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PREFACE 
 
MCEER is a national center of excellence dedicated to the discovery and development of new 

knowledge, tools and technologies that equip communities to become more disaster resilient in the face of 
earthquakes and other extreme events. MCEER accomplishes this through a system of multidisciplinary, 
multi-hazard research, education and outreach initiatives. 

Headquartered at the University at Buffalo, State University of New York, MCEER was originally 
established by the National Science Foundation (NSF) in 1986, as the first National Center for Earthquake 
Engineering Research (NCEER). In 1998, it became known as the Multidisciplinary Center for 
Earthquake Engineering Research (MCEER), from which the current name, MCEER, evolved. 

Comprising a consortium of researchers and industry partners from numerous disciplines and 
institutions throughout the United States, MCEER’s mission has expanded from its original focus on 
earthquake engineering to one which addresses the technical and socioeconomic impacts of a variety of 
hazards, both natural and man-made, on critical infrastructure, facilities, and society. 

MCEER investigators derive support from the State of New York, National Science Foundation, 
Federal Highway Administration, National Institute of Standards and Technology, Department of 
Homeland Security/Federal Emergency Management Agency, other state governments, academic 
institutions, foreign governments and private industry. 

The main goal of this study was to develop simulation capabilities supported by experimental testing 
to evaluate the seismic performance of typical unreinforced masonry buildings with flexible diaphragms 
located in NYC. Simplified nonlinear macro-models of wood diaphragms, masonry walls and floor-to-
wall connections were developed and validated individually using data from past experiments. The 
models are implemented in both commercial and research software to demonstrate their practical use. In 
particular, a new approach for modeling flexible diaphragms is proposed that is shown to provide similar 
accuracy to detailed finite element models at a fraction of the computation cost. The models developed 
were also validated at the system level, through shake table testing of two full-scale specimens conducted 
as part of this study. The specimens were designed and constructed to represent the expected loading 
conditions of a central portion of a one-story URM building and constructed of materials representative 
of older masonry construction. The tests provide a unique data set that captures the interaction between 
flexible floors, out-of-plane walls and their connections at full scale. 
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ABSTRACT 
 

Studies regarding the regional seismicity of New York City (NYC) indicate that earthquakes of 

magnitude greater than or equal to 5 have a 20-40% probability of occurring in a 50 year period. 

Considering that more than 50% of the large population of the region (19.1 million) is living in 

an area where 80% of the buildings are of old Unreinforced Masonry (URM) construction, it is 

likely that even a moderate earthquake could have critical consequences on public safety and the 

economy of this area.  

The main goal of this study was to develop simulation capabilities supported by experimental 

testing to evaluate the seismic performance of typical unreinforced masonry buildings with 

flexible diaphragms located in NYC. Simplified nonlinear macro-models of wood diaphragms, 

masonry walls and floor-to-wall connections were developed and validated individually using 

data from past experiments. The models are implemented in both commercial and research 

software to demonstrate their practical use. In particular, a new approach for modeling flexible 

diaphragms is proposed that is shown to provide similar accuracy to detailed finite element 

models  at a fraction of the computation cost. The models developed were also validated as at the 

system level, through shake table testing of two full-scale specimens conducted as part of this 

study. The specimens were designed and constructed to represent the expected loading 

conditions of a central portion of a one-story URM building and constructed of materials 

representative of older masonry construction. The tests provide a unique data set that captures 

the  interaction between flexible floors, out-of-plane walls and their connections at full scale. 

The validated macro-models can be used for performance-based seismic assessment of 

unreinforced masonry buildings in NYC and elsewhere. To demonstrate their use, preliminary 

studies were conducted to develop out-of-plane URM fragility curves, a building-specific 

collapse fragility function, and to estimate the seismic response of the building when subjected to 

a ground shaking intensity similar to the 2011 Virginia Earthquake. The probabilistic framework 

and new performance definitions provided by the FEMA P58 project were used to conduct a 

performance-based seismic assessment for an archetype unreinforced masonry building in New 

York City with an emphasis on out-of-plane behavior. This preliminary study served to 

demonstrate the applicability of the proposed models for applications in performance-based 

design. 
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SECTION 1  

INTRODUCTION 
1.1 Motivation  

 

Unreinforced masonry (URM) buildings are one of the most seismically vulnerable building 

types in the world (Spence 2007). The URM building inventory accounts for more than 60% of 

the buildings in some countries like Italy, Mexico, Indonesia and Australia (Jaiswal and Wald 

2008). 

Studies conducted by  Tantala et al. (2003) regarding the regional seismicity of New York City 

(NYC) indicate that earthquakes of magnitude greater than or equal to 5 have a 20-40% 

probability of occurring in a 50 year period (See Figure 1-1). Considering that more than 50% of 

the total population of the region (19.1 million) is living in an area where 80% of the buildings 

are of old URM construction, it is likely that even a moderate earthquake could have critical 

consequences on public safety and the economy of this area.    

The consequences of a moderate earthquake in NYC can be estimated by the FEMA P-58 

seismic assessment guidelines (FEMA P58-1 2012), which can be used to evaluate in a more 

rational way the performance of URM buildings when subjected to future earthquake shaking. 

Also, FEMA P-58 uses performance measures that can be easily understood by owners and other 

decision-makers (i.e. number of casualties, downtime and repair costs). Moreover, it is easier to 

show the impact of cost-effective retrofitting methods if an increased performance level is 

desired.    

The next generation of performance based seismic design guidelines require well-validated, 

computationally efficient numerical models that can be used to conduct numerous response-

history analyses. A thorough review of the literature reveals that conducting reliable seismic 

analysis of multi-story URM buildings remains a challenging task within the earthquake and 

structural engineering field. Although several numerical methods have been proposed, the 

combination of highly nonlinear material and structural component behavior, complex geometric 

configurations and lack of experimental data makes the problem difficult to solve.  Even more, 

as of today there are no reported attempts to capture the nonlinear seismic response of full multi-

story URM buildings with flexible diaphragms at the system level. In order to conduct such 
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studies, there is a need to develop and validate numerical macro-models of the diaphragm, 

masonry wall and floor-to wall connections able to capture the full dynamic characteristics at the  

system level within reasonable analysis time.  

 
Figure 1-1 Probability of having an earthquake with Mw>5 in NYC (USGS 2009) 

1.2 Research Objectives 

The main goal of this study is to develop and validate numerical macro-models to evaluate the 

seismic performance of typical URM buildings located in New York City.  Simplified numerical 

macro-models of wood diaphragms, masonry walls and floor-to-wall connections are first 

developed and validated individually using data from past experiments. These models are also 

validated at the system level, through shake table testing of two full-scale specimens of wall 

slices with flexible diaphragms conducted as part of this study. The specimens are designed and 

constructed to simulate the conditions expected in the central portion of a one-story URM 

building. 

 The specific objectives of this report are summarized as follow: 

 Collaborate with the NYC structural engineering community to address the lack of 

knowledge in modeling and analyzing older URM buildings under seismic loads.  
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 Understand the building inventory in NYC, develop a representative archetype building 

and identify critical vulnerabilities of structural components.  

 Propose new simplified, reliable and robust macro-models to address critical 

vulnerabilities previously identified. These models must be well-validated analytical tools 

accessible to practicing engineers and the design community.  

 Conduct material tests on actual URM specimens from NYC buildings, to better 

understand the material properties that should be used in laboratory testing. 

 Perform shake table tests to better understand the seismic behavior and interaction 

between flexible diaphragms and out of plane walls, which are some of least understood 

components.  

 Assess the robustness of the numerical models under moderate and strong ground motion 

based on the shake table test data. 

 Initiate preliminary studies to conduct an intensity-based assessment of the archetype 

URM building using the FEMA P-58 methodology and develop expected dollar and 

casualty loss for NYC.  

1.3 Report Outline 

This report is organized in ten sections and three appendices. Following this introductory section, 

Section 2 presents a review of the literature focusing on seismic behavior of low-rise multi-story 

URM buildings with flexible diaphragms. Theoretical, actual and experimental global response 

of this type of buildings during earthquake loading is discussed. 

After characterizing the building stock in New York City, a representative URM building is 

identified in Section 3. Structural vulnerabilities for the archetype URM building are also defined 

and discussed. Flexible diaphragms, floor-to-wall connections and out-of-plane masonry walls 

are identified as the main structural components requiring further investigations to better 

understand their seismic behavior  and develop reliable models.  

In Section 4, suitable numerical models of wood diaphragms with similar structural 

characteristics to those found in older URM buildings in NYC are identified and evaluated for 

performance-based seismic design applications. The models were implemented in SAP2000 and 

OpenSees. A novel 3D nonlinear macro-model of the diaphragm, able to capture the full 

dynamic characteristic while significantly reducing analysis time is proposed and validated. 
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Comparison with previous numerical models and key experimental results from the literature are 

provided. 

A 3D nonlinear macro-model of a typical floor-to-wall connection in URM buildings is proposed 

and validated in Section 5. The SAP2000 model accounts for friction, impact and potential 

nonlinear behavior of anchors or nails. The model is validated with previous experiments 

available in the literature.  

In Section 6, simplified, robust non-linear macro-models for in-plane and out-of-plane walls 

were developed in SAP2000 and validated using previous experiments found in the literature. 

The numerical models are suitable for pushover or nonlinear response history analysis. These 

models can be easily combined with the models developed in Section 4 and 5, to analyze multi-

story URM buildings subjected to seismic loads.  

The experimental program is presented in Section 7 and 8. A full scale structural system 

including a simulated flexible wood diaphragm with realistic wood-to-wall connections, and out-

of-plane masonry walls is designed, constructed and tested until collapse under seismic loads. 

The results of these tests are used to refine and validate the computer models developed in 

previous sections.  

In Section 7, material characterization tests are conducted to determine all mechanical properties 

for masonry units, mortar and masonry walls that better represent actual conditions of the 

building stock in the New York City region. In Section 8, the data obtained from Section 7 is 

used as a reference to build two full-scale masonry walls that represent the central portion of a 

first story URM building in NYC. The walls are tested for out-of-plane dynamic loads using a 

shake table in the Structural Engineering and Earthquake Simulation Laboratory (SEESL) of the 

University at Buffalo. 

In Section 9, a preliminary performance-based seismic assessment is conducted for an archetype 

URM building in NYC with an emphasis on out-of-plane behavior. The validated numerical 

models are used to develop out-of-plane URM fragility curves, a building-specific collapse 

fragility function, and estimate the seismic response of the building when subjected to moderate 

intensity ground shaking. The probabilistic framework and new performance definitions 

provided by the FEMA P58 project are used to conduct the assessment. Sample results are 
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presented from the performance calculations that illustrate the probable loss and repair time for 

the archetype building.  

Section 10 gives an overview of the main original contributions, provides a summary of each 

section and highlights potential future work.  Alternative modeling techniques developed in 

Ruamoko, OpenSees and SAP2000 for in-plane walls and further applications are provided in 

Appendix A and B. The results of preliminary numerical analysis in SAP2000 and LS-DYNA 

for two-way bending behavior of URM walls is presented in Appendix C. A set of structural 

drawings of the test specimens are included in Appendix D.   
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SECTION 2  

BACKGROUND ON SEISMIC BEHAVIOR OF URM 
 

The seismic behavior of URM has been the focus of a large number of studies throughout the 

world, due to its high use and vulnerability (Spence 2007). In developing a comprehensive 

research program for seismic assessment of URM masonry structures, it is important to consider 

all fundamental aspects of URM building response.  The seismic assessment of an URM building 

involves an effective combination of experimental testing, numerical analysis and in-situ testing. 

Research oriented testing is required to define material properties and structural components 

seismic behavior and to assess the global response accounting for the interaction between 

different structural members. Also, it provides necessary data for the development of analytical 

or numerical models.  

Materials tests are typically conducted to determine compression strength of units, compressive 

strength of mortar, joint shear strength/tensile strength, interface friction coefficient, and 

compression strength of masonry prisms. Structural component tests are needed to characterize 

the in-plane and out-of-plane behavior of masonry walls subjected to both static and dynamic 

loads. Flexible diaphragms also need to be investigated, along with the connection between 

diaphragms and masonry walls. Different wall aspect and slenderness ratios, boundary 

conditions, and loading protocols must be considered. Structural system tests such as shaking 

table tests and static tests are both required for a complete understanding of the performance of 

complex structures.  

Numerical simulation is essential to extend the scope of the research program, conduct seismic 

risk assessment, sensitivity and reliability analysis.   

Finally, in-situ testing is important to assess the condition of existing buildings, define critical 

parameters of masonry behavior and characterize the material and component properties. This 

general framework for testing of masonry structures for seismic assessment is summarized in 

Table 2-1 but extensively discussed in Calvi et al. (1996).  
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Table 2-1 General framework for seismic assessment of URM buildings (Calvi et al. 1996) 

Laboratory Testing 

Material tests 

 Compression strength of units 
 Compression strength of mortar 
 Joint shear strength/tensile strength 
 Friction coefficient 
 Compression strength of masonry prisms 

Structural component tests 

 In-Plane walls 
 Out-of-Plane walls 
 Diaphragms 
 Connections 

Structural system tests 
 Quasi-static 
 Pseudo-dynamic 
 Shake table 

Numerical 
Simulation 

Micro-scale models 

 Discrete element 
 Rigid body spring 
 Interface elements 
 Homogenization 

Macro-Scale models 

 Equivalent frame 
 Fiber elements 
 Zero-length springs 
 Rigid body models 

Analytical models 
 Limit analysis 
 Code based equations 
 Empirical equations 

In-Situ Testing 

Material tests  Flatjack test 
 In-place shear triplet test 

Non-destructive techniques 

 Acoustic emission 
 Ultrasonic pulse velocity 
 Spectroscopy/Photogrammetry 
 Lasser Doppler Vibrometer 
 Thermography 

 

The main goal of this section is to acquire a deeper understanding on the global seismic behavior 

of multi-story URM buildings with flexible diaphragms. To this end, the theoretical, actual and 

experimental response of this type of buildings during earthquakes loading is discussed in the 

following sections. Additional background on research conducted on materials and structural 

components is provided in subsequent sections 
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2.1 Theoretic Seismic Behavior of URM Medium-rise Buildings 

When studying dynamics of multi-story buildings, it is commonly assumed that lateral 

deformation is taken by flexible columns, whereas floor and beams are infinitely stiff in flexure. 

As shown in Figure 2-1, in this so-called shear type building model, all the mass of each story is 

lumped at the floor level and the columns are considered massless. These simple assumptions 

have been proven to be convenient to develop the equations of motions of MDOF systems and 

determine its dynamic response (Chopra 2007).  

 
Figure 2-1 Typical idealization of MDOF systems (Chopra 2007) 

Unfortunately, URM buildings cannot be idealized in that way due to its fundamentally different 

structure. In addition to the brittle nature of bricks and mortar, typical URM buildings have stiff 

walls to resist lateral forces and flexible diaphragms as illustrated in Figure 2-2. Floor mass is 

not significant when compared to wall mass and therefore, it is not appropriate to lump it at each 

floor level. A better formulation, for instance, would estimate the seismic response based on 

systems with distributed mass and elasticity (Cohen et al. 2004).  

Due to the URM building characteristics, several complementary formulations have been 

proposed along the years to better understand its seismic response. A summary of most relevant 

formulations is discussed in the following section. 
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Figure 2-2 Typical URM building components and distributed mass and elasticity 

idealization (Adapted from FEMA 547 and Chopra 2007) 

Although URM masonry research in North America has been published since early 1900’s 

(Allen 1958; Duke 1951), first efforts to provide a comprehensive description of the URM 

buildings seismic behavior date back to the 1980’s, when the Agbabian Associates, S.B. Barnes 

and Associates, and Kariotis and Associates (ABK) proposed a methodology to mitigate the 

seismic hazard in this type of buildings (ABK 1984). In short, the methodology suggests that 

when floor diaphragms are seismically excited by the end-walls parallel to the earthquake 

direction, perpendicular walls accelerate and vibrate in the out-of-plane direction. A visual 

representation of this behavior considering an archetype building is shown in Figure 2-3. As 

indicated by Bruneau (1994b), this particular seismic behavior implies several major 

assumptions. First, note that the ground motion is assumed to be transmitted unmodified to each 
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floor by the end-walls, which are in turn assumed to be infinitely rigid in-plane. For multi-story 

buildings with significant amount of openings this may not be the case. Second, a perfect tie 

between walls and diaphragms is considered so that an effective transfer of forces and 

accelerations is guaranteed and out-of-plane collapse is prevented during an earthquake.  

 
Figure 2-3 ABK behavior philosophy on URM buildings in New York City 

In these conditions, it is clear that the dynamic characteristic of diaphragms play a fundamental 

role since they control the final response of out-of-plane walls and the strength demands of the 

wall to floor connection.   

A more comprehensive description of the seismic response of URM buildings during severe 

earthquakes was provided by Paulay and Priestley (1992). As shown in Figure 2-4, the in-plane 

walls respond to the ground acceleration due to its larger stiffness in the earthquake direction. 

They vibrate depending on the building total mass. Then, in-plane accelerations are transmitted 

to the floor diaphragms which deforms and finally deliver modified accelerations to the out-of-

plane walls. These accelerations could have different magnitude, and as pointed out by Paulay 

and Priestley, they may be out of phase with significantly different frequency composition.   
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A conservative solution for estimating peak floor level accelerations was proposed in terms of 

response spectra. Using this approach it was found that in general, resonance response could 

occur at in-plane walls with potential high amplifications. In particular, the roof level walls are 

the most vulnerable since they will be subjected to the maximum accelerations.  

 
Figure 2-4 Seismic response of URM buildings (Paulay and Priestley 1992) 

The effects of this amplified accelerations on out-of-plane walls was described by proposing the 

rigid body mechanism shown in Figure 2-5 and it will be further discussed in subsequent 

sections. 

 
 

Figure 2-5 Rigid body mechanism proposed by Paulay and Priestley (1992) 
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Similarly, Tomazevic (1999) recognized that vibration of  URM buildings is tridimensional due 

to the earthquake ground motion nature that induces both vertical and horizontal inertial forces. 

At very small amplitudes of vibration, in the elastic range, URM buildings behave as a 

monolithic box. However, their behavior changes completely as the ground motion intensity 

increases and the structure moves into the nonlinear zone. At this point, the interconnection of 

the walls and type of floor plays a fundamental role in the seismic response. Besides, local 

effects of inertial forces are significantly different from those expected on concrete or steel 

building members because the distributed mass of each wall is big enough to induce forces 

perpendicular to the wall plane. This results in a complex local out-of-plane vibration of 

structural and nonstructural walls that must be resisted simultaneously with the global in-plane 

vibration induced by the seismic ground motion. Under these conditions, the following three 

events might characterize the final response.  First, accelerations are amplified and maximized at 

the top floors due to a predominant first mode response. Second, out-of-plane excitation is 

filtered by the nonlinear response of the main structure and no longer similar to the input ground 

motion. Finally, the out-of-plane vibration can be further amplified due to local resonance effects 

with potential higher natural modes in the floor response (See Figure 2-6). 

At the final stage, collapse mechanisms will occur when the structure consecutively reaches the 

maximum resistance and it is unstable to resist lateral loads. Partial or complete collapse will 

develop according to the number of elements exhibiting severe nonlinear behavior.  

 
Figure 2-6 Seismic behavior of URM buildings (Tomazevic 1999) 
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After the 1989 Loma Prieta earthquake, Tena-Colunga and Abrams (1996) investigated the 

actual performance of three URM buildings which survived the earthquake without major 

damage. Because those buildings were instrumented with accelerometers at key locations, it was 

possible to compare actual response with numerical simulations. Interestingly, the best prediction 

was obtained with the simplified 10-DOF and 8-DOF models shown in Figure 2-7 that assumed 

linear behavior of masonry and flexible diaphragms. More important, this model considered soil-

structure interaction by including rotational and translational springs at the base. Note that this 

assumption was not evident in the field, since the soil was identified as stiff and the structure was 

on shallow foundations.  Under these conditions, surprisingly, large amplifications of ground 

acceleration were properly predicted at the top level on both directions of shaking. Displacement 

amplifications in both analysis directions were considerable too, but this did not affect 

significantly the out-of-plane behavior. Observe that in general, this building may be considered 

as a box-type structure, where potential separation between walls and floors induced by 

earthquake was prevented years before the event by standard retrofitting methods. 

 
Figure 2-7 Simplified 10-DOF and 6-DOF with soil-structure interaction (Tena-Colunga 

and Abrams 1996) 

Although mainly applicable to low-rise masonry buildings, the work by Cohen et al. (2004) 

includes interesting assumptions that deserve consideration. This research comprises shaking 

table tests, quasi-static tests and analytical evaluation of two half-scale one story reinforced 

masonry buildings with flexible diaphragms. They suggested that these buildings perform as a 
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system with two independent DOF; with one associated to the in-plane response of shear walls 

and another related to the in-plane diaphragm deformation. Figure 2-8 illustrates those 

assumptions. Noteworthy, walls and diaphragms were considered as systems with distributed 

mass and stiffness. However, note that out-of-plane walls are not explicitly considered in this 

formulation but are included in the diaphragm response. Also, it is important to mention that the 

in-plane wall behavior was considered completely elastic. Despite good agreement achieved 

between analytical models and experimental results it is not clear if previous assumptions could 

be extended to a multi-story building with in-plane walls that might present potential nonlinear 

behavior. Additionally, several shortcoming of this research will be further discussed in 

subsequent sections. 

 
Figure 2-8 Two DOF system and associated mode shapes proposed by Cohen et al. (2004) 

In summary, during an earthquake, any URM wall in a building will respond initially as in-plane 

wall, presenting a box-type behavior. As the magnitude increases, the behavior of the system is 

strongly related to the flexibility of the diaphragms and its connection to the wall. In the worst 

case scenario, poorly connected flexible diaphragms will generate larger deformation to the 

transverse walls, which in turn, will behave as tall unrestrained cantilevers. As described in the 

following section, this behavior has been observed during past earthquakes in parapets, upper 

walls in multi-story buildings and gables of churches. 

 Yet, the complex interaction between global in-plane inertial forces and local out-of-plane 

mechanisms that must be resisted by the same wall, remains poorly understood. 
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2.2 Actual Response of URM Building During Earthquakes 

The seismic performance of North American URM buildings has been thoroughly reviewed by 

Bruneau (1994a). Failure modes listed included in-plane failures, out-of-plane failures and a 

combination of both (See Figure 2-9 through Figure 2-13). Note that in general, in-plane failures 

have not endanger the gravity load carrying capacity of the walls even with significant visible 

cracking. On the other hand, out-of-plane failures modes were aggravated by lack/failure of 

anchorage between wall and floors, and diaphragms excessive flexibility. In general, buildings 

were most vulnerable to this unstable and catastrophic failure mode. Those observations have 

been extensively confirmed by other reconnaissance teams around the world; see for instance 

reports on Cairo earthquake in 1992 by Hamid (1993); Kobe earthquake in 1995 by Bruneau and 

Yoshimura (1996) and more recently in Darfield byIngham and Griffith (2010). 

Regarding the combined in-plane and out-of-plane failure mode, as noted by Bruneau (1994a), 

this failure mode is difficult to identify in the field and most of the time it will be erroneously 

considered as pure out-of-plane failure. Figure 2-9 and Figure 2-10, shows this particular failure 

mode. 

 
Figure 2-9 Combined in-plane and out-of-plane collapse during 1989 Loma Prieta 

Earthquake (Bruneau 1994a) 
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Figure 2-10 Combined in-plane and out-of-plane failure mode during the 2005 Kashmir 

Earthquake in Pakistan (Naseer et al. 2010) 

 
 

Figure 2-11 Piers and spandrel failures (Ingham 2011) 
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Figure 2-12 Pounding damage between URM buildings (Ingham 2011) 

 
Figure 2-13 Unsuccessful parapet strengthening in URM buildings (Ingham 2011) 

 

Considering current vulnerabilities in New York City, widely recognized by SEAoNY 

(Eschenasy 2011), such as out-of-plane demand on bearing walls (rotation) induced by rotted 

wood joists simple supported on masonry with poor mortar, it is clear that the out-of-plane 

failure mode typically observed during an earthquake is a critical issue in the area. Moreover, as 

the typical archetype URM building in NYC is four to five-story high, with flexible diaphragms 

spanning over long horizontal transverse walls, and many openings at the façade, it is expected 

that high simultaneous in-plane and out-of-plane demands can occur despite the low seismic risk.  
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2.3 Experimental Seismic Behavior 

Since the overarching goal of this research is provide an accurate seismic evaluation of most 

common medium-rise URM buildings in New York City, critical parameters that determine the 

final seismic response of this type of buildings must be considered. Specifically, the most critical 

failure due to seismic loading discussed in previous sections will be investigated. Therefore, this 

section focuses on previous experimental research on seismic behavior of out-of-plane walls in 

multi-story URM buildings with flexible diaphragms. Secondly, a thorough revision of previous 

research on simultaneous bidirectional seismic behavior of URM walls will be discussed.  

Unreinforced masonry buildings are considered to be one of the most dangerous structural 

systems. In particular, the high vulnerability of unreinforced masonry walls with parapets and 

flexible wood diaphragms to out-of-plane damage and collapse has been consistently observed in 

past earthquakes. Most common failures include parapets and chimneys falling to the ground and 

masonry walls collapsing due to failure in the connection with wood diaphragms (FEMA P547 

2006), as illustrated in Figure 2-14.  

 
Figure 2-14 Out-of-plane failure of a building during the 2011 New Zealand Earthquake 

(Ingham 2011) 

The seismic out-of-plane behavior of individual URM walls has been investigated both 

experimentally and analytically. Experimental studies can be mainly classified according to the 

loading system and boundary conditions considered. Table 2-2 lists previous experiments on out-

of-plane URM walls. Shake table tests, quasi-static tests and airbag tests have been used along 

the years.  Walls simple supported at the top and the bottom, at all sides, in cantilever and with 

fix boundary conditions can also be found among those previous studies.   
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Table 2-2 Previous experimental research on out-of-plane masonry walls 

Researcher 
Wall dimensions (mm) Category 

t h l h/t a b c d e f g h i j k 

Ewing et al. (1981) 300 4267 1800  x     x   x x x 

Tomazevic et al. (1990)     x      x  x  x 

Gulkan et al. (1990) 150 2640 2440 18 x     x  x  x  

Costley and Abrams (1996) 94 1671 1084  x      x  x  x 

Benedetti et al. (1998) 225 1500 2200  x      x  x  x 

(Paquette et al. 2001) 95 1500 1200 16 x     x     x 

Simsir (2004) 93 1938 988 21 x     x   x x  

(Griffith et al. 2004) 50 1500  30 x x    x     x 

Paquette and Bruneau (2006) 190 2724 5690 14  x   x   x  x  x 

Vaculik and Griffith (2007)  1232 1840 0 x      x    x 

Griffith et al. (2007) 110 2500 4000 23   x x   x    x 

Mosallam (2007) 100 2640 2640 26   x  x x     x 

Bean Popehn et al. (2007) 90 3610 800 40  x   x x    x x 

Meisl et al. (2007) 355 4250 1500 12 x     x     x 

Lazzarini et al. (2008) 209 3380 1090 16  x  x  x     x 

Willis et al. (2009) 110 2500 4000 23   x  x  x    x 

Derakhshan et al. (2009) 220 4100 1150 19   x  x x     x 

Hamed and Rabinovitch (2010) 200 2100 1203 11  x   x x    x  

Ismail (2011) 220 3900 1170 18   x  x x     x 

Penner and Elwood (2012) Several dimensions             

a-Shake table test, b-Quasi-static loads, c-Airbags, d-Cyclic, e-Monotonic,  f-One-way bending, g-Two way bending 

h-Cantiliver, i-Flexible diaphragms, j-CMU, k-Clay bricks 

 

More recently, Krawinkler et al. (2012) developed fragility functions of parapets and chimneys 

based on a combination of engineering judgment, empirical data and sophisticated numerical 

models subjected to the ATC-63 far-field ground motion set. Yet, experimental data on the 

seismic behavior of URM walls with parapets accounting for diaphragm flexibility, and the 

effectiveness of strengthened parapets and floor-to-wall connections has not been experimentally 

tested. In particular, the seismic vulnerability of URM buildings with parapets and flexible 

diaphragms in medium and low seismic hazard areas, similar to New York City, remains 

unexplored although is expected to be high. Hence, there is a pressing need to obtain 

experimental data to verify and validate simplified numerical models that can be used by 
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structural engineering practitioners to understand the most likely behavior and interaction 

between components of this complex, poorly-understood system. 

2.3.1 Seismic Behavior of Out-of-plane Walls in Multi-story URM buildings 

with Flexible Diaphragms 

On-site observations after the San Fernando earthquake in 1971, revealed serious shortcomings 

in the connections between walls and diaphragms of many URM buildings in Los Angeles area 

(MSJC 2008). This led to an extensive research program founded by NSF in 1977 and carried 

out by ABK. As previously mentioned the final goal was to develop a new methodology to 

mitigate the seismic hazard in URM buildings.  

In one particular task, 22 full scale walls representative of typical URM buildings were subjected 

to dynamic out-of-plane excitation in order to provide data about its resistance to collapse, to 

evaluate different retrofit techniques and lastly to calibrate and verify analytical models. As 

previous field survey showed that several boundary conditions existed for out-of-plane walls, 

single and multi-story buildings (up to 3 stories) with rigid or flexible diaphragm were 

considered as prototype. In addition, several combinations of height to thickness ratio (h/t) and 

overburden were examined. As shown in Figure 2-15, floor response motions for multi-story 

buildings were developed based on dynamic analysis of analytical models that account for the 

non-linear hysteretic behavior of the wall/diaphragm system. Input motions applied 

simultaneously at the top and the bottom of the wall ranged between 0.1g to 0.4g accounting for 

the most part of seismic hazard in the US. Figure 2-15 illustrate the test set up used in this 

research. Note that a perfect anchorage between floor and walls was assumed, although walls 

were free to rotate at both ends.     
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Figure 2-15 Multi-story buildings: Out-of-plane walls and test setup (Ewing and Kariotis 

1981) 

Under those loading and boundary conditions, most of the walls cracked horizontally at mid-

height and close to the base before collapse. Moreover, a stable rigid body rotation around 

cracking surfaces was noticed during medium intensity excitations. This key observation led to 

recommendations on acceptable slenderness ratios as function of overburden load and peak input 

excitations at the top and the base. Additionally, limits on diaphragm span that prevent high 

amplification on out-of-plane walls were recommended. In 1998, those results were incorporated 

in FEMA 307 as guidelines to prevent out-of-plane failure. Despite of the limitations discussed 

in section 2.1, current ASCE 41-06 guidelines are still based on this cornerstone research 

program.  
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In 1990, a comprehensive testing program on URM buildings was carried out by Tomazevic et 

al. (1990) at the Institute for Testing and Research Materials and Structures (ZRMK) in Slovenia. 

In this study, four 1:4 scale two-story URM buildings were dynamically tested on shake table to 

investigate the influence of floor flexibility and its connections to walls on the seismic resistance 

of old brick and stone masonry houses. Two different diaphragms configurations and materials 

were investigated as well as several retrofit techniques. Remarkably, although an identical 

structural layout was used for all models, out-of-plane vibration was only observed in the model 

with wooden floors without strong connections to the walls. At very early stages of the test 

sequence, ground motion intensity as low as 0.20g induced separation of the wall in the second 

floor. Then, at higher intensity levels produce partial collapse in the upper floor as seen in Figure 

2-16. Although diaphragm gravity and inertial loads were supported only by in-plane walls 

without openings, the final response was not determined by in-plane response but rather by the 

out-of-plane walls acting in cantilever. 

 
Figure 2-16 Final crack pattern after 100% and 150% intensity level test (Tomazevic 1990) 
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On the other hand, an extensive US research program mainly carried out by Costley and Abrams  

(1996) in collaboration with Italian researchers Calvi and Magenes (1997),  did not find 

significant out-of-plane behavior in a 3:8 scale two-story URM masonry building with flexible 

diaphragms. The previously discussed work done by Tena-Colunga and Abrams (1996) on an 

instrumented URM building which survived the Loma Prieta Earthquake in 1989 led to this 

research program and it was used as a comparison reference. As in that research, several relevant 

observations were verified. First, significant amplification of ground accelerations was found 

prior to cracking at the top of the in-plane walls and the roof diaphragm (i.e. about 1.4 and 2.7 

respectively). Moreover, due to the presence of flexible diaphragms, a uniform lateral force 

distribution between two floors was observed instead of the inverted-triangular distribution 

typically used for shear-type buildings with rigid diaphragms. As said before, out-of-plane 

failure was not observed during the test, mainly due to its short horizontal span, connection 

details used to prevent pounding against roof and floor and a full height vertical joint at one side 

of the wall that avoided transfer of forces with one in-plane wall. These observations are 

confirmed by Benedetti et al. (1998), in which fourteen 1:2 scale URM two-story houses were 

tested on a shaking table to compare effectiveness of several retrofit techniques. Although 

wooden slabs supported by wooden beams were used in this research, a box-type behavior was 

predominantly observed due to the short horizontal span of out-of-plane walls. 

 
Figure 2-17 a) Building at 3:8 scale by Costley and Abrams (1996) and b) Building at 1:2 

scale by Benedetti et al. (1998) 
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Although Costley and Abrams (1996) and Benedetti et al. (1998) investigated the dynamic 

behavior of a whole URM building through shake table testing, their research was inconsistent 

with field observations since a 38% and 50% scale models were utilized due to laboratory 

constraints. Thus, as recognized by Benedetti et al. (1998), to fully satisfy similitude 

relationships additional masses were added at the floors and this modified the seismic response 

mechanisms. To complement this researches, Paquette et al. (2004) conducted the very first full 

scale URM building pseudo-dynamic test in the U.S. This research had three objectives, namely, 

a) investigate the effects of flexible and weak diaphragms on URM shear walls, b) investigate the 

influence of building corners in the global response and c) investigate benefits of a potential 

retrofit technique. Interestingly, although a flexible wooden diaphragm was used, it did not 

produce significant out-of-plane instability effects when subjected to accelerations as high as 

1.80g.  As expected, due to in-plane walls with stable rocking/sliding mechanisms, large 

deformations were sustained without strength degradation. Furthermore, corner effects did not 

modified the final response of the system during high seismic excitations. 

 
Figure 2-18 Test setup and plan view of experiment conducted by Paquette and Bruenau 

(1994)  

Similarly, as previously discussed in section 2.1, the work done by Cohen et al. (2004) focused 

on the seismic response of wood diaphragms rather than investigating out-of-plane walls. The 

common idea behind these research studies was to investigate the interaction between 

diaphragms and in-plane walls, and provide upper bound performance limits that would lead to 

recommendations to mitigate the out-of-plane wall failure mode.  
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Because past shaking testing programs neglected the response of out-of-plane URM bearing 

walls excited by flexible diaphragms, Simsir et al. (2004) investigated this characteristic by 

testing 2 out-of-plane walls on the shaking table of the University of Illinois at Urbana-

Champaign. Several key parameters were considered in this study, namely, the axial stress on the 

out-of-plane walls, the diaphragm stiffness and the stiffness contribution of in-plane walls.  

Figure 2-19 illustrate the specimen and test setup utilized. Note that in this configuration, the 

mass of the floor is mainly resisted by the out-of-plane walls while the in-plane walls are taking 

the inertial force generated. This is different from previous research where in-plane walls usually 

resist the diaphragm gravity force and out-of-plane walls take inertial forces generated during 

seismic excitation. Using this test setup, large drift ratios (up to 3.5%) and high amplified 

acceleration (up to 4.5 times the ground acceleration) were recorder at the top of the wall with 

slight damage in the specimen, suggesting that larger wall slenderness limit than those specified 

by FEMA 356 could be safely used.  

 
Figure 2-19 Shake table testing configuration (Simsir 2004) 

Several shortcomings can be identified in this research. Firstly, there was no prototype building 

for this model. As a result, the global response obtained (e.g. Fundamental period, maximum 

displacement at diaphragm and walls) cannot be verified in a rigorous way. Second, in-plane 

walls were strengthened with horizontal and vertical steel reinforcement bars and a strong Type 

S mortar, whereas out-of-plane walls were made of unreinforced concrete blocks with a weak 

Type O mortar. This unusual combination prevents the applicability of this research result to a 

broader range of buildings, since most of them usually have the same type of masonry 

construction. Third, even though a good wall performance was obtained despite the ground 
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motion intensity and wall slenderness, it is important to notice that small inertial force was 

sustained out-of-plane. A different test diaphragm setup may yield different results. 

 

2.3.2 Bidirectional Seismic Behavior of Out-of-plane Walls in Multi-story URM 

buildings with Flexible Diaphragms 

While it has been recognized that combined in-plane and out-of-plane effects constitute a serious 

life safety hazard in URM buildings with flexible diaphragms, experimental and analytical 

research to better understand the seismic behavior is scarce in the literature.  Angel et al. (1994) 

conducted experimental and analytical studies regarding the loss of out-of-plane strength for 

URM masonry infill panels as a result of in-plane damage. They reported that out-of-plane 

capacity decrease by as much as half depending on the in-plane damage. Additionally, the effect 

of in-plane cracking on the out-of-plane capacity increases proportionally to the slenderness of 

the wall.  

