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Numerical Analysis of Reinforced Masonry Shear Walls Using the Nonlinear Truss Approach 

Scott A. Williams 

Abstract 

Reinforced masonry (RM) shear walls are a common lateral load-resisting system for 

building structures. The seismic design guidelines for such systems are based on relatively 

limited experimental data. Given the restrictions imposed by the capabilities of available 

experimental equipment, analytical modeling is the only means to conduct systematic parametric 

studies for prototype RM wall systems and quantify the seismic safety offered by current design 

standards. A number of modeling approaches, with varying levels of complexity, have been used 

for the analysis of reinforced concrete (RC) and masonry wall structures. Among the various 

methods, the truss analogy is deemed attractive for its conceptual simplicity and excellent 

accuracy, as indicated by recent studies focusing on RC walls.  

This thesis uses an existing modeling method, based on nonlinear truss models, to 

simulate the behavior of fully grouted reinforced masonry shear walls. The modeling method, 

which was originally created and used for RC walls, is enhanced to capture the effect of 

localized sliding along the base of a wall, which may be the dominant mode of damage for 

several types of RM walls. The truss modeling approach is validated with the results of quasi-

static cyclic tests on single-story isolated walls and dynamic tests on a multi-story, three-

dimensional wall system. For the latter, the truss model is found to give similar results to those 

obtained using a much more refined, three-dimensional finite element model, while requiring a 

significantly smaller amount of time for the analysis. 
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Finally, truss models are used for the nonlinear static analysis of prototype low-rise walls, 

which had been analyzed with nonlinear beam models during a previous research project. The 

comparison of the results obtained with the two modeling methods indicates that the previously 

employed beam models may significantly overestimate the ductility capacity of RM squat walls, 

due to their inability to accurately capture the shear-flexure interaction and the effect of shear 

damage on the strength of a wall. 
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Chapter 1 Introduction 

 

1.1 Background 

In order for a building to withstand earthquake forces a structural system must be 

implemented that provides adequate lateral resistance. This includes the ability to resist a 

sufficient magnitude of force (strength), and the capability of deforming without the loss of 

strength (ductility). A variety of structural systems are available to meet these requirements 

including masonry shear walls. 

Masonry walls are made of a composite material including clay or concrete brick units 

connected with mortar. They have many beneficial characteristics such as durability, low 

maintenance requirements, sound absorption, and fire protection (Lourenco et al. 1998). To 

provide the necessary strength and ductility for proper seismic performance, masonry must be 

supplemented with steel reinforcement. This is done by adding vertical and horizontal rebar 

within masonry shear walls. Reinforcement can be placed in the bed and collar joints, the 

grouted cavity, the grouted pockets of walls made with solid units, and in the vertical cells of 

hollow units (Drysdale et al. 1999). Voids that contain rebar must be filled with grout to create a 

bond between the rebar and masonry. The most popular type of masonry shear wall construction 

for seismic resistance is fully grouted reinforced masonry, for which the voids in all of the 

masonry units are filled with grout regardless of whether they contain a rebar or not. Fully 

grouted masonry has a relatively homogenous macroscopic behavior similar to that of concrete. 
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The intensity of earthquakes which a structure must resist depends on geographical 

location. Structures in regions with a high seismicity must provide additional strength and 

ductility to satisfy the increased demand. For this reason special design and detailing 

requirements must be met by structures in these locations. Masonry shear walls that meet these 

additional requirements are called special reinforced masonry shear walls (ASCE 2010).  

The seismic design of reinforced masonry shear walls is base on the MSJC code (ACI 

2011b) and on the ASCE/SEI 7-10 (ASCE 2010). Whether or not the currently employed design 

guidelines ensure a satisfactory seismic safety remains to be determined by research. Static and 

dynamic experimental tests can provide unique insights on the damage pattern of masonry 

structures under earthquake loading. However, experiments are limited to small specimens, 

because of the limitations of available experimental facilities. Furthermore, experimental tests 

are costly and require a large amount of time to complete. Based on the above, the only reliable 

means to systematically assess the safety offered by modern RM structures is to use validated 

numerical models for the parametric analysis of prototype RM wall systems  

1.2 Shear Wall Behavior 

Shear walls experience damage in three primary modes. Slender walls (walls that are tall 

compared to their length) tend to be governed by flexure. This damage mode results in horizontal 

tensile cracking along the base, which may be combined with crushing due to the development of 

excessive compressive strains at the base. Squat walls (walls that have a length close to or 

greater than their height) are commonly shear-dominated. Shear damage occurs as either 

diagonal cracks that form at approximately 45 degrees relative to the ground, or localized 

horizontal sliding cracks along the base of the wall. The latter damage pattern occurs for very 

squat walls that have small vertical loads. 



  3

The strength and deformability of a wall depends on the axial-shear-flexure interaction. 

For example, if large compressive axial forces are applied to a wall in addition to a flexural 

moment at the base, the combination of axial and flexural loading will cause increased 

compressive stress and strains at the toe of the wall, decreasing the deformability of the wall. 

Similarly the presence of axial compression will prevent the separation of a diagonal crack in the 

wall or a horizontal crack at the base, thereby increasing the wall’s shear capacity. An accurate 

analytical model should be able to capture the axial-shear-flexure interaction, if accurate results 

are to be obtained  

1.3 Thesis Scope 

Many types of analytical models have been established and used to capture the behavior 

of shear walls. The existing models can be broadly categorized as beam models, finite element 

models, and truss models. Beam models provide the simplest modeling method, but often lack 

the capacity to include complicated behavior such as the shear-flexure interaction. On the other 

hand, finite element models offer advanced modeling abilities, but come at a high computational 

cost. This thesis uses the truss analogy for RM walls. Truss based models are characterized by a 

number of advantages over each of the other modeling techniques. One such advantage is 

conceptual simplicity, since truss models are easy to calibrate and implement. Furthermore they 

are more computationally efficient than finite element models. Truss modeling can also account 

for axial-shear-flexure interaction unlike beam-based models. 

This thesis will focus on fully-grouted, special reinforced masonry shear walls. The walls 

considered here are relatively squat, and their behavior is strongly influenced by shear damage. 

This geometry also allows for P-D effects to be ignored without significant error. 
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1.4 Outline of Thesis 

Chapter 2 presents a literature survey of previous work pertaining to the analytical 

modeling of reinforced masonry shear walls.  

Chapter 3 describes the modeling approach using the truss analogy. Previously 

established material models and truss configurations are presented. The truss modeling approach 

is enhanced in this thesis to capture the effects of localized base sliding which may be the 

predominant response mechanism.  

Chapter 4 provides a verification of the truss modeling technique as well as the novel 

method for including sliding using experimental data from isolated single story walls loaded in a 

cyclic manner.  

In Chapter 5, the truss modeling approach is used to simulate a two-story reinforced 

masonry wall specimen which was recently tested on a shake table. Nonlinear static analyses are 

conducted to obtain the nonlinear load-displacement response and damage pattern of the 

structure. The results of the truss model are compared to those obtained with a three-dimensional 

finite element (FE) model. The refined model can better capture system-level effects, such as the 

behavior of coupling floor slabs and of wall slices which incur out-of-plane loading. 

Chapter 6 uses truss models to analyze the behavior of prototype RM wall structures, 

which had been established during a previous research project. Nonlinear static analysis results 

obtained using truss models are compared to the original model results.  
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Chapter 2 Literature Survey 

 

This chapter summarizes the previous research pertaining to analytical modeling of fully 

grouted, reinforced masonry shear walls. A large amount of the work reviewed in this section 

was actually developed for reinforced concrete shear walls. However, fully grouted reinforced 

masonry shear walls behave in a monolithic fashion similar to reinforced concrete shear walls. 

Thus reinforced concrete wall research can typically be applied to fully grouted reinforced 

masonry walls. The literature reviewed in this thesis is organized into the major types of models 

that have been developed. This includes beam, finite element, truss, and other models.  

2.1 Beam Models 

The beam modeling technique is the simplest way to model a wall. In this method a wall 

is idealized as cantilever beam oriented such that its longitudinal axis is parallel to the direction 

of the height of the wall. These types of models account for inelastic behavior by either including 

nonlinear elements in parallel with elastic ones as done by Clough et al. (1965), or by using 

spring elements at the ends of members, as first done by Giberson (1967). It wasn’t until the 

work of Otani and Sozen (1972) that nonlinear beam models were used to represent shear walls 

by means of a cantilever beam formulation. Otani and Sozen (1972) created a nonlinear model 

for cantilever beams by defining a moment curvature relation consisting of three straight lines for 

positive and negative bending. Transition points on the moment curvature relation corresponded 

to the initiation of yielding of reinforcement and cracking of the concrete. The beam model was 
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further developed by introducing a way to include shear inelasticity by Takayanagi and 

Schnobrich (1976). This was done by multiplying the elastic shear stiffness of the beam by the 

ratio of inelastic flexural stiffness over elastic flexural stiffness. Others have improved these 

types of formulations by modifying the inelastic spring behavior to account for other effects such 

as stiffness degradation (Brancaleoni et al. 1983), axial load effects (Keshavarzian and 

Schnobrich 1984) (Saatcioglu et al. 1987) and bond slippage (Roufaiel and Meyer 1987). 

A different type of beam modeling technique is known as a fiber model. Originally 

developed by Mahin and Bertero (1975), the fiber model dicretizes a beam section such that the 

beam is idealized as a series of uniaxial elements that run parallel to the longitudinal axis of the 

beam as shown in Figure 2.1. Each one of these uniaxial members is referred to as a fiber and is 

given an appropriate cross-sectional area and constitutive law.  

 

Figure 2.1: Fiber model. Taucer, F., E. Spacone, and F. Filippou. 1991. A Fiber Beam-Column 

Element for Seismic Response Analysis of Reinforced Concrete Structures. Vol. 91. 17. 

Earthquake Engineering Research Center, College of Engineering, University of California. 

Used under fair use, 2013. 
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A flexibility based approach to defining a fiber element was created by Kaba and Mahin 

(1984). This method assumes a strain distribution over the fiber section and uses the fiber 

constitutive laws to find the resulting force and section stiffness. The section stiffness is then 

converted to its flexibility which is used to determine the element stiffness (Taucer et al. 1991). 

Several fiber type elements have also been created in attempt to include the effects of shear 

(Guedes et al. 1994) (Ranzo and Petrangeli 1998) (Petrangeli et al. 1999) (Martinelli 2008). 

