls using all the available seismic design codes 

showed large variations and inconsistencies in the estimation of design forces. 

Clearly, additional studies are required to improve the design safety of CM walls.  

5. The existing models for strength estimation reasonably predicted the lateral strength 

and lateral load at cracking of confined masonry walls; however, the prediction of 

lateral drifts at different limit states show large variations. Thus, a suitable easy-to-

use analytical trilinear lateral load-deformation backbone curve model for confined 

masonry walls was developed. The proposed backbone curve can be used for 

performance-based design of confined masonry walls. 

6. Based on a parametric finite element study, a method was developed to determine 

relative distribution of shear forces in tie-columns and masonry wall of confined 

masonry walls. It is recommended that the masonry walls be designed for total shear 

force corresponding to the lateral strength of the confined masonry walls. The lateral 

design forces in masonry walls can be estimated from either the V-D strut model or 

the empirical model developed in the study. 

7. The size, configuration, and reinforcement detailing in confined masonry walls 

should be such that the tie-columns are not required to resist more than 50% of the 

total lateral shear force resisted by walls; in such cases reconfiguration and redesign 

of confined masonry walls are recommended.  

Though great care was taken to carry out the present experimental, numerical, and analytical 

studies, the results reported in this study are based on limited data. Therefore, additional 
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supplementary studies are required to be carried out for establishing specific design 

requirements for confined masonry buildings. 

8.4 RECOMMENDATIONS FOR FUTURE WORK 

The study can be further extended by removing some of the above-mentioned limitations and 

the following aspects: 

➢ The current set of experimental investigations was carried out on single bay-single storey 

half-scale models representing ground floor wall of a two-storeyed CM buildings. The 

axial load ratio was kept constant in the experimental study. The study may be extended 

to multi-bay multi-storey for varying axial load ratios. 

➢ In the present study, the influence of openings was not considered. As in CM buildings 

openings are advised to be confined by tie-elements, it will be interesting to study the 

influence of various positions of window and door openings with reliable confining 

schemes on the effectiveness of the V-D strut model as well as on the recommended 

distribution of the design forces on different members of confined masonry walls. 

➢ The V-D strut model can be further developed for 3D house specimens and can be 

validated with experimental results.  

➢ A refined methodology may be developed to accurately estimate the forces in different 

members of a CM wall under gravity and lateral loading by carrying out additional 

experimental and numerical studies.  
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