Flanagan and Bennett (1999) conducted a series of bidirectional tests on a single bay clay infill 

wall. Three load sequences were used, namely: in-plane load following out-of-plane load, out-of-

plane load following in-plane load and simultaneous in-plane and out-of-plane loads. In the first 

load case, a 25 % reduction of in-plane capacity was observed after the test. In contrast, when the 

out-of-plane load was applied first, a significant reduction of in-plane stiffness was observed, but 

the strength remained almost unaffected. Finally, combining both loadings tended to reduce the 

out-of-plane capacity.  

Some of these observations have been confirmed through numerical simulations. Minaie (2009) 

performed a parametric study to examine the influence of bi-directional loading on partially 

grouted masonry shear walls. Variables investigated include wall aspect ratio, axial stress, and 

out-of-plane displacement amplitude. As seen in Figure 2-20, for each analysis, a constant out-

of-plane drift was applied to the wall followed by cyclic in-plane drift. Main outcomes reflected 

that the reduction of in-plane capacity due to out-of-plane drift is higher for low axial loads. (i.e., 

up to 25%). Moreover, the reduction of capacity is higher for walls with high aspect ratio and 

low axial stress. In summary, out-of-plane load affected the in-plane capacity of the wall; 

however, the post peak response is not greatly affected even with significant presence of cracks 

in the wall. Therefore, the author concluded that bidirectional effects most likely does not affect 
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the global seismic performance. Those results have been recently confirmed by Dolatshahi et al. 

(2014) and Najafgholipour et al. (2014), who investigated the experimental and numerical 

bidirectional behavior of slender URM wall panels under simulated seismic loads.  

 
Figure 2-20 Illustration of combined in-plane and out-of-plane excitations (Minaie 2009) 
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SECTION 3  

ARCHETYPE BUILDING FOR NEW YORK CITY 
3.1 Introduction 

Large variations in masonry constructions techniques and architectural forms can be found 

across the United States (Abrams 1994). Therefore, conducting a reliable seismic evaluation of 

masonry buildings in New York City requires defining an archetype building representative of 

typical construction in the area.  

In this section, after characterizing the building stock in New York City, a representative URM 

building is identified. Statistical information about the current building stock in New York City 

was obtained from a database developed by the NYCEM Project (Tantala et al. 2003). This 

information was used, together with relevant architectural and historical books, to select a first 

target archetype URM building. Additional construction details and characteristics relevant to 

this building were obtained from the literature and information provided by the Structural 

Engineering Association of New York City (SEAoNY) and the Department of Buildings (DOB).  

Finally, current structural vulnerabilities for the archetype URM building were identified and 

discussed at the end of this section. Identifying these vulnerabilities was a key component in 

selecting the structural elements or components that need to be further investigated.   

3.2 Characterization of Building Stock in New York City  

Information about the current building stock in New York City was obtained from the NYCEM 

Project (Tantala et al. 2003). This project developed a comprehensive building inventory 

database of the New York City metropolitan area that was used to estimate key parameters of the 

archetype building model.  Plan dimensions, type of structural system, occupancy and qualitative 

description of exterior conditions and existing damage were estimated for 649 buildings. The 

survey was mainly conducted in Manhattan, Queens and Brooklyn. It was found that about 80% 

of the buildings in the area of interest are unreinforced masonry type, as illustrated in the 

building count by structural type and neighborhood shown in Figure 3-1. Most of these buildings 

were constructed before 1940’s, as explained in the next section. The percentage of other 

structural systems is also shown in Figure 3-2.  
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Figure 3-1 Building count by structural type and neighborhood (Tantala et al. 2003) 

  
Figure 3-2 Types of buildings in the NYC metropolitan area  
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3.3 Characterization of URM Buildings in New York City  

Average key architectural and structural characteristics of the URM building stock in NYC were 

determined and used to define an archetype building. Specifically, information regarding type of 

structure, width, length, number of stories, occupancy, masonry wall thickness, masonry 

materials and floor properties most representative of the stock was defined. 

3.3.1 Structural Type 

Based on the building codes that have governed NYC construction practice since 1700’s, the 

DOB has identified four types of URM building construction, namely 1) Federal Era buildings 

that were constructed from 1765 to 1789, 2) Row-Houses that were built in the 1830 to 1940 

period, 3) Larger buildings such as Mercantile Loft style that were built between 1845 and 1895, 

and 4) Old/New Law tenements that were built in the 1880-1930 period.  Figure 3-3 illustrates 

representative buildings of each type of construction and Figure 3-4 presents the age distribution 

of these buildings in Manhattan.  

 a)       b) 

c)      d) 

Figure 3-3 Type of URM buildings a) Federal Era b) Row Houses c) Mercantile Loft and c) 

Old/New Law Tenements 
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Because URM buildings were ruled by construction codes, there is a remarkable uniformity in its 

architectural configuration. Since Row-Houses have been constructed for the longest period of 

time, the first stage of this research will focus on this type of construction. In general, Row-

Houses or Brownstones, were constructed 18 to 25 feet wide, with wood joist simple spanning 

between brick party walls between the houses in a row and no taller that five stories above their 

basements (Ramsey 1998). 

New York City construction details for Row-Houses such as wall thickness, diaphragm 

configuration, windows and door sizes were obtained from architectural and historical books 

related to NYC (Friedman 1995; Radford 1983; Ramsey 1998; Reynolds 1994). 

 
Figure 3-4 Age distribution of buildings in Manhattan (Tantala et al. 2003) 
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3.3.2 Width, Length and Number of Stories 

Figure 3-5 presents the histograms of number of stories, length and width that were obtained 

after conducting a statistical analysis of the database generated by NYCEM. A five story 

building with plan dimensions of 25 ft by 60 ft will be the average structure. These general 

average values of length and width were expected since the layout of Manhattan follows pretty 

close the 1811 Commissioner’s report that created the characteristic grid of avenues and streets 

in the city (Friedman 1995). Figure 3-6 illustrates the URM archetype building defined using the 

average dimensions obtained from the histograms.   

 
a)                                            b)                                             c) 

Figure 3-5 Histogram of a) width (m), b) length (m) and c) number of stories 

 
Figure 3-6 URM building archetype of New York City 
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3.3.3 Occupancy 

Occupancy of URM buildings was found to be mainly residential and a mix of residential and 

commercial. Figure 3-7 describes the distribution of occupancy within the URM building stock.  

A thorough inspection in Google Earth of the surveyed areas by NYCEM revealed that a 

significant portion of URM buildings use the first floor for commercial purposes. 

 
Figure 3-7 URM buildings occupancy 

3.3.4 Masonry Wall Thickness 

Masonry wall thickness is an important characteristic since the main structural system of URM 

construction is based on bearing walls.  Thickness of the walls of businesses, residences and 

public buildings were specified to be 16 inches up to 20 feet and then reduced to 12 inches as 

shown in Figure 3-8. Note that this rule of thumb was applied regardless the width and depth of 

the building. 

 
Figure 3-8 Minimum thickness recommended for NYC (Friedman 1995) 
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3.3.5 Masonry Walls 

Masonry walls were fully characterized by defining the average masonry unit type, shape and 

size, masonry unit bonding and coursing as presented in Table 3-1. The stretcher and header 

bonding are illustrated in Figure 3-9. It is important to highlight that at the beginning of the 

nineteenth century; almost all houses in NYC were designed and constructed by ordinary 

bricklayers and carpenters (Friedman 1995). Thus, the skillfulness and masonry construction 

practices are highly unknown. Because of the significant variability on masonry brick and mortar 

construction qualities, it was required to define these properties by experimental testing of 

samples obtained from demolished buildings. More information on these experiments can be 

found in Section 6.  
Table 3-1 Masonry wall properties 

Material property data Parameter 

Masonry unit type Clay brick from natural materials 
  

Unit shape and size Solid bricks 4x6x8 
  

Masonry unit bonding 
and coursing American bond-Stretcher and header 

  
Masonry grout 
requirements 

No space between wythes but the inner 
wythes are of lesser quality construction 

  

Type of masonry wall 
Multi-wythe, approximately 16 in. to 24 
in. at the base and 8 in. to 12 in. at the 

top floor 
  

Quality of construction 

The outer wythes are of good 
construction and the inner wythes are of 

fair construction. The mortar can be 
friable 

 
Figure 3-9 Type of bonding on masonry walls (Friedman 1995



36 
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3.3.6 Floor Diaphragms 

Structural characteristics of floor diaphragms in URM buildings constructed between the 1800s 

and 1930s in NYC were mainly prescribed by Fire Building Codes. By the 1840s, it was 

common that horizontal floors in ordinary construction of URM buildings in NYC were made of 

wood boards and joists as shown in Figure 3-10. Wood boards were nailed directly to joist which 

in turn were supported on masonry walls (Friedman 1995).  Plywood was not implemented until 

1930; therefore it is believed that very few buildings will have it. 

Because of the grid law of 1811, most wood floors in URM buildings had plan dimensions of 20 

to 26 feet wide and between 60 to 80 feet long.  In general, lumber sheathing of one-inch 

thickness was used in straight-sheathed or diagonally-sheathed diaphragms. The thickness was 

usually controlled by consideration of the gravity loads. Wood boards had dimensions of 1”x6” 

and 1”x8” inches and were placed straight or diagonally across the joist.  

Wood joists were mostly sized by rules of thumb based in experience of previous constructions. 

The 1860 code already specified a minimum size of 3”x10”. Also by this time, some engineering 

analysis was available and allowable stress was used to size the joist. Nonetheless, floors 

constructed at this time tended to be bouncy because joist tended to be wider and shallower than 

modern joist. Later, the 1892 rules required maximum beam or joist spans of 26 feet.  Figure 

3-11 illustrates parameters recommended in the literature  (Ramsey 1998). 

The connection between square-cut joist ends and masonry walls was particularly critical during 

joist failure in fires, where the embedded segment induced the partial or total collapse of the 

brick walls, as depicted in Figure 3-10. By the 1860s, this problem was already addressed in the 

code by specifying “fire cuts”. A fire-cut joist had both ends cut at a small angle from vertical, so 

that in case of failure during a fire, it would freely rotate without damaging the bricks above.  

Table 3-2 lists the mean dimensions and mechanical properties assumed in defining the wood 

floor that will be used in the archetype building of NYC and Figure 3-12 illustrates the plan 

dimensions and main structural components. 
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Figure 3-10 Old illustrations on the connections between walls and wood floors (Ramsey 

1998) 

 
Figure 3-11 Maximum spans for floor joist (Ramsey 1998) 

Table 3-2 Wood floor properties 

Material property data Parameter 

Young Modulus of Wood E=1798 ksi 
  

Wood Boards Dimensions Solid board 1”x6” in 
  

Wood Joist Dimensions Solid joist 2”X10” in 
  

Nails Type and Spacing 8d @ 16” o.c. 
  



38 

 

 

 

 
Figure 3-12 Typical architectural plan of wood floor in the archetype building 

 

3.4 Structural Vulnerabilities of the URM Building Archetype 

Given the structural characteristics highlighted in previous sections, the most important structural 

issues that could have a significant impact in the seismic behavior of the URM building stock in 

NYC could be identified.  Identifying these vulnerabilities was a key component in defining, in 

subsequent sections, which structural elements or components needed to be further investigated 

to understand their seismic behavior. URM buildings are analyzed here considering loading in 

the direction perpendicular to the longer walls such that the out-of-plane effects including 

diaphragm flexibility will be more severe. Note that the seismic building codes were not 

implemented in New York City until 1996, so it is impractical to apply new concepts and 

definitions to these particular types of buildings.  

3.4.1 Large Openings at In-plane Walls 

Significant large openings can be seen in most of the in-plane walls of URM Row-Houses. 

Therefore, substantial dynamic filtering of the input seismic force along the height of the 

building can be expected, which is against the common assumption that in-plane walls in 

masonry buildings are rigid enough to prevent any increase or decrease in the seismic demands 

A B

1

2
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transferred to the diaphragm and out-of-plane walls. This issue has been previously discussed by 

Bruneau (1994a) and Menon and Magenes (2011), as a significant shortcoming in earlier 

research studies of  URM buildings and needs to be further investigated.  

3.4.2 Flexible Diaphragms with Rotted Components 

Due to the presence of flexible wood diaphragms, large amplification of accelerations and 

displacements in upper floors could be expected. In addition, the global stiffness of the structural 

system can be significantly reduced due to precarious structural condition of wood boards, nails 

and wood joists (Eschenasy 2011). Also, existing large openings in the diaphragm may have a 

significant impact in the demands delivered by the diaphragm to the out-of-plane walls. Sample 

wood diaphragms are depicted in Figure 3-11. Developing three-dimensional nonlinear computer 

models of wood diaphragms is a daunting task for structural engineers and significant additional 

research is still required, particularly when considering the aged material properties. 

 
Figure 3-13  Flexible Diaphragms in NYC (Eschenasy 2011) 

3.4.3 Missing Joist Anchorage and Rotted Wood Joists 

As discussed in Section 2.3, the lack or failure of anchorage between wall and floors has been 

identified as a major causes of collapse in masonry buildings. Recommendations for tying the 

walls to floor were also given by the NYC old codes, which suggested using iron anchors to 

connect the end of the beam to brick walls (Ramsey 1998). Also, the lack of joist fire-cuts has 

been recently reported as major cause of failures in URM buildings in NYC (Eschenasy 2011).  

A recent example is the building at 222 East 62nd Street, where the whole floor collapsed on 

June 29, 2012.   
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Nonetheless, very little information can be found in the literature regarding the modeling and 

analysis of this type of connection. Even less information can be found regarding the seismic 

behavior either during past seismic events or in the laboratory.  

 
Figure 3-14 Rotten connections and wall anchorage (Eschenasy 2011) 

3.4.4 Potential Out-of-plane Collapse of Old Masonry Walls 

The combination of large openings in in-plane walls, flexible diaphragms, and lack of joist 

anchorage, increases the potential out-of-plane collapse of the masonry walls. Most of these 

walls span over the complete large dimension of the building without any intermediate support or 

party wall. Yet, there are no experimental studies on the seismic behavior of out-of-plane walls 

attached to flexible diaphragms through bearing wood joists.  

3.5 Summary 

This section characterizes the building stock in New York City and in particular, the URM 

buildings commonly called Row-Houses. The conclusions of these studies are summarized 

below: 

 Key architectural and structural characteristics of these buildings were determined and 

used to define a representative archetype building. The typical archetype URM building 

in NYC is five-story high, with wood diaphragms spanning over long horizontal 

transverse multi-wythe walls, and many openings at the façade. The floor plan dimension 

of the building is 25’x 60’ and typical story height is about 12’. 

 Current structural vulnerabilities of these buildings include: (1) In-plane walls with large 

openings; (2) Flexible wood diaphragms with rotted components; (3) Missing joist 

anchorage and rotted wood joists and (4) Potential out-of-plane collapse of URM 

masonry walls. 
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The archetype building and its current vulnerabilities provide a basic framework for this report. 

Studies on this type of building model will be expanded through the development of simulation 

capabilities supported by experimental testing to evaluate the seismic performance of typical 

NYC masonry buildings. Moreover, the overall geometric and mechanical characteristics of the 

structural components requiring further research were identified.  
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SECTION 4  

NUMERICAL MODELING OF FLEXIBLE WOOD DIAPHRAGMS IN 

URM BUILDINGS  
 

4.1 Introduction 

The numerical modeling of flexible wood diaphragms is a key component in the seismic 

assessment of pre-1950’s unreinforced masonry (URM) buildings in regions of moderate to high 

seismicity. As discussed in Section 2, the dynamic characteristics of wood floors play a 

fundamental role in controlling the final response of out-of-plane masonry walls and the strength 

demands in the connection between diaphragm and walls (Bruneau 1994b; Costley and Abrams 

1996; Tomaževič et al. 1990). 

In this section, suitable numerical models of wood diaphragms with similar structural 

characteristics to those found in older URM buildings in NYC are identified and evaluated for 

performance-based seismic design applications. As one of the goals is to provide well-validated, 

accessible analytical tools to practicing engineers and design community; two analyses codes, 

namely, OpenSees (2012) and SAP2000 (CSI 2009) were used to model the behavior of relevant 

diaphragm specimens found in the literature. OpenSees is an open-source software framework 

for simulating the seismic response of structural systems. It has been designed for parallel 

computing, and includes advanced capabilities, wide range of materials, elements and solution 

algorithms. Although simple problems can be tackled using this platform, it is more suitable for 

research and specialized applications. On the other hand, SAP2000 is a practical general purpose 

structural program which includes advanced analytical techniques and several integrated design 

codes (CSI 2012) . 

After reviewing the literature on wood diaphragms, a comprehensive evaluation of the more 

relevant detailed and simplified models is performed. The in-plane response of a wood 

diaphragm is simulated and compared to test results from Peralta et al. (2004). Herein, the 

intention is not to match the experimental results but rather to determine key parameters that may 

significantly impact the predicted response. First, a benchmark numerical simulation using a 

refined finite element model (FEM) in OpenSees is presented. Then, a similar model more 
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appropriate for practicing engineers using SAP2000 is examined.  Next, a simplified single 

degree of freedom (SDOF) model was also developed, analyzed and compared to the OpenSees 

benchmark model.  Monotonic and cyclic quasi-static, modal and nonlinear time history analyses 

were completed in these numerical models.  Comparison of the results indicates that finite 

element models can fully characterize the dynamic response of wood diaphragms, but at a very 

high computational cost. On the other hand, simplified models can only reasonable estimate few 

dynamic parameters and engineering demands at key locations of the diaphragm. Hence, a 

reduced multi-degree of freedom (MDOF) model of the diaphragm, able to capture the full 

dynamic characteristic while significantly reducing analysis time is proposed.   

4.2 Previous Related Research on Straight-Sheathed Wood Diaphragms. 

The purpose of this section is to identify and select suitable analytical tools for the seismic 

assessment of horizontal wood diaphragms. The focus is on wood floors similar to those existing 

in older URM buildings (i.e. floors constructed with straight boards as sheathing material and 

wood joist as framing members).  To this end, the experimental behavior and numerical models 

of diaphragms subjected to in-plane monotonic static loads are first discussed. Then, numerical 

models suitable for diaphragms subjected to in-plane cyclic quasi-static and dynamic loads are 

presented. Few other models, which are more related to wood shear wall but relevant to this 

research are also briefly discussed. Finally, the state-of-the-art of numerical simulation of wood 

diaphragms in URM buildings is reviewed.  

4.2.1 Diaphragms Subjected to Static Monotonic Load 

An extensive literature review prepared by Carney (1975) and then updated by Peterson (1983) 

reveals that research related to wood diaphragms started as early as 1930’s. However, until 

1970’s, most of this research focused on determining experimental values of maximum strength, 

stiffness or deflections of diaphragms with different sheathing pattern and materials. Horizontal 

plywood-sheathed diaphragms were tested by Countryman et al. (1955), Tissell (1966) and 

Johnson (1971); diagonally sheathed diaphragms were investigated by Doyle et al. (1957), and 

straight sheathed diaphragms were studied by Green and Horner (1934); Green et al. (1935), 

Stillinger et al. (1952), Stillinger (1953), and Johnson (1954). These tests were usually conducted 

under monotonic static load applied in several points along the longer dimension to simulate 

distributed loads. Typical results obtained included load versus deflection of the diaphragms and 
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modes of failure. Most test results concluded that, in general, the behavior of wood diaphragms 

was highly nonlinear and that nonlinearity was mainly due to the connection between boards and 

joists. Figure 4-1 shows the force-deformation relationship of a 20 x 60 feet plywood diaphragms 

tested by Doyle et al. (1957). Note that large displacements were obtained for relatively small in-

plane shear forces.  

With such a complex nonlinear behavior, mathematical models of wood diaphragms could be 

developed only through the finite element method (FEM). Between the 1970’s and the 1980’s, 

several numerical models of different levels of complexity were produced and implemented in 

non-commercial software specifically oriented to solve research problems.  

 

Figure 4-1 Shear-deflection relationship for diagonally sheathed panels tested by Doyle et 

al. (1957) 

For instance, Foschi (1977) developed a general FEM that considered the cover sheathing 

material as plane-stress cubic isoparametric element, the framing system as a Bernoulli beam 

element, and the sheathing to frame connection as nonlinear springs. The force-deflection 

relationship of a 20 ft by 60 ft wood diaphragm previously tested by Johnson (1971) was 

predicted with reasonable accuracy (see Figure 4-2). A similar model was proposed by  Itani and 

Cheung (1984) but this model did not require a particular sheathing arrangement and diaphragm 
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geometry. Instead of modeling nail by nail, an element representing a line of nails was 

developed. With this model, good agreement between analytical predictions and six diaphragms 

previously tested was obtained (see Figure 4-3). Nonetheless, the simulation still required a 

significant number of degrees of freedom if larger diaphragms needed to be modeled. A model 

requiring fewer DOF was then proposed by Falk and Itani (1989).  In this model, a new finite 

element that represents the stiffness and distribution of multiple nails between the sheathing and 

the framing system was proposed. Since this new element accounted for all the nails connecting 

the sheathing panels to the framing, the number of DOF was significantly reduced. The 

numerical model was compared with ten diaphragms tested for ultimate load capacity. The 

results indicated that the model can predict the diaphragm response fairly well (see Figure 4-4). 

 
Figure 4-2 Sample numerical force-displacement relationship predicted by Foschi (1977) 

 
Figure 4-3 Sample numerical force-displacement relationship predicted by Itani and 

Cheung (1984) 
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Figure 4-4 Sample numerical force-displacement relationship predicted by Falk and Itani 

(1989) 

Note that most of the previous mentioned models were developed for static analysis of plywood 

sheathed diaphragms. Explicit modeling of straight and diagonally sheathed diaphragms has only 

been reported  by the ABK program (Ewing and Johnson 1981) and Peralta et al. (2004). Those 

models are discussed in the next section. 

4.2.2 Diaphragms Subjected to Cyclic Quasi-static and Dynamic Loads 

Dynamic tests on horizontal wood diaphragms were first carried out by the ABK program 

(Ewing and Johnson 1981). As explained in Section 2, these tests were part of a larger research 

program with the main goal to mitigate the seismic hazards in existing URM buildings. Fourteen 

20 ft by 60 ft diaphragms were subjected to quasi-static, cyclic in-plane displacement and 

dynamic, in-plane earthquake shaking. Three specimens were constructed with 1”x6” straight-

sheathed boards on a wood framing system fabricated with 2” x 12” members. All lumber was 

Douglas Fir, Construction Grade. Common 8d nails were used at the boards to joist connections. 

 Dynamics loads were applied at the two ends by hydraulic actuators programmed to produce the 

displacement history of selected ground motions. Since the dynamic seismic input was obtained 

from numerical models of multi-story buildings, the tests indirectly accounted for the nonlinear 

dynamic interaction between URM walls and diaphragm. In addition, fifteen 1-ton lead weights 

that simulate the inertial forces of URM side walls were attached at each diaphragm.  

Sample test results shown in Figure 4-5 and Figure 4-6 confirmed the highly nonlinear behavior 

of wood diaphragm. Yet, the specimens exhibit moderate damage after the last test sequence, 
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which subjected the diaphragm to about 3 inches of maximum displacement. No correlation was 

made between the cyclic quasi-static and the dynamic test, as the interpretation of the test results 

was never published by the ABK program. 

 A simplified lumped parameter model was developed for the analysis of the models.  The 

diaphragm was discretized in a small number of segments with an associated tributary mass. 

Masses were connected to each other with a system of nonlinear springs and viscous damper in 

parallel, as shown in Figure 4-7.  The nonlinear hysteretic model for the springs was developed 

based on the test results. The force-displacement envelope and cyclic load are also shown in 

Figure 4-7. Unloading stiffness and maximum residual force were specified to match 

experimental data. The simplified model gave good estimates of the quasi-static response and the 

cyclic dynamic behavior was properly captured. 

 

 
Figure 4-5 Sample test result of wood diaphragms under cyclic quasi-static load (Ewing 

and Johnson 1981) 
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Figure 4-6 Sample results of wood diaphragms under dynamic loads (Ewing and Johnson 

1981) 

 
Figure 4-7 Lumped parameter and hysteretic model proposed by ABK (Ewing and 

Johnson 1981) 
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Between the 1980’s and the 1990’s, several other dynamic tests were conducted by Falk and 

Itani (1987) on wood diaphragms. These tests, however, were mainly oriented to investigate the 

dynamics characteristics of plywood sheathed diaphragms most common in modern wood 

houses. 

 In 2003, Peralta et al. (2004) investigated the experimental and analytical in-plane behavior of 

wood diaphragms with similar characteristic to those existing in pre-1950s unreinforced masonry 

buildings in Central and Eastern areas of United States. In this research, three wood diaphragms 

composed of Southern pine were constructed and tested under cyclic quasi-static loads. Loads 

were applied to the third of the length of the diaphragms. The plan dimensions of the diaphragm 

were 3.66 m wide by 7.32 m long. Wood boards and beam joist were of pine lumber and 

standard 10d finishing head type nails were used.  

Sample test results are shown in Figure 4-8. Again, the nonlinear behavior of the diaphragm is 

evident. Also, note the characteristic pinching behavior due to nail tearing and slippage. As in the 

ABK program, limited damage was observed in the specimens at the end of the experiments.  

 
Figure 4-8 Sample results from experiments by (Peralta et al. 2004) 
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Numerical analyses were also carried out to predict strength, stiffness and hysteretic behavior of 

the diaphragms. Finite element analyses were conducted in ABAQUS. Wood boards were 

modeled using 8-node rectangular plane-stress elements, framing members were simulated using 

2-node linear Timoshenko beams elements and nails were idealized as two zero-length spring 

perpendicular to each other. The monotonic and cyclic lateral load-nail slip relationships were 

taken from previous analytical and experimental research program conducted by McLain (1975) 

and then expanded by Pellicane et al. (1991). McLain (1975) proposed the following equation to 

predict the lateral force-displacement relationship of nailed joints: 

Vn=A log10 (1+B en) 

Where Vn is the lateral load, en is the relative displacement between joint members, A and B are 

constants derived from coupon testing or from using the specific gravity of the members. 

Parameters A and B as estimated by Peralta et al. (2004) are shown in Figure 4-9. A sample 

numerical result of the ABAQUS simulation of the diaphragm is also shown in Figure 4-10 

 
Figure 4-9  Monotonic and cyclic nail-slip model used by Peralta et al. (2004). 
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Figure 4-10  Sample result simulation from (Peralta et al. 2004) 

Recently,  Wilson et al. (2011), conducted experiments to assess the timber wood diaphragms 

typical of historical URM buildings in New Zealand. Four diaphragms of 18 ft by 34 ft plan 

dimensions were constructed with 1”x 6” straight-sheathed boards nailed on 2”x 12” wood joists 

spaced at 16” centers. Diaphragms were subjected to increasing cyclic quasi-static load. For 

comparison purposes, two diaphragms were tested with load parallel to wood joists and two were 

tested in the perpendicular direction. Test results confirmed the highly nonlinear behavior of this 

type of diaphragms and its high dissipation of energy (See Figure 4-11 and Figure 4-12). 

Damage observed after the test was minimum, even at 6” of maximum displacements. 

Diaphragms tested perpendicularly to wood joist presented a higher stiffness and strength, but 

smaller dissipation of energy. Although, no numerical attempts were made to simulate the 

diaphragm behavior, a comparative assessment was completed using the equations for stiffness 

and strength specified by the NZSEE and the ASCE 41-06 guidelines. It was found that the 

equations poorly predicted the diaphragm performance obtained from the tests. 
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Figure 4-11 Testing result of wood diaphragm tested under cyclic load perpendicular to 

wood joist (Wilson et al. 2011) 

 
Figure 4-12  Testing result of wood diaphragm tested under cyclic load parallel to wood 

joist (Wilson et al. 2011) 
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4.2.3 Related Numerical Models of Wood Shear Walls and Sheathing to 

Framing Connections 

A likely larger number of numerical models have been developed for wood shear walls.  

Simplified models that only account for the  nonlinear behavior of the connection between 

sheathing and framing to predict the seismic response of the wall were proposed by Gupta and 

Kuo (1985) and Filiatrault (1990). The dynamic behavior of wood shear walls was also studied 

by Foliente (1995) who proposed a general hysteresis model for dynamic analysis of SDOF and 

MDOF  systems. These hysteretic models were versatile and good simulation of different failure 

modes for wood panels was achieved when appropriate model parameters were used. However, 

as noted by Folz and Filiatrault (2001) a significant limitation exists in this models because they 

need to be calibrated to full scale data. Refined finite element that accounted for the interaction 

between sheathing, framing and connectors were also developed by Dolan and Foschi (1991) and 

White and Dolan (1995). 

Because previous numerical models were excessively complex or too simple, Folz and Filiatrault 

(2001) developed a numerical model with reduced degree of freedom to capture the cyclic 

dynamic response of wood shear walls. As usual, the structural systems consisted of sheathing 

elements, framing elements and nonlinear springs to model the sheathing-framing connection. 

Two uncoupled orthogonally oriented springs with nonlinear behavior originally proposed by 

Foschi (1977) and then modified by Dolan (1989) (see Figure 4-13) were utilized.   

The hysteretic features of the model developed by Stewart (1987) were incorporated in this 

model. Because using two uncoupled springs will usually overestimate the force and stiffness in 

the connector element, a novel solution strategy was implemented. In short, the energy absorbed 

by the wall was adjusted until it matched the energy absorbed for an equivalent SDOF wall. 

Also, this model was used to calibrate a SDOF system which predicts with reasonable accuracy 

the nonlinear behavior. The shear wall model validated against full-scale test of shear walls was 

implemented into the CASHEW (Cyclic Analysis of SHEar Walls) software.  
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Figure 4-13 Force-displacement relationship of nails implemented by Folz and Filiatrault 

(2001) 

This numerical model was later modified by Judd and Fonseca (2005), introducing an oriented 

spring model that does not need to be scaled or adjusted. In this model, the two orthogonal 

nonlinear springs, which simulates the sheathing to framing connection, are oriented using the 

initial displacement trajectory.  As a result, the orthogonal springs are coupled through the initial 

orientation angle specified. Note that no significant improvement was achieved in capturing the 

nonlinear behavior of wood shear walls. 

Judd (2005) also prepared an extensive survey regarding the sheathing-to-framing connections 

testing (see Table 4-1), parameters influencing the response of this connection (see Table 4-2), 

and idealization of the monotonic load-displacement response (Table 4-3). A detailed discussion 

on hysteresis models for this type of connections has also been discussed by Foliente (1995) and 

summarized in Table 4-4. 
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Table 4-1 Survey summary of sheathing-to-framing connection testinga (Judd 2005) 

Reference Monotonic Cyclic Dynamic Primary components 

Cruz (1993)    plywood, nails 
Kent, Gupta, Miller (1996)     plywood, nails  
Ni, Chui (1994)     plywood, nails  
Gutshall (1994)     plywood, nails, bolts  
Dolan, Gutshall, McLain (1994)     plywood, nails, bolts  
Winistorfer, Soltis (1993)     floor-wall-foundation  
Dolan, Madsen (1992)     plywood, nails  
Gavrilovic, Gramatikov (1991)     metal plate  
Dolan (1989)     plywood, nails  
Dean (1988)     plywood, nails  
Girhammar, Anderson (1988)     plywood, nails, bolts  
Chui, Ni, Jiang (1998)     plywood, nails  
Polensek, Schimel (1988)     floor-wall-foundation  
Polensek, Bastendorff (1987)     various  
Soltis, Mtenga (1985)     floor-wall-foundation  
Jacobsen (1960)     plywood, nails, bolts  
Kaneta (1958)     plywood, nails  
Countryman (1952)     plywood, nails  
a See Judd (2005) for the complete list of references 
 

 

Table 4-2 Survey summary of parameters influencing the sheathing-to-framing connection 

responsea (Judd 2005) 

Connection Component Parameter Reference 

 Wood specie Fonseca et al. (2002), Hunt and Bryant (1990), Ehlbeck (1979)  
Wood member Moisture content Fonseca et al. (2002), Hunt and Bryant (1990), Leach (1964)  
 Thickness Fonseca et al. (2002), Leach (1964), Mack (1960)  
 Edge distance Fonseca et al. (2002)  
   
 Type, Diameter Albert and Johnson (1967)  
 Material Fonseca et al. (2002), Hunt and Bryant (1990)  
Fastener  Surface texture Hunt and Bryant (1990)  
 Wood penetration Fonseca et al. (2002), Hunt and Bryant (1990)  
 Head depth Fonseca et al. (2002)  
   
 Type Fonseca et al. (2002), Hunt and Bryant (1990)  
 Fastener pattern Hunt and Bryant (1990)  
Configuration  Grain direction Hunt and Bryant (1990)  
 Friction Hunt and Bryant (1990)  
   
Loading Direction Dolan et al. (1994), Hunt and Bryant (1990)  
 Duration Hunt and Bryant (1990)  
a See Judd (2005) for the complete list of references 
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Table 4-3 Idealization of monotonic load-displacement response of sheathing-to-framing 

connections (After Judd 2005) 

Type of 

Curve 

Equation Reference Comments 

Power 

 1 2
1

a a
P C d D   Mack (1977) Appealing for design 

applications 

 1/aP C   Countryman (1952) 
Mostly used by The 
American Plywood 
Association (APA) 

    

Logarithmic log(1 )P A B   McLain (1975) Later expanded by 
Pellicane et al. (1991) 

    

Exponential 

2
1( )[1 ]C aP C B A e     Mack (1966) 

 

2
1(1 )C

P C e


   Easley et al. (1982)  

1 0/
0 2( )[1 ]K P

P P K e
 

    Foschi (1977) 

Later expanded by 
Dolan (1989) and 
modified by Folz and 
Filiatrault (2001) 

 
𝐹 = 𝑠𝑔𝑛(𝛿) ∗ (𝐹0 + 𝑟1𝐾0|𝛿|) ∗ [1 − exp (−

𝐾0|𝛿|

𝐹0

)] , |𝛿|

≤ |𝛿𝑢|  
𝐹 = 𝑠𝑔𝑛(𝛿) ∗ 𝐹𝑢 + 𝑟2𝐾0[𝛿 − 𝑠𝑔𝑛(𝛿) ∗ 𝛿𝑢 ,

|𝛿𝑢| ≤  |𝛿| ≤ |𝛿𝑓| 
𝐹 = 0, |𝛿| > |𝛿𝑓| 

 

Folz and Filiatrault 
(2001) 

 

    

Asymptotic 

/ ( )P A B    Mc Cutcheon (1985)  

 
2 2 1

1/
1

(1 / )

1 ( / )
yield

R
R

yield yield

P K K K
P

K



  

 
  

 
 

 
Fonseca (1997) and 
Dugan (1995) 

 

   
 
 
As seen in Section 4.2.3, a number of analytical models can effectively reproduce the sheathing-

to-framing connection. Thus, in selecting the most amenable model for this study, the following 

criteria were considered: a) the curve should have easily identifiable parameters which are 

readily available b) it should be easy to implement in commercial and research software and c) it 

should be a smooth hysteretic model.  Smooth models produce a continuous change of stiffness 

due to yielding but sharp changes due to unloading and deteriorating behavior (Sivaselvan and 

Reinhorn 1999). 
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Table 4-4 Hysteresis models f sheathing-to-framing connections (After Foliente 1995) 

Hysteretic curve Reference Comments 

 

Ewing et al. (1980) Smooth nonlinear 
backbone curve. 
Trilinear path for 
unloading and 
reloading calibrated 
to match 
experimental data. 

 

Kivell et al. (1981) 

Bilinear backbone 
curve based on 
Takeda Model. 
Smooth trilinear path 
for unloading and 
reloading. 

 

Stewart (1987) A initial slackness to 
simulate shrinkage at 
bolt holes can be 
incorporated. 

 

Dolan (1989) Four segments 
defined by an 
exponential equation 
with four boundary 
conditions.  

 

Ceccotti and Vignoli 
(1990) 

Used to simulate 
moment-resisting 
wood joints. Pinching 
and stiffness 
degradation can be 
modeled. 
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4.2.4 Numerical Simulation of Wood Diaphragms in URM Buildings 

Previous sections described numerical models that were typically developed without considering 

the interaction of the wood diaphragm with other building components or systems. To date, few 

numerical studies reported in the literature have been performed on horizontal wood diaphragms 

that are part of a URM building.  In particular, the explicit modeling of older straight and 

diagonally-sheathed diaphragms and its interaction with URM buildings has not been published.   

As discussed in section 2,  Tena-Colunga and Abrams (1992) used a discrete linear elastic 

MDOF system to replicate the seismic response of a two-story URM building, which survived 

the 1989 Loma Prieta earthquake. In modeling the flexible diaphragm, an elastic shear springs 

and lumped mass was considered at the center of the diaphragm (see Figure 4-14). Also, an 

ABAQUS model with linear shell elements was developed to investigate the diaphragms 

flexibility in the torsional response of the building. To obtain good correlation with the measured 

response, the flexibility of the foundation had to be included in MDOF the model, although the 

soil was identified as stiff and the building was supported on spread foundations. With slight 

variations, the MDOF  modeling approach using elastic springs has been recently used by  Craig 

et al. (2002), Cohen et al. (2004) and Park et al. (2009). 