The fiber element approach was utilized in a performance assessment of masonry shear 

walls under seismic loading by Koutromanos and Shing (2010). In the Koutromanos and Shing 

(2010) model each wall is separated into 400 layers. Masonry layers are assigned the Kent-Park 

concrete model (Kent and Park 1971) which has no tensile strength. A uniaxial material is 

calibrated for reinforcing steel that incorporates rupture and buckling. Shear is modeled using 

independent elastic springs between each story of the modeled structure. A two story example of 

this modeling approach is shown in Figure 2.2. While the prediction of flexural behavior of 

relatively slender walls was validated by comparing the model results to tests of single story 

walls, shear behavior was over simplified. 

Based on the previous references this literature suggests that beam models can accurately 

capture flexure, but many cannot come even close to capturing shear effects. Thus, beam 

elements are best suited to model slender walls. 
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Figure 2.2: Fiber section with shear spring model. Koutromanos, I., and B. Shing. 2010. “Trial 

Application: Reinforced Masonry Shear Wall Structures.” In Evaluation of the FEMA P-695 

Methodology for Quantification of Building Seismic Performance Factors. National Institute of 

Standards and Technology, USA. Used under fair use, 2013. 

 

 

2.2 Finite Element Models 

Finite element modeling is performed by discritizing an object into a mesh of elements as 

shown in Figure 2.3. Using an assumed deformation pattern and constitutive laws, results are 

found based on the displacement of distinct locations along each element, designated as nodes. 

Nonlinear finite element models for concrete are generally characterized by two approaches. The 

first approach is referred to as discrete cracking and the second as smeared cracking. The discrete 

cracking approach allows for the occurrence of individual cracks, while the smeared cracking 

approach distributes the cracking deformation through elements.   
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Figure 2.3: Finite element discritization (Koutromanos 2013) 

One of the first finite element models for concrete shear walls was created by Yuzugullu 

and Schnobrich (1972). Their model dicretizes a wall into triangular shaped elements that are 

assumed to have constant strain. The contribution of the reinforcing steel is smeared uniformly 

throughout the model. Different material laws are defined for uncracked and cracked elements, 

in the elastic range and in the plastic range. Von Mises yield criterion is assumed for concrete 

behavior under biaxial loading, and tensile cracking is based on maximum normal stress theory.  

Early years of finite element modeling of concrete lacked accurate material models due to 

limited biaxial test data. After modified compression field theory was published by Vecchio and 

Collins (1986) it was implemented in nonlinear finite element modeling by Vecchio (1989). This 

model is developed by altering the standard linear elastic finite element approach to account for 

material nonlinearities. This is done by introducing a new material stiffness matrix for both steel 

and concrete elements, that utilizes the secant modulus in two orthogonal directions for each 

material. Iterations for each step are performed until the assumed material stiffness converges on 

the material stiffness calculated using the resulting compatibility. 
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Lotfi and Shing (1991) use the smeared crack approach to model reinforced masonry 

shear walls using unique constitutive relations for uncracked and cracked masonry behavior. In 

this model crack initiation is based on the Von Mises failure surface with a Rankine type tension 

cutoff. It was concluded that the model performed well for flexural dominated walls, but needed 

improvement for brittle shear failure. 

Finite element modeling was used to investigate slender reinforced concrete shear walls  

by Sittipunt and Wood (1993) . In the Sittipunt and Wood (1993) model steel is modeled 

discretely. A smeared fixed crack orientation concrete material is also used with separate stress 

relations of for shear stress, than for longitudinal stress and transverse stress. Ile and Reynouard 

(2000) also assumed a fixed crack orientation model.  

Much research has also been performed to create improved material models specific for 

masonry. These include phenomenological models such as the homogenized model created by 

Lourenco et al. (1998) that utilizes a Rankine type criterion for tension and Hill type (Hill 1948) 

criterion for compression.  

Finite element modeling is known for its refined formulation and detailed predictions. 

However, because it is computationally demanding and complicated to calibrate, it is tedious to 

implement (Ile and Reynouard 2000). This makes finite element modeling only practical for 

small systems.  

 

2.3 Truss Model 

Idealizing reinforced concrete as a truss was first done in 1899 by Ritter (Ramirez et al. 

1998). They suggested that a cracked beam could be modeled as a parallel chord truss with 45 
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degree diagonal compression members. This approach was built upon by others, but was 

primarily used as a way to determine the strength of reinforced concrete members. In a truss 

model the load displacement behavior of a wall is predicted by idealizing a wall as a series of 

cells, each consisting of horizontal and vertical elements, as well as additional diagonal truss 

elements to represent a diagonal compression field. The geometry of the cells and properties of 

the truss elements have been advanced over the years. 

The truss analogy was extended into a nonlinear analysis tool by Vallenas et al. (1979). 

This approach uses a relatively simple truss model to calculate the shear deformation of a multi-

story wall structure under monotonic loading. The truss for each story is made up of one cell 

including vertical truss elements at the edges, horizontal truss elements at the top, and one 

diagonal truss element forming a compression strut as shown in Figure 2.4. Half of the horizontal 

steel in the wall above and half of the horizontal steel in the wall below a floor make up the area 

of a horizontal steel truss element. 

 

Figure 2.4: Truss model with single cell per story without tension diagonal. Vallenas, J., V. 

Bertero, and E. Popov. 1979. “Hysteric Behavior of Reinforced Concrete Structural Walls.” 

NASA STI/Recon Technical Report N 80: 27533. Used under fair use, 2013. 
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A similar method as Vallenas et al. (1979) is used by Hiraishi (1984). The bottom truss 

cell is made up of non-prismatic truss elements with elastic-plastic material laws. The cross-

sectional area of each truss element is calculated based on the stress along the height of vertical 

truss elements. Deformation due to compression at the boundary of the wall is assumed to be 

negligible, and thus the vertical compression elements are modeled as rigid. Truss cells above the 

first story are modeled with rigid members, because damage is assumed to be isolated in the 

bottom story. 

The first truss model with multiple truss cells per story was made by Mazars et al. (2002). 

This model is an adaptation of the framework method (Hrennikoff 1941), in which continuum 

elements are modeled using an elastic truss lattice. Mazars et al. (2002) alter the model by 

replacing the elastic properties used by Hrennikoff (1941) with nonlinear constitutive laws. Each 

truss cell consists of horizontal, vertical, and diagonal concrete elements, and horizontal and 

vertical steel elements. Figure 2.5 illustrates this truss layout.  

 

Figure 2.5: Truss model with multi cell truss configuration. Mazars, J., P. Kotronis, and L. 

Davenne. 2002. “A New Modelling Strategy for the Behaviour of Shear Walls under Dynamic 

Loading.” Earthquake Engineering & Structural Dynamics 31 (4): 937–954. Used under fair use, 

2013. 
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The truss modeling technique was further developed by Park and Eom (2007). Park and 

Eom (2007) improved truss modeling by using more accurate material laws for concrete 

(Mansour et al. 2001), confined concrete (Mander et al. 1988), and steel (Brown and Jirsa 1971). 

The truss mesh geometry is similar to that used by Mazars et al. (2002), but transverse concrete 

elements are not included, by reasoning that these elements would remain in tension throughout 

the analysis. Modified compression field theory (Vecchio and Collins 1986) is applied to 

diagonal concrete elements, so that the compressive strength of each element is dependent upon 

the amount of transverse strain at that element. Transverse strain is calculated using the vertical, 

horizontal, and shear strain of each block of elements. Failure of the reinforcing steel due to 

buckling and tensile fracture is also considered. Analysis using the described model was 

compared to experimental data for beams, columns, and walls. Six walls were modeled. Two of 

them had height to length ratios of 1.43, and the other four had height to length ratios of 2.32. 

The results from the model were compared to experimental data and ACI 318-05 strengths, and 

were found to be good in agreement. Web crushing tended to govern the strength of the walls, 

suggesting that modeling of reinforcement buckling and tensile fracture may be less important 

for walls than for beams or columns.  

Additional refinement to truss modeling was done by Panagiotou et al. (2012). In this 

modeling technique a truss mesh similar to that used by Mazars et al. (2002) is used, but with 

more advanced material laws like Park and Eom (2007). The steel stress strain behavior includes 

a yield plateau and the Bauschinger Effect (Dodd and Restrepo-Posada 1995). Like Park and 

Eom (2007), modified compression field theory is accounted for using the transverse strain. 

However, Panagiotou et al. (2012) calculate the transverse strain experienced by each diagonal 
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differently than Park and Eom (2007), by using the strain of a zero stiffness member that forms a 

diagonal by connecting the other two nodes of the truss cell. The reduction to the compressive 

strength is a trilinear relationship as shown in the Figure 2.6. 

 

Figure 2.6: Modified compression field theory factor. Panagiotou, M., J. Restrepo, M. 

Schoettler, and G. Kim. 2012. “Nonlinear Cyclic Truss Model for Reinforced Concrete Walls.” 

ACI Structural Journal: 205–214. Used under fair use, 2013. 

 

For transverse strains less than .1 percent, no reduction is made. Once the transverse strain 

exceeds the residual strain a 70 percent reduction to the compressive strength is made. Linear 

interpolation is used between a .1 percent strain and the residual strain.  Panagiotou et al. (2012) 

also introduce a way to account for the size of the mesh by making the residual transverse strain 

used to calculate the modified compression field theory factor a function of the size of the mesh.  

Truss modeling fills the gap between beam and finite element models. It introduces more 

complexity than most of the beam models, but less than finite element models. As a result it 

captures more of the advanced behavior of walls without becoming too computationally intense. 
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Truss models can account for axial, shear, flexure and their interaction, and are capable of 

capturing the actual damage pattern. 

2.4 Other Models 

Besides the aforementioned methods, other modeling techniques have been created in 

attempted to capture the behavior of shear walls. One common approach employs specialized 

elements that consist of horizontal rigid beams connected by a series of sub-elements. The first 

implementation of this technique by Kabeyasawa et al. (1983) used three vertical elements to 

connect the rigid beams as shown in Figure 2.7. 

 

Figure 2.7: Three vertical line element model. Kabeyasawa, T., H. Shiohara, S. Otani, and H. 

Aoyama. 1983. “Analysis of the Full-Scale Seven-Story Reinforced Concrete Test Structure.” 