 
Figure 4-14 Analytical model used by Tena-Colunga and Abrams (1992) 

Costley and Abrams (1996) also simulated the dynamic behavior of the shake table experiment 

discussed in section 2. They developed three analytical models for response spectrum, pushover 

and time history analysis. The wood diaphragm was simulated using elastic beam elements. In 
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particular, the displacement histories predictions using the 3-DOF model were in good 

agreement with the measured response (see Figure 4-15).  

The idea of using a linear beams with reduced DOF has been also implemented by Kim and 

White (2004a) to carry out linear static analysis of low rise masonry buildings. The model was 

later extended for nonlinear analysis of 3D low rise URM buildings, where the beam element 

was replaced by a six DOF diaphragm element (see Figure 4-16 ). The proposed MDOF 

predicted with good accuracy the dynamic behavior of the diaphragm tested by Cohen et al. 

(2004). 

 
Figure 4-15 Three-DOF model implemented by Costley and Abrams (1996) 

 
Figure 4-16 Six-DOF model proposed by Kim and White (2004b) 
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More recently, an experimental program on URM buildings was conducted at the Mid-American 

Earthquake Center (MAEC). In this program, several numerical models to represent the URM 

building and flexible diaphragm were implemented. Yi et al. (2006a) built a 3D elastic FEM of 

the two story URM building and an isotropic material was employed for the flexible diaphragm. 

Because the external forces were applied at the in-plane walls of the building, the analysis results 

showed that the presence of a flexible diaphragm had negligible effect on the behavior of the test 

structure.  

Numerical analysis of a multi-story URM building with flexible diaphragms were carried out by 

Mendes and Lourenço (2009). In modeling the wood floor, shell elements combined with beam 

elements were used to capture the in-plane flexibility. The model, however, was only used to 

perform pushover analysis which did not properly capture the failure mode of the structure (See 

Figure 4-17).  

 
Figure 4-17 Finite element model proposed by Mendes and Lourenço (2009) 

Other commercial programs specifically developed to analyze URM buildings, such as SAM and 

TRIMURI currently do not account for flexible diaphragms and its interaction with masonry 

walls. 
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4.3 Evaluation of Current Numerical Tools 

In this section, the capabilities of a detailed FEM and a simplified SDOF modeling techniques of 

wood diaphragms are evaluated by simulating the in-plane response of a wood diaphragm tested 

by Peralta et al. (2004). As it will be shown in Section 4.3.1, this experiment was selected due to 

its similar characteristic in construction with wood diaphragms existing in older URM buildings 

located in NYC.  

In Section 4.3.2 a refined finite element model is built in OpenSees. This model uses the 

specialized material model SAWS (Folz and Filiatrault 2001) for the sheathing-to-framing nailed 

connection. Then, in Section 4.3.3 it is demonstrated that a similar model in SAP2000 can 

reproduce the global behavior of the diaphragm, when appropriate parameters are used in the 

Pivot hysteretic model of the sheathing-to-framing connection. The development of a SDOF 

model of the wood floor implemented in OpenSees and SAP2000 is discussed in Section 4.3.4.    

The comparison of the experimental and numerical results indicates that the refined FEM models 

can effectively capture the nonlinear behavior of the specimens and accurately forecast their 

strength and initial stiffness. Nonetheless, the computer time required to carry out every analysis 

is significant, making it unfeasible to analyze the larger diaphragms present in the building 

prototypes, and to complete parametric or sensitivity analysis. On the other hand, the SDOF is 

highly computer efficient, yet it underestimates the maximum response and requires precise 

calibration against numerical or experimental data. To overcome this issue, in Section 4.4 a 

dynamic model with reduced degree of freedom is introduced and validated against previous 

numerical and experimental results. 
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4.3.1 Selected Experimental Model -MAE-2 Peralta et al. (2004) 

Two criteria were used in selecting experimental models from the literature, namely 1) its type of 

construction, which should be similar to that existing in NYC (i.e. 1x6 in. straight-sheathed 

boards, 2x10 in. joist and 10d nails) and 2) its plan dimensions, which should have a length to 

width ratio between 2 and 3, similar to those found in the prototype.  

Under these conditions, one specimen was selected from the experiments conducted by Peralta et 

al. (2004). This specimen, MAE-2, is a 24 ft. by 12 ft. diaphragm with 1 x 6 in. square edge 

straight boards and 2 x 10 in. pine lumber joist each spaced at 16 in.. Typical 8d common nails 

were used to connect the boards to joists. As described in Section 4.2.2, cyclic quasi-statics loads 

were applied at the third points along the length of the diaphragms. This diaphragm was 

rehabilitated after testing and then tested again. However, in this research only the first test is 

considered. In this diaphragm, boards are perpendicular to the joists which are in turn supported 

by a steel frame, which was not considered in the numerical model.  Figure 4-18, shows 

dimensions and components considered in this model, and Table 4-5 presents the material and 

section properties considered for numerical simulation.  Because Peralta et al. (2004) did not 

carry out material identification tests, the material properties were directly taken from AF&PA-

97 and APA-86 documents. 

 Figure 4-19 presents the experimental force-displacement relationship of the diaphragm, 

measured at the loading points. The response of the diaphragm is basically dominated by 

yielding and slippage of the nails connecting boards to joists. Maximum shear strength of about 

13 kip was attained at 3.1 inches and high dissipation of energy can be observed.  

Table 4-5 Material properties for MAE-2 diaphragm 

Structural component Material and section properties 

Beam joist A=20 in2,  Iz=167 in4, E=1798 ksi,  Nu=0.2 

Boards sheathing A=6 in2, Ix=18 in4, E=1798 ksi, Nu=0.2, Rho=5.15x10-8 

A, Cross section area 
Iz, Moment of inertia around z axis 
Ix, Moment of inertia around x axis 
E, Young’s Modulus 
Nu, Poisson ratio 
Rho, Mass density 
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Figure 4-18 Typical components on wood diaphragms MAE-2 (Peralta et al. 2004) 

 
Figure 4-19 Experimental force-displacement relationship of MAE-2 diaphragm (Peralta et 

al. 2004) 
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4.3.2 Numerical Model in OpenSees 

A two dimensional finite element model of MAE-2 diaphragm was built in OpenSees. Specific 

information on the geometry, material properties and experimental response was presented in the 

previous section. Figure 4-20 illustrates the structural components and OpenSees elements used 

in modeling the diaphragm. Herein, the modeling approach is similar to that followed by Foschi 

(1977) and Peralta et al. (2004) using different software. 

Since OpenSees does not have a graphical user interface (GUI), the model definition was 

partially carried out in SAP2000. Node coordinates, boundary conditions, element connectivity 

and loadings were initially defined in SAP2000. Then, the model was exported to MS Excel 

format, where additional modifications were needed to finally produce a file in OpenSees format. 

This file was then completed with information regarding material properties and analysis 

commands.  

 
Figure 4-20 Structural components and equivalent OpenSees elements 
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Boards were modeled using quad elastic isotropic elements, which have only two translational 

DOF at each node. This type of element is suitable to model two-dimensional solids of uniform 

thickness in a state of plane-stress or plane-strain. No variation of stresses and strains in the 

thickness direction are assumed.  A state of plane-stress was assumed for the boards, as its 

thickness is small compared to its planar dimensions. 

Joists were simulated using elasticBeamColumn elements with three DOF at each node, two 

translations (x and y) and one rotation (around z). Herein, it is assumed that all properties are 

constant along the full length of each element.  

Nails were replicated using zeroLength springs in two perpendicular directions. The 

uniaxialMaterial SAWS, developed by Folz and Filiatrault (2001) was utilized to simulate the 

nonlinear force-displacement relationship of the springs. Calibration of the SAWS material was 

performed using the load-displacement response proposed by Mclain (1975); with parameters A 

and B as calculated by Peralta et al. (2004). Note that these values were estimated based on 

lower bound properties of the nails. A minimization procedure similar to that described by Folz 

and Filiatrault (2001) was used to fit the SAWS model. A comparison between force-

deformation relationships of both models can be seen in Figure 4-21 and the material parameters 

required for SAWS to match McLain (1975) model are presented in Table 4-6. The model 

reaches a maximum shear force of 0.35 kip at 0.16 in. displacement. This is consistent with 

previous nails models used by Folz and Filiatrault (2001), and Judd (2005). Also, the cyclic 

behavior is presented in Figure 4-22. 

 

Table 4-6 SAWS material parameters fitted to McLain (1975) model 

F0 (kip) F1 (kip) DU (in) S0 (kip/in) R1 R2 R3 R4 alpha beta 

0.27 0.12 0.30 18.0 0.033 -0.050 1.0 0.060 0.080 1.10 
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Figure 4-21 Comparison between McLain’s model and SAWS material 
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Figure 4-22 Cyclic force-displacement behavior of SAWS model of one nail 
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Fonseca (1997) demonstrated that no appreciable difference was found between coarse and fine 

mesh elements in modeling a shear wall sheathing component. Thus, in this study a coarse mesh 

was implemented. The characteristic length of the elements was kept close to 1, to avoid 

hourglass modes or numerical errors. About 17,000 quad elements, 500 beam elements and 2000 

springs were defined.   

Since quad elements work only for two-dimensions, and elasticBeamcolumns are defined in 

three-dimensions, the OpenSees TCL file should be defined in two domains. Those domains 

must be connected through the EqualDof command. Figure 4-23 shows a detailed view of the 

connectivity between quad, springs and beam elements. The 2d-quad elements are connected to 

the zeroLength springs in x and y directions which in turns are connected to the 3D-beam 

element. Observe that concurrent edge nodes of quad elements that represent individual wood 

boards do not have to be connected to properly simulate the independence between boards.  

 

 
Figure 4-23 Connectivity between quad, springs and beam elements in OpenSees 

The model was subjected to cyclic quasi-static loads applied at one third along the diaphragm 

length.  The loading protocol is the same as in Peralta et al. (2004) and it can be seen in Figure 

Figure 4-24 .This loading profile applies two cycles for each lateral displacement amplitude. The 

displacement amplitude effectively induces elastic and inelastic lateral response in the 
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diaphragm. A maximum actuator stroke of 3.0 in. is the maximum amplitude of the loading 

protocol. 

The analysis commands used are summarized in Table 4-7. Although OpenSees includes a 

significant number of analysis options, no special considerations were made in defining the type 

of analysis performed on this model.  More information regarding default OpenSees commands 

can be found elsewhere  (OpenSees 2012). Note that the analysis time of this model took about 

130 hours, using a PC running windows XP S3 on an Intel Core 2 duo processor. 
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Figure 4-24 Loading protocol as defined by Peralta et al. (2004) 

 

Table 4-7 OpenSees analysis parameters 

Component class OpenSees command Parameter value 

Constraint handler constraints Penalty $alphaS=  1.0e12, $alphaM=  1.0e12 
DOF Numberer numbered RCM 
System of eqn. solver system BandGeneral 
Convergence test test NormDispIncr  $tol=1.0e-8, $iter=6 
Soultion algorithm algorithm Newton 
Integrator integrator LoadControl $lambda=1 
Analysis type analysis Static 
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Figure 4-25 presents the load-displacement relationships for MAE-2 diaphragm obtained using 

OpenSees with SAWS material. The response obtained closely reproduces the experimental 

behavior. The major difference between the experiment and OpenSees predictions is the 

maximum strength attained. The experimentally measured maximum strength is overestimated 

by the numerical model in 5%. The unloading and pinching responses are accurately predicted 

but the reloading degrading stiffness is also overestimated. This discrepancy at large 

displacement is attributed to the assumed force-displacement relationship of the connectors, 

which was taken without adjustments or modifications from Mclain’s and Peralta’s studies.   
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Figure 4-25 Predicted load-displacement relationship for MAE-2 diaphragm a) Experiment 

b) OpenSees SAWS model 

Also, for completeness, modal, pushover and time history analysis were carried out using this 

model. The results are shown in Section 4.4, where a comparison between different models 

developed in this section is completed. In estimating the seismic mass, only the self-weight of 

the diaphragm was included.  
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4.3.3 Numerical Model in SAP2000 

The MAE-2 experiment is also simulated using SAP2000. The same geometry built to generate 

the OpenSees model was used. Specific information on this geometry was presented in Section 

4.3.1. A three-dimension view of the model is shown in Figure 4-26. Four pinned joint restraints 

were used at each side of the diaphragm. The material parameters for wood are presented in 

Table 4-8.  These values were specified as defined in Section 4.3.1.    

 
Figure 4-26 Three-dimensional view of the model built in SAP2000 

Table 4-8 Material parameters defined in SAP2000 

Material property data Parameter Parameter value 

General data Material type Other 
   
Weight and mass Weight per unit volume 1.987E-05  
 Mass per unit volume 5.147E-08  
   
 Modulus of Elasticity, E 1800  
Isotropic property data Poisson’s Ratio, U 0.2 
 Coefficient of Thermal Expansion, A 6.50e-06 
 Shear Modulus, G 750 
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Wood boards were simulated using the Plane element available in SAP2000. As assumed in 

OpenSees, a state of plane-stress is considered for the boards, since the thickness is small 

compared with its planar dimensions.  Specifically, a one inch thickness section is used for each 

Plane element. All other section parameters were the default values specified in the software.  

Incompatible bending modes option was used, since it allows models with coarser meshes to 

achieve acceptable results. For the Plane element, only three translational degree of freedom are 

activated at each of its connected joints, resulting in a faster computer time when compared to 

shell elements, which activate six degree of freedom (CSI 2010).   

Joists were modeled as Frame elements. In SAP2000, these elements use a three-dimensional 

beam-column formulation which includes axial, torsion and biaxial bending and shear 

deformations (CSI 2010).  Frame element activates all six degree of freedom at each of its 

connected joints. However, only two translational (x and y) DOF and one rotational (z) DOF 

were set available for this simulation. A 2 in x10 in. cross section was created in the Section 

Designer modulus available in SAP2000. 

Nails were modeled as zero-length nonlinear spring elements. Two springs were used to simulate 

the behavior of each nails in two perpendicular directions. Uni-axial behavior was assumed for 

each spring and the Advanced Local Coordinate system feature was used to orient each spring in 

the direction of the longitudinal axis 1.   

As shown in Section 4.2, the cyclic behavior of the sheathing-to-framing connection is 

characterized by pinching, stiffness and strength degradation. These characteristics are only 

partially captured by the multi-linear plastic Pivot hysteretic property in SAP2000. This 

hysteretic model was originally proposed by Dowell et al. (1998) to model nonlinear behavior of 

reinforced concrete members. It assumes that unloading and reverse loading are directed toward 

specific points, “pivot” points, in the force-displacement plane. Three parameters define the 

cyclic behavior namely, 1) alpha, which locates the pivot point for unloading to zero from 

positive or negative force, 2) beta, which locates the pivot point for reverse loading from zero 

toward positive or negative force and 3) nu, which determines the amount of degradation of the 

elastic slopes after plastic deformation (CSI 2010). Those parameters are shown in Figure 4-27.  
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Figure 4-27 Multi-linear Pivot plasticity property for uniaxial deformation (CSI 2010) 

In defining the nonlinear Link properties, a multi-linear force-deformation curve and hysteresis 

parameters must be specified. The nonlinear force-deformation relationship properties were 

copied from the smooth multi-linear curve defined by the SAWS material. After several trials, 

the hysteretic parameters were defined as alpha=1000, Beta=0.9 and nu=100. Note that the pivot 

point of the model has to be defined far enough from the origin so that the unloading stiffness at 

large displacements is equal to the unloading stiffness at small displacements.  

Figure 4-28 presents the cyclic force-displacement relationship for one nail obtained using the 

SAWS and Pivot models, respectively. The loading protocol proposed by Peralta et al. (2004) 

was used to complete this quasi-static simulation, but its amplitude was scaled down by one 

tenth. The Pivot model exactly follows the backbone curve copied from the SAWS model. Yet, 

the unloading stiffness and pinching effect are completely different. This was expected, since the 

Pivot model requires the unloading goes back to zero force from any displacement level, before 

heading to the pivot point. The total dissipated energy1 is overestimated by the Pivot model in 

6%. 

                                                 
1 The total dissipated energy is calculated using the trapezoid rule 
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Figure 4-28 Analytical force-displacement relationship for one nail obtained using the 

SAWS and Pivot models 

The two-dimensional cyclic quasi-static analysis was completed using a Multi-threaded solver 

with only three DOF’s available, namely UX, UY and RZ. No inertial or damping forces were 

considered. The kinetic energy was monitored after the analysis to guarantee that inertial effects 

were negligible.  Herein, the same loading function used to complete the quasi-static analysis in 

OpenSees was implemented. Note that, however, the load case defined in SAP2000 is a 

nonlinear time history analysis. The numerical simulation is conducted using Newmark Direct 

Integration method with default nonlinear parameters. 

Figure 4-29 shows the deformed shape of the diaphragm at maximum displacement. Note that 

area elements close to the boundaries overlap considerably, which is clearly an unrealistic 

behavior. The effect of considering mechanical contact between area elements is investigated 

later in this section.   

Figure 4-30 presents the load-displacement relationships for MAE-2 diaphragm obtained using 

SAP2000 with Pivot hysteretic rule. The response obtained closely reproduces the experimental 

behavior. Again, the major difference between the experiment and SAP2000 predictions is in the 



75 

 

 

maximum strength obtained.  The experimentally measured maximum strength is overestimated 

7% by the numerical model.  

To further understand the kinematic behavior of the diaphragm, shear and bending stress values 

at maximum deformation are depicted in Figure 4-31 and Figure 4-32. Bending stresses are 

significantly higher than shear stresses, which imply a predominant bending behavior of the 

system. This is confirmed in Figure 4-32, where almost zero shear stress can be observed at the 

middle of the diaphragm. This finding is contrary to what is usually assumed for other types of  

flexible diaphragms (e.g. plywood shear walls, steel decks), which can experience large shear 

deformations [Gupta and Kuo (1985), Reinhorn et al. (1988)]. 

 
Figure 4-29 Deformed shape of MAE-2 at maximum displacement obtained in SAP2000 

To investigate the influence of mechanical contact between wood boards, a gap (i.e. 

compression-only) element with contact stiffness Kc was introduced between individual plane 

stress elements. These elements were introduced only in the overlapping zone illustrated in 

Figure 4-29.  Since no experimental data were available to quantify Kc, an initial value of 0.5 

kip/in was used, as suggested by Dolan and Foschi (1991). Then, pushover analysis was repeated 

using increasing values of Kc, as shown in Figure 4-33. The results indicate that for 

displacements of up to 30% of the maximum, the system was not significantly affected by the 



76 

 

 

contact stiffness. At the maximum displacement of three inches, an increase in load capacity 

between 5 to 30 percent can be observed. 
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Figure 4-30 Predicted load-displacement relationship for MAE-2 diaphragm a) Experiment 

b) SAP2000 Pivot model  

 
Figure 4-31 Shear stress distribution at maximum displacement for MAE-2 diaphragm 

obtained using SAP2000 
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Figure 4-32 Bending stress distribution at maximum displacement for MAE-2 diaphragm 

obtained using SAP2000 
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Figure 4-33 Pushover curves obtained for different values of contact stiffness, Kc 
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4.3.4 SDOF Model 

It has been demonstrated that refined finite element models are capable of simulating the force-

displacement response of wood diaphragms under cyclic loading. In completing this analysis, 

only Young’s modulus of the wood diaphragm and information regarding the cyclic behavior of 

the sheathing-to-framing connection are needed as input data. However, the analysis time to 

complete each simulation is burdensome.  

As discussed in Section 4.2.4, previous studies have simulated the dynamic behavior of wood 

diaphragms using a linear SDOF lumped parameter models. The same approach has been applied 

for modeling wood shear walls.  In these studies, the SDOF hysteretic model was fitted to 

experimental or simulated data of full scale specimens (Foliente 1995); (Folz and Filiatrault 

2001). The same approach is adopted in this study, the full scale simulation performed in 

OpenSees and SAP2000 will be used to calibrate the SDOF hysteretic properties of a nonlinear 

spring.  The idealization of the diaphragm as SDOF can be seen in Figure 4-34. In this model, 

the displacement at the center of the diaphragm is the only DOF available. Also, half of the 

available seismic mass is considered in the model.  

 
Figure 4-34 Idealization of diaphragm as SDOF  
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The equation of motion of the SDOF system is given by  

                                           ( ) ( ) [ ( )] ( )d d s d gm u t c u t f u t m a t                                  (4.1) 

Where md= Tributary mass of the diaphragm; cd= viscous damping coefficient, fs[u(t)]= 

nonlinear force- displacement relationship of the spring; ag= ground acceleration ; ü(t), u (t) and 

u (t) are the acceleration, velocity and displacement at the center of the diaphragm. This equation 

will be solved in both, OpenSees and SAP2000 using Newmark constant average-acceleration 

time integration scheme. 

It has been previously noted that the characteristics of the global response of wood shear walls 

and diaphragm is similar to those of individual connections. Therefore, the nonlinear force-

displacement relationship of the spring in Equation 4.1, which will use SAWS material, can be 

determined using the global force-displacement response predicted by OpenSees. The parameters 

of the SAWS model were obtained by a fitting procedure to match the monotonic and cyclic 

global response of the diaphragm. Three parameters, namely k0, r1ko, and r2k0, were obtained 

using the pushover curve of the diaphragm and by the linear regression method available in 

Excel MS software. The other two parameters, r3k0 and r4k0 were estimated from the hysteretic 

curve by minimizing the dissipated energy in each cycle.  

Figure 4-35, presents a comparison between the monotonic force-deformation relationships 

obtained using the detailed FEM in OpenSees and the monotonic curve of the SDOF with 

calibrated SAWS model. The SAWS parameters are summarized in Table 4-10. Also, the cyclic 

behavior is presented in Figure 4-36, where a good match can be seen between both models.  

Table 4-9 SAWS material parameters fitted to full diaphragm 

F0 (kip) F1 (kip) DU (in) S0 (kip/in) R1 R2 R3 R4 alpha beta 

5.60 2.70 5.0 12.50 0.22 -0.050 1.00 0.26 0.55 1.10 
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Figure 4-35 Predicted monotonic force-deformation using detailed FEM and SDOF models 

in OpenSees 
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Figure 4-36 Predicted force-deformation relationship obtained using detailed FEM and 

SDOF in OpenSees 
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4.4 Simplified MDOF Model for Flexible Diaphragms 

In this section, a reduced MDOF model of the straight-sheathed wood diaphragm studied in 

previous sections is proposed and implemented in OpenSees and SAP2000. The model is 

suitable for monotonic, increasing cyclic quasi-static and time history analysis in two and three 

dimensions. It also requires significantly less computational time while fully capturing the 

nonlinear seismic behavior of the diaphragm. 

The model is based on the nail-couple method suggested by the ATC-7 (ATC-7 1981) and ATC-

7-1 (ATC 7-1 1979) to estimate the in-plane shear strength of straight-sheathed diaphragms. 

These documents suggested that this type of diaphragm behaves like a series of individual beams 

which interact only through the connection with the supporting joists. The total strength of the 

diaphragm is then estimated considering only the nail-couple required to resist forces 

perpendicular to the sheathing boards.  

   

4.4.1 Structural Configuration 

Figure 4-37(a) presents a typical wood horizontal diaphragm in URM buildings. It is usually 

composed of four basic structural components, namely sheathing boards, framing members, 

sheathing-to-framing connectors, and connections to the URM buildings. A detailed explanation 

of every component related to older URM buildings was provided in Section 3. In existing wood 

diaphragm, the arrangement of wood boards can have different configurations, yet it has been 

proved that this variable does not affect the stiffness of the diaphragm (Brignola et al. 2009). 

Thus, herein it is assumed that wood boards are arranged as shown in Figure 4-37. Also, for 

simplicity nails and joist are considered to be constructed equally spaced, although this can be 

adjusted to accommodate more complex configurations.  

 

4.4.2 Kinematic Assumptions 

Figure 4-37 shows the undeformed and deformed structural configuration of a typical straight 

sheathed diaphragm under seismic load applied perpendicularly to the joist. Under this load, the 

boards distort as bending beams while the joists remain essentially vertical. It is assumed herein 

that the lateral supports are sufficiently anchored so that additional deformation from the 

connectors can be effectively eliminated.  
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(a) 

 
(b) 

Figure 4-37 Typical configuration of wood diaphragms in older URM buildings: (a) 

Undeformed shape; (b) Deformed shape 
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It has also been shown in Section 4.3.3 that shear stresses and strains in the wood boards remain 

well below the maximum capacity of the wood material so that shear deformations can be 

neglected. Therefore, the plane-stress area elements of dimensions h, w and L, and Young’s 

modulus E used in Section 4.3.2 and Section 4.3.3 can be effectively replaced by Bernoulli beam 

elements with Young’s modulus Eb=E and inertia Iy=(hw3/12). Because the beam elements are 

located at the geometric centroid of each area element, and the springs are located at a distance 

S/2 from the centroid, a rigid link element which connects the beam element to zerolength 

springs is required, as shown in Figure 4-38.  

In this new formulation the total lateral displacement Ud is only affected by the bending 

properties of the boards, and the stiffness of individual nails. Moreover, as demonstrated in 

Section 4.3.3, mechanical contact between boards have a minimum effect in the seismic response 

of this type of diaphragms. Hence, in this study the individual boards are assumed to deform 

independently of each other. Due to this assumption, the total number of boards Nb, in the wood 

floor can be reduced to only one beam element with equivalent Young’s Modulus, Eeq=NbEb, 

where Eb is the Young’s modulus of one individual board. Likewise, zerolength springs with 

equivalent stiffness Keqx= NbKx and Keqy=NbKy can be adopted at each connection in the X and 

Y direction, respectively. When using this equivalent structural configuration, the properties of 

the wood joists are not modified, yet any motion in X direction must be constrained so that out-

of-plane bending is properly prevented.   

The system shown in Figure 4-38 can be further reduced by replacing the rigid link element and 

translational springs with a rotational spring with equivalent force-displacement relationship, as 

depicted in Figure 4-39. For this change to be valid, it is assumed that rigid body translation in X 

and Y direction is negligible.  When the diaphragms deforms, the equivalent beam introduce 

only rotations , at each connection with the framing system. This rotation is measured with 

respect to the center of each nail-couple.  
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Figure 4-38 Equivalent wood diaphragm model: Bernoulli beam and rigid links 

 
Figure 4-39 Reduced equivalent system with rotational springs 
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Figure 4-40 present the basic structural element formulation of the reduced system and its 

associate DOFs. Nine DOFs are required to fully characterize the in-plane behavior of the 

diaphragm. Figure 4-41 shows the equivalent system further reduced if we neglect rigid body 

translation in X and Y direction. The 9-DOFs system was reduced to 3-DOFs. Under this 

assumption , the original and equivalent stiffness matrixes are given by, 

                               
2 2

2 3

4 / 6 /
6 / 12 /

y x y

o

y y y

EI Ls k EI L s
K

EI L s EI L k

  
                                         (4.2)

 

                              

2

2 3

4 / 6 /
6 / 12 /

y y

eq

y y y

EI L k EI L
K

EI L EI L k


  

                                           (4.3)
 

 

Where E is Young’s Modulus, Iy is the moment of inertia around y axis, L is separation between 

joists, and S is the distance between nails. Global displacement Ud is not included in this 

formulation. Note that the only difference is the rotational stiffness, which is given by  

                                                         2 / 2xK K s                                                     (4.4) 

Note that out-of-plane deformation is not considered in this formulation, as each board is usually 

designed to sustain gravitational forces.  Extension of this work to diaphragms with Nb boards is 

straightforward. In the general case, the number of DOF required is nDOF=3Nb.  

The nonlinear relationship of the rotational spring is obtained by converting the SAWS force-

displacement values previously implemented into moment-rotation using Equation 4.4 

previously calculated.  

Using orthogonal springs in X and Y directions, the stiffness of the system is usually 

overestimated, as demonstrated by Judd and Fonseca (2005). An attractive feature of the 

RMDOF is that it does not need to be oriented nor calibrated or adjusted. As demonstrated in the 

next section, the model gives good results at a significant reduced computational time. Also, 

diaphragms can be analyzed for any orientation of seismic force.  
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Figure 4-40 Basic structural element formulation.  

 
Figure 4-41 Beam and translational degree of freedom, beam with rotational springs 
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4.4.3 Model Verification 

The reduced MDOF model was implemented in both, OpenSees and SAP2000 programs. It 

predictive capabilities were compared with those of finite element models and experiments 

described in Section 4.3.2, Section 4.3.3 and Section 4.3.1, respectively. Figure 4-42 presents a 

three dimensional view of the model in SAP2000.  The model was validated through cyclic 

quasi-static, pushover, modal and nonlinear response history analysis.  

 
Figure 4-42 3D view of the reduced MDOF model in SAP2000 

4.4.3.1 Cyclic quasi-static behavior 

Figure 4-43 presents a comparison between the RMDOF in SAP2000 and the FEM in OpenSees.  

Major differences arise in the reloading and downloading stiffness, yet the energy dissipated by 

the RMDOF model is only 5% higher that refined model in OpenSees. Another important 

difference is the computational time required to complete this simulation. The RMDOF model 

completed the full loading protocol in about 3 hours whereas the FEM model took about 130 

hours.  



88 

 

 

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0
Displacement (in)

-13.5

-9

-4.5

0

4.5

9

13.5

Lo
ad

 (k
ip

s)

RMDOF-SAP2000
FEM-OpenSees

 
Figure 4-43 Cyclic quasi static behavior of MAE-2 simulated by RMDOF in SAP2000 and 

FEM in OpenSees  

Figure 4-44 shows a comparison between the experiment results and the SAP2000 RMDOF 

model. The numerical model effectively predicts the load-displacement relationship of the 

diaphragm.  

Pushover analysis was completed using the RMDOF model in SAP2000. A comparison result 

can be seen in Figure 4-45.  The pushover curves of the RMDOF model and refined FEM are 

identical. Initial stiffness, nonlinear behavior and maximum capacity are accurately predicted by 

the model as seen in Table 4-10. 

Table 4-10 Summary of model predictions under monotonic load 

Software 
Modeling 

Technique 

Initial stiffness 

(kip/in) 

In-plane force 

at max. displ. 

Analysis time 

(sec) 

SAP2000 
SDOF 11.75 13.83 6 

Refined FEM 11.87 14.09 282 
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Figure 4-44 Predicted cyclic load-displacement relationship for MAE-2 diaphragm a) 

Experiment b) SAP2000 RMDOF model 
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Figure 4-45 Comparison between Pushover curve obtained with different modeling 

techniques SAP2000 
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4.4.3.2 Modal Analysis 

For completeness, modal analysis was carried out using the RMDOF model and compared with 

previous models in OpenSees and SAP2000. In  SAP2000, the Eigen Vectors option was used 

with default properties. In OpenSees the eigen command was used.  Two modes were computed. 

Table 4-11 presents comparative results of the first and second mode frequencies estimated with 

different modeling techniques. The number of DOF required in each model and its total analysis 

time is also presented.  

Figure 4-46 and Figure 4-47 shows the first mode shapes of the MAE-2 diaphragm modeled 

using a refined FEM and the RMDOF model, respectively. Good agreement in the first mode 

shape is obtained. Note that, because this is a very large system, only the 83% percent of mass 

participation is captured in the first mode of the refined FEM.  

Figure 4-48 and Figure 4-49 also shows good agreement between the second mode shapes of the 

MAE-2 diaphragm modeled using a refined FEM and the RMDOF model, respectively. 

 
 

 

 

Table 4-11 Modal analysis- comparative results 

Software 
Modeling 

Technique 

Number of 

DOF 

First mode 

frequency (hz) 

Second mode 

frequency (hz) 

Analysis time 

(sec) 

OpenSees 

Refined FEM 44273 11.01 26.51 0 

SDOF 1 10.86 n/a 0 

RMDOF 1113 10.63 25.38 0 

SAP2000 

Refined FEM 44273 11.05 26.56 16 

SDOF 1 10.19 n/a 0 

RMDOF 1113 9.36 23.24 0 
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Figure 4-46 First mode shape of the refined FEM MAE-2 model in SAP2000 

 
Figure 4-47 First mode shape of the RMDOF MAE-2 model in SAP2000 
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Figure 4-48 Second mode shape of the refined FEM MAE-2 model in SAP2000 

 
Figure 4-49 Second mode shape of the RMDOF MAE-2 model in SAP2000 
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4.4.3.3 Response History Analysis  

To fully explore the capabilities of the RMDOF model, nonlinear response history analysis was 

conducted using the El Centro record. For comparison purposes, nonlinear analysis was also 

completed in all other modeling techniques described in this section. Table 4-12 summarizes the 

displacement and acceleration predictions obtained with each model and the analysis time 

required.  

Because of the small size of the MAE-2 diaphragm, the maximum displacement obtained is only 

about 1% of the maximum displacement capacity of the diaphragm which is about 3 in., as seen 

in Figure 4-45. In all models, the displacement is measured at the third length of the diaphragm. 

A comparison of the response obtained with different OpenSees models, shows that the RMDOF 

model under-predict the maximum response obtained with the refined FEM model by about 6%. 

This is confirmed in Figure 4-50, which shows that the response displacement history obtained 

with the RMDOF model is, in general, in good agreement with the response obtained with the 

refined FEM.  On the other hand, the SDOF model significantly under-predict the response by 

47%. Using half of the mass in the model is most likely the reason for this result. Another 

significant difference is the computer time required to complete each analysis. While the analysis 

using the SDOF model is highly efficient, the RMDOF analysis is still computationally cheap 

when compared with the analysis time required for the refined FEM.  

Figure 4-51 presents a comparison between displacement time histories of the diaphragm 

subjected to El Centro Earthquake in SAP2000.  

In terms of accelerations, the RMDOF in OpenSees slightly under-predict the peak response 

whereas the SDOF peak response is about 17% less than the refined FEM response. On the other 

hand, there is a good match between the RMDOF and the FEM in SAP2000, yet the SDOF 

under-predict the response by 48%. Figure 4-52 and Figure 4-53 present a comparison between 

acceleration time-histories of the diaphragm modeled in OpenSees and in SAP2000, 

respectively.  
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Table 4-12 Summary of model predictions under dynamic loading 

Software 
Modeling 

Technique 

Dmax (+)  

[in] 

Dmax (-) 

[in] 

Amax (+)  

[g] 

Amax (-)  

[g] 

Analysis 

time (sec) 

OpenSees 

Refined FEM 0.049 -0.074 0.56 -0.54 510 

SDOF 0.032 -0.053 0.41 -0.36 1 

RMDOF 0.046 -0.073 0.53 -0.51 43 

SAP2000 

Refined FEM 0.064 -0.102 0.66 -0.60 14400 

SDOF 0.033 -0.054 0.41 -0.36 145 

RMDOF 0.065 -0.103 0.66 -0.60 540 

 

The RMDOF was also validated for dynamic loads using the ABK experiments described in 

section 4.2.2. Figure 4-54 presents the Diaphragm E as modeled in SAP2000. The diaphragm 

was subjected to 10 seconds of the 1971 San Fernando Earthquake. A comparison between the 

numerical prediction and the experimental results can be seen in Figure 4-55.  Peak force and 

deformations obtained in SAP2000 are in good agreement with the experimental results. In 

conducting this simulation, the nail properties were neither calibrated nor adjusted. The same 

properties used to model MAE-2 diaphragm were used, yet the results are still satisfactory.   
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Figure 4-50 Displacement time history in OpenSees 
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Figure 4-51 Displacement time history in SAP2000 
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Figure 4-52 Acceleration time history in OpenSees 
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Figure 4-53 Acceleration time history in SAP2000 
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Figure 4-54 Diaphragm E tested by the ABK program (Ewing and Jhonson 1981) modeled 

in SAP2000 

 
Figure 4-55 Numerical prediction and experimental force-displacement response of 

Diaphragm E (Ewing and Johnson 1981) 
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4.4.4 Numerical Example 

The purpose of this exercise is to evaluate the computer efficiency and the accuracy of the 

RMDOF when implemented in a more complex structural system. To this end, the first story of 

the archetype URM building was analyzed using both the refined FE modeling approach and the 

reduced MDOF model.  Note that the SDOF model cannot be applied here since it cannot fully 

connect to the joist-supporting walls.  

The building model and dimensions are shown in Figure 4-56 along with the refined FE model 

and the reduced MDOF model of the structure.  Masonry walls were modeled using the 

equivalent frame methodology, as discussed in Section 8 and the diaphragms were modeled as 

described in previous sections. The model was built in SAP2000 v14.0.0.  Modal and nonlinear 

time history analyses were conducted using six seconds of El Centro earthquake as input 

excitation.   