Journal of the Faculty of Engineering 37 (2): 431–478. Used under fair use, 2013. 

 

 The vertical elements are modeled using springs that are linear elastic in compression, and 

bilinear in tension. Outer vertical elements represent the columns at the boundary of the wall, 

and the interior spring represents the wall. A rotational spring and a horizontal spring are also 

included on the middle vertical element. These centrally located springs are included to account 

for the flexural and shear strength of the wall. The rotational spring is given an initial stiffness 

that is reduced to .1% of the initial stiffness at a moment corresponding to cracking of the 



  16

extreme tension fibers of the wall. The shear modulus and shear area are used to determine the 

stiffness of the shear spring that remains elastic. Based on its geometry the model was 

descriptively named the three vertical line element model, TVLEM. Kabeyasawa et al. (1983) 

showed this model to be effective by using these TVLEM assemblages to model the shear walls 

of a seven story 3 bay structure.  

The TVLEM was expanded by Vulcano et al. (1988) to incorporate more vertical line 

elements, and thus this modification is called the multiple vertical line element model. The 

additional vertical line elements used to model the wall allows for the flexural behavior of the 

wall to be simulated without a rotational spring. Instead of the aggregate bilinear type of vertical 

spring used in the Kabeyasawa et al. (1983) model, Vulcano et al. (1988) use different springs to 

represent concrete and steel separately. One concrete element and one steel element modeled in 

parallel comprise one complete vertical member. The material models used by Vulcano et al. 

(1988) are also more complicated than those used in the Kabeyasawa et al. (1983) model. 

Concrete models include cracked and uncracked properties, and the Giuffre and Pinto model 

(Filippou et al. 1983) is used for steel elements. Tension stiffening is also included by modifying 

the truss elements by a factor according to an empirical model (Rizkalla and Hawng’s 1984). 

Another approach to modifying the TVELM was to make it simpler, as done by Linde 

(1993). Instead of trying to increase the number of springs to increase accuracy, Linde (1993) 

reduces the number of springs to create a more efficient version of the TVELM. This is done by 

calibrating the vertical elements to correctly simulate both the axial and flexural behavior of the 

wall. Thus, eliminating the rotational spring used by Kabeyasawa et al. (1983) without adding 

additional elements. 



  17

Another model that resembles a TVLEM was created by Ghobarah and Youssef (1999). 

Ghobarah and Youssef (1999) too use three vertical elements connected to two rigid beams. 

Instead of using nonlinear material properties, all three of the vertical elements are assumed to 

remain elastic. Plastic deformation is captured by using vertical nonlinear springs that connect 

the bottom rigid beam to either the foundation, or the TVLEM of the story below.  This model is 

depicted in Figure 2.8. 

 

Figure 2.8: TVLEM with nonlinear springs at the base. Ghobarah, A., and M. Youssef. 1999. 

“Modeling of Reinforced Concrete Structural Walls.” Engineering Structures 21 (10): 912–923. 

Used under fair use, 2013. 

 

Different spring relations are created for concrete and steel. It was recommended that four sets of 

steel and concrete springs be used at this connection so that the flexural capacity of the wall can 

be estimated. Two springs are positioned under the outer vertical truss elements, and the other 

two springs are spaced evenly between the outer ones. As with the TVLEM, this model includes 

a shear spring located in the bottom half of the middle vertical element. The shear spring relation 

used by Ghobarah and Youssef (1999) is more complicated than the elastic nature assumed use 

by Kabeyasawa et al. (1983). An iterative procedure is used in which compatibility is first 
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satisfied. Then constitutive laws based on modified compression field theory are used to 

determine the force resultant. Iteration continues until equilibrium is met.  

Another model was purposed that uses the same two rigid top and bottom beam 

configuration but connects these with membrane elements instead of truss elements by Chen and 

Qian (2002). Each assemblage includes four membrane elements placed side by side that 

represent the web of the wall, and one truss element at each side of the wall, representing the 

wall’s boundary characteristics. The degrees of freedom of each of the membrane and truss 

elements are combined/condensed to create a stiffness matrix for each layer that has relatively 

few degrees of freedom.  

Another modified version of the MVLEM model was made by Li and Li (2004). Li and 

Li (2004) use five vertical springs to connect the top and bottom rigid beams, and also include 

five horizontal springs at each vertical spring as shown in Figure 2.9. As before vertical springs 

are included for both steel and concrete. A nonlinear material law is used for the concrete 

springs, and a bilinear material law is used for the steel springs. The current deformations in the 

concrete and steel vertical springs at one location are used to determine the stiffness of the shear 

spring at that same location. This is based on an empirical relationship developed using data 

recorded from nine reinforced concrete walls loaded in a cyclic manner.  
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Figure 2.9: Multiple vertical line element model with individual shear springs at each vertical 

element. Li, H., and B. Li. 2004. “Experimental Study on Seismic Restoring Performance of 

Reinforced Concrete Shear Walls.” Journal of Building Structures 25 (5): 35–42. Used under fair 

use, 2013. 

 

Most of these other models have a level of sophistication similar to truss modeling.  

However, even the advanced ones rely on phenomenological relations built into spring elements 

to capture advanced behavior such as shear flexure interaction. Additionally many of these 

models do not match the truss modeling approach for showing a realistic deformed shape. 
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Chapter 3 Analysis Methodology 

 

3.1 Modeling Technique 

The nonlinear truss analogy is used in this study for the simulation of reinforced masonry 

walls. In this modeling technique reinforced masonry is idealized as an assemblage of many truss 

cells, each cell consisting of two vertical elements, two horizontal elements, and two diagonal 

elements as shown in Figure 3.1. The horizontal and vertical elements of the truss form the 

quadrilateral perimeter of the cell, while the diagonal members connect the opposite corners. 

Additional horizontal and vertical truss elements are included to represent the horizontal and 

vertical reinforcement. 

 

 

 

 

 

 

 

(a) Piece of 

reinforced masonry 

 
Reinforcement 

 

 

 
 

(b) Truss cell 

 

           
Steel 

Truss 

 
Masonry  

Masonry 

Truss 

 

 
Masonry 

Truss 

Figure 3.1: Piece of reinforced masonry idealized as a truss cell 

 

Adjacent cells share either vertical or horizontal elements. The total width of the truss 

assemblage corresponds to the distance between the outer most longitudinal reinforcement in the 

wall section, and the total truss height is equal to the height of the wall.  
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Areas were assigned to each element in accordance with the procedure in Panagiotou et 

al. (2012). Vertically oriented boundary elements’ areas are defined as the cross section that 

exists from the edge of the wall to a distance of two times the masonry cover, wb. Interior 

vertically oriented elements equally share the rest of the vertical cross sectional area located 

along the length wi. All horizontal elements are assigned the same area, equal to the horizontal 

cross section divided by the number of horizontal rows. Figure 3.2 shows a horizontal cross 

section of a wall, allowing for the distinction between boundary and interior area. If this wall was 

modeled using three cells horizontally, the dashed lines in this figure represent the sides of cells. 

 

 

 

 

 

Figure 3.2: Horizontal wall cross section 

 

Diagonal elements have an area equal to the wall thickness multiplied by an effective 

width, beff. The effective width of diagonal elements is calculated as the product of the cell 

height, b, multiplied by the cosine of the angle between the diagonal element and the horizontal 

direction, ��. These variables are depicted in Figure 3.3. The area of the diagonal elements 

overlaps the area of the vertical and horizontal elements, thus a portion of the wall’s material is 

accounted for more than once. For this reason it is expected that the truss analogy creates a 

model that is artificially stiffer than the actual wall. 

wb wb wi 
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Figure 3.3: Diagonal truss element effective width. Panagiotou, M., J. Restrepo, M. Schoettler, 

and G. Kim. 2012. “Nonlinear Cyclic Truss Model for Reinforced Concrete Walls.” ACI 

Structural Journal: 205–214. Used under fair use, 2013. 

 

Each truss element is assigned a uniaxial material property based on constitutive laws 

that are discussed in the following section. Beams are placed at the top and bottom of the wall in 

order to mimic the effects of a diaphragm and evenly distribute the applied loading.  

The geometry of each element is based on the locations two nodes that define an 

element’s ends. Nodes that are only connected to truss elements have two unrestrained degrees 

of freedom, vertical displacement and horizontal displacement. Nodes that connect to beam 

elements have one additional degree of freedom, rotation. The nodes at the base of the wall are 

fully constrained providing a fixed foundation. A sixteen cell truss with the element types 

labeled is shown in Figure 3.4 as a visual representation of a typical truss. 
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Figure 3.4: Sixteen cell truss model 

 

3.2 Constitutive Models 

3.2.1 Masonry 

The masonry model used is an adaptation of the concrete model used by Lu and 

Panagiotou (2013). Given that all the walls considered in this thesis are fully grouted, a concrete 

model can be modified to correctly represent masonry behavior. In this model a peak 

compressive strength (fm) is specified.  The residual compressive strength (fmres), tensile strength 

(ft), and residual tensile strength (ftres) are all calculated as a percentage of the fm, 10, 8, and 4 

percent respectively. The strain corresponding to the peak compressive stress (em0) must be 

specified. With fm and em0 defining the elastic stiffness (E), and ft, the strain at the maximum 

tensile strength (et) is calculated as ft/E. The strain at which the residual compressive strength is 

reached (emres) is taken as -1 percent. The strain corresponding to the residual tensile strength is 

set as 8et (Panagiotou et al. 2012). Figure 3.5  and Figure 3.6 depict the monotonic and hysteretic 
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behavior of the masonry stress strain law with the appropriate terms. Equation 1 defines the 

initial compressive curve for strains less than ��0. All other portions of the material behavior are 

linear. 

 

 

Figure 3.5: Monotonic masonry envelope (not drawn to scale for readability) 

 

 
Figure 3.6: Masonry unloading and reloading rules 
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For � < 	 ��	 
 = �� + 0.5 ∙ �
� − ���	��	 � ∙ �� 
1 

 

The uniaxial material law used for diagonal masonry elements is base on the previously 

described law with some modification. More specifically, the tensile strength of the diagonal 

elements is reduced to a very low value, since this has been found to better approximate the 

wall’s stiffness (Lu and Panagiotou 2013). Still, a non-zero value is used for the tensile strength, 

because preliminary analyses have indicated that this facilitates convergence of the models. The 

compressive resistance of the diagonal elements is affected by the transverse tensile strain. The 

transverse strain for a diagonal member is calculated using the method created by Lu and 

Panagiotou (2013) which uses a zero stiffness element that connects the opposite corners of the 

cell in which the diagonal of interest is located. Figure 3.7 shows a typical pair of diagonal and 

zero stiffness members used for determining the transverse strain of the former. This applies to 

both diagonal masonry members of a cell.  

 

 Other truss elements 

 
Zero stiffness element 

 Diagonal element of interest 

Figure 3.7: Diagonal and zero stiffness element configuration 

 

 

To determine the reduced strength of the member the original compressive strength is 

multiplied by a reduction factor, �, Equation 2. At small transverse strains no significant tensile 

cracking will occur, thus �  is 1, Equation 4. Eventually the transverse strains become so large 

that compressive strength reaches a minimum, Equation 6. This occurs at the residual transverse 

strain, ��������. �������� is defined by Equation 3, which accounts for mesh size effects 

Lg Qg 
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(Panagiotou et al. 2012). The compression strength decreases linearly between transverse strains 

of 0.001 and ��������, Equation 5.   

 
�������� = � ∙ 
� 2 

 �������� =	1.524 ∙ 10!"#$ %&' �$  3 

For ����� < 0.001 � = 1 4 

For 0.001 ≤ ����� < �������� � = −� 1 − .3. 001 − ��������� *. 001 − �����+ + 1 5 

For ����� > �������� � = 0.3 6 

In these equations Lg is the gauge length measure (inches) and �$ is the angle between the two 

opposite diagonals, as shown in Figure 3.7. A visual representation of Equations 4 through 6 is 

shown in Figure 2.6, repeated below for convenience. 

 

Figure 2.6: Modified compression field theory factor 
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3.2.1 Reinforcing Steel 

The steel stress strain relationship is modeled using the Menegotto Pinto model (Filippou 

et al. 1983). The Menegotto Pinto model requires the calibration of several parameters including 

the yield strength (fy), elastic stiffness (E), hardening modulus (Ep), and three constants, R0, cR1, 

and cR2, which affect the transition shape of the nonlinear hysteretic behavior. Figure 3.8 and 

Figure 3.9 show the general shape of this constitutive law for monotonic and cyclic loading. 

  
Figure 3.8: Monotonic envelop stress-strain curve 

for Menegotto Pinto material model 

Figure 3.9: Hysteretic loop for Menegotto Pinto 

material model 

 

3.3 Model for Localized Shear Sliding Along the Wall Base 

Past experiments and observations have shown that squat walls with light axial loading 

are prone to a failure at the base of the wall causing the wall to slide (Shing et al. 1991). The 

possibility of such base sliding failure must be included in models of squat walls. A wall’s 

resistance to base sliding can be attributed to three mechanisms, namely, friction in the masonry 

due to compressive loads, additional friction in the masonry caused by vertical reinforcement, 

and dowel action. 

S
tr
es

s 
(k

si
)

strain

E

fy
Ep

S
tr
es

s 
(k

si
)

strain



  28

3.3.1 Masonry Friction Due to Compressive Loads  

As gravity loads transfer through the masonry they create a compressively loaded 

interface at the bottom of the wall. This compression results in a normal force, N, that causes 

friction as defined by Coulomb friction, -�, Equation 7.  

 -� = ./ + 0 

 

7 

 

Where . is the coefficient of friction, and 0 is the cohesion. A crack in masonry tends to be 

relatively rough and have similar frictional properties to roughened concrete. Based on this 

comparison a coefficient of friction of 1 is used as recommended by ACI 3-18 (ACI 2011a). 

Assuming that base sliding failure is more likely to occur after flexural cracking has already 

occurred at the base of the wall, cohesion can be neglected. 

3.3.2 Contribution of Vertical Steel Reinforcement to Frictional Resistance of Masonry 

As sliding occurs along a rough crack, labeled as D in Figure 3.10, the two surfaces of the 

crack tend to separate. This tendency for the two surfaces to separate is referred to as dilation. 

Dilation causes slipping, labeled as w in Figure 3.10, between the rebar and the masonry on both 

sides of the crack. Assuming slipping occurs equally on both sides of the crack, the slip of the 

rebar per side of the crack, S, is then equal to half of w. A relationship can be used to determine 

the tensile strain in steel based on the amount of slip of the rebar per side of the crack. The 

tensile strain results in a tensile stress in the steel as defined by the applicable constitutive law. 

Multiplying the uniaxial stress by the cross sectional area defines the tensile force in the steel. In 

order to satisfy equilibrium, the tensile steel force will create compression in the masonry, 
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increasing the normal force at the crack, which in turn increases the frictional resistance along 

the crack. This phenomenon is schematically explained in Figure 3.11. 

 

Figure 3.10: Sliding along rough crack 

 

Figure 3.11: Activation process of the vertical reinforcement’s contribution to friction 

In order to implement this concept into the analysis force displacement relations were 

found from published literature. A constant dilation coefficient of 0.15 was assumed, which 

implies that for every inch of lateral displacement along a crack, the two surfaces of the crack 

separate 0.15 inches. The slip-strain relationship established by Shin et al. (1988) was used to 

calculate the strain in the rebar based on the amount of slip occurring (Maekawa et al. 2004). In 

this model slip is normalized to account for the rebar size and the strength of the material the 

rebar is embedded into. Normalized slip is denoted as s and calculated using Equation 8. 

 
% = 12 ∗ 45� 	

 

8 

 

 45� = *
′� ∗ .344738+�/: 
9 
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 Where 2 is the rebar diameter (inches), S is the slip in the rebar (inches), and f’m is the 

compressive strength of the masonry (ksi).  The strain model is defined by four segments whose 

bounds are based on the strain in the rebar. Transitions occur at strains corresponding to yield 

(�;+, initiation of strain hardening (��<+, and the formulated strain (�	+. All four segments are 

calculated using Equations 10 through 14. 

For � < �; � = √3500 ∗ % + 9 − 33500  

10 

 

For �; ≤ � < ��< � = �? 

 

11 

 

For ��< ≤ � < �	 � = 50 ∗ % + ��< ∗ 
� ∗ 6.89476 − ��< ∗ 
; ∗ 	6.89476 − 50 ∗ %;A
� − 
;B ∗ 6.89476  
12 

 

For �	 ≤ � � = 143*% + .007*��< ∗ 
� ∗ 6.89476 − ��< ∗ 
; ∗ 	6.89476 − 71*%; + .12+A
� − 
;B ∗ 	6.89476  

13 

 

Where �	 = ��< + *.06 − %;/2+. 0896319 ∗ *
� − 
;+ 
14 

 


; is the yield stress (ksi), 
� is the ultimate stress (ksi), % is the normalized slip, and %; is the 

normalized slip at rebar yield. Figure 3.12 is a graph of these slip strain relations. Using the 

strain calculated from Equations 10 through 14 the axial stress, tensile force, and additional 

friction are then found using the previously described method. 



 

Figure 3.12: Normalized slip strain relation (Shin et al. 1988)

  

3.3.3 Dowel Action 

In addition to the increase in friction, steel also 

dowel action. This can be described as the steel

ultimate resistance for dowel action can be estimated using

Ultimate dowel strength varies with

dowel action is shown in Figure 

�, defined in Equation 16. 

(a) 

Figure 3.13: Eccentricity considered in dowel action. (a) no eccentricity (b) eccentricity
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Normalized slip strain relation (Shin et al. 1988) 

In addition to the increase in friction, steel also contributes to sliding resistance through 

dowel action. This can be described as the steel’s strength against transverse deformation. 

ultimate resistance for dowel action can be estimated using Equation 15 (Walraven 1999). 

varies with eccentricity created by the slipping. Eccentri

Figure 3.13. Equation 15 adjusts for eccentricity by including the factor 

(b) 

 

: Eccentricity considered in dowel action. (a) no eccentricity (b) eccentricity

eccentricity 

sliding resistance through 

gainst transverse deformation. The 

(Walraven 1999). 

. Eccentricity of the 

adjusts for eccentricity by including the factor 

 

: Eccentricity considered in dowel action. (a) no eccentricity (b) eccentricity 
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 D�� = 1.35*E1 + 9�� − 3�+*2 ∙ 25.4+�F
; ∙ 
� ∙ 47.5377G1 − HI�
;J
�
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 � = 12G
�
;  

 

16 

 

Where 1 is half the crack width (in), 
� is the masonry compressive strength (ksi), 
; is the steel 

yield strength (ksi), 2 is the rebar diameter (in), and I� is the stress in the steel as determined by 

the slip-strain model (ksi). The previous equation only provides an ultimate strength. In order to 

model dowel action a force displacement relationship must also be estimated. The relative 

displacement at which the ultimate dowel resistance is reached can be estimated using the 

following equation (Dulacska 1972). 

 ∆�= 3D�2 ∙ 10LG 1
� 17 

 

Where D� is the dowel force (kips), 
� is the masonry compressive strength (ksi), and 2 is the 

rebar diameter (inches).  

To determine dowel action’s contribution to sliding resistance first the maximum dowel 

strength, D��M, is determined using Equation 15 and assuming the stress in the steel equals zero. 

D��M is then used in Equation 17 to determine the displacement where D��M occurs, ∆��M. The 

slope of the line connecting the origin to the point (∆��M, D��M) is used as the stiffness of the 

dowel action. 

 Given the steel stress will not be equal to zero at the time maximum dowel force is 

reached, a reduced strength that takes into account the axial stress must be calculated. To do so, 
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an iterative approach can be used to determine the location at which the displacement used to 

calculate D�� and ∆� coincide. Specifically, in order to calculate D�� using Equation 15, 1, equal 

to half of the crack width, must be known. The crack width is based off of an assumed dilation 

rate, and is thus based on the lateral displacement. At the same time the lateral displacement 

corresponding to any dowel strength is found using Equation 17. The displacement at which 

these two methods agreed is referred to as ∆���. Using the stiffness established by D��M and 

∆��M, ∆��� is then used to calculate the lower dowel strength, D���, that takes into account the 

axial stress in the steel. D��� is the maximum dowel force that each reinforcing bar is cable of, as 

shown in the lower line of Figure 3.14. 