 

 
a)                                            b)                                                 c) 

Figure 4-56 First story of the URM building archetype :a) SketchUp Model b) Refined FE 

model c) Reduced MDOF 

The first, second and third mode of vibration along with the associated periods are presented in 

Figure 4-57, Figure 4-58 and Figure 4-59, respectively. A good agreement between the refined 

FE model and the reduced MDOF was obtained for the mode shapes and the periods. The 

comparison between time history displacements and accelerations, presented in Figure 4-60 and 

Figure 4-61, reveals a close agreement between both numerical models.  
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a)                                                              b) 

Figure 4-57 Comparison of the first mode of vibration a) Refined FEM, Tn=0.58sec b) 

RMDOF, Tn=0.62 sec  

 
a)                                                              b) 

Figure 4-58 Comparison of the first mode of vibration a) Refined FEM, Tn=0.28sec b) 

RMDOF, Tn=0.30 sec  

 
a)                                                              b) 

Figure 4-59 Comparison of the first mode of vibration a) Refined FEM, Tn=0.17sec b) 

RMDOF, Tn=0.20 sec 
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Figure 4-60 Comparison of displacement time-histories at the diaphragm a) at center b) at 

the right edge  
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Figure 4-61 Comparison of acceleration time-histories at the diaphragm a) at center b) at 

the right edge  

4.5 Summary and Conclusions 

In this section, numerical models of wood diaphragms available in the literature were identified 

and evaluated for performance based seismic design applications. Diaphragms subjected to static 

monotonic, cyclic quasi-static and dynamic loads were discussed. Also, related numerical models 

for wood shear walls and sheathing to framing connections were briefly described. Then, some 

common numerical models for simulation of wood diaphragms in URM buildings were 

identified.  

A thorough evaluation of current numerical tools indicated that finite element models can fully 

characterize the dynamic response of wood diaphragms, but at a very high computational cost. 

On the other hand, simplified SDOF models could reasonable estimate only few dynamic 
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parameters and engineering demands at key locations of the diaphragm.  Hence, a reduced 

MDOF model of the diaphragm, able to capture the full dynamic characteristic while 

significantly reducing analysis time has been proposed, verified and validated.  

Upon demonstration that the horizontal mechanical contact and friction between wood boards are 

negligible, the straight sheathing system was replaced with an equivalent Bernoulli beam 

element located at the center of the diaphragm. Then, nonlinear rotational springs were proposed 

to simulate the nail coupling at the connection between wood boards and joists. Modal, cyclic 

quasi-static and nonlinear response history analysis of the reduced MDOF model were carried 

out in OpenSees and SAP2000. Comparison with previous numerical models and key 

experimental results from the literature indicates that the reduced MDOF model accurately 

predict the seismic response of this type of diaphragms with computational efficiency.  
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SECTION 5  

 NUMERICAL MODELING OF CONNECTIONS BETWEEN WOOD 

DIAPHRAGMS AND MASONRY WALLS   
 

5.1 Introduction 

It is widely recognized that existing unreinforced masonry (URM) buildings are one of the most 

seismically vulnerable type of structures. As noted by Bruneau (1994a), among different failure 

modes, the out-of-plane collapse of walls and parapets is perhaps the most hazardous to human 

life. This failure mode is usually aggravated by lack or failure of anchorage between walls and 

floors and excessive flexibility of diaphragms. Experimental programs have shown that the 

seismic response of URM buildings is strongly dependent of the connection between floor 

diaphragms and masonry walls (Paquette and Bruneau 2006; Tomazevic 1993). 

 Current seismic evaluation and rehabilitation codes consider the lack of anchorage as a primary 

deficiency in URM buildings and specify a minimum strength and spacing of anchors that must 

be installed to achieve different performance levels (ASCE/SEI 31-03 2003; ASCE/SEI 41-06 

2007). The effectiveness of those retrofit measures have been qualitatively verified after the 1994 

Northridge earthquake, where unretrofitted URM buildings performed worse than both, 

reinforced masonry and retrofitted URM buildings (FEMA P774 2009). 

Nonetheless, existing information regarding the explicit seismic evaluation of the connection 

between masonry walls and wood diaphragms and its effects in the global response of URM 

buildings is scarce. Experimental and analytical research addressing this issue is quite limited. 

Cross and Jones (1993) proposed a two-dimensional friction-impact model for this type of 

connection. Very recently, Lin and LaFave (2012a) carried out an experimental program on this 

subject and a phenomenological model was proposed. Practicing engineers have commonly 

assumed that the connection between wood diaphragms and masonry walls can be modeled as a 

pin-connection. 

In this section, a three-dimensional nonlinear macro-model of a floor-to-wall connection with 

structural configuration as shown in Figure 5-1, is proposed.  The model accounts for friction, 

impact and potential nonlinear behavior of anchors or nails. Additional gravity loads, lateral 
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displacement in any direction, and static or dynamic lateral loads can be applied. The user 

friendly commercial software SAP2000 is used so that the model can be easily replicated by 

other structural engineers.  

The friction slider element available in SAP2000 accounts for the inherent friction between 

wood joist and masonry walls. In addition, a gap element combined with a spring-dashpot system 

simulates the potential impact between the end of the joist and the masonry walls. Also, a 

nonlinear spring element is used to simulate steel anchors, which were occasionally used in older 

masonry buildings and are a common retrofit solution recommended by the current rehabilitation 

codes. The friction-impact-nailed element was validated with previous experiments available in 

the literature. As a result, the cyclic behavior was characterized and key parameters were 

determined. 

This model will be further validated in Section 8, in which shake table tests of full scale masonry 

walls, including realistic floor-to wall connections, are examined.  

 

 
Figure 5-1 Structural configuration of URM wall-wood connection 
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5.2 Background 

Cross and Jones (1993) proposed the first connection model for wood joist on brick masonry. 

They considered the connection essentially as an impact-with-friction phenomenon and proposed 

a finite element model that accounts for both effects at the diaphragm-to-wall interface. Figure 

5-2 illustrates this numerical model. The friction model is based on the well-known Coulomb 

friction model. The model was formulated so that the vertical reaction will be turned off if there 

is tension or if the joist has fallen off the bearing wall. Also, the models accounts for forces due 

to sliding, sticking and contact between the joist and the wall. In the case of impact, the 

formulation developed is based on a coefficient-of-restitution approach, using a linear spring-

damper located at the point of impact.  Also, modifying the properties of the stiffness and 

damping matrices, the model accounts for three states of the structure, namely 1) immediately 

prior to impact; 2) during impact; and 3) after impact.  The model also assumes a finite time for 

impact duration, which is needed so that the structure will respond as a flexible body.  

The 2D impact-friction model was verified using numerical examples, yet an experimental 

validation was not conducted. Also, no information regarding the cyclic behavior of the 

connection was provided.  In a companion paper, also by Cross and Jones, they demonstrated 

that significant movement can occur in an un-retrofitted masonry structure. Thus, the joist is 

most likely to fall out the wall. Also, a key finding was that the additional force induced in the 

wall due to impact was significant, modifying the global response of the building.  

 
Figure 5-2 Joist pocket element proposed by Cross and Jones (1993) 



106 

 

 

Lin and LaFave (2012a) carried out experiments on the behavior of the connection between brick 

walls and wood diaphragms. Nineteen specimens were tested under monotonic, quasi-static and 

dynamic axial load. Each specimen consisted of a small section of brick wall with a pocket were 

a wood joist was resting, as shown in Figure 5-3.  Three different set of connections between 

wood joist and masonry walls were considered. The first set had nine specimens using traditional 

wall-joist anchors. Each anchor was made of a steel trap welded to a threaded rod. In addition, a 

compressive force was applied at the top of each wall to simulate gravity forces and activate the 

friction between wood joists and the brick pockets. This type of connection is perhaps the most 

common in older masonry buildings. A second set had six specimens with the steel anchor 

described before, but no gravity force was applied. This case may be representative of buildings 

were the vertical acceleration acts downwards and therefore gravity forces cancel out.  The final 

set had three specimens with no steel anchors but gravity force applied at the top. These are 

representative of building were the wood joist are resting on the walls without any additional 

connection. Force-displacement backbone curves were generated for each set of connections.  

They found that the type of connection and number of nails was a key factor in determining the 

maximum strength and final failure mode of the connection. Frictional force was equally 

important and a lower bound value for the friction coefficient of 0.2, average value of 0.5, and an 

upper bound value of 0.8 was determined. 

  
Figure 5-3 Small specimens tested by Lin and LaFave (2012a) 
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Additional experimental work has been recently conducted by Moreira et al. (2012) and Karim et 

al. (2011) but the characteristic of the connections are not similar to those found in Eastern North 

America masonry constructions.  

Simplified rules that describe the hysteretic behavior of the connection were also proposed by 

Lin and LaFave (2012b). These rules were based on the experimental data of testing specimens 

and described the cyclic tensile and compressive behavior of the connection. Also, a simple 

numerical model including nails, friction and contact was proposed. Again, the friction, nail and 

contact models were calibrated to match the experiments previously conducted. The lack of 

robustness in this formulation prevents the application of these models to other load states, 

boundary conditions and different mechanical properties of the structural materials.  

ASCE 31-03 provides a three-tiered process for seismic evaluation of existing buildings. 

Procedures for connections are specified in the Evaluation Phase or Tier 2 of the process. In 

general, floor-to-wall connections should be assessed as force-controlled actions. In the case of 

unreinforced masonry buildings, codes specify a minimum force for out-of-plane anchorage to 

flexible diaphragms defined by, 

                                             12.1 DF S W                                                                   (5.1) 

Where SD1 is the seismic design category based on short period response, and W is the tributary 

weight of the wall. This force shall not be less than 200lb/ft and the maximum spacing between 

anchors should be 6 ft. on center. No other specifications are provided. 
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5.3 Simplified Model for Response History Analysis  

After reviewing the literature on floor-to-wall connections in URM buildings it is clear that little 

research has been conducted on this subject. In this study, the behavior of this connection is 

modeled through an impact-friction-nail macro-model, as illustrated in Figure 5-4. The 

commercial software SAP2000 has been used so that the model can be easily replicated by 

practicing structural engineers.   

 
Figure 5-4 Numerical model of the URM wall-wood connections 

A friction slider element which accounts for the inherent friction between wood joist and 

masonry walls is combined with a gap-spring-dashpot system which simulates the potential 

impact between the end of the wood joist and the masonry walls. In addition, a nonlinear spring 

element is used to simulate steel anchors which are commonly nailed to the joist and go through 

the walls. 

The model accounts for any vertical overload due to upper masonry walls and also dead or live 

loads. A beam element models the joist and a rigid link is used to support the friction slider 

element. Each component is described in the following sections.  
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5.3.1 Numerical Model of Friction-Slider Element 

Simulating the frictional behavior of wood joists simply supported on masonry walls is achieved 

through a flat slider bearing element. In SAP2000, this element includes a gap behavior in the 

axial direction, linear effective-stiffness properties for moment deformations and coupled friction 

properties for the shear deformations (Nagarajaiah et al. 1991). A flat surface was specified by 

setting the pendulum radii of the slipping surfaces equals to zero.  

 
Figure 5-5 Friction-slider element in SAP2000 (CSI 2010) 

A friction coefficient for the wood-brick interface between 0.3 and 0.8 has been recommended 

by Cross and Jones (1993) and Lin and LaFave (2012a). Herein, the average friction coefficient 

equal to 0.5 is assumed. 

The equation for the axial stiffness is given by  

1 /U J w JK A E H                                                                  (5.2) 

The axial stiffness was calculated as the axial stiffness of a column having the height HJ of the 

wood joist, area AJ equals to the joist thickness times the length of the pocket and modulus of 

elasticity EW of wood materials.  No vertical damping was specified.  

The shear stiffness was computed from the elastic equation given below as recommended by 

Sarlis and Constantinou (2010). This equation was developed to model triple friction pendulum 

isolators in SAP2000.  

1 / 2K W y                                                                    (5.3) 
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The axial compression force W or vertical reaction that will be delivered by the joist to the 

masonry wall can be computed from simple static equations if minimum parameters such as joist 

span, separation between joists and dead and live loads are known. 

The shear deformation location is set equal to zero, so that the moment transferred by the wood 

joist to the bricks below will be maximum. The height of the element was assumed as the half of 

the joist height. The rotational and torsional stiffness of the element is currently assumed equals 

to zero, since fire cuts are assumed to be presented in every joist. The link element mass will be 

the lumped mass of the beam element simulating the joist. The rotational mass moment of inertia 

is currently assumed to be zero. The rate parameter does not have any influence in the element, 

since the friction coefficient is defined to be independent of velocity.  

 

5.3.2 Numerical Model of Impact Element 

The impact element is a contact-based model which accounts for the impact energy loss and can 

be easily implemented in any commercial structural software. The model is based on the Hertz 

damped contact model proposed by Muthukumar and DesRoches (2006). In this element the 

energy dissipated during impact is given by  
1 2(1 ) / ( 1)n

h mE k e n                                                                        (5.4) 

Where kh is the impact stiffness parameter, m is the maximum penetration during impact, e is 

the coefficient of restitution, and n is the Hertz coefficient, typically taken as 3/2. The effective 

stiffness of the element, Keff, can be computed as: 

eff h mK K                                                                                           (5.5) 

The yield deformation, y can be obtained from  

y ma                                                                                                 (5.6) 

where a is the yield parameter which must satisfy the following relation: 
21 2 / 5(1 )a e                                                                                        (5.7) 

Herein, a is assumed equal to 0.1, so that the yield displacement will be very small. This model 

is different from Cross and Jones (1993) because it includes dissipation of energy during impact, 

so that the displacement and accelerations are not overestimated. The stiffness parameters of the 

truss element can be obtained as follows: 
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2
1 / ( )t eff mK K E a                                                               (5.8) 

2
2 / (1 )t eff mK K E a                                                            (5.9) 

The parameters of the impact model are illustrated in Figure 5-6. In defining this element in 

SAP2000, two springs in parallel must be created: 1) A Multi-linear Elastic element with force-

deformation as defined in Figure 5-6b and a Multi-linear Plastic element with Takeda hysteresis 

type and force-deformation as illustrated in Figure 5-6c.  

 
Figure 5-6 Parameters of the inelastic truss model (After Muthukumar and DesRoches 

2006) for definition of impact element in SAP2000 
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5.3.3 Numerical Model of Nails  

If the connection between wood floors and masonry walls include through bolts and steel angles 

or straps nailed to joists rods, additional springs are required to capture the dynamic behavior of 

the system. Previous experimental research indicates that the damage was concentrated in the 

nails. Therefore, it is assumed that the steel rod or angle will remain rigid and that the nonlinear 

behavior will come from the nail-slip deformation. The nonlinear force-deformation behavior of 

nails was discussed in Section 4. It was demonstrated that the SAWS material model (Folz and 

Filiatrault 2001) can be used to capture the behavior of the nail. It was also demonstrated that for 

8d typical nails, the SAWS material properties can be obtained from simple equations proposed 

by Mclain (1975).  

                              
Figure 5-7 Force-deformation relationship assumed for nailed connections 

 

5.3.4 Numerical Implementation and Validation 

In this section, the friction-impact-nail model implemented in SAP2000 is examined and 

compared against experiments conducted by Lin and LaFave (2012a). Figure 5-8 illustrates the 

size and characteristic of the specimens considered. In this joist-to-wall attachment 

configuration, the nails are considered the weakest link whereas the bricks walls, steel anchors 

and straps are expected to remain elastic and almost rigid during loading. Some deformation is 

expected for the wood joist, therefore a Young Modulus for the wood of 1800 ksi has been 

considered. The three critical zones in which impact, friction and nail deformation occurs are 

also illustrated along with the location of axial and lateral loading applied during the 

experiments.    
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Figure 5-8 Size of the specimen tested by Lin and Lafave (2012a) 

 

Critical parameters of the friction-slider element, K1 and KU1 were calculated using Equation 5.2 

and Equation 5.3, respectively. These are presented in Table 5-1 along with other parameters 

required to define the element. As mentioned before, the Friction Isolator element is used to 

define the link element. All degrees of freedom will be activated, but nonlinear behavior is 

considered only to the U1, U2 and U3 directions.   

Table 5-1 Summary of friction-slider properties in SAP2000 

Parameter Value 

Supported Weight, W  Variable 

Elastic Stiffness, K1 25 

Friction Coefficient, u1 0.5 

Rate Parameter, r 1 

Radius of Curvature, r1 0 

Element Height 6 

Shear Deformation Location 0 

Axial Stiffness, (KU1) 100 

Effective Axial Damping, bu1 3.1E-03 

Rotational Stiffnes, (R2,R3) 1E-09 

Torsional Stiffness (R1) 0 

Link Element Mass 1E-05 

Rotational Mass Moment of Inertia 1E-09 
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Defining the impact element requires an appropriate selection of the impact stiffness, maximum 

penetration during impact and the coefficient of restitution. The impact stiffness and the 

maximum penetration parameters were estimated based on the experimental results obtained by 

Lin and LaFave (2012b), since no other experimental evidence of collision between wood joist 

and masonry walls was found.  The coefficient of restitution was assumed to be 0.5, a value in 

the range recommended by Cross and Jones.  All other parameters can be calculated using the 

equations presented before. These parameters are summarized in Table 5-2.  Figure 5-9 presents 

the force-displacement definition obtained for the multi-linear plastic and multi-linear elastic 

spring as implemented in SAP2000. 

Table 5-2 Summary of Impact element properties  

Parameter Value 

Maximum penetration during impact, m  0.8 

Gap distance, gp 0.0 

Impact stiffness, Kh 25 

Coefficient of restitution, e 0.5 

Hertz coefficient, n 1.5 

Energy dissipated during impact, E 4.293 

Effective stiffness, Keff 22.36 

Yield deformation, y 0.08 

Stiffness, Kt1 89.44 

Stiffness, Kt2 14.907 
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Figure 5-9 Force deformation definition of Multi-Linear Elastic and Plastic springs 
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Table 5-3 presents all parameters required to define the force-deformation relationship of 8d 

nails. These parameters were computed as in Section 4. Figure 5-10 presents the actual hysteretic 

behavior implemented in SAP2000.  

Table 5-3 Summary of Nail Spring element properties  

Parameter Value 

Effective Stiffness, Keff 19 kip/in 

Effective Damping,  0.002 

Pivot Hysteresis 1, 2 1000 

Pivot Hysteresis 1, 2 0.1 

Pivot Hysteresis  100 
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Figure 5-10 Force-displacement backbone model of nail-springs 

The friction-impact-nail element as implemented in SAP2000 is illustrated in Figure 5-11. Fix 

supports were used at the base of the impact and friction elements.  A pin connection was used at 

one end of the beam element. Axial loads were applied using ramp functions shown in Figure 

5-12. The load was applied on top of the friction element. Nonlinear static analyses were 

conducted before each time-history analysis. Two lateral loading protocols were used, namely 1) 

a cyclic loading protocol with increasing displacements (see Figure 5-13) and 2) a loading 

protocol with constant amplitude designed to estimate the friction coefficient (see Figure 5-14). 

Both protocols were applied using nonlinear direct integration history analysis. Damping in the 

system was assumed to be 2% of critical damping. Note that this may overestimate the 
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accelerations and the maximum displacement of the friction element as described by Sarlis and 

Constantinou (2010). 

 
Figure 5-11 Friction-impact-nailed element as implemented in SAP2000.  
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Figure 5-12 Axial load protocol applied for estimating the friction coefficient 
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Figure 5-13 Loading protocol for static cyclic load  
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Figure 5-14 Loading Protocol used to estimate the friction coefficient  

Figure 5-15 presents a comparison between the numerical model and the experimental results for 

friction only behavior. The model captures the maximum force fairly well including the 

hysteretic behavior for different axial loads.   
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Figure 5-15 Force Displacement relationship for Friction Only Model: a) Numerical model; 

b) Experimental (Lin and LaFave 2012b) 

An increasing monotonic analysis was also conducted in the model to evaluate the behavior of 

friction and nails combined.  Figure 5-16 presents a comparison between the numerical model 

and the experimental results for combined friction and nail behavior. The nail model under 

predicts the maximum force obtained in the experiment for specimen NF_SM1 and specimen 

NF_SM2 by 20% and 40% respectively. The displacement in which the 1st nail is sheared off is 

well predicted, yet the model does not capture the moment when the 2nd nail is sheared off since 

both nails are defined with the same ductile capacity. Because of this, it is understood that the 

failure mode predicted by the model is different from that obtained during the experiment, where 

very large displacements were observed before the nails were sheared off.  
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Figure 5-16 Force-displacement curves for monotonic loading a) Numerical model b) 

Experimental (Lin and LaFave 2012b) 
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The numerical model was then subjected to the cyclic quasi-static loading protocol previously 

described in Figure 5-13. Comparison results are shown in Figure 5-17. The model captured the 

maximum compression and tension forces fairly well.  Yet, it is unable to capture the large 

displacements obtained in the tension side. As discussed before, such a large displacements may 

not be strictly related to the failure of the nails in shear but a combination of slippage and shear.  
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Figure 5-17 Force-displacement curves for cyclic quasi-static loading a) Numerical Model 

b) Experimental (Lin and LaFave 2012b) 

 

5.4 Summary and Conclusions 

The connection between wood floors and URM walls play a fundamental role in the seismic 

behavior of unreinforced masonry buildings. Yet, currently there is little information on the 

modeling and performance of this critical component under seismic loads. This section 

summarized the implementation and validation of a friction-impact-nailed model that simulates 

the connection between wood joist and unreinforced masonry walls. The numerical model was 

implemented in SAP2000 and validated against previous experiments conducted by other 

researchers on this type of connections.   

The friction, impact and nail numerical models were developed by other researchers to analyze 

different phenomena and can be easily implemented in any commercial software. Herein, these 

models were combined so that it could accurately simulate the potential friction, impact and 

nailed behavior of the joist-to-wall connection. It was demonstrated that the combined friction-

impact-nail model captured fairly well the cyclic behavior in tension and compression of a 
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typical joist-to-wall connection. Also, because the model does not require calibrations or 

adjustments, it can be suitable for different boundary and loading conditions. 

Further studies are required to investigate the impact of key variables, such as the coefficient of 

friction, gravity loads and coefficient of restitution in the global seismic response of a multi-story 

URM building. Also, current ASCE 31-03 recommendations regarding the strength, minimum 

number and separation of required steel anchors can be explicitly evaluated. 
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SECTION 6  

 COMPUTER SIMULATION OF URM WALLS IN MULTI-STORY 

BUILDINGS    
 

6.1 Introduction 

Conducting reliable seismic analysis of multi-story URM buildings remains a challenging task 

within the earthquake and structural engineering field. Although several numerical methods have 

been proposed, the combination of highly nonlinear material and structural component behavior, 

complex geometric configurations and lack of experimental data make the problem difficult to 

solve.  Even more, as of today there are no reported attempts to capture the nonlinear seismic 

response of multi-story URM buildings with flexible diaphragms.  

In this section, simplified and robust non-linear numerical macro-models for in-plane and out-of-

plane walls were developed and validated using previous experiments found in the literature. The 

models can be easily combined to analyze a full multi-story URM building subjected to seismic 

loads. The numerical models are suitable for pushover or nonlinear response history analysis. 

Peak accelerations and displacements can be obtained with minimal computational time. 

Moreover, the models were implemented and verified in SAP2000, so that they could be used by 

practicing engineers.   

The first section of this section presents previous research on methods that simulate out-of-plane 

and in-plane behavior of URM walls. It can be seen in Table 6-1 that numerous computer 

methods exist in URM modeling. However, in this report, emphasis is made on macro-scale and 

analytical models appropriate for nonlinear time history analysis. Hence, “smeared crack” 

models, homogenized methods and “discrete crack” models common in finite element 

simulations were not considered.  

In the second section, a nonlinear simplified model combining elastic shell elements and 

nonlinear rotational springs is proposed, implemented and validated in SAP2000. A nonlinear 

response history comparison with previous experiments is also provided.  

As mentioned before, one of the primary goals of this study has been to assess the seismic 

behavior of URM walls subjected to out-of-plane loading in multi-story buildings.  Thus, for 
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completeness a suitable numerical model for in-plane walls is also required. An attractive 

solution was found through a modified equivalent frame method for URM walls. This is a 

suitable methodology which balances complexity, efficiency and accuracy for performance 

based assessment. The model was also developed and implemented in SAP2000.   

Finally, other simplified methodologies for modeling in-plane and out-of-plane walls were 

investigated. Key results are summarized in appendices.  

Table 6-1 Summary of computer methods in structural masonry 

Numerical Simulation 

Micro-scale models 

 Discrete element 
 Rigid body spring 
 Interface elements 
 Homogenization 

Macro-Scale models 

 Equivalent frame 
 Fiber elements 
 Zero-length springs 
 Rigid body models 

Analytical models 
 Limit analysis 
 Code based equations 
 Empirical equations 

 

6.2 Previous Research on Out-of-Plane Macro-models of Unreinforced 

Masonry  

Current numerical models to analyze out-of-plane URM walls can generally be classified as 

stiffness-based models and rigid body rocking models. Stiffness-based models are usually SDOF 

models that capture the main dynamic parameters of the wall and are suitable for nonlinear static 

and dynamic analysis. Also, these models can be easily implemented in most commercial 

computer software. On the other hand, rigid-body rocking models tend to offer a more accurate 

simulation of the actual behavior of the wall, but can be only implemented in specialized 

computer software. Recent research regarding these two methodologies is briefly discussed next.  

6.2.1 Oscillator-based Models 

One of the most relevant studies on out-of-plane behavior of URM walls has been conducted by 

Blaikie and Davey (2000) who developed equations that describe the behavior of URM walls 

under out-of-plane static loading. This research later became the main reference to develop 
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guidelines for seismic evaluation of URM walls in New Zealand. Derivation of the equations, as 

presented by  Blaikie and Davey (2000) is summarized below.  

The maximum force and cracking displacement of the walls were obtained by equating 

overturning and resistant forces acting in the wall just before instability. The walls were assumed 

to crack at the middle, with remaining portions remaining virtually rigid as shown in Figure 6-1. 

This figure also shows the forces assumed to act on a cracked wall element subjected to a static 

lateral load V. The total weight of the wall is W, and effective thickness, t. The bending 

moments developed in the wall when subjected to a point load V, acting at the mid-height are 

also depicted.  

 
Figure 6-1 Behavior of face loaded single-story wall element under static loading (Blaikie 

and Davey 2000) 

Under this configuration, equating the simply supported bending moment to the wall moment at 

the mid-height crack, yields: 

                                                      𝑉𝐻

4
=

(𝑂+𝑊)𝑡

4
+ (𝑂 + 𝑊/2)(

𝑡

2
− 𝑌)                                      (6.1) 

V will have a maximum value, Vmax when Y=0.0: 
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                                                            𝑉𝑚𝑎𝑥 = (2𝑊 + 3𝑂)
𝑡

𝐻
                                                     (6.2) 

Moreover, the wall will become unstable when the applied load, V, reduces to zero and the wall 

displacement, Y, will then have its maximum static value, Ymax. Rearranging Equation 6.1and 

substituting V=0.0: 

                                                            𝑌𝑚𝑎𝑥 = (
𝑊+1.5𝑂

𝑊+2𝑂
) 𝑡                                                         (6.3) 

Equations 6.2 and 6.3 can be used to replace O and W in Equation 6.1, showing that: 

                                                            𝑉 = 𝑉𝑚𝑎𝑥(1 −
𝑌

𝑌𝑚𝑎𝑥
)                                                      (6.4) 

The graphic form of this equation is shown in Figure 6-2: 

 
Figure 6-2 Load deformation relationship for point load acting at mid height crack (from 

Blaikie and Davey 2000) 

In case that a uniform load F, replaces the point load V, the simply supported bending moment 

will be FH2/8. Thus, the load V, would need to be replaced by FH/2 in Equations 6.1 to 6.4. 

Blaikie and Davey (2005) also proposed the following generalized equations, for different 

boundary conditions and axial load eccentricities. The maximum displacement at which the wall 

becomes unstable is given by, 

𝑌𝑚𝑎𝑥 = 𝑡 ∗
(1+𝐾1

𝑂

𝑊 
)

(1+
2𝑂

𝑊
)

∗ 𝑓𝑖𝑥𝑖𝑡𝑦                                              (6.5) 

Where O is the overburden, W is the weight of the wall, t and fixity are given by,  

 𝑡 = 𝑡𝑛𝑜𝑚(0.975 − 0.025
𝑂

𝑊
)                                              (6.6) 
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𝑓𝑖𝑥𝑖𝑡𝑦 =
((𝐾2+𝐵𝑏)+(𝐾3+𝐵𝑏+𝐵𝑡)

𝑂

𝑊
)

𝐾4(1+𝐾1
𝑂

𝑊
)

                                         (6.7) 

Tnom is the nominal thickness of the wall, and the parameters Bt and Bb are eccentricities of the 

overburden at the top and bottom of the wall, as seen in Figure 6-1. The maximum force occurs 

when the wall crack starts to open and is given by: 

𝐹 =
4𝑡𝑊

𝐾5
(1 + 𝐾1

𝑂

𝑊
) ∗ 𝑓𝑖𝑥𝑖𝑡𝑦                                          (6.8) 

The parameters Kn are given in  

Table 6-2 and cover different boundary conditions for the wall.  

 

Table 6-2 Equation constants for the two wall element types (Blaikie and Davey 2005) 

Type of wall Element K1 K2 K3 K4 K5 

      

Single story wall  1.5 1.0 2.0 2.0 1.0 

Parapet of free standing wall 1.0 0.0 0.0 1.0 4.0 

 

At the same time, in the University of Adelaide in Australia, Doherty et al. (2002) addressed the 

problem of assessing the seismic behavior of out-of-plane URM using a simplified linearized 

displacement–based procedure. The displacement profile of a rocking wall and its equation of 

motion was used to develop an equivalent lumped mass SDOF model. A tri-linear relationship 

was used to characterize the nonlinear force-displacement behavior of masonry as shown in 

Figure 6-3. 
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Figure 6-3 Inertia forces and reaction of rigid URM walls and force-displacement 

relationship (from Doherty et al. (2002) ) 

Similarly, Simsir et al. (2004) developed a SDOF, a MDOF and a two-degree-of-freedom model 

to evaluate the dynamic stability behavior of URM walls. The models were calibrated to match 

the experiments discussed in Section 2 by Simsir et al. (2004).  The same methodology was 

followed by Derakhshan et al. (2009) who used a SDOF system to simulate the out-of-plane 

behavior of masonry walls. Using experimental results obtained through monotonic loading with 

airbags, they developed a tri-linear force-displacement relationship. More recently, a similar 

methodology was implemented by Vaculik and Griffith (2008) to conduct time history analyses 

of masonry walls subjected to two-way bending.  

6.2.2 Simplified FE and Rigid Body Models 

Using a different approach,  Lu et al. (2004) developed a finite element model to perform 

material and geometric nonlinear analysis of slender URM walls.  The model had the capability 

to capture post-cracking and post-buckling behavior while allowing for different loading and 

boundary conditions. Similarly, Hamed and Rabinovitch (2008) developed an analytical model 

for the nonlinear dynamic behavior of URM walls subjected to one-way bending. This 

methodology was based on variational principles, dynamic equilibrium conditions, and nonlinear 
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constitutive equations of the masonry and mortar. In particular, the model was used to quantify 

the non-periodicity nature of URM walls, and the degradation of the natural frequency with the 

increase of the amplitude of the dynamic response.  More recently, Okail et al. (2010) modeled a 

veneer masonry walls with wood studs subjected to out-of-plane loading using beam-column 

elements. The wood studs were assumed to remain elastic while the veneer was modeled using 

nonlinear fiber elements. A concrete material was used to simulate the behavior of the masonry. 

The model included a linear spring at the top to capture the additional deformation provided for 

the diaphragm. The model was implemented in OpenSees.  

Rigid body formulations have also been recently implemented. For instance, Sharif et al. (2007) 

used a rigid-body approach to analyze the out-of-plane response of URM walls. Time history 

analyses was carried out in Working Model  2D and compared with shake table tests conducted 

by Meisl et al. (2007). Shawa et al. (2012) carried out the dynamic modelling of masonry walls 

rocking using the Discrete Element Method (commonly used for analysis of assemblages of 

blocks) and a SDOF system derived from the rocking motion of the walls. The first method 

captures the loss of contacts between adjacent blocks, whereas the second one included 

dissipation of energy through impact. More recently, Costa et al. (2013) investigated the free 

rocking response of regular masonry walls using an equivalent rigid body block approach. The 

loss of energy due to impact was investigated using a calibrated coefficient of restitution.  

Overall, rigid body formulations provide a deeper insight in the nonlinear dynamic behavior of 

URM walls subjected to out-of-plane bending. However, more complex boundary conditions 

have not been investigated and as in the SDOF formulations, a predefined crack location is 

required to analyze the wall. Ongoing research at the University of British Columbia is partially 

addressing the problem of URM walls subjected to out-of-plane loading accounting for 

diaphragm flexibility (Penner and Elwood 2012). 

 

6.3 Previous Research on Analytical In-Plane Macro-models of Unreinforced 

Masonry  

Previous research on analytical macro-models for analysis of in-plane URM is summarized in 

this section. As mentioned before, preference was given to very simplified models which enable 
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the properly implementation of performance based design procedures. When available, practical 

applications of these macro-models have been described. 

6.3.1 Macro-model of URM Pier Elements 

Gambarota and Lagomarsino (1997) proposed a non-linear macro-element model representative 

of a whole masonry panel (pier or spandrel). Few degrees of freedom were used to represent the 

two main in-plane masonry failure modes, bending-rocking and shear-sliding mechanisms 

including friction. In addition, the macro-element took into account the effect of the limited 

compressive strength of masonry by means of nonlinear constitutive laws with stiffness 

deterioration in compression. Shear-sliding damage evolution which controls the stiffness 

degradation and the strength deterioration of the masonry panel in shear were also considered. 

Figure 6-4 show the three substructures that define the macro-element panel. Axial effects and 

bending were concentrated in the outer layers whereas shear deformation was defined within the 

central substructure. Six material parameters define this macro-element: axial stiffness, shear 

strength and modulus of masonry, coefficient of friction, a non-dimensional coefficient that 

controls the inelastic deformation and a factor that control the softening phase. 

 

 
Figure 6-4. Kinematic macromodel proposed by Gambarota and Lagomarsino (1997) 

This model was implemented in the program TREMURI which allows an accurate modelling of 

masonry buildings at a reasonable computational cost. Moreover, the software allows performing 
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nonlinear seismic analyses of unreinforced masonry buildings using a relatively complete set of 

analysis procedures: incremental static analysis both with force or displacement control and 3D 

pushover and time history dynamic analysis using the Newmark integration method and 

Rayleigh viscous damping. Recent studies [Rota et al. (2010), (Gallonelli 2007), (Rush 2007), 

(Galasco et al. 2004)], on seismic assessment and performance based design have been 

successfully carried out using TREMURI software. 

Out-of-plane failure and flexible diaphragms are not currently addressed since this macro-model 

is based on the hypothesis that the seismic response of the building is governed by global box-

type behavior, assuming that local mechanisms (mainly out-of-plane) are prevented by 

appropriate structural details and connecting devices (Rota et al. 2010). 

6.3.2 Frame Equivalent Modelling 

Calvi and Magenes (1997) implemented a frame equivalent model to analyze the nonlinear 

behavior of unreinforced masonry multi-story buildings with openings. This study was mainly 

based on previous simplified methods proposed by Tomazevic and Weiss (1990)  and Paulay and 

Priestley (1992). In this method, piers and spandrels elements were defined as elements which 

can crack and dissipate energy whereas the joint elements were assumed infinitely rigid. 

The force-deformation of piers and spandrels was modeled as a bilinear elastic-perfectly plastic 

shear- displacement relationship, as shown in Figure 6-5.  The method gave a fair prediction of 

the wall capacity at collapse, failure mechanisms, and forces distribution at ultimate state. 

However, lower accuracy in the residual drift and deformed shape were obtained. 

 
Figure 6-5 Equivalent Frame Modelling by Calvi and Magenes (1997) 
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Similar formulations have been proposed by Salonikios (2003), Roca et al. (2005), Belmouden 

and Lestuzzi (2007). The reliability of the simplified hypothesis adopted in the Equivalent Frame 

modelling approaches, in particular for masonry walls with regular opening patterns has been 

recently verified by Calderini and Lagomarsino (2009). Current implementation of this technique 

in a SAP2000 (CSI 2009) software can be found in Pasticier (2008) and Knox (2012). 

6.3.3 Applied Element Model for Masonry Structures 

Mayorca and Meguro (2003) proposed a simplified micro model approach based on the Applied 

Element Method (Meguro and Tagel-Din 2002). This technique is especially suitable for URM 

since it can model the beginning and propagation of cracks along the system without any initial 

presumption. The system behavior was fully captured from early stages of loading until collapse.  

In this study, two types of spring were incorporated in the AEM formulation to model the 

connection brick-to-brick and the brick-mortar interface. Figure 6-6  shows the AEM principle 

and the corresponding brick-mortar spring. 

Herein, tension and shear sliding were considered the dominant behavior of URM buildings 

subjected to seismic excitations. Four failure modes were captured with this model: (1) joint 

debonding, (2) joint bed sliding, (3) units cracking under compression and (4) units cracking due 

to shear. The first and second failure mode were reflected in the brick-mortar spring whereas the 

third and fourth were included in the brick springs. 

 

 

 

 

 

 

 

 

 

 

Figure 6-6 Masonry modelling in the Applied Element method by Mayorca and Meguro 

(2003) 
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The model was validated with experimental data obtained from wall subjected to shear loading. 

A good agreement was found in the force-deformation curve and crack pattern. Moreover, the 

failure mechanism was fairly well captured.  

This modelling technique has been recently implemented by the Applied Science International 

Company on the Extreme Loading for Structures Software (Applied Science International 

(2009)).  Examples applications can be found  in Worakanchana and Meguro (2008), Tagel- Din 

and Rahman (2006), Karbass (2009),  and Lupoae and Bucur (2009). 

6.3.4 Discrete Crack Macro-models  

A Rigid Body Spring Model (RBSM) was proposed by Casolo (2004) for the in-plane dynamical 

analysis of masonry walls. As shown in Figure 6-7 the RBSM consists of a set of plane 

quadrilateral rigid elements connected to each other by two normal springs and one shear spring 

at each side. Each spring describes rocking, shear cracking and sliding failure mechanism, 

respectively. Using previous experimental descriptions of the cyclic response of masonry and the 

mechanical degradation of mortar, a material model was proposed and specific separate 

hysteretic rules were assigned for the shear and axial deformation between elements. A 

Coulomb-like law was incorporated to relate the shear springs strengths to the vertical axial 

loading.  

The RBSM accuracy and effectiveness were demonstrated by comparisons with previous 

experimental tests on URM. Results were in reasonable agreement with experimental data of pier 

walls and full scale walls previously tested. It was established that the key point of this macro-

model was the mechanical description of the three springs that bond the elements at each side. 

 

Figure 6-7 Macromodel proposed by Casolo (2004) 
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The seismic analysis and the strengthening design of some old very important masonry 

monuments have been recently approached by integrating the RBSM with traditional FE 

commercial software (Casolo and Sanjust 2009). 

6.3.5 Nonlinear Discrete Springs Macro-models 

Chen et al (2008) proposed a macroelement that involves placing nonlinear shear springs in 

series with rotational springs to simulate both shear and flexure response. The macroelement 

explicitly address the in-plane failure modes unique to URM by including an axial spring, three 

shear springs, and two rotational springs to simulate axial, bed joint sliding, diagonal tension, 

and rocking/toe crushing failure modes, respectively. Figure 6-8 shows the basic configuration of 

this macroelement. The macroelement was validated comparing ultimate strengths and failure 

modes obtained through Nonlinear Static (Pushover) Analysis against 21 experiments by 

previous researchers.  The validation study concluded that 70% of failure modes were properly 

simulated and provided strength estimates with an average error of 20%. 

Park et al. (2009) proposed a structural modeling method appropriate for two story- URM low-

rise buildings located in the central and southern US (CSUS) region. In this study, a simple 

nonlinear spring element with limited degrees of freedom was used to model components of 

URM buildings such as foundations, walls (in-plane and out-of-plane) and diaphragms. Further 

simplification was achieved by lumping wall and floor diaphragm masses at each story level. 

Figure 6-9 shows the macromodel and the building prototype. In addition, masonry was 

considered as a homogeneous material and individual mortar and bricks were ignored. The 

failure modes, failure strengths, and the hysteretic behavior for each wall component were 

determined based on the provisions in FEMA-356. The model was effectively used on DRAIN-

2DX to perform nonlinear dynamic analysis and develop fragility curves without significant 

increasing in computational time, and maintaining an acceptable level of accuracy.  
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Figure 6-8  Macroelement proposed by Chen et al. (2008) 

 
Figure 6-9 Building prototype and macromodel (Park et al. 2009)  

6.4 Nonlinear Rotational Spring for Quasi-static Monotonic, Cyclic and 

Dynamic Analysis of Out-of-plane URM Walls 

In this section, a reduced MDOF model of out-of-plane URM walls in one-way bending is 

proposed and implemented in SAP2000. The model is suitable for monotonic, increasing cyclic 

quasi-static and time history analysis in two dimensions. It also requires significantly less 

computational time than current finite element models and is easier to implement in commercial 

software while fully capturing the seismic behavior of the wall.  

The model is based in the equations derived by Blaikie (1999) for face loaded walls in URM 

buildings and the methodology developed by Doherty et al. (2002).  The first study suggested 

that, when subjected to strong lateral loads, multi-story URM walls can be expected to crack at 

the level of the supports and near the mid-height of the wall, if the supports do not fail before.  
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The maximum force and cracking displacement can then be obtained by equating overturning 

and resistant forces acting in the wall just before instability. The second study demonstrated that 

it is possible to represent the dynamic rocking behavior of masonry walls using a SDOF 

equivalent model. This approach is also followed in this study, but using the more simplified 

equations developed by Blaikie and Davey (2005). 

6.4.1 Structural Configuration 

Figure 4-37(a) presents a typical out-of-plane wall in URM buildings. Relevant variables include 

the floor load, the overload from upper floors, the inertia of the wall itself, and the height and 

thickness of the wall.  In existing old URM multi-story buildings, the thickness of multi-wythe 

walls usually varies from 12 to 16 inches. Hence, the relative stiffness of the walls is usually low 

compared to the in-plane walls.   Also, the connection between wood joist and masonry walls are 

not always adequate to resist seismic forces, as seen in Section 3. Nonetheless, for the sake of 

simplicity, herein is assumed that the walls are sufficiently anchored and the connections prevent 

slippage and global rotation of the masonry wall.  

6.4.2 Kinematic Assumptions 

Figure 4-37 shows the undeformed and deformed structural configuration of a typical URM wall 

under seismic inertial load applied perpendicularly to the wall. Under this load, the wall will 

likely develop one crack near the mid-height, and cracks at the support while the element in 

between remain essentially rigid.  This behavior has been demonstrated by previous 

experimental research (Meisl et al. 2007; Penner and Elwood 2012). Therefore, the masonry wall 

can be effectively replaced by relatively rigid plane-stress area elements of dimensions H/2, t, 

and L, and Young’s modulus of the masonry Em. This can also be achieved with beam elements, 

but the distribution of inertia loads and gravity support would be less accurate.  

It has also been shown that the out-of-plane wall system can be replaced by a single DOF 

oscillator for which dynamic behavior only depends on the overload, the wall geometry and 

boundary conditions. Therefore, it is possible to concentrate the nonlinear behavior of the wall in 

a zero-length rotational spring located at its mid-height. For this change to be valid, it is 

necessary to transform the force-displacement relationship proposed by Blaikie and Davey 

(2005) into moment-rotation. The rotation is measured with respect to the boundaries of the wall. 

The maximum moment is given by  
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𝑀𝑐 = 𝑤 ∗ 𝐻2/8                                                             (6.9) 

Where w is obtained as 

𝑤 = 𝐹/𝐻                                                                      (6.10) 

F is calculated using Equation 6.4 and the maximum rotation is calculated as 

𝜃 = 2 ∗
𝑌𝑚𝑎𝑥

𝐻
                                                                  (6.11) 

It is also assumed that the in-plane wall deformations are negligible. Thus, in-plane translation of 

the wall is constrained. The simplified final configuration is illustrated in Figure 6-11. 

 

 
                                              a)                                                             b) 

Figure 6-10 Typical configuration of URM walls in multi-story buildings : a) Undeformed 

shape; b) Deformed shape 
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Figure 6-11 Reduced equivalent system with rotational spring 

In this new formulation the shell elements have disconnected joints at the location of the zero-

length springs. The number of springs connecting both shell elements should be adjusted to the 

mesh of the wall. Since a rigid body motion is expected for the wall, the mesh does not need to 

be fine.   

It has been previously demonstrated by Makris and Konstantinidis (2003) that this oscillator-

based methodology to model rocking out-of-plane walls is not appropriate to capture all 

fundamental properties of the system. However, as demonstrated in the next section, the model 

gives reasonably accurate results at a significantly reduced computational time. Also, in Section 

8 it is shown that this modeling approach can be easily implemented in commercial engineering 

software to simulate the behavior of masonry panels in multi-story buildings.  Another attractive 

feature of this formulation is that it does not need to be calibrated or adjusted. Yet, for higher 

axial loads, the maximum capacity of the wall will be generally overestimated. This is because 

the model does not include variables to account for crushing of the mortar or the brick or explicit 

axial-moment interaction. 
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6.4.3 Model Verification 

The reduced MDOF model implemented in SAP2000 was compared with experiments conducted 

by Derakhshan et al. (2009), and by Meisl et al. (2007). Figure 6-12 presents a three dimensional 

view of the model in SAP2000.  The model was validated through pushover and nonlinear 

response history analysis. The wall dimensions and material properties of both experimental 

specimens used in this study are provided in Table 6-3. In modeling the wall, pinned joint 

restraints were used at the base, whereas only a translation support in Y direction was provided 

at the top of the wall.  

Masonry walls were simulated using the Shell thick element available in SAP2000. A state of 

plane-strain is considered for the walls, since the thickness is big compared with its planar 

dimensions.  All other section parameters were the default values specified in the software.  For 

the shell element, all six DOF are activated at each of its connected joints, allowing for full 

interaction with a potential frame at the boundaries (CSI 2010).   

 

 
Figure 6-12 3D model of the wall in SAP2000 
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Table 6-3 Wall dimensions and material properties required for SAP2000 models 

Wall 
H 

(mm) 

L 

(mm) 

T 

(mm) 

G 

(kN/m3) 

E 

kN/m2 

W 

kN 

O 

kN 
k1 k5 fix 

F 

(kN) 

 

(mm) 

M 

(kN-

m) 



(rad) 

               
1 4100 1150 220 22.37 580 18.6 19 1.5 1.0 1.0 10.12 208 5.18 0.204 
2 4133 1500 353 18.37 580 39.45 0 1.5 1.0 1.0 13.48 344 6.96 0.333 

 

Discrete cracks were modeled as zero-length nonlinear spring elements. The cyclic behavior of 

cracking in out-of-plane is characterized by pinching, stiffness and strength degradation. These 

characteristics are partially captured by the multi-linear plastic Pivot hysteretic property in 

SAP2000. The features of this hysteretic rule were already discussed in Section 4. Note that 

cracks are located in the numerical model where they actually occurred during the experiment.  

In defining the nonlinear Link properties, a multi-linear force-deformation curve and hysteresis 

parameters must be specified. The nonlinear moment-rotation relationship properties were 

obtained from the bilinear curve defined by the Blaikie equations. After several trials in trying to 

reproduce the global hysteretic behavior, the hysteretic parameters were defined as alpha=0.45, 

Beta=0.2 and nu=0.80. The multi-linear force-deformation definition in SAP2000 is illustrated in 

Figure 6-13. 

 
Figure 6-13 Moment-Rotation in SAP2000 

6.4.3.1 Pushover analysis 

To validate the numerical model for pushover analysis, the experiment carried out by 

Derakhshan et al. (2009) was replicated in SAP2000. A constant pressure of 1kN was applied 

over the area of the wall and increased until reaching the instability displacement at the center of 

the wall (i.e. almost equal to the thickness of the wall). 
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A comparison between numerical and experimental forced-displacement curve can be seen in 

Figure 6-14.  As expected, the numerical model over predicts the maximum force of the wall, but 

captured the maximum deformation, the initial stiffness, and overall nonlinear behavior. The 

final deformation of the model and the experiment are also illustrated in Figure 6-15. 

 

Figure 6-14 Force-displacement relationship of wall 3-B: a) Numerical and b) 

Experimental 

 
Figure 6-15 Deformed shape of Wall 1: a) Numerical and b) Experimental  
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6.4.3.2 Response History Analysis  

To fully explore the capabilities of the MDOF model, nonlinear response history analyses were 

conducted and compared to the results of shake table test conducted by Meisl et al. (2007). The 

1989 Loma Prieta earthquake recorded at Gilroy array #3 was used to perform nonlinear 

response history analysis. Note that the actual Gilroy record used by Meisl et al. (2007) was not 

used, since the actual array used in the experiment was not specified.    

Table 4-12 lists the peak displacement, acceleration and force obtained with the numerical model 

and the actual experiment. The error in the peak displacement obtained is only about 3%, 

whereas for the acceleration and maximum force is about 25% and 15%, respectively.  

The displacement and acceleration are measured at the crack location. The maximum force is 

taken directly from the reactions of the system. As a reference, the experimental setup and 

damage in the wall at the end of the shake table test are reported in Figure 6-16.  

Figure 6-17 shows that the response displacement history obtained with the numerical model 

which is, in general, in good agreement with the response obtained during the experiment. Given 

the uncertainties in the boundary conditions and the input excitation, these results are deemed 

acceptable.  

The model also captured the hysteretic behavior at the crack location, as shown in Figure 6-18. 

Nonetheless, the peak acceleration was overestimated by about 20% of the experimental result. 

This is probably due to a higher initial stiffness of the numerical model. Note that during the 

experiment, the initial stiffness of the un-cracked wall dropped from 40kN/cm to about 12kN/cm 

for a cracked condition. This reduction in the initial stiffness due to progressive damage was not 

accounted for in the numerical model. This could also be a reason for obtaining a less accurate 

simulation in terms of the maximum hysteretic force, as illustrated in Figure 6-19.  Nonetheless, 

the stiffness and strength degradation were properly simulated, while still under- predicting the 

maximum force.  

As highlighted before, an appealing feature of this model is that it does not need to be calibrated 

nor adjusted. Even so, the numerical simulations are in good agreement with the experimental 

behavior observed in the laboratory.  
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Table 6-4 Summary of model predictions under dynamic loading 

Methodology  

Peak relative 

displacement 

[cm] 

Peak absolute 

acceleration (g) 

Maximum  

Force  

(kN) 

Experiment 7.70 1.25 28 

SAP2000 7.44 1.55 23.7 

 

 
Figure 6-16 Experimental setup and damage in the wall after shake test GC4-1.21 
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Figure 6-17 Comparison of relative displacement obtained: a) Numerical and b) 

Experimental (from Meisl et al.  2007) 
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Figure 6-18 Comparison of absolute acceleration vs. relative displacement at crack 

location: a) numerical and b) experimental (taken from Meisl et al. 2007) 



143 

 

 

-8 -6 -4 -2 0 2 4 6 8
Displacement (cm)

-30

-20

-10

0

10

20

30
Fo

rc
e 

(k
N

)
a) b)

 

Figure 6-19 Comparison of total force vs relative displacement at crack location: a) 

Numerical and b) Experimental (taken from Meisl et al. 2007) 

6.5 Modified Equivalent Frame Method for Nonlinear Analysis of In -plane 

Walls  

In this section, a concentrated plasticity model of URM walls piers subjected to in-plane loading 

is proposed and implemented in SAP2000. This approach is similar to the Equivalent Frame 

method discussed before.  However, the model is suitable for pushover, cyclic pushover and time 

history analysis in two dimensions. It requires less computational time than current finite element 

models and is easier to implement in the SAP2000 software. This model, combined with the out-

of-plane wall, the diaphragm and connections models developed in Section 4 and 5, makes it 

feasible to conduct 3D nonlinear analysis of URM buildings.  

It has been extensively demonstrated by previous experiments that given the geometry of the 

wall, material properties and seismic demands; the wall pier will likely have a kinematic 

response dominated by: a) rocking or b) sliding or c) diagonal shear failure or d) toe-crushing.  

Combinations of those failure modes can occur, but for the sake of simplicity it has been 

commonly assumed an uncoupled behavior.  

Those failure modes are currently addressed by ASCE 41-06 and will also be in the upcoming 

ASCE 41-13.  This new national consensus standard was developed from ASCE 41-06, FEMA 

356 and FEMA 273. Those guidelines on the seismic behavior of URM wall piers are mainly 

based on experimental observations of research programs summarized in Table 6-5. The in-plane 
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behavior of URM walls and equations to estimate its stiffness, strength, and force-deformation 

curves as outlined in ASCE 41-06 will be discussed below. 

Table 6-5 Research programs used to develop ASCE 41-06 guidelines on URM walls 

Behavior mode Researcher 

 Abrams and Shah (1992) 

 Anthoine et al. (1995) 

Rocking Costley and Abrams (1996b) 

 Magenes and Calvi (1995) 

 Epperson and Abrams (1989) 

  

All others ABK (1981) 

 Manzouri et. al. (1996) 

 Tomasevic and Weiss (1996) 

 

6.5.1 Seismic Behavior, Stiffness and Strength of URM Wall Piers 

Typically, URM walls show elastic behavior during the initial stage of in-plane seismic loading. 

This behavior can be described effectively using plane-stress models. Then, as the seismic 

loading increases, flexural or shear cracking (or both simultaneously) will take place and the 

behavior become highly nonlinear as large deformations occur in comparison with the applied 

forces. Small components of the wall such as piers will behave similarly and, therefore, can be 

modeled under the same principles (Craig et al. 2002). 

ASCE 41-06 considers three kinds of in-plane failure modes for URM walls which can be 

classified either as ductile (displacement-controlled) or brittle (force-controlled). Those failures 

mechanisms are summarized as follows: 

 Rocking failure: This deformation-controlled failure has the ability to absorb relatively 

high amount of energy after initial cracking at the base of the wall or pier.  As the seismic 

load increases, rocking about the vertical axis of the element is produced and the final 

failure is obtained by overturning of the wall. 



145 

 

 

 Toe crushing: This happens when the base of the wall crushes under the combined action 

of shear force and overturning moment. This failure mode, which is considered force-

controlled, tends to be brittle in nature and typically the wall undergoes a sudden failure.  

 Bed-joint sliding: this failure mode is more frequent in walls with low aspect ratio, low 

compressive force and high shear loads.  Potential sliding planes will form along the 

cracked bed joints when subjected to reverse seismic actions. 

Since ASCE 41-06 assessment methods are mainly based on allowable drifts, it is necessary to 

calculate the initial in-plane stiffness of the wall. Conventional principles of mechanics for 

homogeneous materials are used, and both, flexural and shear deformations are taken into 

account. The standard recommends two equations to calculate the stiffness depending on 

boundary conditions (cantilevered or fully restrained against rotation at its top and bottom). 

For cantilever shear wall 

k= 𝟏

𝐡𝐞𝐟𝐟
𝟑

𝟑𝐄𝐦𝐈𝐠
+

𝐡𝐞𝐟𝐟
𝐀𝐯𝐆𝐦

                                                       (6.12)                                            

 
For fixed-fixed shear wall 

k= 𝟏

𝐡𝐞𝐟𝐟
𝟑

𝟏𝟐𝐄𝐦𝐈𝐠
+

𝐡𝐞𝐟𝐟
𝐀𝐯𝐆𝐦

                                                     (6.13)                                            

Where 

heff=Effective Wall height 

Av=Shear Area 

Ig=Uncracked moment of Inertia 

Em=masonry elastic modulus 

Gm=masonry shear modulus 

 
It is further stated that these boundary conditions are hardly found in practice. Values for the 

elastic and shear modulus can be found in the standard or obtained through experimental test. 

Figure 6-20 shows that depending on the wall and pier geometry, the effective height may vary 

in the same wall assembly. 
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Figure 6-20 Effective stiffness for different wall configurations (ASCE/SEI 41-06 2007) 

The strength is calculated according the mode of failure. Equations provided by ASCE 41-06 are 

given below. These formulas are for solid walls under an in-plane force applied along its top 

boundary.  

Rocking Shear Strength 
QCE=Vr=0.9∝𝐏𝐃 (

𝐋

𝐡𝐞𝐟𝐟
)                                                    (6.14)                                     

Bed Joint Sliding 
QCL=VCL=vmLAn                                                            (6.15) 

Toe-Crushing 

 

                                       QCL=Vtc=∝QG (
𝐋

𝐡𝐞𝐟𝐟
) (𝟏 −

𝒇𝒂

𝟎.𝟕𝒇′𝒎
)                                            (6.16)             

Where 
 
QCE =Expected lateral strength 

Vr     =Rocking Strength of the wall 

 Α    =factor equal to 0.5 for fixed-free walls or equal to 1 for fixed-fixed walls 

PD    =Superimposed dead load at the top of the wall 

L     =Length of wall or pier 

heff   =Effective Wall height 

QCL =Lower bound lateral strength 

VCL =Lower bound shear strength 
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Vml =lower bound masonry shear strength 

An   =area of net mortared/grouted section 

QG  =Lower bound axial compressive force 

fa     =axial compressive stress 

f’m =lower bound masonry compressive strength 

 
It is further specified that the compressive strength of existing masonry walls should be limited 

by the lower bound masonry compressive stress given below 

QCL=PCL=0.8(0.85 𝐟′𝐦An)                                            (6.17)  

Where 

PCL=lower bound compressive strength 

Knowledge of the nonlinear force-deflection relations for individual wall, pier or spandrel 

members is needed to perform a nonlinear static and dynamic analysis. ASCE 41-06 prescribes a 

simplified force-deformation relation, as noted in Figure 6-21, based on rocking mechanisms. 

This backbone envelope is not valid for force-controlled elements as they experience brittle 

failure and do not show nonlinear behavior.  

 

 

 

 

 

 

 

Figure 6-21 Idealized force-deflection backbone for walls and piers (ASCE/SEI 41-06 2007) 

A bilinear curve defined by the elastic stiffness and the component strength is assumed for 

primary elements in the lateral-force resisting system. No strength degradation is allowed for 

these members. On the contrary, secondary elements (i.e. walls that do not form part of the main 

seismic resistant system) behavior can include strength deterioration. Acceptable drifts limits 

stated by ASCE 41-06 are shown in Table 6-6. 
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Table 6-6 Acceptable drift limits for URM walls and piers 

Acceptance Criteria 

 Performance Level 

Limiting Behavioral  Mode Primary Secondary 

 c (%) d (%) e (%) IO % LS % CP % LS % CP % 

Rocking 0.6 0.4heff/L 0.8heff/L 0.1 0.3heff/L 0.4heff/L 0.6heff/L 0.8heff/L 

 

In this research, the recommendation of Moon et al. (2006) were followed. The abrupt drops 

given in the ASCE 41-06 curve were eliminated and replaced with sloping lines to better 

estimate past experimental results as well as to avoid any numerical convergence problems 

during analysis. Also, the residual strength line was changed from 60% of the building yield 

strength to the toe crushing capacity of the pier. Table 6-7 gives the values that define the 

modified backbone curve for rocking failure mode. Expressions for those variables and 

derivations can be found in Moon (2004). 

 
Figure 6-22 a) Generalized force-drift relationship provided by ASCE 41-06; b) Modified 

force-drift relationship 

Table 6-7 Modified Force-Drift Relationships for URM Piers 

Type V d e x c 

Rocking Vr 0.004(H/L) (Δtc/H) 

(Δtc+ Δelastic)/

H Vtc 

 

Another important recommendation adopted in this study is the effective height (heff) calculation 

proposed by Moon et al. (2006). As described before, ASCE 41-06 defines effective height as the 

vertical height of adjacent openings. The proposed calculation considers the diagonal distance 
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over which a compressive strut will likely develop between two openings to estimate the 

effective height.  

 
Figure 6-23 Modified effective height (Heff) proposed by Moon et al. (2006) 

6.5.2 Kinematic Assumptions 

Masonry piers can be effectively replaced by a beam element with discrete non-linear springs 

representing a particular failure mode that is predicted in advance using equations given by 

ASCE 41-06. This approach is similar to that followed by Knox (2012). However, Knox used the 

equations in NZSEE (2006) standards  to estimate the failure mode of the URM walls.  

The beam element has dimensions H, L and t, and Young’s modulus of the masonry Em. The 

rocking and toe-crushing behavior is modeled using a rotational spring located at the top and the 

base of the beam element, whereas the bed joint and diagonal shear is simulated by placing one 

spring in the middle of the element. Note that the force-displacement relationship needs to be 

converted to moment-rotation.  As recommended by Knox (2012), spandrels can be modeled as 

beam elements with a shear spring at the middle, to somehow capture the maximum capacity. 

This is not quite accurate, since the spandrel capacity is in reality dependent on the interaction 

between axial and moment capacity. Nevertheless, most masonry walls are controlled by the 

behavior of the piers, rather than spandrels and this assumption gives acceptable approximations.  

The hysteretic behavior of piers and spandrels are characterized by stiffness degradation and 

pinching behavior. This behavior has been previously simulated using different hysteresis rules. 
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Pasticier et al. (2008) used a Takeda rule, whereas  Craig et al. (2002) used a bilinear elastic rule 

to simulate the rocking mode of failure of piers whereas the spandrel members were defined by a 

bilinear Inelastic Hysteresis rule to represent the Bed Joint Shear Sliding collapse mode. Knox 

(2012) used a Pivot model for both piers and spandrels.  In this study, the Pivot model discussed 

in Section 4was also selected to simulate the hysteretic behavior of piers and spandrels.  

6.5.3 Model Verification and Validation 

The equivalent frame model with nonlinear springs was implemented in SAP2000. The model 

was validated through pushover and cyclic pushover analysis. To this end, experiments 

conducted by Manzouri et al. (1996) on single pier elements and Yi et al. (2006b) on a full scale 

two-story URM building were used for comparison purposes. 

6.5.3.1 Pushover analysis 

To validate the numerical model at the component level (i.e. only for piers), the experiment 

carried out by Manzouri, Schuller et al. (1996) was replicated in SAP2000. The wall dimensions 

are shown in Figure 6-24. The thickness of this wall is approximately 13” and the modulus of 

elasticity is 1250 ksi. This wall was subjected to a compressive stress of 70 psi on each pier. 

Given this properties, the moment-rotation relationship of the piers was calculated. As mentioned 

before, two rotational springs were used, one at the top, one at the bottom of each pier.  The wall 

was modeled in 2D with fixed joint restraints at the base. A unit load was applied on top of the 

wall to carry out the pushover analysis.  

Following the equivalent frame methodology, piers and spandrels were simulated using beam 

elements connected by rigid link elements. All parameters of the multilinear plastic Pivot 

hysteresis rule were set equal to 0.45, as recommended by  Pasticier et al. (2008).  

The force-displacement relationship obtained from both the experiment and the analysis are 

plotted in Figure 6-25. The composite spring model provided a reasonable bilinear 

approximation to the in-plane behavior and closely reproduced the strength (about 40 kips).  
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Figure 6-24 Experimental wall and its equivalent SAP2000 model 
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Figure 6-25 Force-displacement curve for the wall: a) Numerical and b) Experimental 

6.5.3.2 Cyclic pushover analysis  

The Mid-America Earthquake (MAE) Center conducted a research project in 2002 focused on 

evaluating the procedures specified in FEMA 356 on unreinforced masonry buildings. The 

research program included a full-scale quasi-static test of a two-story masonry building that will 

be used herein to further validate the proposed nonlinear macro-model at the global response 

level. Figure 6-26 shows detailed dimensions of the two-story masonry building. In this study, 

only Wall B, 1 and 2 results were considered for comparison purposes.  
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The moment-rotation relationship for piers and spandrels was calculated using the material 

properties and axial loads from walls and floor as described in Yi et al. (2006b). The cyclic 

loading protocol was applied at the floor and the roof of the model, as it was done in the real 

experiment. A displacement controlled simulation was conducted, therefore, the DOF associated 

to the point of loading were constrained in the same direction of the applied loading. The 

hysteretic behavior was also simulated using the Pivot rule available in SAP2000 with all 

parameters set equals to 0.45. 

Figure 6-27, Figure 6-29 and Figure 6-31 show a comparison between the numerical and 

experimenta force displacement curve obtained for Wall A, Wall 1 and 2, respectively.  Overall, 

a good agreement can be seen in terms of maximum force and cyclic behavior. Also, Figure 

6-28, Figure 6-30 and Figure 6-32 illustrate the final damage state of both, the numerical model 

and experiments. Note that separated panels are observed for the spandrels, because of the 

number of output stations used for each element. Despite being a simplified model, good 

agreement was obtained with the experiments.   

It must be highlighted that several major limitations are presented in this modeling approach. 

First of all, SAP2000 doe not account for axial-moment interaction when using Nlink elements. 

In a real building, the axial force distribution in the piers changes significantly as the walls enter 

in the nonlinear range and experience global overturning. This could affect the final failure mode 

of the pier and final response of the building.  

Another shortocoming comes from neglecting the contribution of flanges in the force-

displacement curve of the piers. It has been previously demonstrated that flanges or return wall 

have a major impact in the initial dominant failure mode of the piers, shifting it from rocking to 

shear sliding  depending of the location of the flange. Moreover, the model does not account for 

axial-bending interaction in spandrels, which could lead to over conservative estimates of the 

response.  

Moreover, as disscussed in Section 2.3.2, the bidirectional simultaneous behavior of URM wall 

piers under seismic loads could have major impact in stiffness and strength degradation, and 

should be incorporated in the model. 
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Figure 6-26 Dimensions of Wall B  of MAE project (Craig et al. 2002) 
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Figure 6-27 Force displacement relationship of Wall A: a) Numerical and b) Experimental 

(Yi et al. 2006b) 
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Figure 6-28 Damage state of Wall A at the end of cyclic loading protocol: a) Numerical and 

b) Experimental 
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Figure 6-29 Force displacement relationship of Wall 1: a) Numerical and b) Experimental  

(Yi et al. 2006b) 



155 

 

 

 
Figure 6-30 Damage state of Wall 1 at the end of cyclic loading protocol: a) Numerical and 

b) Experimental 
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Figure 6-31 Force displacement relationship of Wall 2: a) Numerical and b) Experimental 

(Yi et al. 2006b) 
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Figure 6-32 Damage state of Wall 2 at the end of cyclic loading protocol: a) Numerical and 

b) Experimental 

6.6 Summary and Conclusions 

This section presents practical modeling techniques for nonlinear analysis of out-of-plane and in-

plane walls, which could be developed and implemented in SAP2000 and potentially combined 

to simulate the seismic behavior of a multi-story URM building. A literature review of existing 

macro-models highlighted the need to develop code-based simplified numerical models which 

could be used to estimate the seismic response of complex URM buildings. In particular, the 

major contributions of this section are: 

1. The out-of-plane behavior of URM walls subjected to one-way bending was simulated 

using a hybrid formulation based on equations derived from rigid body dynamics but 

implemented in a SDOF oscillator. Masonry walls could be effectively simulated using 

shell, rigid elements and nonlinear rotational springs at crack locations. A comparison 

between numerical models and experimental results for nonlinear response history 

analysis showed good agreement in terms of peak displacements and accelerations.  

2. The rocking and shear sliding behavior of URM wall piers was simulated using the 

Equivalent Frame Method. The force displacement or moment-rotation relationships were 

taken from the equations provided in ASCE 41-06 and implemented in SAP2000, using 

rotational or shear nonlinear springs. Pushover and cyclic pushover analysis were in good 

agreement with previous experiments on in-plane walls.    
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SECTION 7  

 EXPERIMENTAL PROGRAM PART I: CHARACTERIZATION OF 

MATERIAL PROPERTIES FOR SEISMIC ASSESSMENT OF OLD URM 

WALLS 
 

7.1 General Overview of Experimental Program  

As presented in previous sections, a small number of laboratory experiments can be found in the 

literature on wood diaphragms, wood joist-to-wall connections, and in-plane and out-of-plane 

masonry walls subjected to dynamic loads. However, full scale experiments that combine these 

structural elements in a single structural model to capture subassembly or system level response 

under realistic seismic loads are more limited. Although it was shown that the numerical macro-

models developed to simulate the behavior of each individual component were reliable, there is 

not sufficient data to evaluate the applicability and effectiveness of these models in capturing the 

system level seismic behavior of an URM building with flexible diaphragms.  

In this experimental program, a full scale structural system composed of a flexible wood 

diaphragm, realistic wood-to-wall connections, and out-of-plane masonry walls was designed, 

constructed and tested until collapse for realistic seismic loads. The results of these tests were 

used to validate the computer models developed in previous sections. Also, these experiments 

provided new information regarding the seismic behavior and vulnerability of masonry walls, 

parapets, wood joist-to-wall connections and flexible diaphragms. 

The experimental studies were conducted in two phases. First, material characterization tests 

were conducted to determine mechanical properties for brick units, mortar and masonry walls 

that better represent actual conditions of the building stock in the New York City region. Section 

7 is devoted to this material characterization phase. Secondly, the data obtained in this first phase 

was used to build two full-scale masonry walls that represented the central portion of a first story 

URM building in NYC to examine the combined out-of-plane behavior of walls with flexible 

diaphragms and connectors. The walls were tested for out-of-plane dynamic loads using the 

earthquake simulator in the Structural Engineering and Earthquake Simulation Laboratory 

(SEESL) of the University at Buffalo. This phase of the project is discussed in Section 8. 
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7.2 Material Properties for Seismic Assessment of Old URM Walls 

Due to the tremendous variety in the masonry materials and construction practices throughout 

various regions in the US, replication of older masonry construction in the laboratory is a 

difficult challenge. Further, aging and weathering effects are very difficult to capture and 

simulate.  A small change in the constitutive materials properties can have a significant impact 

on the behavior of the entire masonry building. To characterize material properties, there is some 

disagreement among researchers regarding the material properties that should be measured in 

laboratory tests. Several researchers propose that aging and weathering primarily affects the 

properties of the mortar in URM walls. Hence, it is practical to assume that old URM walls have 

a strong brick-weak mortar interface and cracking will occur across the mortar bed joints. 

Therefore, when the seismic vulnerability of old URM walls is evaluated, shear testing on joints 

should be more relevant than tests on compressive strength of specimens. On the contrary, other 

researchers argue that both brick and mortar are equally affected by aging and weathering. As a 

result, a weak brick-weak mortar interface should be considered and the compressive strength in 

mortar and bricks must be thoroughly evaluated to predict potential crushing and brittle failures 

under seismic loads. 

To address some of these concerns, material testing was conducted for mortar, bricks and 

masonry specimens in order to identify the masonry characteristics more appropriate to replicate 

the construction of old URM walls in the laboratory. Newly constructed specimens and old 

specimens extracted from demolished buildings were tested.  No presumptions were made 

regarding the brick-mortar interface. Instead, focus is given to the material properties required by 

ASCE 41-06 to calculate the expected lateral strength of unreinforced masonry walls or piers 

(i.e. masonry compressive and shear strength).   

A significant effort was made to collect representative data on the actual conditions of old URM 

walls in the NYC region.  In collaboration with the International Masonry Institute, several wall, 

bricks and mortar specimens were obtained from a demolished building constructed in the 

1920’s in Syracuse, NY. Additionally, Atkinson-Noland & Associates provided in-situ flat-jack 

testing reports of URM buildings in NYC (Schuller 2011). Also, suggestions on the mortar-brick 

mechanical properties for masonry over 100 years old were given by Whitlock (2011) and Healy 

(2011) from Whitlock-Dalrymple-Poston & Associates and Ryan-Biggs Associates, respectively.  
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7.3 Scope and Objectives of Material Characterization Testing  

The aim of this section is to identify appropriate properties of materials that can be used to 

construct URM in the laboratory representative of older construction in NYC. The objectives 

below were identified to achieve this goal with the total number of specimens for each type of 

test summarized in Table 7-1. 

1) Determine and compare the compressive stress-strain curves of old and four different type of 

new mortars.  

2) Determine and compare the compressive stress-strain curves of old and new brick units. 

3) Determine and compare the compressive stress-strain curves of old and new masonry 

specimens. 

4) Determine and compare the bed joint shear stress-displacement curves of old and new triplet 

masonry specimens.  

5) Understand the influence of the mortar quality in the frictional properties of the brick unit 

interface.  

Table 7-1 Properties of bricks, mortar and masonry specimens determined in the SEESL 

laboratory  

Test Procedure 
Mortar Type Brick Type 

No. of Specimens 
O K K*  L Old New Old 

Compressive Strength of Mortar 

x       3 
 x      3 
  x     3 
   x    3 
    x   6 

Compressive Strength of Masonry 
x     x  5 
 x    x  5 
    x  x 2 

Compressive Strength of Bricks      x  20 
      x 20 

Bed joint shear strength 
x     x  15 
 x    x  15 
    x  x 2 
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7.4 Background on Material Properties of URM Walls for Seismic 

Assessment 

Although several laboratory tests have been conducted to understand the seismic behavior of old 

unreinforced masonry structures, very few have actually used old bricks and low quality mortars 

to replicate aging effects and long exposure to severe weather. As of today, the most consistent 

way to consider aging effect in the testing of full buildings and walls subjected to in-plane and 

out-of-plane loads has been to use new bricks and a weak type of mortar (i.e. Type O or K). 

Table 7-2 summarizes previous type of mortar used in URM research programs. Experimental 

tests on URM structures constructed with old bricks are briefly discussed below. 

7.4.1 Testing of Full Buildings 

Quasi-static or pseudo-dynamic testing on URM buildings constructed with old bricks has not 

been reported in the literature. A shake table test, however, has been recently conducted by  

Bothara et al. (2010).  A two-story URM house designed to be representative of typical 

construction in New Zealand was subjected to earthquake loads. In constructing the half-scale 

model of the house, recycled bricks from 1930s were used. Experimental observations indicate 

that significant in-plane damage was concentrated in the bottom story whereas out-of-plane 

damage occurred at the top story. Out-of-plane failure was effectively reduced by increasing the 

bond strength between orthogonal walls and reducing the wood diaphragm flexibility. Note that 

the global behavior observed in this test was not different from tests in full buildings constructed 

with new bricks and old mortar. 