It is also assumed that once the dowel action has reached its maximum load, the axial 

stress cannot be further increased. Thus, the friction caused by the transverse steel also reaches a 

maximum value at ∆���. It was observed that ∆��� commonly creates strains in the steel less 

than �?. As a result the steel’s contribution to sliding resistance can be represented using a 

bilinear approximation as shown in Figure 3.14. 
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Figure 3.14: Contribution of steel to base sliding resistance 

3.3.4 Sliding Interface Model 

The previously described mechanisms are implemented in some of the models in this 

thesis, as a way to include sliding effects. This modification is referred to as a sliding interface 

and is presented in Figure 3.15. The sliding interface consists of two zero length elements and 

one flat slider bearing element that attach the bottom of the wall to a fix foundation. One of the 

zero length elements represents the steel reinforcement’s contribution to sliding resistance; the 

other is given only tensile strength and is used to prevent overturning of the wall. The flat 

bearing slider element is used to model friction due to compressive loads. These springs connect 

from the center most node at the bottom of the wall to an additional node at the same location. 

When a sliding interface is used only the additional node is given a fixed boundary condition.  



 

Figure 3.15: Four cell truss model 

Given that most walls have more than one 

element used to represent the steel spring, 

reinforcement crossing the potential sliding inte

shown in Figure 3.16. 

Figure 3.16: Total sliding resistance 
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Four cell truss model with sliding interface 

t walls have more than one vertical rebar along their base, the zero length 

element used to represent the steel spring, is assigned the combined strength of all vertical 

reinforcement crossing the potential sliding interface. The total spring force 
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3.4 Comparison of Truss Cell Stiffness and Theoretical Stiffness of a Continuum 

Previous research has noted that truss models tend to over predict stiffness (Panagiotou et 

al. 2012). Several scenarios are analyzed to investigate the difference between truss stiffness and 

theoretical stiffness. A six-inch thick square panel of fully grouted masonry, with a diagonal 

length of two feet is examined. The material used is assumed to have a modulus of elasticity of 

2300 ksi. and a Poisson’s ratio of 0.2. It is also assumed that the prescribed displacements only 

cause elastic deformations. Two load scenarios are considered and preformed on a continuum 

model, a truss model including the tensile strength of diagonal members, and a truss model 

neglecting the tensile strength of diagonal members. The first loading scenario represents a case 

of pure shear, and displacements are prescribed at three of the four corners in the x, y, and x and 

y directions respectively. Figure 3.17, Figure 3.18, and Figure 3.19 show the undeformed and 

deformed geometry of this loading scenario. 

  

 

 

 

 

 

 

Figure 3.17: Continuum under shear 

 

 

 

 

 

 

 

Figure 3.18: Truss with tensile diagonal under shear  
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Figure 3.19: Truss without tensile diagonal under shear 

 

 

The second loading scenario represents axial compression and tension. Vertical 

displacements are prescribed at the top nodes while the bottom nodes are constrained against 

vertical displacement. Only the bottom left node is constrained in the x direction to prevent 

biaxial effects. Figure 3.20, Figure 3.21, and Figure 3.22 show the shapes for the axially loaded 

case.  

  

 

 

 

 

 

 

 

Figure 3.20: Axially displaced continuum 

 

  

 

 

 

 

 

 

 

Figure 3.21: Axially displaced truss with diagonal 

tensile strength 

 

  

 

 

 

 

 

 

 

Figure 3.22: Axially displaced truss without 

diagonal tensile strength 
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Using the reactions, displacements, and the actual cross section area of the represented 

piece, an equivalent stress and strain can be established for each truss case. The shear stress, O, is 
calculated from the first loading scenario by dividing the sum of the reactions parallel to one side 

of the truss cell by the cross sectional area of the continuum. A similar method is used to find the 

normal stress, I, but instead of the reactions parallel to a side of the truss cell, the reactions 

perpendicular to one of the sides that is oriented in the x direction are used. 

The shear modulus, P, in the shear loading scenario, and the modulus of elasticity, �, in the axial 

loading scenario are calculated using Equations 18 and 19. Where � is normal strain and  Q is 
shear strain. 

For normal stress I = � ∙ � 18 

For shear stress O = P ∙ Q 19 

 Poisson’s ratio, n, is found based on the x displacements that occur during the axially load 

scenario. E, G, and n are summarized for the continuum, truss with tension, and truss without 

tension in Table 3-1. 

Table 3-1: Comparison of actual to equivalent material properties 

  

Tensile E 

(ksi) 

Compressive 

E (ksi) 
G (ksi) 

Tensile 

n 

Compressive 

n 

Continuum 2300 2300 958 0.2 0.2 

Truss with diagonal 

tensile strength 
3061 3061 1150 0.33 0.33 

Truss without diagonal 

tensile strength 
2300 3061 575 0.0 0.33 

 

It can be noticed from Table 3-1 that the truss model has a tendency to overestimate the 

axial stiffness of the material it represents, and that the stiffness of the truss depends on the truss 
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configuration and direction of loading. Including the tensile strength of the diagonals causes the 

truss to have the same axial stiffness in tension and compression. The axial stiffness, shear 

stiffness and Poisson’s ratio are overestimated by thirty 33%, 20%, and 65% respectively.  

By neglecting the tensile strength of the diagonal members, the tensile stiffness of the 

truss exactly matches that of the theoretical material. Since there was no way to develop 

horizontal force in this case, Poisson’s ratio is estimated as 0 instead of 0.2. In compression both 

the stiffness and Poisson’s ratio were overestimated. This truss configuration underestimates the 

shear stiffness of the material by 40%.  

Neither one of the truss configurations exactly matches the theoretical elastic 

characteristics of the material. It is clear that removing the tensile strength of the diagonals better 

simulates the axial stiffness of the material. However doing so over reduces the shear stiffness 

and Poisson’s ratio in tension. While these effects are not ideal, it can be argued that these 

characteristics are of less significance than the modulus of elasticity. Although shear walls may 

experience shear deformation, each truss cell generally is governed by axial deformation. Thus 

the shear stiffness is less important for a truss cell to capture than the axial stiffness. In addition, 

biaxial loading significantly increases the compressive strength of masonry, while the tensile 

strength of masonry does not change with biaxial loading. Thus the Poisson effect must be 

captured in compression, but is not of importance for tension. These findings support the 

decision for practically neglecting the tensile strength of the diagonal members in truss models.  
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Chapter 4 Validation for Isolated Single Story Walls 

 

4.1 Introduction 

The accuracy of a model can be determined by comparing its results to experimental data. 

If the model works correctly its calculated behavior should be similar to that recorded 

experimentally. This process is referred to as validation, and is used as evidence to support a 

modeling approach.  

The aforementioned methodology will be validated by comparing the truss model results to two 

isolated single story walls (Shing et al. 1991). These walls were chosen because their 

deformation modes correspond to primary actions the purposed model seeks to capture. One of 

these walls failed due to shear, and the other experienced significant base sliding. In these 

experiments walls were subjected to gradually increasing in-plane lateral deformations shown in 

Figure 4.1. Where Dcr represents the displacement at which a major crack forms in the shear 

dominated walls, or when the peak flexural strength will be reached in a flexural dominated wall, 

assuming a constant stiffness equal to the initial stiffness.  A constant axial load was also applied 

to the shear-dominated wall but not to the sliding-dominated wall. The top of the walls were free 

to rotate.  
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Figure 4.1: Experimentally applied displacement history. Shing, B., J. Noland, H. Spaeh, E. 

Klamerus, and M. Schuller. 1991. “Response of Sing-Story Reinforced Masonry Shear Walls to 

In-Plane Lateral Loads”. National Science Foundation. Used under fair use, 2013. 

 

4.2 Analysis of Shear-Dominated Single-Story Wall 

The shear-dominated wall was six feet long, six feet tall, and five and five eighths inches 

thick. It was reinforced with five #7 grade 60 bars vertically and five #3 grade 40 bars 

horizontally. Bars were space sixteen inches apart with four inches of cover in both directions. 

Figure 4.2 depicts the experimental wall configuration. The prism strength of the masonry was 

evaluated as 2.4 ksi.  
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Figure 4.2: Isolated single story wall experimental configuration. Shing, B., J. Noland, H. 

Spaeh, E. Klamerus, and M. Schuller. 1991. “Response of Sing-Story Reinforced Masonry Shear 

Walls to In-Plane Lateral Loads”. National Science Foundation. Used under fair use, 2013. 

 

A four by four cell mesh was chosen to model the wall. Accounting for four inches of 

cover on each side of the wall, cell dimensions were sixteen inches long by eighteen inches tall. 

The analytical model along with element areas are shown in Figure 4.3. A total axial force of 

forty kips was evenly distributed across the top nodes. Displacement controlled loading was 

applied to the upper left node. This analysis was done once with the inclusion of a sliding 

interface, and once with all nodes at the bottom of the wall fixed. Figure 4.4 shows the lateral 

load versus displacement curve when the nodes at the bottom of the wall are fixed. 
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Figure 4.4: Shear-dominated wall force displacement response with fixed b
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dominated wall force displacement response with fixed base 

observed that the monotonic analysis overestimates the strength and 

ductility of the wall, but the hysteretic analysis effectively captures the force displacement 

response of the experimental wall. This indicates that the wall’s behavior was influence by 

out the test.  

Comparing the hysteretic analysis to the experimental data, the ultimate strength of the 
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steep decrease in strength in Figure 4.4. In subsequent cycles the lower strength from shear 

failure persisted, and the increased displacement of the top of the wall was mainly constituted by 

further separation at the location of shear failure. Figure 4.5 is a visual representation of the truss 

deformations due to shear failure. Comparing Figure 4.5 to Figure 4.6 shows that the analytical 

model developed similar diagonal cracking to that found from the experiment.  

 

Figure 4.5: Deformed shape of shear-dominated wall (a) Initiation of shear failure (b) 

Perpetuation of shear failure (deformation scaled by 50) 

“Shear Crack” 

48.6° 
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Figure 4.6: Experimentally observed damage pattern of the shear-dominated wall. Shing, B., J. 

Noland, H. Spaeh, E. Klamerus, and M. Schuller. 1991. “Response of Sing-Story Reinforced 

Masonry Shear Walls to In-Plane Lateral Loads”. National Science Foundation. Used under fair 

use, 2013 

 

Figure 4.7 repeats the fixed base results of Figure 4.4, but compares them to the results of 

a model that includes a sliding interface. As expected, there is no major change between these 

two results because this shear dominated wall was not governed by base sliding. Slight 

differences may be attributed to the displacement required for the base springs to develop their 

full strength. 
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Figure 4.7: Shear-dominated wall force displacement response with base sliding elements 

4.3 Analysis of Sliding-Dominated, Single-Story Wall 

The sliding-dominated wall had a similar configuration as the shear-dominated wall. It 

was also six feet long, by six feet tall, by five and five eighths inches thick, and vertically 

reinforced with #7 grade 60 rebar. Five #4 grade 60 rebar were used as horizontal reinforcement, 

and no axial load was applied to the wall. For the sliding dominated wall, three analyses were 

preformed to show the results of the model with base sliding elements, and with the model fixed 

at its base. The sliding-dominated wall used the same truss configuration as the shear-dominated 

wall with a slight modification to the cross sectional area of the steel truss elements as shown in 

Table 4-1. 
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dominated wall truss areas 

Representation 

 

dominated wall force displacement response with fixed base

the analytical results are fairly representative of how the wall actually 

behaved. The positive ultimate strength was overestimated by 1 kip as 90 and the negative 

underestimated by 7 kips as 88. Ultimate strength also tended to be 

achieved at a smaller displacement by the model than was recorded experimentally. 

shapes from the force displacement response of the sliding-dominated wall model
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ase 

the analytical results are fairly representative of how the wall actually 

behaved. The positive ultimate strength was overestimated by 1 kip as 90 and the negative 

Ultimate strength also tended to be 

achieved at a smaller displacement by the model than was recorded experimentally. Deformed 

dominated wall model with a fixed 
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base are shown in Figure 4.9. Similar to shear-dominated wall, a separation formed between the 

diagonals connecting the top left corner of the wall to the bottom right corner of the wall, and the 

diagonals to the right of them. This deformation pattern again can be identified as a shear failure. 

The experimental wall shown in Figure 4.10 shows signs of diagonal cracking similar to the 

model. 

(a)  (b)  

  

Figure 4.9: Deformed shape of sliding-dominated wall with fixed base (deformation scaled by 

50) 

 

Figure 4.10: Experimentally observed damage pattern of the sliding-dominated wall. Shing, B., 

J. Noland, H. Spaeh, E. Klamerus, and M. Schuller. 1991. “Response of Sing-Story Reinforced 

Masonry Shear Walls to In-Plane Lateral Loads”. National Science Foundation. Used under fair 

use, 2013. 
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The results of a second analysis that includes a sliding interface are shown in Figure 4.11. 

Only a small difference can be noticed between the results from neglecting base sliding and 

including them. In this case the base sliding peak resistance was never reached, as a result the 

wall never failed in base sliding.  

Given that dowel strength of a wall cannot be estimated with perfect accuracy due to 

variation in material properties and construction processes, an additional analysis with a sliding 

interface was performed. In this analysis the sliding resistance provided by the steel was 

decreased by five percent. As shown in Figure 4.12 the lateral resistance does not exceed 85 

kips. This indicates that the wall’s strength is greater than the peak sliding resistance, 85 kips.  

 

 

Figure 4.11: Sliding-dominated wall force displacement response with base sliding elements 
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Figure 4.12: Sliding-dominated wall force displacement response with 5% reduced strength base 

sliding elements 

The occurrence of base sliding with only a small change in the base sliding resistance, 

suggests that the sliding-dominated wall’s shear strength and sliding resistance were of nearly 

equal magnitude. Thus the first analysis of the sliding-dominated wall didn’t capture sliding 

failure because shear strength was slightly lower than the sliding resistance. Figure 4.12 also 

shows that this model requires improvement before it can capture the hysteretic loading and 

reloading behavior of the wall once the peak sliding resistance is reached. This occurrence can be 

attributed the oversimplification of this sliding interface model, which is considered separately 

from the other effects in the wall. The model could be improved by accounting for the interaction 

shear and flexural damage has on the base sliding behavior.  
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Chapter 5 Validation for a Multi-Story Wall System 

 

After the truss based analysis method was validated for single-story wall cases, it was 

deemed necessary to validate the method for multi-story wall systems. Thus the performance of a 

multi-story specimen is examined. The experimental data comes from a research project 

preformed at the University of California San Diego (Mavros 2013). This work included the 

construction and testing of a two-story three-dimensional wall specimen on a shake table. Each 

story was made of three walls forming a symmetrical I shape as seen in Figure 5.1. The two 

parallel walls connect to the middle wall similar to a wide flanged beam. For this reason each of 

the parallel walls are referred to as flange walls, and the middle wall is referred to as the web. All 

walls had two openings to simulate the presence of either a door or a window. The elevation 

view of both web and flange walls are shown in Figure 5.2 and Figure 5.3. 

 

Figure 5.1: Two story structure plan view. Mavros, M. 2013.Personal Communication. Used 

under fair use, 2013. 
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Figure 5.2: Elevation view of web walls. Mavros, 

M. 2013.Personal Communication. Used under 

fair use, 2013. 

 

Figure 5.3: Elevation view of one set of flange 

walls. Mavros, M. 2013.Personal Communication. 

Used under fair use, 2013 

The walls were fully grouted and reinforced with #4 bars. Details of the reinforcement layout can 

be found in Figure 5.4 and Figure 5.5. 
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Figure 5.4: Reinforcement detail for web walls. Mavros, M. 2013.Personal Communication. 

Used under fair use, 2013. 

 

Figure 5.5: Reinforcement detail for one set of flange walls. Mavros, M. 2013.Personal 

Communication. Used under fair use, 2013. 
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The roof and floor system of the structure consisted of eight inch deep hollow core planks 

with a three inch thick concrete topping. Each plank was forty inches wide and contained eight 

3/8 inch diameter 270 K stands, and two 5/16 inch diameter 250 K strands. The topping was 

reinforced with #4 bars at sixteen inches on center. A detail of one plank with the concrete 

topping is shown in Figure 5.6. Planks ran parallel to the web wall and were supported by the 

flange walls. Concrete beams were cast at the same elevation of the floor and roof system that 

rested on top of a web wall. These concrete beams had one #4 bar at each of their corners. All 

concrete elements had a compressive strength of four ksi. Other important material properties are 

shown in Table 5-1 and Table 5-2. 

 

 

Figure 5.6: Eight inch plank with three inch topping used in the floors of the two-story specimen 

 

Table 5-1: Masonry prism material properties (Mavros 2013) 

Story Compressive Strength (ksi) Modulus of elasticity (ksi) Strain at peak stress 

1
st

 story 2.26 1110 0.0023 

2
nd

 story 1.62 1095 0.0018 
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Table 5-2: Reinforcing steel material properties (Mavros 2013) 

  

Modulus of 

elasticity (ksi) 

Yield Stress 

(ksi) 

Tensile 

Strength (ksi) 
Yield strain Ultimate strain 

Slab 29400 73 104 0.00249 0.107 

Wall 28600 65 98.4 0.00227 0.136 

 

The two story structure was subjected to a sequence of earthquake ground motions. This 

history included gradually increasing scaled versions of the El Centro record from the 1979 

Imperial Valley earthquake. As opposed to using one strong ground motion, the ground motions 

were gradually scaled to avoid a catastrophic collapse that could cause damage to the 

experimental apparatus. As the loading was applied the drift and base shear of the structure were 

monitored. The ground motion sequence eventually caused severe cracking in the specimen, as 

shown in Figure 5.7. Figure 5.8 shows the acceleration history for the record that was used in the 

experiment. While additional ground motions were applied to the specimen for instrumentation 

testing purposes, the ground motions that caused a majority of the structural damage are shown 

in order in Table 5-3.  
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Figure 5.7: Photograph of experimental wall after completion of tests. Mavros, M. 

2013.Personal Communication. Used under fair use, 2013. 

 

Figure 5.8: El Centro record of the 1979 Imperial Valley earthquake acceleration history 
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Table 5-3: List of ground motions in chronological order and their corresponding drift at the top 

of the specimen 

El Centro 

recording scale 

factor 

 Positive peak 

ground 

acceleration (g) 

Negative peak 

ground 

acceleration (g) 

Peak positive 

drift 

Peak negative 

drift 

0.86 0.28466 -0.44634 0.13% -0.04% 

1.08 0.35748 -0.56052 0.22% -0.08% 

1.45 0.47995 -0.75255 0.38% -0.42% 

 

5.1 Description of the Truss Model 

Due to the complicated geometry of the walls created by the large number of openings, 

special attention had to be given to creating an appropriate truss mesh that conserved the actual 

shape of the wall. An eight inch by eight inch truss cell size was chosen. This size fits 

conveniently in all areas of the wall without modifying the opening dimensions, and produces an 

ideal 45 degree angle for the diagonal members. The truss cells at the top of the walls are 

lengthened vertically to eleven inches in order to match the floor/ roof dimensions. As a result of 

this geometry, the diagonal elements at the second floor and roof elevations form a 54 degree 

angle measured from horizontal; which still close to the target 45 degree angle. A visual 

representation of the mesh is given in Figure 5.9. 
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Figure 5.9: Truss model for the two-story shake table specimen 

The cross-sectional areas were assigned in a similar fashion to the methods previously described 

and are summarized in Table 5-4. Lateral forces were applied equally at the second story and 

roof. 

Table 5-4: Truss areas of two story wall 

Element type 
Area 

(in.2) 

Vertical masonry boundary 96 

Vertical masonry interior 66 

Horizontal masonry 64 

Horizontal concrete at floor/roof 76 

Diagonal masonry 45 

Vertical steel at boundary 0.33 

Vertical steel interior 0.0973 

Horizontal steel 0.123 

 

An important aspect of this structure that the analytical model needs to capture is the 

strength coupling effect of the slabs and lintel beams. The slab and beam create a coupling 

between the masonry piers labeled W-1, W-2, and W-3 in Figure 5.1. Without more advanced 

 Rigid Beam 

 Nonlinear Beam 

 Truss Element 

Positive direction 
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analysis or data it is difficult to determine how much the slab contributes to this coupling effect. 

For this analysis it was assumed that the effective width of the slab was equal to the width of one 

hollow core plank, 40 inches. The resulting beam section is shown in Figure 5.10. A fiber beam 

model of the composite beam and slab system was created to determine the behavior of the 

coupling effect.  