7.4.2 Testing of Walls: In-plane Load 

An experimental program on URM walls was carried out at the University of Illinois in the early 

1990s. First, Epperson and Abrams (1989) tested five brick walls extracted from a 1917 building 

in Chicago.  In-plane loads were applied at the top of the 4-wythes walls while axial load was 

maintained at a constant value. Significant in-plane loads were resisted after initial cracking 

although large reductions of the stiffness were observed. After this study, Abrams and Shah 

(1992) attempted to replicate the 1917 walls using reclaimed bricks and new mortar. Three 

similar walls were constructed and tested for in-plane loads. This study concluded it was 

impossible to replicate aging and severe weather effects that induced a significant lower flexural 

tensile strength in the old walls.   
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Yet, the global behavior of the walls was similar and predictable using numerical models. The 

results of these experimental studies were later incorporated in the FEMA 306/ATC-43 

Evaluation of Earthquake Damage Concrete and Masonry Wall guidelines.  

The efficacy of different retrofit techniques for URM structures was investigated by Manzouri et 

al. (1996). In this comprehensive study, four multi-wythes URM walls constructed with old clay 

bricks recycled from an old (1915) structure in Colorado were tested for in-plane loads. Again, 

the significant deformation capacity observed during the experiments was fully captured using 

numerical models.  

More recently, Russell et al. (2007) conducted an in-plane static test on a single unreinforced 

masonry wall which was built with recycled bricks from a demolished buildings.  The bricks 

were about 100 years old. Apparently, those bricks were used because the manufacturing process 

introduces significant difference in the mechanical properties of the bricks. Also, the difference 

in porosity between new bricks and old bricks makes a weaker interface in the bond between 

new bricks and mortars, when type O mortar is used. In addition, because buildings have a 

significant variability in the properties of bricks, using recycled old bricks seemed to be more 

realistic. 

The issue of using old bricks and new mortar has been further discussed by Russell et al. (2007) 

They recognized that new bricks can be used but that the most realistic overall seismic behavior 

will be obtained if actual aged bricks are used. It is important to highlight that mortar brick bond 

is governed by the initial rate of absorption of the brick. Yet, no research has been reported 

comparing the absorption rate between new bricks and previously mortared bricks. As mentioned 

before, the only consistent way many researchers have found to replicate old masonry 

construction is using weaker mortar, type O or K.  

7.4.3 Testing of Walls: Out-of-plane Loads 

Out-of-plane quasi-static airbag testing and dynamic testing have been extensively conducted in 

URM walls. However, only few of them have used old bricks. Paquette et al. (2001) extracted 

three masonry walls with wood backing from an old three-story residential URM building. The 

specimens were tested for out-of-plane loading using an earthquake simulator. It was found that 

masonry walls were able to resist significant inertial accelerations without failure.  
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Another experiment in masonry components was conducted by Ehsani et al. (1999). This study 

tested six specimens to investigate the out-of-plane flexural behavior of URM retrofitted with 

fiber composites. Static load was applied to failure with two concentrated loads. One beam 

specimens was constructed with old reclaimed brick. Comparison between specimens reveals 

that the lower strength of reclaimed bricks resulted in a lower failure load of the specimen. This 

suggests that axial load plays a fundamental role in this type of test, where old bricks could fail 

prematurely significantly reducing the capacity of the wall.  

In a recent study by Vaculik and Griffith (2007) the two-way out-of-plane bending behavior of 

URM wall was compared using cyclic airbag and shake table tests. Among other variables, the 

crack propagation pattern varied significantly in both tests. In the dynamic test, stepped cracks 

formed along mortar joints whereas line cracks were observed across the bricks in the airbag test. 

Apparently, the crack pattern is affected by the tensile strength of bricks and mortar used in the 

two different studies. From the comparison between hysteresis loops, it is observed that stepped 

cracks are more beneficial for seismic behavior due to the higher dissipation of energy.  

In another study on the seismic evaluation of out-of-plane walls, Derakhshan (2011) points out 

that rounding of walls edges will theoretically reduce the wall out-of-plane strength by 15% to 

25%. 

Summing up, those studies suggest that using new bricks for the dynamic out-of-plane testing of 

URM walls will likely have three main effects, namely 1) The bond between bricks and mortars 

will be likely weaker, resulting in a lower initial stiffness, 2) fewer bricks will fail in 

compression, overestimating the rocking capacity and 3) stepped crack (if any) will prevail over 

line cracks, increasing the energy dissipated at each cycle.  There remain the questions of which 

effect will have a more significant impact in the global response, whether or not this response 

will be conservative and if the failure mode will be other than a rigid body response at the crack 

location. 

Other URM material properties obtained from previous researchers are summarized in Table 7-3. 

As discussed before, there is a significant variation in the range of values obtained. To reduce the 

uncertainty, it was decided to obtain more precise information about the material properties of 

URM buildings in NYC. 
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Table 7-2 Summary of previous type of mortar used in URM research 

Researcher Country Mix Type Vintage/ Comments 
Knox (2012) NZ 1:2:9 O  
Stavridis (2009) US 1:1:5 N  
Ahmad et al. (2010) Pakistan 1:4:4   
Bothara et al. (2010) NZ 1:1:6  1930 
Russell et al. (2007) NZ 1:2:9 O Recycled bricks 
Wijanto (2007) Indonesia 1:4  Aged bricks 
Meisl et al. (2007) Canada 1:2:9 O  
Bean Popehn et al. (2007) USA  S  
Paquette et al. (2004) USA 1:2:9 O  
Simsir (2004) USA  O  
Yi et al. (2006b) USA 0.5:2:9 K’ Aged bricks 
Griffith et al. (2004) Australia 1:1:6   
Costley and Abrams (1996) USA 1:2:9 O Old building 
Manzouri et al. (1996) USA 1:2:9 O  
Atkinson et al. (1989) USA 1:2:9 O  

 

Table 7-3 Summary of previous masonry properties used in URM research 

Reference 
Mortar Brick Prism (psi) 
f'm (psi

) 
f'm (p

si) f'm E Ft Fdt   c 

ASCE 41-06 Table 7-1   
3 0 0 -
900 

165000-4
95000 0 1 3 -

27 0.70 100  
Abrams and Shah (1992)-Type N  3480 801   56    Abrams and Shah (1992)-Type O   565   83 0.50  100 
Abrams and Shah (1992)-Lime/
Mortar   472   0    

Manzouri et al. (1996) w1 555  2000     
116-
237  

Manzouri et al. (1996) w2 736 3140 2200       
Manzouri et al. (1996) w3 382  2600       
Manzouri et al. (1996) w4 0  1700       Costley and Abrams (1996)  6730   41 46.5  361  
Paquette et al. (2004) 1340 15809 3219 2736150 26   

61-7
6  

Yi et al. (2006b) Type O 350 5285 1458 1168000   1.10 60  
Yi et al.  (2006b) Type K' 41 6030        Atkinson et al. (1989)       0.67 25  Meisl et al. (2007) 890 2233 1885  61               
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7.5 Mortar Compression Test  

A literature review on the material properties of masonry specimens, walls and full buildings 

tested under laboratory conditions revealed that most of them were fabricated using new 

construction materials. Very few specimens were actually tested in-situ or extracted from 

existent buildings [See for instance Epperson and Abrams (1989), Paquette et al. (2001), Russell 

(2010)] which is expected, given the technical and economic difficulties involved in those 

procedures.  

Selecting the type of mortar is critical, since a slight change in its characteristics can completely 

change the failure mode and displacement capacity of the whole structure [Calvi et al. (1996)]. 

Nonetheless, most researches have arbitrarily used a weak type of mortar, especially Type O for 

construction of masonry specimens tested under seismic loads. The intention was to replicate the 

strong brick-weak mortar interface most likely to exist in old URM masonry buildings (Yi et al. 

2006b). Schuller (2011) suggested to use Type K (1:3:12) or even a straight sand-lime mortar 

which can better replicate severe deteriorated mortar most typical of very old buildings. A good 

reference to select the type of mortar is also provided by ASTM C270, which summarizes 

different grade of masonry mortar used prior to 1950, as shown in Table 7-4.  

 

Table 7-4 Type of masonry as specified by ASTM C270 

Type Ratio  
(cement:lime:sand) Compressive Strength (psi) 

M 1:0:3 2500 
S 0.5-1:0.25-0.5:4.5 1800 
N 1:0.5-1.25:6 750 
O 1:2:9 350 
K 0.5:2:7.5 75 

 

In this research, the most appropriate type of mortar to simulate aging conditions in the 

laboratory is selected based on a comparative study between compressive stress-strain curves of 

old and new mortar specimens. The following sections discuss specimen characteristics, loading 

systems, instrumentations and comparative results.  
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7.5.1 Specimen Description, Loading System and Instrumentation 

Compression test on new mortar specimens were conducted according to ASTM C109. Mortar 

cubes were tested after 28 days to obtain their compressive stress-strain curves. A similar 

approach was followed for smaller old mortar specimens, although the dimensions were not in 

full compliance with ASTM standard. Table 7-5 summarizes the dimensions and mortar type of 

each specimen. Figure 7-1 further illustrates several mortar samples obtained from demolished 

masonry walls.   

 

Table 7-5 Dimensions and type of mortar for each specimen 

Specimen Dimensions (in) Type of Mortar l w t 
1-3 2 2 2 O [1:2:9] 
4-6 2 2 2 K[1:3:10] 
7-9 2 2 2 K*[0.5:3:10] 
10-12 2 2 2 L [0:1:4] 
13-18 1.5 1.5 0.5 old 

 

The uncapped specimens were placed on a flat circular metal steel plate and monotonically 

increasing displacements were applied using a Forney QC-400-C1 compression testing machine.  

A Linear Variable Differential Transformer (LVDT) with 1” stroke was placed in the machine to 

estimate global displacements during the test. The vertical force and displacement data were 

recorded using a data acquisition system. A better data resolution was obtaining by including an 

additional load cell for testing old mortar specimens, as seen in Figure 7-2.  The type of failure 

was noted and photographs of each specimen were taken at the end of the tests. 

 

 
Figure 7-1 Mortar samples taken from demolished masonry walls 

http://nees.buffalo.edu/docs/labmanual/pdfs/lvdt.pdf
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Figure 7-2 Test setup for testing of old mortar specimens 

 

7.5.2 Test Results 

Figure 7-3 presents the stress-strain curve for each type of mortar obtained by averaging the data 

from three specimens of each type. New mortar specimens behave linearly up to 75% of their 

maximum strength, followed by a nonlinear curve. Old mortar specimens were very soft, and 

behaved linearly during the test. For new mortars, the maximum compressive strength, fbm 

occurred for an average strain of 0.4%. The compressive strain of old mortars computed at 0.4% 

strain is equal to 30 psi.  Table 7-6 shows maximum strength and modulus of elasticity for each 

type of mortar.   In average, the modulus of elasticity, Ebm of new mortar was found to be 

270fbm. Old mortar was found to have ¼ of the stiffness compared to new mortars.    

Table 7-6 Summary of test results for new and old mortar specimens 

Mortar Type fbm (psi) Ebm (ksi) 
O 237 35889 
K 105 35536 
K* 99 28686 
L 76 22970 
Old 30 7312 

Mortar 

Specimen 

Load Cell 

Rigid 

Support 

LVDT 

Forney 

Machine 
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Figure 7-3 Average compressive stress-strain curves for different type of mortars 

 

Figure 7-4 illustrates several failure modes of old mortars. Crushing and ductile failures were 

predominantly observed for all specimens.  

 

 

 
Figure 7-4 Typical Failure modes observed for old mortar specimens.  
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7.6 Brick Compression Tests  

These tests will provide useful information regarding the elastic modulus, maximum strength, 

non-linear behavior and limit states of new and old brick specimens. The compressive strength 

tests for half-brick specimens were performed in accordance to ASTM-C67 Standard Test 

Methods for Sampling and Testing Brick and Structural Clay Tile (ASTM 2011).  

7.6.1 Specimen Description, Loading System and Instrumentation 

Individual bricks were tested under uniaxial compression load according to the ASTM-C67 

standard. Length, width, thickness and weight were measured in 20 new and old half-brick 

samples, as shown in Figure 7-5a. The average dimensions of new brick units were 

3.55”x3.58”x2.29” (Wxlxt) whereas old bricks were slightly larger with dimensions 

3.97”x3.63”x2.26”. Figure 7-5b also presents samples of old half-brick units. The core of old 

brick units show a black-carbon color , which according to experienced masons is an indication 

that these bricks were over fired and brittle or made of poor quality clay.  

  
a)                                                b) 

Figure 7-5 a) Measuring of brick dimensions and b) old half-brick units 

The uncapped specimens were placed on a flat circular metal steel plate and monotonically 

increasing displacements were applied using a Forney QC-400-C1 compression testing machine 

(see Figure 7-6).  The data acquisition system was similar to that used in the mortar test.  The 

type of failure was noted and photographs of each specimen were taken at the end of the tests.  

w

l
t
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Figure 7-6 Half-Brick specimen in testing machine 

7.6.2 Test Results 

Figure 7-7 shows the stress-strain curves for the new bricks and old brick specimens. New bricks 

exhibit linear behavior up to almost 80% of the maximum strength, after which the behavior is 

nonlinear. On the other hand, old bricks were found to be softer and highly nonlinear with no 

clear definition of the peak strength. Also, it is more difficult to define damage states of the old 

brick specimens. Average stress-strain curves for new and old bricks are also reported in Figure 

7-7.   

The summary of the test results for new bricks including the compressive strength, Fb and Elastic 

Modulus, Eb are presented in Table 7-7. Note that these values are the average of two halves of 

the same brick. The range of compressive strength of brick units is between 2995 to 4011 psi 

with a mean of 3400 psi and Coefficient of Variation (CV) of 0.11. This is consistent with the 

mean Fb obtained by previous researchers (See Table 7-7) of 4483 psi. Elastic modulus was 

found to vary between 992 and 1870 ksi, with a mean of 1420 ksi and CV of 0.26.    

Old bricks presented a large variation of compressive strength, ranging from 392 to 1784 psi 

with mean of 981 psi and CV of 0.40. The elastic modulus ranges from 146 to 610 psi with a 
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mean of 346 ksi and also with a CV of 0.40.  The large variation was expected, as these bricks 

were produced without following any standard procedure and could have aged differently.  As a 

reference, the mean minus one standard deviation (-) compressive strength of bricks used in 

previous research programs presented in Table 7-8 is plotted in Figure 7-7.  

New and old bricks Elastic Modulus can be estimated as 395Fb and 345Fb, respectively. These 

simplified relationships are similar to those obtained by Kaushik et al. (2007). Typical failure 

modes are shown in Figure 7-8 and Figure 7-9.  
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a)                                                                      b) 

Figure 7-7 a) Stress-strain curve of new half-brick specimens and b) Stress-strain curve of 

old half-brick specimens 

 

Table 7-7 Summary of test results for new brick specimens 

Specimen fb (psi) Eb (ksi) 
1[2] 3414 992 
2[2] 3150 1274 
3[2] 2995 1870 
4[2] 4011 1755 
5[2] 3431 1207 
Mean 3400 1420 
CV 0.11 0.26 
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Table 7-8 Summary of test results for old brick specimens 

Specimen fb (psi) Eb (ksi) 
1 935 456 
2 392 167 
3 1186 283 
4 726 222 
5 1598 483 
6 1214 480 
7 1784 610 
8 1113 282 
9 1035 446 
10 991 435 
11 605 299 
12 568 300 
13 846 253 
14 761 146 
15 780 235 
16 524 176 
17 1613 417 
18 989 542 
Mean 981 346 
CV 0.40 0.40 

       

 
Figure 7-8 Typical failure mode of new half-brick specimens 

                
Figure 7-9 Typical failure mode of old half-brick specimens 
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7.7 Compression Test of Masonry Specimens  

Compression strength test on masonry specimens provides data regarding the elastic modulus, 

maximum strength, non-linear behavior and limit states on combined brick and mortar 

specimens.   

7.7.1 Specimen Description, Loading System and Instrumentation  

Five new masonry prisms constructed with type O mortar, five new masonry prisms constructed 

with type K mortar and two old masonry prisms were tested according to  ASTM-C1314 

Standard Test Method for Compressive Strength of Masonry Prisms (ASTM 2011). All new 

specimens were constructed with red bricks.  Table 7-9 summarizes the dimensions and type of 

mortar of each masonry specimen.  The prism height-to-thickness ratio, hp/tp was between 3.6 

and 3.8. Also, Figure 7-10 illustrates the dimensions of old masonry specimens as extracted from 

the demolished building.  Figure 7-11  shows one of the newer masonry specimens after 28 days 

ready to be tested.  

 The specimens were placed on a flat circular metal steel plate and monotonically increasing 

displacements were applied using a Forney QC-400-C1 compression testing machine.  Similar to 

previous tests, the vertical force and displacement data were monitored and recorded. Analysis of 

the recorded data revealed that the stress-strain curves of all specimens with rubber pad caps 

presented anomalies and inconsistencies. Consequently, all data from these specimens were 

disregarded in this study. While there was little noise in the data, the unfiltered data is presented 

in the following sections. 

 
Figure 7-10 Dimensions of old masonry specimens 
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Figure 7-11 Masonry specimen in the Forney Machine 

 

Table 7-9 Masonry Prism Specimens  

ID Mortar Type Capping New Bricks 
l w h 

2 

O 

Yes 7  1/2 3  9/16 13  1/4 
3 No 7  9/16 3  5/8 13  1/2 
4 No 7  1/2 3  1/2 13  9/16 
5 Yes 7  1/2 3  5/8 13  1/4 
6 No 7  5/8 3  1/2 13  5/8 
7 

K 

Yes 7  9/16 3  1/2 12  3/4 
8 No 7  9/16 3  9/16 12 15/16 
9 Yes 7  5/8 3  5/8 13 
10 No 7  1/2 3  9/16 13 
1 No 7  9/16 3  5/8 13  1/4 
   7 11/20 3 29/51 13 17/80 
   0.049 0.055 0.29 
CV   0.65 1.53 2.20 

Masonry 

Specimen 

Rigid Support 

LVDT 

Hydraulic 

Jack 
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7.7.2 Test Results 

The stress-strain curves of all masonry compression specimens are shown in Figure 7-12. The 

average stress-strain curves for Type O, Type K and Old masonry prisms are also included in 

this figure. A typical initial linear behavior followed by a nonlinear phase can be observed for 

the new prism, whereas a soft, nonlinear behavior was obtained for old specimens.  

The summary of test results for new and old prisms including the peak compressive strength and 

elastic modulus are given in Table 7-10. For prisms with Type K mortar, the average 

compressive strength is 1317 psi with a CV of 0.14. As per Table 7-1 of ASCE 41-06, this 

masonry can be classified as in good conditions. However, the average elastic modulus is 

relatively lower for this type of masonry, with an average value of 116192 psi.  Similar values 

for masonry properties were reported by Yi (2004). Masonry prisms constructed with Type O 

mortar had an elastic modulus about 2.5 times higher than Type K prisms and about 5 times 

higher than Old prisms. The average peak compressive strength of Type O, Type K and Old 

prisms was 1798 psi, 1317 psi and 535 psi, respectively.  

Since both, Type K and Type O prisms were constructed with the same type of bricks, the large 

variation in stiffness and peak strength can be associated to the quality of the mortar. Yet, it is 

possible to observe some crushing in the upper bricks, probably due to absence of capping.   

Figure 7-13  and Figure 7-14 illustrate typical failure modes in all specimens. Vertical splitting 

cracks along the height of the units were consistently observed during the experiment.  

The lower and upper bound compressive strength and elastic modulus of in-situ flatjack test 

conducted by Atkinson and Noland Co in two NYC buildings are listed in Table 7-11. The tests 

were conducted according to ASTM C 1197 standard.  The lower bound of the masonry 

compressive strength is in good agreement with the old specimens tested in the laboratory. Yet, 

there exist a significant variability in the masonry properties constructed with different type of 

bricks.  

As a reference, ASCE 41-06 default lower-bound compressive strength for masonry in poor 

condition is 300 psi. 
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Figure 7-12 Stress-strain curve of masonry specimens 

       
Figure 7-13 Typical failure mode of Mortar Type-K masonry prism 

 

Prism 1 Prism 8 Prism 10 
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Figure 7-14 Typical failure mode of Mortar Type-O masonry prism 

 

Table 7-10 Summary of test results for new brick specimens 

Specimen fm (psi) Em (psi) 
1K 1102 102661 
8K 1396 135790 
10K 1454 110126 
Mean 1317 116192 
CV 0.14 0.15 
3O 1873 265146 
4O 1887 274557 
5O 1803 350052 
6O 1627 250591 
Mean 1798 285087 
CV 0.07 0.16 
Old 535 53561 

 

Table 7-11 Summary of masonry properties of buildings in NYC 

Building Brick Type Elastic Modulus (psi) Compressive strength (psi) 
Em min Em max f’m min f”m max 

Building 1, located on 
Greenwich St Red Common brick 333,000 615,000 600 1100 

Building 2, located on  
90th Street 

Crème brick 
 

1,100,000 
 

2,300,000 
 

1570 
 

5000 
 

Red face brick 
 

700,000 
 

1,500,000 
 

1000 
 

2140 
 

Red Common brick 400,000 600,000 570 1200 
 

 

Prism 3 Prism 4 Prism 5 Prism 6 
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7.8 Bed Joint Shear Strength Test 

In this section, the bed joint shear strength of new and old URM specimens was evaluated in 

order to compare their monotonic shear behavior. Initial shear stiffness, peak and residual 

strength values and the influence of the mortar quality in the frictional properties of the brick-

mortar interface were also investigated.  

The bed joint shear strength was obtained using triplet specimens, as illustrated in Figure 7-15. 

This test is usually conducted under a combination of direct shear stress and a constant normal 

stress. This method has been preferred for researchers to determine the shear strength of masonry 

bed joints because it gives a uniform distributed shear stress and lateral compressive stress and it 

is easy to build and execute (Yi 2004). It also provides enough information to estimate the 

cohesion and pre- and post-peak shear strength and stiffness. These parameters are required to 

develop reliable analytical models to describe the in-plane behavior of masonry walls. This test 

may also be relevant for cyclic two-way bending (Griffith et al, 2007) in which friction and 

cohesion of bed joints and tensile strength of bricks play an important role in the maximum force 

capacity and also on the post-cracking hysteretic behavior.  

The triple test, however, does not provide a good simulation of the actual behavior under seismic 

forces, where the coupling between crack propagation along mortar beds due to flexural action 

and cyclic reversal of force direction may reduce significantly the shear strength (Paulay and 

Priestley 1992). Extensive information regarding this test can be found elsewhere [(Atkinson et 

al. 1989; Tisa and Kovári 1984).   

  
Figure 7-15 Concept of direct shear test on triplet specimens  

Three bricks units

Monotonic
shear force

Constant 
axial force

Mortar joint
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There is consensus among researchers that the bed joint shear stress is strongly related to 

transverse compression stress. As a result, a Coulomb Law has been widely used to estimate the 

shear capacity. The linear equation of the shear strength is  

𝜏 = 𝜏0 + 𝜇 ∗ 𝑓𝑚0                                                               (7.1) 

This equation is an approximation of the actual shear-compression interaction, which is 

illustrated in Figure 7-16. It gives good results for the typical range of axial compression stresses 

presents in URM buildings (Paulay and Priestley 1992). 

 
Figure 7-16 Shear-compression interaction (Paulay and Priestley 1992) 

7.8.1 Specimen Description, Loading System and Instrumentation  

In order to investigate the influence of mortar quality in the shear strength of URM, three groups 

of triplet specimens were tested with the loading system illustrated in Figure 7-17.  

The first group consisted of 15 specimens constructed with new bricks and Type O mortar. The 

second group consisted of 15 specimens constructed with new bricks and Type K mortar. 

Finally, two experiments were conducted on intact specimens of brick and mortar collected from 

a demolished old URM building in Syracuse, NY. The dimensions of these specimens are 

illustrated in Figure 7-18. A range of axial loads between zero and 1.5 kips was pre-applied to 

each specimens, which was considered to be representative of actual compressive forces in 

medium-rise URM buildings.  The area of each specimen is listed in Table 7-12. All new 

specimens were constructed by professional masons.  

The test apparatus consists of three steel plates connected with four 3/8 inch thick steel rods, as 

shown in Figure 7-17. This test fixture is similar to that used by Yi (2004). The three plates 
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provided a uniform, rigid contact area in which the triplet specimens are placed. A load cell was 

connected to one side to measure the normal stress. The load cell had a maximum capacity of 10 

kips, but was calibrated to 3 kips. The lateral load of 0 to 1.5 kips was applied to the specimen by 

tightening bolts on one side of the apparatus.  

The assembled test specimen was placed in the MTS Axial Torsion machine (SEESL 2010) and 

monotonic displacement was applied to induce direct shear stress. The recorded data presented 

little noise in the signal and was not further filtered.  

 
    

Figure 7-17 Shear test set up 

 
Figure 7-18 Dimensions of old triplet specimens 
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7.8.2 Test Results 

The results of the direct shear test on type K, Type O and Old triplet specimens are summarized 

in Table 7-12, Table 7-13 and Table 7-14, respectively. The applied normal stress to these 

specimens ranged from zero to 65 psi. The initial maximum shear stress ranged from 11 to 72 psi 

for Type-K mortar and 38 to 138 psi for Type-O mortar. In the case of the two old specimens, 

the values were 38 psi and 45 psi.  

The maximum shear stresses corresponding to different normal stresses are presented in Figure 

7-19, Figure 7-20 and Figure 7-21. This data was used to estimate the internal friction 

coefficient, and the initial shear bond of the masonry. The initial shear bond for type K 

specimens was around 18 psi, for type O was around 43 psi and for old specimens was around 10 

psi. The measured internal friction coefficient was around 0.68, 1.13 and 0.84 for type K, Type O 

and old triplet specimens.  

The observed failure modes were always a mix between shear-sliding along the bed joint 

interface between brick and mortar and cracking inside the mortar, as shown in Figure 7-24. This 

is expected for low strength mortars (Alecci et al. 2013). 

Figure 7-22 and Figure 7-23 show the variation of the lateral compressive confining force during 

the tests, for Type K and Type O respectively.  This phenomenon was already observed by Yi 

(2004) and it is due to the intrinsic configuration of the test set up. The lateral normal stress 

remain constant until the shear sliding along the mortar bed starts. Then, mainly due to fracture 

in the mortar and mortar-brick interface, the lateral confining stress shows a large increase. 

Thereafter, the vertical force follows a path related to the type of mortar. In experiments by Yi, 

the behavior was similar to that observed in Type O mortar. The vertical force dropped off very 

quickly due to loss of the specimen stiffness and then due to dilatancy movement of the sliding 

interfaced the shear stress started increasing again. Herein, a different behavior can be observed 

for Type K specimens, in which the shear force linearly increases until failure, as depicted in 

Figure 7-23.   
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Table 7-12 Type K Triplet specimen results 

Set ID Area (in2) Shear Stress (psi) 
Constant  
Normal  

Stress (psi) 

1 
20 22.31 27 11 
21 24.58 33 8 
26 22.29 25 12 

2 

4 23.06 35 35 
6 23.25 36 29 

10 22.97 50 45 
25 23.16 38 45 
27 22.34 60 47 

3 

28 23.20 72 56 
29 21.88 70 65 
 22.31 40 60 
 22.75 57 51 

4 
22 22.35 25 0 
23 21.81 11 0 
24 23.16 16 0 

Table 7-13 Type O Triplet specimen results 

Set ID Area (in2) Shear Stress (psi) 
Constant  
Normal  

Stress (psi) 

1 
7 22.87 127 28 
8 22.82 67 22 

18 21.59 83 24 

2 
15 22.42 108 53 
16 22.22 135 64 
17 22.53 138 58 

3 

5 23.06 77 56 
9 23.58 98 58 

11 22.22 81 44 
12 22.11 88 46 
14 22.31 65 46 

4 
2 22.42 38 8 

19 22.31 45 10 
 

Table 7-14 Old Triplet specimen Results 

Set ID Area (in2) Shear Stress (psi) Normal Stress (psi) 

1 
A 14.0 75 44 
B 24.5 30 23 
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Figure 7-19 Initial shear stress vs constant normal stress for Type K specimens 
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Figure 7-20 Initial shear stress vs constant normal stress for Type O specimens 
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Figure 7-21 Initial shear stress vs constant normal stress for Old specimens 
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Figure 7-22 Variation of shear stress and normal stress for Type O specimens. 
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Figure 7-23 Variation of shear stress and normal stress for Type O specimens. 

 
Figure 7-24 Typical failure mode of triplet specimens. 

 

7.9 Summary and Findings 

This section presented material characterization testing studies that focused on identifying the 

material and URM properties more appropriate to replicate actual conditions of URM in the 

laboratory. The major findings of the study presented in this section are listed below: 

 A comparison between new mortar tested after 28-days and old mortar obtained from 

demolished buildings indicated that none of the newer mortar types tested could replicate 

the Elastic Modulus and Compressive Strength of old mortars. Old mortar was much 
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softer and behaved linearly during the tests. Type L or Type K* mortar were closest in 

term of maximum compressive strength.  

 New bricks had significantly higher Elastic Modulus and Compressive Strength than old, 

reclaimed units. Old brick were found to be very soft and behaved nonlinearly during the 

tests.  

 Masonry specimen samples constructed with type K and Type O mortar had significantly 

higher Elastic Modulus and Compressive Strength than Old masonry specimens extracted 

from demolished buildings. The maximum compressive strength of the old specimens 

was in good agreement with in-situ test conducted in URM building in NYC. However, 

the Elastic modulus was lower.    

 The internal friction coefficient of Type K and Type O triplet specimen was found to be 

around 0.68 and 1.13, respectively. The friction coefficient was found to be insensitive to 

aging, since a value of 0.84 was estimated in old triplet specimens. Nonetheless, Type K 

mortar specimens had a closer initial maximum shear stress to the old specimens.  
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SECTION 8  

 EXPERIMENTAL PROGRAM PART II: SHAKE TABLE TESTING OF 

OUT-OF-PLANE URM WALLS WITH PARAPETS INCLUDING 

DIAPHRAGM FLEXIBILITY     
 

8.1 Introduction 

In this section, the second phase of the experimental program is presented. After obtaining data 

to characterize the material properties that better represent actual conditions of the building stock 

in New York City, shake table testing of two full-scale multi-wythe unreinforced masonry walls 

with parapets including diaphragm flexibility subjected to out-of-plane loading was carried out in 

the Structural Engineering and Earthquake Simulation Laboratory (SEESL) of the University at 

Buffalo.  

After reviewing the literature, one of the first challenges in this study was to design a specimen 

that best replicates the seismic behavior of a central portion of an URM building. Therefore, a 

systematic procedure to define a simplified numerical model of out-of-plane URM walls in 

multi-story buildings was proposed to conduct nonlinear response history analysis. This 

numerical model was used to estimate the maximum response of the specimen and provided 

appropriate design parameters to define the test setup.  

An effort was made to construct the walls with materials typical of late 19th-early 20th century 

construction in New York City. Moreover, the connections between masonry walls and wood 

diaphragms were designed according to construction practices in the NYC region. Also, rigid 

and flexible diaphragms were replicated by supporting a section of floor with reduced scale 

seismic isolation bearings of different stiffness characteristics. The effectiveness of common 

retrofitting techniques was also investigated by strengthening the parapet and wall-to-diaphragm 

connection of one of the walls with steel braces and steel rods, respectively.  

Material properties were obtained through compressive strength tests of prims, bricks and 

mortars.  The dynamic properties of the walls were first identified using white-noise tests.  Then, 

damage progression and behavior of the walls was obtained by subjecting the walls to an 
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increasing intensity sequence of two sets of ground motions with different frequency content: 

The 2011 Virginia earthquake and the 2011 New Zealand earthquake. 

Both masonry walls were able to sustain the Virginia earthquake record at 100% with minor 

damage. However, collapse of the parapet and the connection between masonry walls and wood 

joist was observed when the specimens were subjected to 100% amplitude of the New Zealand 

earthquake record.  The results of these tests were used to validate computer models to be used 

for seismic vulnerability assessments. Also, it provided information regarding the seismic 

behavior and vulnerability of masonry walls with parapets and flexible diaphragms. In addition, 

new data about the wall-to-diaphragm connection has been collected and will be used to estimate 

the effectiveness of this type of retrofitting technique. 

8.2 Scope and Objectives of Shake Table Testing 

The main goal of the experiment described in this section is to obtain data to verify and validate 

simplified numerical models of URM walls with parapets, floor-to-wall connections and flexible 

wood diaphragms. In order to address this need, the following parameters were considered in this 

experiment: 

1) The frequency content of the ground motion inputs. The wall was subjected to increasing 

intensities of two different ground motions, the 2011 Virginia and 2011 New Zealand 

earthquakes. 

2) The effect of common retrofitting techniques for parapets and floor-to-wall connections. 

This was studied by strengthening one of the walls using steel braces and anchors.  

3) The effect of wood diaphragm stiffness.  The wood floor flexibility was simulated using 

lead rubber bearings and low damping rubbers, replicating a stiff and a flexible 

diaphragm, respectively.  

4) The aging effects in URM construction. The walls were constructed using old reclaimed 

bricks and a weak Type K mortar. 

5) The filtering effects on the seismic input on top of out-of-plane walls. The load path for 

seismic forces at the top of the walls traveled through stiff steel towers, which simulates 

the in-plane walls in a real URM building, and the elastomeric bearing isolators carrying 

the wood floors simulate diaphragm flexibility.  
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6) The influence of gravity loads. Concrete blocks were placed on top of the wood floors to 

simulate tributary dead loads from the prototype building.  

7) The behavior under low to medium seismic hazard. The ground motions were scaled to 

match the DBE earthquake of a site in NYC, which is a medium seismic hazard area, and 

scaled up or down during the test.  

8) The modes of collapse of URM walls. The walls were tested until collapse of any of their 

structural components.  

9) The seismic demands along the height of the wall. Accelerations and displacements were 

obtained for each wall through an array of more than 60 measuring instruments.  

8.3 Test Setup Overview 

8.3.1 Simplified Numerical Model of URM Specimen 

Previous research regarding out-of-plane testing of URM walls revealed that few specimens were 

designed to accurately represent a portion of a complete building prototype. The ABK program 

provided the first rational procedure to determine the specimen dimensions and seismic input for 

out-of-plane testing of URM walls. A procedure inspired by the ABK program is followed in this 

research.   

In this work, a systematic procedure to define a simplified and reliable numerical model of 

vulnerable out-of-plane URM wall panels in multi-story buildings is proposed and later validated 

using experimental results. The model was primarily used to design the properties of the 

experimental specimen that will impose realistic seismic loads on a central portion of an URM 

building specimen.  

As an interesting feature, the model can be also used by practicing engineers to investigate, with 

minimal computational cost, the dynamic stability of URM walls subjected to out-of-plane 

loading. Currently, ASCE 41-06 acceptance criteria for URM walls subjected to out-of-plane 

actions specifies that flexural cracking in URM walls shall be permitted provided that cracked  

walls segments will remain stable during dynamic excitations. This stability is checked using 

numerical models considering acceleration time histories at the top and base of the wall panel.  

Yet, no recommendations are provided regarding the methodology and tools available to develop 

these numerical models.   
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As in the ABK program, there are major assumptions in the procedure developed in this study. 

First, note that the ground motion is assumed to be transmitted unmodified to each floor by the 

end-walls which are in turn assumed to be infinitely rigid in-plane. For multi-story buildings 

with significant amount of openings this may not be appropriate. An extended discussion on this 

subject can be found in Bruneau (1994b). Second, a perfect tie between walls and diaphragms is 

considered so that an effective transfer of forces and accelerations is guaranteed and out-of-plane 

collapse due to failure in the connection is prevented during an earthquake.  

The general procedure developed in this research to define the simplified model of the specimen 

is illustrated in Figure 8-1 and can be summarized as follows: 

Step 1: Define an archetype building and create a numerical model. This step was completed in 

Section 3, in which a five-story URM building was selected as a representative archetype. Also, 

using the modeling techniques proposed in Section 4, 5 and 6, a numerical model was 

implemented in SAP2000. 

Step2: Replace the flexible diaphragm with a SDOF equivalent model. The procedures used in 

Section 4 can be used to complete this task. Use the total mass of the diaphragm and a force-

displacement relationship estimated from pushover analysis.  

Step 3: Replace the in-plane walls with equivalent infinite stiffness elements. This step assumes 

that in-plane walls do not amplify the ground acceleration. The mass of the in-plane walls is 

neglected, since zero displacement is assumed. 

Step 4: Replace the out-of-plane walls below the upper story. This step can be completed by 

conducting a pushover analysis of the bottom part of the building and using the force-

displacement relationship in equivalent nonlinear springs located at the bottom of the URM 

walls.  

The equivalent simplified model and the loading conditions used to generate all force 

displacement relationships are illustrated in Figure 8-2. Also, the actual numerical models 

developed in SAP2000 to complete the methodology are shown in Figure 8-3. The El Centro 

earthquake was used to run nonlinear time history analysis considering large displacements and 

P-Delta effects. To verify the infinite stiffness assumption regarding the in-plane walls, a 

comparison between the absolute accelerations along the height of in-plane walls of the 

prototype building subjected to El Centro earthquake was conducted.  Figure 8-4 shows that a 
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35% maximum amplification of the peak input acceleration was obtained at the fifth floor. Since 

larger amplifications (between 200% to 300% of the input PGA) are expected in the 

accelerations at upper floors due to the presence of flexible diaphragm, 35% seems to be 

negligible. Nonetheless, further studies including different archetypes and a larger number of 

ground motions are required to obtain a better understanding of this assumption.  

Figure 8-5 and Figure 8-6 show a comparison between the displacement response history of the 

prototype and simplified numerical models obtained for El Centro earthquake, at the top and 

bottom of the selected URM specimen (i.e. the central portion of the top story in the prototype 

structure) respectively. Although a good agreement can be seen in the history response and 

fundamental periods, a maximum error of 10% was obtained for the absolute peak displacement. 

On the other hand, the analysis time taken to solve the model in Step 5 is only 5% of the time 

required to solve the Full model in Step 1.     

Figure 8-7 and Figure 8-8 show a comparison between the acceleration response history of the 

prototype and simplified numerical models obtained for El Centro earthquake, at the top and 

bottom of the selected URM specimen, respectively. Note that the higher mode effects and 

significant amplification of acceleration introduced by the full model of the diaphragm are 

filtered out by the reduced model and the error obtained in the response of Step 5 model is about 

50%.   

The fundamental period of each model, analysis time, peak absolute acceleration and peak 

displacement of the selected URM specimen are listed in Table 4-12.  
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Figure 8-1 Simplified numerical model of OOP masonry walls in multi-story buildings 

 
Figure 8-2 Final simplified numerical model of URM walls in multi-story buildings and 

loading conditions considered to obtain force-displacement relationships. a) Final model, b) 

Pushover of diaphragm, c) Pushover of lower stories and d) Pushover of the URM wall 
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Figure 8-3 Actual numerical models developed in SAP2000 in each step of the methodology 
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Figure 8-4 Absolute accelerations along the height of the in-plane walls of the prototype 

building and normalized acceleration amplification at each story (El Centro earthquake) 
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Figure 8-5 Relative displacement response at the top of central OOP walls for each step of 

the proposed methodology 
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Figure 8-6 Relative displacement response at the bottom of central OOP walls for each step 

of the proposed methodology 
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Figure 8-7 Absolute acceleration response at the top of OOP walls for each step of the 

proposed methodology 
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Figure 8-8 Absolute acceleration response at the bottom of OOP walls for each step of the 

proposed methodology 
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Table 8-1 Comparison of response parameters obtained using simplified and full model of 

URM building 

Step 
Modeling 

Technique 

Period 

(sec) 

At the top of central OPP wall 
At the bottom of central OOP 

wall 
Analysis 

time (sec) 
Peak  

displacement 

(in) 

Peak absolute 

acceleration 

(g) 

Peak  

displacement 

(in) 

Peak absolute 

acceleration 

(g) 

1 Full model 0.73 3.01 0.62 2.98 0.54 7200 

2 
Replace diaphragm 

for a SDOF 
0.81 2.78 0.32 2.43 0.25 1122 

3 
Assume infinite in-

plane walls 
0.76 2.69 0.32 2.37 0.26 970 

4 
Bottom equivalent 

OOP spring 
0.73 2.70 0.31 2.21 0.21 350 
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8.3.2 Specimen Design 

Although good agreement was found between the response history analysis of the five story 

prototype and the specimen at the upper floor of the building, there were some technical and 

financial constraints that prevented the full implementation of the specimen in the laboratory. 

First, an equivalent method to simulate the flexibility of the diaphragm at the top and bottom of 

the specimen was needed. The most obvious method to achieve this was using actual coil 

springs. However, the nonlinear nature of the equivalent spring required to simulate the 

diaphragm was difficult to simulate. Therefore, reduced scale elastomeric isolation bearings were 

considered. The bilinear force-displacement relationship of these isolators was deemed to be 

more appropriate, as demonstrated in Figure 8-10. However, the required number and 

appropriate type of isolators was not available in the SEESL laboratory.  Secondly, the 

equivalent mass required to simulate the bottom portion of the five-story building (about 240 

kips) was also out of the capabilities of the laboratory. 

As a result, it was decided to reduce the prototype to one story building and take the central 

portion to be replicated in the laboratory. This way, isolators were only required at the top of the 

specimen. Also, the mass required to simulate the wood diaphragm was considerable less and 

feasible to be replicated. Figure 8-9 shows the new building prototype and the specimen design 

concept implemented in the laboratory. The methodology described in previous section was 

followed to develop a simplified numerical model, as illustrated in Figure 8-10.   

Figure 8-11 shows a comparison between the displacement response history obtained for the one 

story prototype and the corresponding specimen for the 2011 New Zealand earthquake.  Again, 

there is good agreement in the response but the peak displacement is underestimated in the 

specimen. A better agreement was obtained for the acceleration response history, as seen in 

Figure 8-12.  

It is important to clarify that the actual numerical model of the specimen was improved after the 

experiments were completed, as was the corresponding building prototype. However, the results 

obtained in this section were used to estimate the maximum response of the specimen, and 

provide reasonable design parameters to define the structural components to be used for the 

shake table test of the specimen. 
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Figure 8-9 Prototype and specimen design concept 
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Figure 8-10 Actual numerical model of the laboratory specimen and force-displacement 

relationship required to simulate the diaphragm stiffness 
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Figure 8-11 Response history displacement of one-story building prototype and specimen 

subjected to New Zealand earthquake 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Time (sec)

-3

-2

-1

0

1

2

R
el

at
iv

e 
A

cc
el

er
at

io
n 

(g
)

Prototype
Specimen

 
Figure 8-12 Response history acceleration of one-story building prototype and specimen 

subjected to New Zealand earthquake 
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8.3.3 Specimen Description 

Wall specimens were selected to simulate a central portion of one-story URM buildings in NYC, 

as illustrated in in Figure 8-9.  The two walls were tested simultaneously. The major difference 

between Wall 1 and Wall 2 is that retrofitted connections are implemented in Wall 2, where the 

parapet has been strengthened with steel braces and the wood joist-to-wall connection reinforced 

with steel anchors and plates, respectively. In both walls, the wood floor is supported by 

elastomeric bearings, which simulated the flexibility of the diaphragm. The rigid steel towers 

transferred the input acceleration from the base of the table to the top of the floor without 

significant amplification.  This test was performed with additional mass placed on the diaphragm 

to provide a constant axial load on the walls, and with the application of a dynamic excitation in 

the shake table as described in the next section. Details of the wall configuration and structural 

components are provided below and illustrated in Figure 8-13 and Figure 8-14. 

8.3.3.1 Steel towers 

Two rigid steel towers were used to support the wood floors and transfer the input acceleration 

from the base of the table to the top of the diaphragm without significant amplification. The 

elastic stiffness of each frame was approximately 3000 kip/in as calculated using pushover 

analyses in SAP2000. Each frame had a total weight of 6 kips and a fundamental period of 0.1 

seconds.  Dimensions are illustrated in Figure 8-18.  

8.3.3.2 Lead and low damping rubber bearings  

Diaphragm flexibility was simulated using flexible low damping rubber (LDR) and stiff lead 

rubber bearings (LRB) isolators. Four LRB and four LDR were installed in Wall 1 and Wall 2, 

respectively. The isolators were bolted to the steel tower, as illustrated in Figure 8-19. The 

number and properties of the bearings were selected to match the initial stiffness of the wood 

diaphragm obtained through pushover analysis, as shown in Figure 8-10. The physical properties 

of the isolators were obtained from previous experimental studies (Sanchez-Ferreira 2011). 

Typical shear force versus displacement of the LDR and the LRB isolators are illustrated in 

Figure 8-15 and Figure 8-16, respectively. A photograph of the isolators is shown in Figure 8-17. 
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8.3.3.3 Wood floor 

The wood floors were designed to support additional dead load and to provide a realistic 

connection between the masonry walls and the diaphragm. The dimensions were selected to 

match the width of the wall and to accommodate concrete blocks that provided additional floor 

mass. Each wood joist was placed at 16” inches, as typically specified in old URM buildings. All 

boards and joist were constructed of Douglas Fir material. Typical 8d nails were used to connect 

the wood boards and joists. “Fire cuts”, as described in Section 3, were provided at each wood 

joist. Structural details of the wood floor are provided in Figure 8-19 and Figure 8-20. The wood 

diaphragms were constructed at the laboratory and then placed on top of each steel tower. The 

wood floors were bolted to steel angles, which in turn were welded to the base of each isolator.   

8.3.3.4 Additional Concrete blocks 

These pieces were intended to simulate the tributary dead load of the prototype.  Three concrete 

blocks were placed on top of each wood floor. The average weight of each block was about 2 

kip. The blocks were attached to the wood floors using standard 7/8” diameter bolts. The 

dimensions are illustrated in Figure 8-22 and the connection details between each block and the 

floor are shown in Figure 8-19. 

8.3.3.5 Retrofitting options 

Two standard retrofitting techniques were implemented in Wall 2. These techniques are 

recommended in FEMA P547 (2006) to prevent premature failure of parapets and URM walls 

subjected to out-of-plane loading. These procedures have a largely empirical base and have not 

been tested in a laboratory, to the knowledge of the authors.  

The simplest way to prevent out-of-plane collapse of URM walls is to tie them to the floor using 

steel anchors, as recommended in Figure 8-19. A 6”x6”x1/4” steel plate is placed in one side of 

the anchors, whereas the other side is bolted to the wood joists. The next step to achieve Life 

Safety is to fix the parapets and the chimneys to the roof using steel braces, as shown in Figure 

8-14. Structural details to incorporate those components in the specimen are presented in Figure 

8-19, Figure 8-21 and Appendix D. 
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8.3.3.6  Masonry walls 

Two identical full-scale masonry walls were constructed on a shake table. The dimensions of the 

walls were approximately 6 feet in width, 14 feet in height and 1 foot thick. Similar dimensions 

have been used by Meisl et al. (2007) and Penner and Elwood (2012) in testing of out-of-plane 

URM walls.  Data obtained from material identification tests previously conducted has been 

considered in selecting the properties of brick and mortar for the walls. Reclaimed bricks were 

laid out using an American Bond pattern. The mortar proportions were target to match a Type K 

mortar (1:3:10), but to improve workability during construction, a slightly stronger mortar was 

used. An adjustable steel base restraint was placed at the bottom of each wall, to prevent sliding 

but to allow free rotation. Figure 8-23 shows a plan view and elevation of the masonry wall.  

8.3.3.7 Safety frame and plates 

A safety frame was built in the middle of the shake table to prevent one wall from damaging the 

other, in case of premature collapse. The frame was designed to resist the maximum impact load 

that could be generated by the mass of the wall if sliding out the joist pockets.  Steel plates were 

placed around the shake table to prevent falling bricks from posing a hazard to the table actuators 

and pumping system. The dimensions of the safety frame and plate are specified in Figure 8-24.  

 
Figure 8-13 Actual test setup 
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Figure 8-14 Structural plan view and elevation of test setup 
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Figure 8-15 Typical force-displacement curve of lead rubber bearings used in this study 

(Sanchez-Ferreira 2011) 

 
Figure 8-16 Typical force-displacement curve of low damping rubbers used in this study 

(Sanchez-Ferreira 2011) 
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Figure 8-17 Isolators used in the experiment 

.   

Figure 8-18 Structural elevation and dimensions of steel tower 
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Figure 8-19 Structural plan view, elevation and dimensions of wood floor 
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Figure 8-20 Steel tower, isolator and wood floors 

 
Figure 8-21 Steel anchors installed in Wall 2 
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Figure 8-22 Structural plan view and elevation of concrete blocks 

 
Figure 8-23 Structural plan view and elevation of masonry wall 
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Figure 8-24 Structural elevation of safety frame and plates around the table 

8.3.4 Specimen Construction  

Professional masons constructed the masonry specimens on top of the shake table. Figure 8-25 

illustrates the construction sequence of the test setup. The process started by placing the steel 

towers on the table. Then, several members were removed from the top of the tower to allow 

space for the base of the isolators. Once the isolator base was welded to the tower, lead rubber 

bearing were installed and bolted to one tower and low damping rubbers were installed on the 

other one. Steel angles were bolted on the top of the bearings to provide support for the wood 

floor. Then, masonry walls were constructed up to the level of the bearings. This was required so 

that the wood floors could be installed on the tower and properly placed on the walls. 

Afterwards, the masons continued the construction of the wall parapet. Wood boards were nailed 

thereafter.  

After 28 days, the concrete blocks providing dead load were placed on the wood floors and steel 

anchors and braces were added to Wall 2 as a retrofit strategy. Also, at this time steel angles 

were bolted along the base both walls to limit sliding. Finally, safety frames and plates were 

constructed and placed on the table. The walls were tested after 69 days of the initial 

construction date. Several stages of the construction can be seen in Figure 8-26 to Figure 8-29.   
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Figure 8-25 Construction sequence of the test set up 
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Figure 8-26 Construction of first header of Wall 1 (Beginning of stage 7) 

 
Figure 8-27 Construction of parapet of Wall 1 (stage 8-9) 
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Figure 8-28 Wall 1 and Wall 2 specimens ready to support concrete blocks (stage 10) 

 
Figure 8-29 Installation of concrete blocks 
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8.3.5 Material Properties 

Typical compressive tests on five masonry prisms, five brick units and nine mortar cubes were 

conducted to obtain the material properties of the tested URM walls. All specimens were 

obtained during the construction of the walls and kept in a storage area until the material test 

would be conducted. All tests were conducted according to ASTM standards. Dimensions of 

prisms, brick units, mortar cubes and loading system and instrumentation were similar to that 

deployed for new specimens as described in Section 6.  All tests were conducted after 150 days 

of casting. 

 Figure 8-30 and Figure 8-31 present the stress-strain curve for each type of specimen. The 

mortar strength was higher than recommended, closer to Type O mortar. However, the overall 

stiffness of the prisms remained closer to those specimens previously tested with Type K mortar. 

The shear strength was not tested, since previous tests showed that the friction coefficient is 

insensitive to mortar quality and aging.  
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Figure 8-30 Average properties of masonry prisms 
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Figure 8-31 Average properties of masonry mortar 

 

8.3.6 Instrumentation/Data Acquisition/Archiving 

Loading to both walls specimen was applied simultaneously by the shake table at SEESL. This 

shake table has five-degree-of-freedom and a payload capacity of about 40 tons. The useful 

range of frequency is between 0 to 50 Hz. Dimensions of the table including its concrete testing 

platform are 12’x 20’.  Additional technical information about the table can be found in the 

SEESL technical manual.  

The instrumentation array deployed for the shake table testing consisted of 8 string 

potentiometers, 19 temposonics, 25 accelerometers, 6 strain gauges and 8 video cameras. All 

sensors were sampled at 256 readings per seconds. It was found that 6 displacement transducer 

and 5 accelerometers did not work properly during the test. Due to time constraints, it was not 

possible to fix or replace them. The location, direction and type of instrument are listed in Table 

8-2 and also illustrated in Figure 8-32 through Figure 8-37. 

Two types of instruments were used to measure displacements, namely string potentiometers and 

temposonics. String potentiometers were used to measure absolute displacement of the table, 

tower, isolators and concrete blocks in the shaking direction.  Temposonics were used to measure 
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the relative displacement between the steel tower and the masonry walls, and to measure the 

absolute displacements of the parapets.  

Accelerometers were installed in the shake table, steel tower, concrete blocks and along the 

height of the wall. The horizontal shaking acceleration was the main direction of measurements; 

however, two accelerometers were deployed in the extremes of the table to measure vertical 

excitation and record potential rocking. Strain gauges were used to measure the force in the steel 

anchors and steel braces. The location and number of strain gauges is illustrated in Figure 8-37. 

Also, video cameras were installed in the steel towers, the shake table and at distance from the 

table to obtain a general view of the experiment. 
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Figure 8-32 Location of instruments on the wall, steel tower and shake table 
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Figure 8-33 String potentiometers installed on a fixed reference frame off the shake table 

 
 

 

Figure 8-34 Accelerometers installed at the top of the tower 

 

 
 

Figure 8-35 Temposonics installed in the tower 
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Figure 8-36 Accelerometers, temposonics and video cameras 

 

 
Figure 8-37 Location of strain gauges at WALL 2 

W2SG5

W2SG6

W2SG1

W2SG2
W2SG3
W2SG4



219 

 

 

Table 8-2 List of instruments installed in Wall 1 and Wall 2 to measure displacements and 

accelerations. 

Location Direction 

Wall 1 Wall 2 

Displacement 

Transducer 

Accelerometer Displacement 

Transducer 

Accelerometer 

Shake table 
Z  W1A1  W2tblver 

X W1SP1a W1A2 W2SP1 a W2TAB 

Top of tower X W1SP2a W1A3 W2SP15 a W2A8 

Isolator X W1SP3a  W2SP16 a  

Wood floor X W1SP4a W1A4 W2SP17 a W2A9 

Wall 

X W1SP5 W1A5 W2SP2 b W2A1 

X W1SP6 W1A6 b W2SP7 b  W2A2 

X W1SP7 W1A7 b W2SP6 b W2A3 b 

X W1SP8 W1A8 W2SP5 W2A4 

X W1SP9 W1A9 W2SP8 W2A7 b 

X   W2SP9 W2A5 

Parapet 

X  W1A13  W1A10 b 

X W1SP10 W1A14 W2SP13 W1A7 

X W1SP12 b W1A15 W2SP14 b W1A12 

Connection X W1SP14  W2SP10  

 X W2SP3 b  W2SP12  

a String potentiometers 
b Instrument did not work during the experiment.  

Table 8-3 List of strain gauges installed in Wall 2 

Location Direction Strain Gauge 

Steel anchors 

X W2SG1 

X W2SG2 

X W2SG3 

X W2SG4 

Steel braces 
X W2SG5 

X W2SG6 
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8.4 Test Procedures 

8.4.1  Ground Motion Inputs 

Two ground motions were used as input to the shake table, with one motion selected for its high 

frequency content and the other for its low frequency content. The short-period motion selected 

was recorded during the 23 August 2011 earthquake in Virginia, USA. It was recorded at the 

Reston station. The long-period motion selected was recorded during the 21 February 2011 

earthquake in Christchurch, New Zealand. It was recorded at the Hospital Station. Acceleration 

time series and response spectra of the two motions are shown in Figure 8-38, Figure 8-39 and 

Figure 8-40, respectively. 

8.4.2 Seismic Hazard Levels 

The ground motions were scaled up or down to match the MCE Response Spectrum for a site 

Class A located in New York City (coordinates 40.7724,-73.9670). The Design Spectrum was 

obtained using the Hazard Tool provided at the USGS website (USGS 2012). Figure 8-41 shows 

the resultant Design Response Spectrum and the MCE Response Spectrum. 

8.4.3 Test Protocol 

The specimens were subjected to an increasing intensity sequence of nine dynamic tests until 

collapse. The loading protocol was designed to gradually introduce damage in the specimens.  

Only one component of each ground motion was applied in the X-direction (i.e South-North 

direction). White-noise excitation with acceleration amplitude of 0.03g was applied first to the 

specimen to identify its dynamic properties. The testing sequence listed in Table 8-4 was 

followed thereafter. Note that for the Virginia Earthquake, the actual PGAs obtained during the 

tests were significant smaller than the target PGA.   

Figure 8-42 shows the response spectrum of Virginia Earthquake scaled to match MCE in NYC. 

Figure 8-43 shows the response spectrum of New Zealand Earthquake also scaled to match MCE 

of NYC.  Ground motions were amplitude scaled to match the spectral acceleration at the 

fundamental period of the specimen, T1=0.22 seconds. 
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Figure 8-38 Acceleration-time series of Virginia Earthquake of 23 August 2011 recorded at 

Reston Station 
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Figure 8-39 Acceleration-time series of New Zealand Earthquake of 23 August 2011 

recorded at Hospital Station. 
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Figure 8-40 Response spectrum of a) Virginia and b) New Zealand earthquake, 5% 

damping 
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Figure 8-41 Target response spectrum 

 

Table 8-4 Test Sequence followed for two-wall specimen 

Earthquake/Input Test No. PGA (g) Scale factor Target hazard level 

White noise 1 0.03 n/a n/a 

Virginia_Reston  
(Mw=5.8, R=124.1 km)  

2 0.033 30% Service Level  

3 0.11 100% MCE Spectrum  

4 0.16 150% 1.5 MCE Spectrum  

5 0.22 200% 2 MCE Spectrum  

6 0.32 300% 3 MCE Spectrum  

NZ_Hospital  
(Mw=6.3, R=10 km)  

7 0.18 50% MCE Spectrum  
8 0.27 75% 1.5 MCE Spectrum  
9 0.365 100% 2 MCE Spectrum  
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Figure 8-42 Response spectrum of Virginia Earthquake scaled to match MCE in New York 

City 
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Figure 8-43 Response spectrum of New Zealand Earthquake scaled to match MCE of New 

York City 
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8.5 Test Results 

Test results are presented and discussed in this this section. The fidelity of the shake table in 

reproducing the desired input motions and white-noise test results for system identification are 

first discussed. Then, the results of the shake table test of Wall 1 and Wall 2 for the Virginia 

earthquake are presented. Peak displacements and accelerations are included, as well as the 

hysteretic behavior of isolators, parapets and masonry walls.  A comparison of the response of 

both walls is also studied. The last section presents results of the shake table test of Wall1 and 

Wall 2 for the New Zealand earthquake. Again, peak responses and hysteretic behavior of main 

components are discussed. Finally a comparison of the response of the walls for the same PGA 

but different input motion is investigated.  

8.5.1 Shake Table Fidelity 

Typically for a shake table test, the table is initially calibrated for the approximate payload 

expected during testing. Due to time constraints, it was not possible to properly calibrate the 

shake table before testing nor was it possible to implement low level calibrations once the 

specimens were constructed to the sensitivity of the masonry. As a result, the target spectrum 

was not achieved for the Virginia Earthquake, as seen in Figure 8-44. These test results were 

used to recalibrate the table and in the case of New Zealand earthquake, the table performed 

appropriately and no adjusted scale factors were needed. Table 8-5 lists the nominal and actual 

spectral acceleration at the fundamental period of the specimens achieved during the test. For 

convenience, all subsequent results of the testing program are referred using the nominal scale 

factor presented in Table 8-4.  

Note that these mismatches do not affect the test results, as the main goal is to use them to 

validate numerical models. The acceleration recorded on the table was used in subsequent 

analysis and simulations.   
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Table 8-5 Target and actual spectral acceleration at the fundamental period obtained 

during shake table tests 

Earthquake/Input Test No. Target Actual 

 
Sa T1 (g) SaT1 (g) 

White noise 1 0.03 0.03 

Virginia_Reston 

(Mw=5.8, R=124.1 km) 

2 0.09 0.03 

3 0.31 0.14 

4 0.46 0.24 

5 0.62 0.40 

6 0.93 0.91 

NZ_Hospital 

(Mw=6.3, R=10 km) 

7 0.18 0.20 

8 0.27 0.26 

9 0.36 0.36 
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Figure 8-44 Target vs. actual response spectrum of Virginia earthquake  
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Figure 8-45 Target vs. actual response spectrum of New Zealand earthquake 

 

8.5.2 White Noise Test Results 

The main goal of the white noise test was to determine the undamaged modal properties of the 

wall specimens at the beginning of the seismic test program. The modal properties of interests 

included the natural frequencies and mode shapes. No additional white noise tests were 

conducted since a highly nonlinear behavior was anticipated for the selected levels of seismic 

excitation (e.g. the walls were expected to suffer significant damage or even collapse at very 

early stages of the testing program). 

The process of identifying modal shapes and frequencies is conducted by obtaining the transfer 

function in frequency domain of acceleration time histories recorded during the white-noise test 

at locations indicated in Figure 8-46, over acceleration signals recorded on the shake table.  The 

transfer function of output accelerations over input acceleration is calculated using the equations 

defined by Bracci et al. (1992).       

All signals recorded during the white noise experiments were filtered by a zero-phase low-pass 

filter with a cutoff frequency of 40 Hz.  
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These fundamental frequencies are for the entire system, including the steel towers, wood floors 

and masonry walls. Other variables that could affect the results, such as oil column resonance 

effects in the shake table actuators, noise in the accelerometers due to electric current were not 

considered in this study. Also, it was assumed that the inputs are pure white noise and no table-

structure interaction was considered during the test.  

Figure 8-48, Figure 8-49, Figure 8-50 and Figure 8-51  show the transfer function amplitude for 

tower, wood floor and masonry of Wall 2 and Wall 1. The first mode was found to be around 

3.80 Hz, related to the flexibility of the isolator, as shown in Figure 8-46. The second mode was 

approximately 19 Hz and it is mainly due to the rigid body rotation of the tower. A summary of 

the frequencies is listed in Table 8-6. 
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Figure 8-46 Location of accelerometers used for system identification and first mode shape 
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Figure 8-47 First mode shape of the walls 
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Figure 8-48 Amplitude of transfer functions for tower and wood floor of Wall 2 
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Figure 8-49 Amplitude of transfer functions for masonry bricks of Wall 2 
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Figure 8-50 Amplitude of transfer functions for tower and wood floor of Wall 1 
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Figure 8-51 Amplitude of transfer functions for masonry bricks of Wall 1 

 

Table 8-6 Identified modal parameters for Wall 1 and Wall 2 

Specimen 
Transfer 
Function 
Location 

1st Mode 2nd Mode 3rd Mode 
Frequency Amplitude Frequency Amplitude Frequency Amplitude 

Hz - Hz - Hz - 

Wall 2 

W2A9 3.81 14.63 19.56 0.55 23.75 2.75 
W2A8 3.75 4.70 12.31 4.41 15.38 3.705 
W2A1 3.75 2.60 - - - - 
W2A4 3.81 8.18 19.44 1.78 23.69 2.66 

W1A12 3.81 17.60 19.38 2.73 23.69 5.17 

Wall 1 

 W1A4 3.38 15.15 15.63 0.75 19.56 7.44 
W1A3 3.38 11.92 15.63 2.01 19.50 1.55 
W1A5 3.25 3.00 15.63 1.68 19.50 6.3 
W1A8 3.38 8.75 15.63 2.01 19.56 10.53 

W1A15 3.38 20.09 - - 19.56 22.13 
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8.5.3 Virginia Earthquake Results for Wall 1 

Peak values of relative displacement response at several locations in Wall 1 are shown in Figure 

8-52.  A linear distribution of relative displacement over the height can be observed for all tests. 

Since the wall was free to rotate at the base, rigid body rocking at the base was the predominant 

behavior. A maximum peak displacement of 0.45 inch at the parapet was obtained for a 

maximum acceleration of 0.20 g generated at the base of the wall for VA300%. The inertia 

generated in the masonry wall was insufficient to cracks the walls. Moreover, no relative 

displacement was observed at the connection between the wood joist and the masonry wall.  

Peak values of absolute acceleration response at several locations in Wall 1 are shown in Figure 

8-53. Constant acceleration profiles along the height of uncracked walls are expected when the 

wall is rigidly connected at the top and bottom, as discussed in  Meisl et al. (2007).  Nonetheless, 

for intensities VA150%, VA200% and VA300% a parabolic profile can be observed, revealing a 

strong influence of the parapet and the frequency content of the seismic input in the distribution 

of inertial forces in the wall. The absolute acceleration was amplified from 0.2 g at the base to 

almost 0.4 g at the parapet, but little amplification was observed at the diaphragm level (see 

W1A13).  

Large relative displacements were observed at the top of the steel tower, as shown in Figure 

8-54. This was due to a rigid body rotation at the base of the steel tower, which was connected to 

the most flexible part of the shake table that cantilevered out and underwent significant vertical 

deformations during testing. The flexibility of this part of the table, combined with the frequency 

content of the input motion affected the seismic response of the tower, as can also be seen in 

Figure 8-55, in which absolute accelerations decreased at the top. A maximum relative 

displacement of the isolators of 0.1 in was obtained for VA300%, as shown in Figure 8-54.  

Figure 8-54 also shows a small relative displacement between the concrete blocks and the wood 

floor connected to the isolators, suggesting that the number of bolts used to fix the blocks were 

not enough to keep it fully in place during the tests.  

Although a stiff diaphragm was provided, the absolute acceleration between the steel tower and 

the blocks was slightly amplified for all tests, as illustrated in Figure 8-55.  A summary of the 

peak displacements and peak acceleration results are also listed in Table 8-7, and Table 8-8 

respectively. 
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Table 8-7 Peak values of relative displacement response at Wall 1 

Location 
Instrument 

ID 

Peak relative displacement (in) 

VA30% VA100% VA150% VA200% VA300% 

Shake table1 W1SP1 0.033 0.119 0.189 0.254 0.426 
Top of tower W1SP2 0.016 0.048 0.081 0.130 0.272 

Isolator W1SP3 0.020 0.071 0.108 0.174 0.377 
Wood floor W1SP4 0.022 0.089 0.141 0.205 0.395 

Wall 

W1SP5 0.005 0.013 0.022 0.036 0.089 
W1SP6 0.008 0.020 0.033 0.056 0.128 
W1SP7 0.010 0.027 0.048 0.080 0.176 
W1SP8 0.012 0.035 0.059 0.096 0.213 
W1SP9 0.016 0.042 0.077 0.124 0.262 

Parapet W1SP10 0.046 0.082 0.134 0.221 0.455 
Connection W1SP14 0.034 0.003 0.005 0.006 0.004 

                        1 W1SP1 sensor measured absolute displacement. 

Table 8-8 Peak values of absolute acceleration response at Wall 1 

Location 
Instrument 

ID 

Peak absolute acceleration response (g) 

VA30% VA100% VA150% VA200% VA300% 

Shake table-Vertical W1A1 0.008 0.027 0.042 0.068 0.126 
Shake table-Horizontal W1A2 0.012 0.045 0.072 0.106 0.200 

Tower W1A3 0.017 0.048 0.059 0.096 0.141 
Blocks W1A4 0.021 0.064 0.096 0.150 0.226 

Wall 

W1A5 0.010 0.035 0.060 0.084 0.156 
W1A8 0.021 0.041 0.056 0.072 0.134 
W1A9 0.023 0.047 0.062 0.087 0.157 

W1A13 0.022 0.066 0.099 0.160 0.230 
W1A14 0.024 0.082 0.110 0.167 0.303 
W1A15 0.032 0.101 0.152 0.244 0.387 
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Figure 8-52 Profile of maximum displacements along the height of Wall 1 
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Figure 8-53 Profile of maximum accelerations along the height of Wall 1 
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Figure 8-54 Profile of maximum displacements of the tower, isolator and concrete blocks at 

Wall 1 
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Figure 8-55 Profile of maximum accelerations of the tower, isolator and concrete blocks at 

Wall 1 
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8.5.3.1 Hysteretic behavior of isolator, parapet and wall 

The hysteretic behavior of isolators, parapet and walls were extracted from the test data and used 

to validate simplified numerical models for low level seismic excitations. Other relevant 

parameters that can be obtained include the energy dissipated and critical damping ratio. Data 

obtained from shake table test conducted for low level intensities (from 0.05 g to 0.20 g) was 

used to generate force vs displacement hysteresis loops for isolators, parapet and masonry wall in 

key locations.  

The behavior of lead rubber bearing can be observed in Figure 8-56. A maximum displacement 

of 0.1 inch and a corresponding force of 0.65 kips were obtained for VA300% intensity level.  

The parapet response was also in the linear range, as shown in Figure 8-57.  However, for the 

VA300% level of intensity, a slight change in the initial effective stiffness can be observed from 

Figure 8-57, indicating initial cracking and nonlinear behavior. The input acceleration was 

significantly amplified at the parapet, as observed from comparing Figure 8-57 and Figure 8-58.  

Figure 8-58 illustrates the hysteretic behavior of different portions of the wall below the wood 

diaphragm level. A linear behavior between header courses can be observed for VA300%. The 

hysteretic response of the first header course of the wall illustrates the nonlinear rocking 

behavior of the wall at the base. No significant damage can be inferred from this data. 
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Figure 8-56 Force versus relative displacement of isolators at Wall 1 (W1A4 vs W1SP4-

WISP3) 
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Figure 8-57 Acceleration versus relative displacement of parapet at Wall 1     
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a)                                                                           b) 

Figure 8-58 Acceleration versus relative displacement along the height of Wall 1: a) Test 

VA300% and b) Test VA200% 
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8.5.4 Virginia Earthquake Results for Wall 2 

Peak values of relative displacement response at several locations of Wall 2 are shown in Figure 

8-59.  A linear distribution along the height of the specimen can be observed for all intensity 

level tests, except VA300%. This linear distribution is attributed to the rigid body rocking 

motion at the base of the wall, as explained in the previous section. A maximum peak 

displacement of 0.44 inch at the diaphragm was obtained for a maximum acceleration of 0.20 g 

generated at the base of the wall for VA300% intensity level.  The smaller peak relative 

displacement observed for the parapet (at W2SP13) for VA300% is an indication of cracking at 

its base. Nonetheless, as in Wall 1, the inertia generated in the masonry wall for all tests was not 

sufficient to generate cracks in the portion of the wall below the wood diaphragm. Also, no 

relative displacement was observed at the connection between the wood joist and the masonry 

wall.  

Peak values of absolute acceleration response at several locations in Wall 2 are shown in Figure 

8-60. Similar to Wall 1, a profile of parabolic absolute accelerations can be seen for all intensity 

levels. Again, the flexibility of the low damping rubbers and the parapet modified the 

distribution of inertial forces in the wall.  The absolute acceleration was amplified from 0.2 g at 

the base to 0.23 g at the wood diaphragm level and to 0.29 g at the parapet level.  

A relative displacement of 0.15 inches was observed at the top of the steel tower, as shown in 

Figure 8-61. Similar to Wall 1, this was due to a rigid body rotation at the base of the steel tower. 

The acceleration at the top of the tower decreased as can also be seen in Figure 8-62.  A 

maximum relative displacement of the isolators of 0.3 in. was obtained for VA300%, as shown 

in Figure 8-61. Like in Wall 1, Figure 8-61 also shows a small relative displacement between the 

concrete blocks and the wood floor connected to the isolators, indicating a slippage between the 

concrete blocks and the wood diaphragm.  

Because of the flexibility of the bearings, the absolute acceleration between the steel tower and 

the blocks was amplified for all tests, as illustrated in Figure 8-62.  A summary of the peak 

displacements and peak acceleration results are also listed in Table 8-9 and Table 8-10, 

respectively. 
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Table 8-9 Peak values of relative displacement response at Wall 2 

Location 
Instrument  

ID 

Peak relative displacement (in) 

VA30% VA100% VA150% VA200% VA300% 

Shake table W2SP1 0.03 0.12 0.19 0.25 0.43 

Top of tower W2SP15 0.03 0.04 0.05 0.07 0.15 

Isolator W2SP16 0.04 0.07 0.13 0.19 0.44 

Wood floor W2SP17 0.05 0.11 0.16 0.25 0.53 

Wall 

W2SP5 0.02 0.05 0.06 0.10 0.24 

W2SP8 0.03 0.05 0.07 0.12 0.29 

W2SP9 0.04 0.06 0.09 0.15 0.34 

Parapet W2SP13 0.03 0.12 0.19 0.25 0.41 

Connection 
W2SP10 0.00 0.00 0.00 0.00 0.00 

W2SP12 0.00 0.00 0.00 0.00 0.01 
1 W2SP1 sensor measured absolute displacement. 

 

Table 8-10 Peak values of absolute acceleration response at Wall 2 

Location 
Instrument 

ID 

Peak absolute acceleration (g) 

VA30% VA100% VA150% VA200% VA300% 

Shake table-Vertical W2tblver 0.01 0.02 0.04 0.05 0.09 

Shake table-Horizontal W2TAB 0.01 0.05 0.07 0.11 0.21 

Tower W2A8 0.01 0.04 0.06 0.08 0.15 

Blocks W2A9 0.03 0.07 0.11 0.16 0.25 

Wall 

W2A1 0.01 0.03 0.05 0.07 0.15 

W2A2 0.01 0.03 0.04 0.06 0.14 

W2A4 0.01 0.04 0.06 0.08 0.13 

W2A5 0.02 0.05 0.08 0.10 0.15 

W2A6 0.03 0.07 0.10 0.15 0.23 

W1A7 0.03 0.08 0.13 0.18 0.26 

W1A12 0.03 0.09 0.14 0.19 0.29 
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Figure 8-59 Profile of maximum displacements along the height of Wall 2 
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Figure 8-60 Profile of maximum accelerations along the height of Wall 2 
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Figure 8-61 Profile of maximum displacements of the tower, isolator and concrete blocks at 

Wall 2 
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Figure 8-62 Profile of maximum accelerations of the tower, isolator and concrete blocks at 

Wall 2 

 

Peak axial stresses in the steel anchors obtained for all intensity levels are shown in Figure 8-63. 