 

Figure 5.10: Coupling beam cross section 

The moment-curvature response for this beam section was recorded and then 

approximated using a trilinear formulation. Given that the truss model inherently includes the 

effects of the eight inch concrete beam, this moment curvature relation only includes the effects 

of the two half-planks with topping portions of the coupling beam. The vertically unsymmetrical 

nature of the plank and slab system created different moment-curvature response for positive and 

negative bending moment. Figure 5.11 and Figure 5.12 show the results from the fiber model 

compared to the approximation used in the model.  

When performing the fiber analysis of this coupling element, convergence was limited to 

small curvatures when the concrete material law had tensile strength. In order to reach 

convergence at larger curvatures the concrete model was changed to the Kent-Park model which 

neglects concrete tensile strength (Kent and Park 1971). It is for this reason that the first line of 

both approximations is noticeably stiffer than the fiber model. The initial stiffness of the 
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approximation is based on the point at which damage occurs when using the concrete model with 

tensile strength. Nonlinear beam elements whose sections used the moment curvature 

approximations previously discussed are included in the model. Additional rigid beam elements 

were used at the same elevations as the nonlinear beams over the wall piers as seen in Figure 5.9. 

These beams were included to ensure that the effects of the coupling beams were correctly 

applied to the wall piers. 

 
 

Figure 5.11: Positive moment curvature of 

coupling element 

Figure 5.12: Negative moment curvature of 

coupling element 

 

Several variations of the analytical model were created to try and achieve the most 

accurate results. Preliminary models neglected the flange walls based on the assumption that the 

flanges would have less of an impact on a shear dominated wall. However the results predicted 

the wall’s strength significantly lowered than the measured strength. Similar to the coupling 

beam, this modeling approach lacks the ability to determine how much of the flange is truly 

activated by the web wall. Instead of assuming an effective width, the final model includes new 
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set of nodes at the boundary of the walls allowing for the separate inclusion of the flange 

elements. The flange nodes corresponding to the top of the floor and roof elevations are laterally 

slaved to the corresponding web nodes.  

5.2 Description of Finite Element Model 

A three-dimensional finite element model was created to shed some further light on the 

response mechanism of the structure, and to assess the accuracy and efficiency of the truss model 

(Koutromanos 2013). The finite element model used a recently developed shell element 

combining the Discrete Kirchoff concept (Batoz and Tahar 1982) and the smeared cracking 

continuum model for concrete (Koutromanos et al. 2011). Furthermore, the reinforcing steel is 

described using the more refined Dodd-Restrepo model (Dodd and Restrepo-Posada 1995), 

which has a slightly more accurate monotonic response curve (i.e., it includes a yield plateau). 

Figure 5.13 shows an isometric view of the finite element model. The finite element model was 

run in FEAP (FEAP 2013)  
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Figure 5.13: Isometric view of the finite element model (Koutromanos 2013) 

 

5.3 Nonlinear Static Analysis 

Although the wall was subjected to a dynamic loading, a nonlinear static analysis of the 

analytical model was performed. A nonlinear static analysis is a good preliminary simulation 

because it can provide information on what kind of behavior is predicted by the model before 

spending a significant amount of computation time performing a dynamic analysis. It has also 

been shown that nonlinear static analysis can reproduce well the envelope of hysteretic behavior 



  63

(Koutromanos and Shing 2013).  The force displacement results for the finite element model and 

truss model are shown in Figure 5.14.  

 

Figure 5.14: Nonlinear static analysis results of two story wall 
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5.4 Discussion of Truss Model Results 

The direction of loading which is established as positive is shown in Figure 5.9. Figure 

5.15 and Figure 5.16 depict the deformed shape and truss strain contour plots of the truss model 

results for both the positive and negative loading direction.  

 

Figure 5.15: Final deformed shape and strain contour of positive nonlinear static analysis 

 

Figure 5.16: Final deformed shape and strain contour of negative nonlinear static analysis 
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The response of the wall depends on the direction of loading due to its unsymmetric 

layout. For both loading directions, the initial stiffness of the wall has been overestimated and 

the peak strength underestimated. These discrepancies can potentially be linked to the 

uncertainty regarding the effective contribution of the flange and floor/ roof systems. Comparing 

Figure 5.15, Figure 5.16, and Figure 5.7 shows damage patterns of the model are similar to those 

witnessed in the experiment. The major damage manifests in the bottom wall as shear cracking in 

piers W-2 and W-3. Other minor cracks recorded from the experiment such as the flexural crack 

in pier W-1, and cracks around the openings in the second story are also found in the model. 

While the stiffness and strength of the model are not as accurate as they could be, the damage 

mode of the model appears to be in good agreement with the experimental results.  

5.5 Comparison of Truss Results to Results Obtained With Shell Based Three-

Dimensional Finite Element Model  

Although the truss analogy gave satisfactory results for the two-story specimen, the 

validity of several assumptions like the value of the effective slab width need to be evaluated. As 

mentioned previously, the truss model relies on a crude approximation of the coupling effect 

between walls due to the limitation of two-dimensional modeling. An effective beam width was 

assumed that remained constant over the entire length of the wall. The three-dimensional finite 

element model was able to better capture the axial and shear forces induced in the three coplanar 

walls from coupling. Figure 5.17 shows the contour plot of the coupling moments experience by 

the entire slab. In the figure red dashed lines outline the wall piers below, and white dashed lines 

represent the effective width of the coupling beam assumed in the truss model.  
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Figure 5.17: Coupling bending moments in floor slab (Koutromanos 2013) 

 

High magnitude moments occur near the edges of the wall piers. The magnitudes of these 

moments decrease as the distance from the web wall increases. The effective width used in the 

truss model generally lies close to the boundary, but within these regions of high magnitudes. 

For this reason it may be appropriate to further increase the effective width of the coupling beam 

used in the truss model. 

 The damage pattern predicted by the finite element model can be seen from the principal 

membrane strain contours in Figure 5.18 and Figure 5.19. Comparing these figures to Figure 

5.15 and Figure 5.16 shows that the finite element model predicted a damage pattern similar to 

the truss model and the experimental damage pattern.  
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Figure 5.18: Maximum principal membrane strains for loading in positive direction 

(Koutromanos 2013) 

 

Figure 5.19: Maximum principal membrane strains for loading in negative direction 

(Koutromanos 2013) 
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The diagonal cracking pattern in the wall piers is calculated by both the truss and finite 

element approaches. However, in some cases the cracking patterns in the truss model and finite 

element model have different angles of orientation. The cracks in the truss model form at 45 

degrees due to the cracking cell geometry, (equal height and width). In contrast, the finite 

element model predicts a slightly higher angle of orientation for pier W-3 in the positive 

direction, and W-1 and W-2 in the negative direction. Similarly, the principle compression struts 

in the finite element model are at an angle greater than 45 degrees as shown in Figure 5.20 and 

Figure 5.21. This orientation is once again different than the truss model that assumes a 45 

degree compression strut as defined by the angle of the diagonal elements. These differences in 

cracking and compression strut angles may be a weakness of truss modeling.  

 

 

Figure 5.20: Minimum principal membrane forces and idealized compression struts for loading 

in positive direction (Koutromanos 2013) 
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Figure 5.21: Minimum principal membrane forces and idealized compression struts for loading 

in negative direction (Koutromanos 2013) 

An additional comparison can be made by isolating the steel elements of the models. 

Contour plots showing the stresses in steel elements of the truss model are show in Figure 5.22 

and Figure 5.23.  Comparing these to similar plots of the finite element model, Figure 5.24 and 

Figure 5.25, shows that the reinforcement behaves similar for both models.  
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Figure 5.22: Steel element stresses in the truss model for the positive direction (ksi) 

 

 

Figure 5.23: Steel element stresses in the truss model for the negative direction (ksi) 
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Figure 5.24: Reinforcement stresses in the finite element model for loading in positive direction 

(ksi) (Koutromanos 2013) 

 

Figure 5.25: Reinforcement stresses in the finite element model for loading in negative direction 

(ksi) (Koutromanos 2013) 
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Chapter 6 Analysis of Prototype Squat Walls  

 

ATC 76 was a project for the National Institute of Standards and Technology (NEHRP 

2010), in which the FEMA P-695 methodology was tested for a number of different seismic 

force resisting systems (FEMA 2009). One of the seismic force resisting systems considered in 

ATC 76 was special reinforced masonry shear walls. A large number of special reinforced 

masonry shear wall archetypes were considered ranging from a single-story system up to a 

twelve-story system. In order to complete the FEMA P-695 methodology a series of nonlinear 

dynamic analysis must be performed. Thus detailed analytical models must be devised and 

implemented. 

Fiber beams with elastic shear springs located between every story were used to model 

the reinforced masonry shear walls in ATC 76. It was concluded that these models could not 

satisfactory model squat walls (Koutromanos and Shing 2010). For this reason a truss modeling 

approach is used in this chapter to obtain improved predictions for one and two story archetypes.  

6.1 One Story Prototype Wall Designed for Seismic Design Category D 

The one story masonry shear wall archetype consists of the square building with two 24 

feet long and 12 feet tall shear walls in each orthogonal direction, shown in Figure 6.1. 
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Figure 6.1: Plan view of the one story masonry shear wall archetype. NEHRP Consultants Joint 

Venture. 2010. “Evaluation of the FEMA P-695 Methodology for Quantification of Building 

Seismic Performance Factors.” National Institute of Standards and Technology, USA. Used 

under fair use, 2013. 

 

Each of these walls are made of eight inch thick 1.5 ksi fully grouted masonry units, 

reinforced vertically with eight #5 bars and horizontally with #5 bars every 48 inches. The 

analytical model for one of these walls consists of 18 inches tall by 17.5 inches wide truss cells 

organized into a sixteen by eight mesh as seen in Figure 6.2. A summary of the area of each type 

of truss element are listed in Table 6-1. In addition to the truss elements a rigid beam was 

connected across the top of the wall to distribute the applied loads evenly. 
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Figure 6.2: One story prototype wall analytical model configuration 

 

Table 6-1: One story prototype truss model element areas 

Element type Area (in.2) 

Vertical masonry boundary 64 

Vertical masonry interior 145 

Horizontal masonry 144 

Diagonal masonry 100 

Vertical steel at boundary 0.31 

Vertical steel interior 0.124 

Horizontal steel 0.08857 

 

A nonlinear static analysis using this model was run with fixed base conditions as well as with a 

sliding interface. Displacement of the top of the wall was steadily increased while the initial 

gravity loading was held constant. The recorded based shear at various drift limits is shown in 

Figure 6.3. 

Rigid beam 
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Force displacement response of one story prototype wall 

The initial slope and then plateau of the red line in Figure 6.3 signifies

according to the sliding interface was reached before the peak 

strength of the wall was achieved. It is believed that the significantly lower strength prediction 

found when using the sliding interface model stems from disagreement between the assumed 

. When developing the sliding interface model it was assumed that 

the full base of the wall had cracked due to flexural damage, and thus cohesion could be ignored. 

Plotting the truss strain with the contour maximum limit as the strain corresponding to the 

shows that only about 25 percent of wall actually cracks before 

displacement at which peak sliding strength is reached. Members that are not 

correspond to members that have exceeded their tensile strength and have 
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Figure 6.4: Flexural cracking at the base of the one story wall just before peak sliding resistance 

is reached 

For the fixed base model strength reduction occurred from three different mechanism at 

approximately 0.03, 0.4, and 1.8 percent drift. The first decrease in strength occurred from partial 

flexural cracking at the base of the wall. As the load was increased further, the diagonal elements 

in the bottom row of truss cells began to crush, initiating the second decrease of strength. At a 

drift of 1.8 percent the wall experienced diagonal cracking on the left side of the wall, similar to 

a shear damage pattern. The deformed shape and strain contour at these three stages are shown in 

Figure 6.5. Just like Figure 6.4 the plot in part (a) shows the members that surpassed their tensile 

strength, “cracked”. A similar technique is used to show which diagonal member have exceed 

the peak compressive strain and thus crush at point (b).  

 (a) 
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(b) 

  

(c) 

 
 

Figure 6.5: Deformed shape and strain contour of the one story prototype shear wall with fixed base  

conditions. (a) flexural cracking (b) toe crushing (c) shear failure (deformation scaled by 10) 

 

The final plot, (c), shows that at a drift ratio of about two percent diagonal separation between 

truss cells occurs on the left side of the model. 

 The green curve in Figure 6.3 shows the results from the beam base modeled previously 

used in ATC 76. According to the beam model the wall experiences a flexural dominated 

damage pattern. Comparing the initial slopes of the beam model with the fixed base truss model 

shows that the truss model has a significantly higher initial stiffness than the beam model. This is 

expected, given the nature for truss modeling to over predict stiffness, in addition to the fact that 

the beam model neglects the tensile capacity of masonry. After the tensile cracking occurs at the 

base of the truss model, the response of the two models are fairly similar until the truss achieves 
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its peak strength. It is at this point that the truss model begins losing strength before the beam 

model. The earlier strength degradation observed in the truss model results is likely due to the 

fact that the truss model includes the effects of shear on the flexural strength of the wall, while 

the beam model does not. This difference causes the beam model to predict higher ductility and 

strength than the truss model.  

6.2 Two Story Prototype Wall Designed For Seismic Design Category D  

The two story archetype consists of a rectangular building resisting lateral loads with four 

shear walls in the two orthogonal directions. All of these walls are 32 feet wide and 20 feet tall 

(10 feet per story.) A plan view of the structure is shown in Figure 6.6. 

 

Figure 6.6: Plan view of 2 story masonry shear wall archetype. NEHRP Consultants Joint 

Venture. 2010. “Evaluation of the FEMA P-695 Methodology for Quantification of Building 

Seismic Performance Factors.” National Institute of Standards and Technology, USA. Used 

under fair use, 2013. 

 

For this archetype two different wall designs were created due to the orientation of the 

gravity loads system. The one way slab system creates one set of walls with a high axial load and 

another set of walls with minor axial load. Only the high axial load type wall is modeled using 

the truss approach. This wall is eight inches thick with a masonry compressive strength of 2.5 



 

ksi. Twelve #4 rebar reinforce the wall vertically, and #6 bars spaced every 32 inches are used 

for horizontal reinforcement.  

A grid twenty two cells wide and 

this wall. Each truss cell is 17.09 inches tall and 17.14 inch

area of each type of truss element can be found in 

 

Figure 6.7: Two story prototype

 

Table 6-2: Two story prototype truss

Element type 

Vertical masonry boundary 

Vertical masonry interior 

Horizontal masonry 

Diagonal masonry 

Vertical steel at boundary 

Vertical steel interior 

Horizontal steel 
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nforce the wall vertically, and #6 bars spaced every 32 inches are used 

cells wide and fourteen cells tall is used to create the truss model for 

this wall. Each truss cell is 17.09 inches tall and 17.14 inches wide as drawn in 

area of each type of truss element can be found in Table 6-2.  

 

prototype wall analytical model configuration 

truss model element areas 

Area (in.2) 

64 

140 

137 

97 

0.2 

0.095 

0.203 

14 at 17.09”

22 at 17.14” 

Rigid beam

nforce the wall vertically, and #6 bars spaced every 32 inches are used 

used to create the truss model for 

as drawn in Figure 6.7. The 

14 at 17.09” 

Rigid beam 
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Just like for the one story wall, a nonlinear static analysis was performed on a two story 

model with a fixed base, as well as for a model that included a sliding interface. The loading of 

the wall was similar to the one story wall, except the vertical distribution of the lateral loads had 

to be considered. 62% of the lateral load was applied at the top of the model, and the other 38% 

at the second story. Results of the nonlinear static analysis are plotted in Figure 6.8.  

 

Figure 6.8: Force displacement response of two story prototype wall 

While the fixed base model also predicts a higher strength than the sliding interface 

model of the two story wall, the strength predicted by the sliding interface model is closer to the 

fixed base strength for this model. This is expected given that the two story wall has a greater 

height to width ratio than the one story wall. As such it develops relatively more frictional 

resistance due to an increased axial load.  Figure 6.9 shows the members that have exceeded their 

tensile strength at the point in which peak sliding resistance is reached. This is done just like for 

the one story wall to determine whether flexural cracking that the base of the wall does indeed 

happen as assumed by the sliding interface model. For the two story wall about 25 percent of the 
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wall has cracked at the base. Thus the two story wall most likely has additional resistance to base 

sliding in the form of cohesion that was not accounted for.  

 

Figure 6.9: Flexural cracking at the base of the two story wall just before peak sliding resistance 

is reached 

  

 The fixed base results curve of the two story wall strongly resembles that of the one story 

wall. This is because the damage pattern forms in a similar manner as the one story wall as 

shown in Figure 6.10. An initial peak is first reached at a small drift that corresponds to the 

initiation of cracking at the base of the wall. Point (a) shows how a significant portion of the base 

of the wall had exceeded its maximum tensile strength just after this peak. A secondary peak is 

reached just before the diagonal elements at the toe of the wall begin to crush. The contour plot 

at point (b) shows that after this peak several of the diagonal elements had a strain greater than 

that at which the maximum compressive strength is reached. The last strength degradations are 

caused by diagonal cracking in the wall as seen in part (c) of Figure 6.10.  
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(a) 

 

 

(b) 

 

 

(c) 

 

 

Figure 6.10: Deformed shape and strain contour of the two-story prototype shear wall with fixed base 

conditions. (a) flexural cracking (b) toe crushing (c) shear failure (deformation scaled by 10) 
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 The green line in Figure 6.8 shows the results of the two story wall using the beam model 

originally used in ATC 76. Difference between the beam model results and the fixed base truss 

model results are similar to those mentioned for the one story wall. Specifically, the initial 

stiffness is greater with the truss model, results between flexural cracking at the base and the 

peak truss strength are similar for the beam and truss model, and the truss model results show an 

earlier degradation in strength due to the damage from shear affecting the flexural behavior of 

the wall.  
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Chapter 7 Conclusions/Recommendations for Future Work  

 

7.1 Conclusions  

This thesis had three main goals. First, to describe the truss analysis methodology, 

including a novel method to account for the effect of localized base sliding along a wall base. 

Second, to provide verification of the truss modeling approach for special reinforced masonry 

shear walls, by comparing predicted results to the experimental data of two single-story walls 

and one two-story wall system. The last objective was to create partial updated analytical results 

for squat prototype walls.  

Based on the verifications presented in this thesis it can be deduced that truss models can 

give good estimates of the response for reinforced masonry shear wall structures. Comparing the 

results of the prototype walls obtained using the truss model to the previously used beam-based 

model shows that previous studies may have over predicted the ductility of RM shear walls due 

to neglecting shear-flexure interaction. The satisfactory results and conceptual simplicity of truss 

models establish them as an attractive method for future systematic performance assessment 

studies of low- and mid-rise RM shear wall buildings. 

Assessment of the models presented in this thesis provide some general observations 

about the speed of the truss modeling approach. The run time of each model is dependent on a 

number of factors including the number of elements, constitutive models, constraints, 

convergence tolerance, and number of steps preformed. For simple comparison a nonlinear static 
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analysis to a maximum drift ratio of .5% was timed for each of the models mentioned previously 

in this paper. The total time it took for each model to complete and the number of steps in each 

analysis are displayed in Table 7-1. All analysis were run on a1.6 GHz processor except where 

noted. Although the author plans to run dynamic analysis in the future, no dynamic analyses 

were done for this thesis. Therefore no information can be provided on the amount of computer 

resources required to perform a dynamic analysis.  

Table 7-1: Duration of nonlinear static analysis to a drift of .5% for each model 

Model Number of Steps Duration of analysis 

Single story shear dominate wall 250 < 1 minutes 

Single story sliding wall 250 <1 minutes 

Truss shake table wall 1700 2.25 hours 

Finite element shake table wall* 100 6 hours  

One story ATC  2000 2 minutes 

Two story ATC wall 2000 15 minutes 

* Run on 3.47 GHz processor 

 

7.2 Recommendations for Future Work  

Future work should include further examination of how to capture the base sliding failure 

mode. A more advance sliding model must consider the interaction between flexural and shear 

effects as well as damage effects on the strength of the sliding resistance. Such a model will 

likely require additional springs along the sliding interface, with more refined force-displacement 

relations.  
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Additional work should also investigate of how to model the boundary between shear 

walls of different stories. Two approaches were used in this thesis including the elastic beams in 

the two story prototype wall, and the nonlinear beam elements of the shake table wall. However, 

it was unclear how to most accurately approximate the effect of the slab between stories of a 

wall. Refined modeling isolating this interface, such as a three-dimensional finite element 

approach, could help to predict what actually happens between stories. From that information, a 

simpler modeling technique should be developed that could be used in the truss modeling 

approach.     
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