As expected, the maximum stress increases with an increase in the intensity of the motion. The 
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axial stress demanded in the central anchors was almost 2.5 higher than the axial stress in the 

edge anchors. This is because the tributary seismic mass is higher at the center of the wall.  

Figure 8-64 shows peak axial stresses in steel braces of Wall 2 for all intensity levels. The non-

uniform distribution of stresses indicates that one brace was attracting more seismic forces than 

the other. This was due to a loose connection between the wall and one of the braces, probably 

due to bad workmanship.  In any case, the axial stress was well below the yielding limit. Table 

8-10 lists all peak axial stresses at each location. 

 

Table 8-11 Peak values of axial stress of steel anchors and braces at Wall 2  

Location 
Instrument  

ID 

Peak axial stress (psi) 

VA30% VA100% VA150% VA200% VA300% 

Floor to wall 

Connection 

W2SG1 1 2 4 6 8 

W2SG2 10 24 36 42 104 

W2SG3 13 40 55 79 104 

W2SG4 14 25 34 41 45 

Braces 
W2SG5 9 24 34 49 62 

W2SG6 83 89 139 126 181 
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Figure 8-63 Peak axial stresses in steel anchors of Wall 2 
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Figure 8-64 Peak axial stresses in steel braces of Wall 2 

 

8.5.4.1 Hysteretic behavior of isolator, parapet and wall  

Data obtained from shake table test conducted for low level intensities (from 0.05 g to 0.20 g) 

was used to generate force vs. displacement hysteresis loops for Wall 2 specimens in key 

locations.     

Low damping rubbers hysteretic behavior is shown in Figure 8-65. A maximum displacement of 

0.3 inches and a corresponding force of 0.65 kips were obtained for VA300% intensity level.  

The parapet response was in the linear range, as shown in Figure 8-66.  However, for the 

VA300% level of intensity, a slightly change in the initial effective stiffness can be deduced 

from Figure 8-66, indicating initial cracking and nonlinear behavior. The acceleration at the base 

of the wall was significantly amplified at the parapet, as observed from comparing Figure 8-66 

and Figure 8-67.  

Figure 8-67 illustrates the hysteretic behavior of different portions of the wall below the wood 

diaphragm level. A linear behavior between header courses can be observed for VA300%. The 

hysteretic response of the first header course of the wall illustrates the nonlinear rocking 

behavior of the wall at the base. No significant damage in the wall can be inferred from this data. 
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Figure 8-65 Force versus relative displacement of isolators at Wall 2 ( W2A9 vs W2SP16-

W2SP15) 
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Figure 8-66 Acceleration versus relative displacement of parapet at Wall 2     
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a)                                                                             b) 

Figure 8-67 Acceleration versus relative displacement along the height of Wall 2: a) Test 

VA300% and b) Test VA200% 
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8.5.5 Comparison Between the Response of Wall 1 and Wall 2 for Virginia 

Earthquake  

Figure 8-68 shows the vertical absolute acceleration response of the shake table recorded under 

the towers of Wall 1 and Wall 2 for VA300% intensity level. The peak vertical acceleration was 

about 0.12g, almost 50% of the peak horizontal acceleration, which could be interpreted as 

rocking of the table during testing. 

As previously noted, stiff and flexible diaphragms were simulated for Wall 1 and Wall 2, 

respectively. Comparison between peak relative displacements at mid-height of the wall and 

parapets in Figure 8-70 shows a similar behavior for both specimens, despite Wall 2 having 

relatively more flexible bearings. This can also be seen in Figure 8-71, despite of more evident 

relative displacement of Wall 2 at the diaphragm level. Figure 8-69b shows that providing steel 

braces in Wall 2 reduced the maximum displacement of the parapet to similar levels than for 

Wall 1.    

The peak relative displacements obtained at the top of the isolators were similar in both 

specimens, as shown in Figure 8-70a. However, as seen in Figure 8-70b, a larger relative 

displacement was obtained at the top of the tower of Wall 1, which in turn introduced a larger 

relative displacement for the wall. 

A comparison of peak values of relative displacement response at several locations in Wall 1 and 

Wall 2 are shown Figure 8-71a. A linear distribution of relative displacement over the height can 

be observed for all tests. As discussed before, since the walls were free to rotate at the base, rigid 

body rocking around the base was the predominant behavior. The inertia generated in the 

masonry walls was insufficient to cracks the walls. Moreover no relative displacements were 

observed at the connection between the wood joist and the masonry wall. 

Peak values of absolute acceleration response at several locations in Wall 1 and Wall 2 are 

shown in Figure 8-72a. Although a linear profile of accelerations was expected, a parabolic 

profile of inertia forces was observed, revealing a significant influence of the frequency content 

of the seismic input in the distribution of inertial forces in the wall. In next sections, it will be 

demonstrated that the New Zealand earthquake did not modify the expected linear distribution of 

accelerations in the wall.  
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Large relative displacement was observed at the top of both steel towers, as shown in Figure 

8-71b. 

The influence of diaphragm stiffness can be seen in Figure 8-71b and Figure 8-72b.  As 

expected, larger peak relative displacements of the isolators were observed in Wall 2. However, 

the absolute acceleration was slightly amplified at the diaphragm level (height=115 in), 

regardless the type of isolator implemented and the rigid body rotation of the towers. The peak 

absolute accelerations are about the same in both walls for a given simulation, demonstrating the 

effectiveness of using steel braces as a retrofitting technique to reduce seismic demands.  
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Figure 8-68 Vertical absolute acceleration response of the shake table at Wall 1 and Wall 2 
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     a)                                                                                b) 

Figure 8-69 Peak relative displacement vs PGA at a) Mid-height of the walls b) Parapets 
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Figure 8-70 Peak relative displacement vs PGA at a) Isolators b) Steel tower 
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Figure 8-71 Comparison of peak relative displacement profile of Wall 1 and Wall 2 at a) 

masonry wall and b) steel tower and isolators  
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a) b)  
Figure 8-72 Comparison of peak absolute acceleration profile of Wall 1 and Wall 2 at a) 

Masonry wall and b) Steel tower and isolators  
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8.5.6 New Zealand Earthquake Results for Wall 1 

Peak values of relative displacement response at several locations in Wall 1 are shown in Figure 

8-73.  A linear distribution along the height of the wall, up to the wood diaphragm level can be 

observed for intensity levels NZ50% and NZ75%. Again, this linear distribution is attributed to 

the rigid body rocking motion at the base of the wall. A maximum peak displacement of 1.35 

inch at the diaphragm was obtained for a maximum acceleration of 0.25 g generated at the base 

of the wall for NZ75% intensity level.  The large peak relative displacement observed at the base 

of the parapet, with respect to the diaphragm level, it is due to cracking in this zone. From this 

figure, it is implied that the inertia generated in the masonry wall for these tests was enough to 

generate small cracks in the portion of the wall below the wood diaphragm.  

Also, it can be seen in Figure 8-73 that large displacements were obtained in the parapet at 

intensity level NZ75%. Because of this severe damage, intensity level NZ100% collapsed the 

parapet at early stage of the test. Also, a small displacement was observed at the connection 

between the wood joist and the masonry wall.  

Peak values of absolute acceleration response at several locations in Wall 1 are shown in Figure 

8-74. A profile of linear absolute accelerations can be seen for intensity levels NZ50% and 

NZ75%. For NZ100%, higher amplification can be seen at the parapet, due rocking behavior at 

the base.  The absolute acceleration was amplified from 0.38 g at the base to 0.85 g at the wood 

diaphragm level and to 2.32 g at the parapet level.  

As in the Virginia earthquake tests, a large relative displacement was observed at the top of the 

steel tower, as shown in Figure 8-75. The absolute acceleration was amplified at this level, as can 

also be seen in Figure 8-76. Note that the frequency content of the earthquake had less effect in 

the distribution of accelerations along the height of the wall.  A maximum relative displacement 

of the isolators of 0.57 inches was obtained for NZ100%.  Figure 8-75 also shows a significant 

sliding between the concrete blocks and the wood floor.  

Since a stiff diaphragm was provided, the absolute acceleration between the steel tower and the 

blocks was not significantly amplified for all tests, as illustrated in Figure 8-76.  A summary of 

the peak displacements and peak acceleration results are also listed in Table 8-12, and Table 8-13 

respectively. 
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Table 8-12 Peak values of absolute acceleration response at Wall 1 

Location 
Instrument  

ID 

Peak absolute acceleration (g) 

NZ50% NZ75% NZ100% 

Shake table-Vertical W1A1 0.16 0.17 0.16 

Shake table-Horizontal W1A2 0.22 0.25 0.38 

Tower W1A3 0.46 0.47 0.60 

Blocks W1A4 0.55 0.65 0.76 

Wall 

W1A5 0.27 0.26 0.42 

W1A8 0.40 0.43 0.56 

W1A9 0.43 0.48 0.61 

W1A13 0.58 0.65 0.85 

W1A14 0.64 0.69 1.32 

W1A15 0.75 0.79 2.32 

 

Table 8-13 Peak values of relative displacement response at Wall 1 

Location Instrument 

ID 
Peak relative displacement (in) 

  NZ50% NZ75% NZ100% 

Shake table W1SP1 2.486 3.607 4.913 

Top of tower W1SP2 0.908 0.910 1.050 

Isolator W1SP3 1.325 1.346 0.578 

Wood floor W1SP4 1.154 1.910 2.482 

Wall 

W1SP5 0.247 0.316 0.194 

W1SP6 0.424 0.511 0.270 

W1SP7 0.642 0.659 0.337 

W1SP8 0.776 0.828 0.400 

W1SP9 0.946 1.017 0.498 

Parapet W1SP10 2.067 5.744 4.816 

Connection W1SP14 0.034 0.057 0.074 
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Figure 8-73 Profile of maximum displacements along the height of Wall 1 
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Figure 8-74 Profile of maximum absolute accelerations along the height of  Wall 1 
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Figure 8-75 Profile of maximum displacements of the tower, isolator and concrete blocks at 

Wall 1 
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Figure 8-76 Profile of maximum accelerations of the tower, isolator and concrete blocks at 

Wall 1 
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8.5.6.1 Hysteretic behavior of isolator, parapet and wall  

Data obtained from shake table tests conducted for high level intensities (from 0.22 g to 0.38 g 

PGA) was used to generate force vs displacement hysteresis loops for Wall 1 specimens in key 

locations. Lead rubber bearings hysteretic behavior can be observed in Figure 8-77. A maximum 

displacement of 0.58 inches and a corresponding force of 2 kips were obtained for NZ100% 

intensity level.  

The parapet response is shown in Figure 8-78 for all intensity levels. Significant rocking can be 

observed for intensity levels NZ50% and NZ 75%.  The parapet collapsed for NZ100% after 2.5 

seconds of the ground motion.  Figure 8-80 illustrates the hysteretic behavior of different 

portions of the wall below the wood diaphragm level. A linear behavior between header courses 

can be observed for NZ100%. The hysteretic response of the first header course of the wall 

illustrates the nonlinear rocking behavior of the wall at the base. No significant damage can be 

inferred from this data and visual observations. 
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Figure 8-77 Force versus relative displacement of isolators at Wall 1 (W2A9 vs W2SP16-

W2SP15) 



255 

 

 

-2 -1 0 1 2 3
Displacement (in)

-0.4

-0.2

0

0.2

0.4
A

cc
el

er
at

io
n 

(g
)

NZ 100%

-4 -2 0 2 4
Displacement (in)

-0.8

-0.4

0

0.4

0.8

A
cc

el
er

at
io

n 
(g

)

VA 200%

-0.8 -0.4 0 0.4 0.8 1.2
Displacement (in)

-0.8

-0.4

0

0.4

0.8

A
cc

el
er

at
io

n 
(g

)

VA 150%

W1A14 vs. 
(W1SP10-W1SP3)
H=144"

 

Figure 8-78 Acceleration versus relative displacement of parapet at Wall 1  

 
Figure 8-79 Final damage state of parapet in Wall 1 
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Figure 8-80 Acceleration versus relative displacement along the height of Wall 1: a) Test 

NZ100% and b) Test NZ75% 
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8.5.7 New Zealand Earthquake Results for Wall 2 

Peak values of relative displacement response at several locations in Wall 2 are shown in Figure 

8-81.  Different from Wall 1, a nonlinear distribution along the height of the specimen up to the 

wood diaphragm level can be observed for all intensity levels. This nonlinear distribution is 

attributed to the cracking in the wall below the wood diaphragm. A maximum peak displacement 

of 4.51 inch at the diaphragm was obtained for a maximum acceleration of 0.38 g generated at 

the base of the wall for NZ100% intensity level.  The large relative displacement observed for 

the parapet is also an indication of cracking.  Also, Figure 8-81 shows that the peak displacement 

at the wood diaphragm is reduced after cracking of the portion of the wall beneath the parapet.  

Peak values of absolute acceleration response along the height of Wall 2 are shown in Figure 

8-82. A nonlinear profile of absolute accelerations was obtained for all intensity levels due to 

cracking at the mid-height of the wall between the wood floor and the base.  The absolute 

acceleration was amplified from 0.38 g at the base to 1.05 g at the wood diaphragm level and to 

1.95 g at the parapet level.  

A relative displacement of 1.45 inches was observed at the top of the steel tower, as shown in 

Figure 8-84. The absolute acceleration was doubled at the top of the tower as can also be seen in 

Figure 8-83.  A maximum relative displacement of the isolators of 4.35 inches was obtained for 

NZ100%, as shown in Figure 8-83.   

Because of the relative large flexibility of the diaphragm, the absolute input acceleration was 

amplified at the wood diaphragm, steel tower, concrete blocks and parapet levels, as illustrated in 

Figure 8-84.  A summary of the peak displacements and peak acceleration results are also listed 

in Table 8-14, and Table 8-15 respectively. 
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Table 8-14 Peak values of absolute acceleration response 

Location 
Instrument  

ID 

Peak absolute acceleration (g) 

NZ50% NZ75% NZ100% 

Shake table-Vertical W2tblver 0.22 0.20 0.20 

Shake table-Horizontal W2TAB 0.20 0.24 0.36 

Tower W2A8 0.42 0.44 0.55 

Blocks W2A9 0.83 1.02 1.17 

Wall 

W2A1 0.26 0.28 0.38 

W2A2 0.36 0.38 0.52 

W2A4 0.58 0.62 0.79 

W2A5 0.69 0.73 0.92 

W2A6 0.83 0.88 1.05 

W1A7 0.97 1.32 1.53 

W1A12 1.23 1.68 1.97 

 

Table 8-15 Peak values of relative displacement response 

Location 
Instrument 

ID 

Peak relative displacement (in) 

NZ50% NZ75% NZ100% 

Shake table W2SP1 2.486 3.607 4.913 

Top of tower W2SP15 1.147 1.115 1.456 

Isolator W2SP16 3.262 3.544 4.354 

Wood floor W2SP17 3.493 3.551 4.514 

Wall 

W2SP5 1.972 2.064 2.898 

W2SP8 2.056 2.129 3.215 

W2SP9 2.221 2.343 3.118 

Parapet W2SP13 3.566 4.041 5.109 

Connection 
W2SP10 0.024 0.029 0.045 

W2SP12 0.014 0.018 0.042 
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Figure 8-81 Profile of maximum displacements along the height of Wall 2 

0 0.4 0.8 1.2 1.6
Absolute acceleration (g)

0

40

80

120

160

H
ei

gh
t (

in
)

W2TAB

W2A1

W2A2

W2A4

W2A5

W2A6

W1A7

NZ 50%
NZ 75%
NZ 100%

 
Figure 8-82 Profile of maximum accelerations along the height of Wall 2 
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Figure 8-83 Profile of maximum displacements of the tower, isolator and concrete blocks at 

Wall 2 
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Figure 8-84 Profile of maximum accelerations of the tower, isolator and concrete blocks at 

Wall 2 

 

Peak axial stresses in the steel anchors between wood joists for all intensity levels of NZ 

earthquake are shown in Figure 8-85. As expected, the maximum stress increases with an 

increase in the intensity of the motion and the effect of wall failure. The axial stress in the central 
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anchors was almost 2.5 higher than the axial stress in the edge anchors, since the tributary 

seismic mass is higher at the center of the wall.  

Figure 8-86 shows peak axial stresses in steel braces in Wall 2 for all shaking intensities 

involving the NZ earthquake. Again, the non-uniform distribution of stresses indicates that one 

brace was attracting more seismic force than the other. This was due to a loose connection 

between the wall and one of the braces. As expected, the axial stress was well below the yielding 

limit.  

 

Table 8-16 Peak values of axial stress of steel anchors and braces at Wall 2 

Location 
Instrument 

ID 

Peak axial stress (psi) 

NZ50% NZ75% NZ100% 

Floor to wall 

Connection 

W2SG1 36 49 57 

W2SG2 341 204 408 

W2SG3 325 166 187 

W2SG4 165 148 259 

Braces 
W2SG5 265 257 359 

W2SG6 1389 2154 2261 
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Figure 8-85  Peak axial stresses in steel anchors of Wall 2  
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Figure 8-86 Peak axial stresses in steel braces of Wall 2 

 

 

8.5.7.1 Hysteretic behavior of isolator, parapet and wall  

The hysteretic behavior of low damping rubbers is shown in Figure 8-87. A maximum 

displacement of 2.5 inches and a corresponding force of 3000 lb. were obtained for N100% 

intensity level.  

The nonlinear behavior of the portion of the wall above the wood floor is shown in Figure 8-88.  

After cracking, a predominant frictional and self-centering behavior can be observed. Note that 

residual deformation occurred for higher shaking intensities, making the wall as unrepairable, 

despite having implemented two standard retrofitting techniques. The peak absolute acceleration 

remained almost constant for all NZ intensity levels. 

 Figure 8-90 illustrates the hysteretic behavior of different portions of the wall below the wood 

diaphragm level. A nonlinear behavior between header courses can be observed for NZ100%. 

The hysteretic response of the first header course of the wall illustrates the nonlinear rocking 

behavior of the wall at the base, which is very similar to the hysteretic behavior of the isolator. 
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Figure 8-87 Force versus relative displacement of isolators at Wall 2 
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Figure 8-88 Acceleration versus relative displacement of parapet at Wall 2 

 
Figure 8-89 Final residual drift of Wall 2, after NZ 100% 
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a)                                                                             b) 

Figure 8-90 Acceleration versus relative displacement along the height of Wall 2: a) Test 

NZ100% and b) Test NZ75% 
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8.5.8 Comparative Response of Wall 1 and Wall 2 for New Zealand Earthquake  

Figure 8-91 shows a comparison between peak relative displacements at mid-height of the walls 

and parapets. A different behavior for both specimens can be seen, mainly due to Wall 2 having 

more flexible bearings. As in low level intensity tests, steel braces and steel rods in Wall 2 

reduced the maximum displacement in the parapet for similar PGA levels, as illustrated in Figure 

8-91. Note that the parapet of Wall 1 collapsed for NZ100%, whereas Wall 2 did not collapse but 

experienced irreparable damage.   

Again, the peak relative displacements obtained at the top of the isolators were also different in 

both specimens, as shown in Figure 8-92 (a). However, as seen in Figure 8-92 (b), similar peaks 

displacements were obtained at the top of the tower of both walls.  

Peak values of relative displacement response at several locations of Wall 1 and Wall 2 are 

shown in Figure 8-93.  A linear distribution is dominant for Wall 1 whereas a nonlinear behavior 

is observed for Wall 2.  

Peak values of absolute acceleration response at several locations in Wall 1 and Wall 2 are 

shown in Figure 8-94. A profile of linear absolute accelerations can be seen for both specimens.  

Both walls had a large relative displacement of the steel tower, as shown in Figure 8-93(b). The 

absolute acceleration was amplified at this level, as can also be seen in Figure 8-94(b). 
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a)                                                                             b) 

Figure 8-91 Peak relative displacement vs. PGA at a) Mid-height of the walls b) Parapets 
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a)                                                                             b) 

  Figure 8-92 Peak relative displacement vs PGA at a) Isolators b) Steel tower 
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Figure 8-93 Comparison of peak relative displacement profile of Wall 1 and Wall 2 at a) 

Masonry wall and b) Steel tower and isolators 
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Figure 8-94 Comparison of peak absolute acceleration profile of Wall 1 and Wall 2 at a) 

Masonry wall and b) Steel tower and isolators 
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8.5.9 Effect of Frequency Content in the Response of Wall 1 And Wall 2  

The effect of the frequency content on the seismic response of both walls was observed by 

subjecting the specimens to the same PGA but different ground motions. Figure 8-95 presents 

the absolute acceleration obtained at the shake table for VA300% and NZ50%. Note that the 

peak acceleration in both cases is about 0.20g. On the other hand, the absolute displacement 

response obtained in the table is significantly different, as shown in Figure 8-96. As discussed 

before, out-of-plane masonry walls are more sensitive to displacements than accelerations.  

The response of the walls in terms of peak displacements can be seen in Figure 8-97. Note the 

larger deformations for NZ50%, at the tower, isolators and the masonry walls. A comparison of 

the absolute acceleration response is shown in Figure 8-98. The parabolic distribution of 

accelerations in the masonry wall indicates a strong influence of the frequency content of the 

input motion.  This influence can also be observed in the steel tower and isolators. Note that 

resonance issues between the natural frequency of the table and the input motions could also 

explain this unexpected behavior. This issue, however, was not further investigated.  
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Figure 8-95 Absolute acceleration of the shake table for VA300% and NZ50% 
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Figure 8-96 Absolute displacement of the shake table for VA300% and NZ50% 
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Figure 8-97 Comparison of peak relative displacement profile of Wall 1 and Wall 2 for 

VA300% and NZ50% intensity levels at a) Masonry wall and b) Steel tower and isolators 
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Figure 8-98 Comparison of peak absolute acceleration profile of Wall 1 and Wall 2 for 

VA300% and NZ50% intensity levels at a) Masonry wall and b) Steel tower and isolators  

 

8.6 Comparison of the Walls and Diaphragm Response with ASCE 41-06 

Standard and ABK Methodology 

In this section, a comparison of the walls and flexible diaphragm shake table response with 

ASCE 41-06 standard and the ABK methodology is presented. This comparison will provide 

more insight regarding the level of conservatism existing in these current methodologies. 

However, it is important to clarify that a larger number of shake table testing and specimens are 

required to define a trend in the response of the walls, and reduce the uncertainty in current 

seismic assessment methodologies. 

Code based evaluation of out-of-plane walls is currently addressed by ASCE 41 (2006), NZSEE 

(2006) and EUROCODE 8.  Current stability limits (h/t ratios) for out-of-plane unreinforced 

masonry (URM) walls, as described in ASCE/SEI 41-06 (2007), are based on recommendations 

provided by the ABK experimental program (ABK 1984). As discussed in Section 3, the concept 

of defining an h/t ratio for URM out-of-plane walls has been suggested many years ago through 

the empirical design of URM walls in the United States.  

Recent research conducted on out-of-plane URM walls to evaluate the ASCE 41-06 h/t limits 

showed contradictory results. In one hand, Simsir et al. (2004), Sharif et al. (2007) and Penner 

and Elwood (2012) suggested that the allowable h/t ratios in the current seismic design 

guidelines are somewhat conservative and can be increased from 20 to as much as 31 for low 



271 

 

 

intensity ground accelerations, as shown in Figure 8-99. In contrast, research programs 

conducted in New Zealand by Derakhshan (2011) on out-of-plane walls subjected to near field 

ground motions and shallow soils concluded that the ASCE 41-06 h/t limits are significantly 

unconservative, as illustrated in Figure 8-100.    

Recommendations provided in NZSEE (2006) for evaluation of one-way spanning walls are 

based on the work by Blaikie (1999) and Blaikie and Spurr (1992).  They formulated an 

analytical model of the walls based on stability concepts. Similar to ASCE 41-06, if the walls are 

not properly restrained to the diaphragms, then this methodology cannot be used. Since the 

methodology was validated using the ABK experimental results, its shares the same 

shortcomings and range of validity. Moreover, the method does not include details that show 

whether the effects of diaphragm flexibility have been included in the methodology 

(Derakhshan, 2011).  

EUROCODE 8 provides some constraints regarding the minimum thickness and maximum 

slenderness of URM walls. However, it is recognized that the proposed approach for seismic 

evaluation of URM buildings is inappropriate or incomplete (Magenes and Penna 2011). 

Regarding the out-of-plane evaluation of masonry buildings, a recent methodology has been 

implemented in the Italian code for the seismic analysis of this local collapse mechanism based 

on equilibrium limit analysis. This methodology is based on the analytical and experimental 

work conducted by several researchers [ D’ayala and Speranza (2003), De Felice and Giannini 

(2001), Doherty et al. (2002), Griffith et al. (2007), Vélez and Magenes (2009)].  

Although the proposed methodology is useful to evaluate the assessment of out-of-plane walls, 

further research is required to verify the results in low seismicity areas in which the limit states 

might never be reached, and account for slender walls with non-negligible initial elastic 

deformability (Magenes and Penna, 2011).    
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Figure 8-99 Results of the evaluation of ASCE 41-06 h/t limits conducted by Penner and 

Elwood (2012) 

 
Figure 8-100 Results of the evaluation of ASCE 41-06 h/t limits conducted by (Derakhshan 

2011) 

Figure 8-101 shows the experimentally obtained spectral acceleration at 1 second, Sa (1.0) for 

the specimens at NZ75% intensity level (Walls exhibited severe damaged at this intensity level) 

overlaid on the permissible h/t ratios for URM out-of-plane walls recommended in ASCE 41-06 

standard. This standard stated that for the wall specimens (h/t=10), stability need not to be 

checked since the slenderness is less than 20, which is the limit for walls of one-story buildings. 
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Also, spectral accelerations which would cause damage to the walls are expected to be higher 

than 0.37g.  From Figure 8-101, it can be seen that these recommendation are unconservative, 

since severe damage was observed in the walls at Sa(1.0) equals to 0.24g. Even the permissible 

limits for walls at the top story of multi-story buildings appear to be unconservative, as also 

highlighted in Figure 8-101.  

As indicated in Section 8.1.1, current stability limits (h/t ratios) for URM out-of-plane walls, as 

described in ASCE/SEI 41-06 (2007), are based on recommendations provided by the ABK 

experimental program (ABK 1984).  However, these stability limits (h/t) were first 

recommended by ABK in terms of velocities, rather than accelerations. As indicated by Bruneau 

(1994b), input velocities are directly related to the seismic energy delivered to the system and 

can be a convenient demand parameter, for both, the walls and flexible diaphragms. Figure 8-102 

shows the experimentally obtained peak velocities at diaphragm levels of Wall 1 and 2. It can be 

seen that the ABK methodology is also unconservative, since both walls were damaged at peak 

diaphragm velocities lower than expected.  

Regarding the seismic behavior of existing buildings with flexible diaphragms, the ABK 

methodology specifies boundary limits (See Figure 8-103), in which the existent structure must 

fall in order to prevent excessive inter-story drifts and velocity amplifications. In Region 1, 

crosswalls are required to keep the velocity (V) less than 21 in/sec and the velocity 

amplifications (Av) less than 1.75. For Region 2, crosswalls are not needed, since the demand-

capacity ratio (DCR) is sufficient to keep Av less than 1.75 and V less than 21 in/sec. For Region 

3, the DCR is not sufficient to prevent Av and V to be less than 1.75 and 21 in/sec, respectively.  

The corresponding DCR for the prototype and the wall specimens were computed to assess their 

expected performance, as per ABK methodology. The DCR was computed as the ratio between 

the peak shear and the ultimate capacity of the diaphragm. For the prototype, the peak shear was 

obtained through nonlinear response history analysis under the NZ75% intensity level, and the 

capacity through pushover analysis of the diaphragm. For Wall 1 and Wall 2 the peak shear was 

obtained from the response of the isolators during the NZ75% intensity level, as seen in Figure 

8-77 and Figure 8-87, respectively. The capacity was obtained from the force-displacement 

relationship of each isolator, which was taken from Sanchez-Ferreira (2011). The prototype 

building, and Wall 1 and 2 fall in Region 3, as seen in Figure 8-103.  
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Figure 8-104a and Figure 8-104b presents the peak velocities obtained for all intensity levels in 

Wall 1, tower and isolators, respectively.  Little amplification was obtained for all intensities of 

the Virginia earthquake. However, the input velocity was amplified up to three times at the 

diaphragm level, for all New Zealand earthquake intensities. Note that the velocities were 

obtained by integrating the recorded accelerations. Velocities at the parapet for NZ100% could 

not be estimated due to numerical errors introduced by the recorded accelerations at that level 

due to rocking behavior. 

Figure 8-105a and Figure 8-105b presents the peak velocities obtained for all intensity levels in 

Wall 2, tower and isolators, respectively. Similar to Wall 1, the input velocity remained almost 

constant for all intensity levels of the Virginia earthquake. Larger amplifications of the input 

velocity (up to 4 times) at the diaphragm level were obtained for all intensities of the New 

Zealand earthquake.  
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Figure 8-101 Experimentally obtained Sa (1.0) superposed on figure of permissible h/t 

ratios for URM out-of-plane walls (ASCE 41-06)  
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Figure 8-102 Experimentally obtained peak velocities superposed on ABK’s regression 

analysis curves for 98% probability of survival for out-of-plane dynamic stability response 

of URM walls (calculation of permissible limits: SRSS denotes the square root of the sum of 

the squares). [Adapted from Bruneau (1994b)] 
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Figure 8-103 DCR of the building prototype, Wall 1 and Wall 2, superposed on figure of 

acceptable diaphragm span versus demand-capacity ratio [Adapted from Bruneau (1994b)] 
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Figure 8-104 Peak velocity profile of Wall 1 at a) Masonry wall and b) Steel tower and 

isolators 
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Figure 8-105 Peak velocity profile of Wall 2 at a) Masonry wall and b) Steel tower and 

isolators 

 

8.7 Comparison Between Numerical and Experimental Results  

In this section, predictions of the seismic response and dynamic characteristics for the 

experimental structure were performed on a numerical model developed in SAP2000. The 

modelling techniques developed in Section 4, 5 and 6 were used to develop a simplified 

numerical model of the experiment conducted in Section 8. The numerical model includes the 

masonry wall, connections and diaphragm flexibility.  

Herein, the intention was not to calibrate the main structural elements of the model to match the 

experimental results. Instead, an effort was made to validate previous numerical models, which 
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are based on simple equations and understand its overall performance in capturing the nonlinear 

seismic response of the system.   

8.7.1 Numerical Model in SAP2000 

The numerical model of the masonry walls was developed following the approach described in 

Section 6. Figure 8-106 illustrates a 3D view of the final model in SAP2000 and its main 

structural components.   

 A 12”x72”x167” shell thick element with Modulus of Elasticity of 500 ksi and unit weight of 

6.944e-05 kip/in3 was created in SAP2000.  Two cracks were connecting three independent shell 

elements.  One crack was located at mid-height of the wall while the other one was placed at the 

base of the parapet. Moment-rotation relationships were also defined using equations proposed in 

Section 6. 

Elastic beam elements were used to model 2”x10”wood joists. Elastic modulus and unit weight 

were set equals to 1800 ksi, and 1.98E-05 kip/in3, which are values used in Section 4. Note that 

wood boards were not modeled, but an x-y constraint between intermediate joints was applied. 

The concrete block was simulated by applying a distributed load on certain joists elements, as 

illustrated in Figure 8-107. 

An impact-friction-nail model, as recommended in Section 5, was defined to connect the 

masonry wall to the wood joist element. A close-up view of the model can be seen in Figure 

8-108. Note that the nail model was modeled only in Wall 2, which had steel anchors to prevent 

relative sliding.  Also, elastic beam elements were used in Wall 2, to model the steel braces used 

to reinforce the parapet.  

As discussed before, diaphragm flexibility was accounted for using elastomeric bearings. 

Numerical model of this type of bearing are incorporated in SAP2000. A Rubber Isolator Nlink 

type was used for this purpose. The properties of lead rubber bearings and low damping rubbers 

were obtained from previous experimental studies (Sanchez-Ferreira 2011), calibrated and then 

implemented in the model of the wall, as shown in Figure 8-109 and Figure 8-110.  

Elastic beam elements were used to model the steel tower. The cross section properties and 

dimensions were also obtained from previous research (Alzeni 2014). To capture the global 

rotation of the tower, due to flexibility of the concrete extension of the shake table, gap and 
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elastic spring elements were introduced at the base of the tower and the masonry wall. The 

properties of these elements were calibrated to match the rotational movement of the tower.  

 
Figure 8-106 3D model of the URM wall specimen using SAP2000 

 

Nlink Rubber Isolator 
(Model of lead rubber 
bearings)

Elastic Beam Elements 
(model of steel tower)

Elastic Beam Elements 
(model of wood joists)

Elastic Shell Elements 
(model of URM wall)

Nlink Rotational Spring
(model of out-of-plane 
behavior)

Nlink Gap element 
(model of flexibility 
of the base)

Nlink Gap element 
(model of flexibility 
of the base)

Impact-Friction
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Figure 8-107 Superdead loads applied to the numerical model to simulate concrete blocks 

 
Figure 8-108 Modeling of the connection between wood joist and masonry walls 

Rotational Spring 
for the ParapetImpact-Friction-

Nail element
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Figure 8-109 Calibration of isolator properties used in Wall 1: a) Numerical and b) 

Experimental 
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Figure 8-110 Calibration of isolator properties used in Wall 2: a) Numerical and b) 

Experimental (Sanchez-Ferreira 2011) 

 

Actual absolute accelerations recorded at the base of the table during the test were used as an 

input to analyze this structure. Gravity loads were first applied to the structure using a nonlinear 

static case. Then nonlinear response history was conducted using Hilber Hughes-Taylor direct 

integration scheme available in SAP2000. Mass and stiffness proportional damping were used, 

with 2% damping applied to the first mode, and 5% to the second. Lower damping values can be 

considered since most energy dissipation is expecting to come from the Nlink elements included 
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in the model. The P-delta plus large displacement option was selected for all time-history 

analysis.  

8.7.2 Comparison of Numerical and Experimental Results for Wall 1 and Wall 

2  

A comparison of numerical and experimental peak relative displacements and absolute 

accelerations obtained for NZ75% ground motion intensity is presented in this section.  This run 

was considered more appropriate to compare the nonlinear response of the wall, since the final 

run caused collapse in both specimens and the VA300% intensity barely caused damage in the 

wall.  

Overall, the numerical model underestimated the accelerations of Wall 1 and Wall 2, as observed 

in Figure 8-111 and Figure 8-112. A very good agreement was obtained for accelerometers 

located close to the bottom part of the walls. In particular, the accelerations obtained for Wall 1 

at the parapet and for Wall 2 right underneath the wood joist were underestimated by almost 

100%. This is mainly because the numerical model for the cracks in the parapet cannot capture 

impact due to rocking.  

A better prediction was obtained for peak relative displacements. Figure 8-113 and Figure 8-114 

present a comparison between peak relative displacements obtained for Wall 1 and Wall 2 

respectively. The numerical model overestimated most peak displacements, in particular for Wall 

2. Nonetheless, a good prediction was obtained for the displacement at the top of the steel tower 

and isolators.  

Response history comparison of relative displacements and absolute accelerations are presented 

in Figure 8-115 through Figure 8-120 and from Figure 8-121 to Figure 8-124, respectively, for 

Wall 1. In general, the dynamic characteristics of the wall are well simulated along the height of 

the wall. However, the highly nonlinear behavior of the parapet (See Figure 8-115) was poorly 

captured by the model since cumulative damage from previous runs are not accounted for in this 

simulation. 

For Wall 2, the response history displacements are presented from Figure 8-126 to Figure 8-133. 

A very good agreement was found during transient response of the system, while a minor 

lengthening of the period can be seen during free response.  Absolute accelerations are shown 

from Figure 8-134 to Figure 8-140. Again, good agreement was found between the numerical 
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model and the experiment. The most notable disagreement occurred at the steel braces and 

anchors, in which the numerical model significantly overestimated the peak axial responses.  

A comparison of peak displacements at the top of wall 1, between one-story building prototype, 

specimen and numerical model is presented in Figure 8-125. A good agreement can be observed 

between the numerical model of the experiment and the prototype. However, the peak response 

is overestimated in both models.  
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Figure 8-111 Numerical and experimental comparison of peak absolute accelerations of 

Wall 1 
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Figure 8-112 Numerical and experimental comparison of peak absolute accelerations of 

Wall 2 
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Figure 8-113 Numerical and experimental comparison of peak relative displacement of 

Wall 1 
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Figure 8-114 Numerical and experimental comparison of peak relative displacement of 

Wall 2 
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Figure 8-115 Comparison of relative displacement W1SP10 
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Figure 8-116 Comparison of relative displacement W1SP7 
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Figure 8-117 Comparison of relative displacement W1SP6 
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Figure 8-118 Comparison of relative displacement W1SP5 
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Figure 8-119 Comparison of relative displacement of tower W1SP3 

13 14 15 16 17 18 19 20
Time (sec)

-0.8

-0.4

0

0.4

0.8

R
el

at
iv

e 
D

is
pl

ac
em

en
t (

in
)

Numerical
Experiment

 
Figure 8-120 Comparison of relative displacement of Isolators W1SP3-W1SP2 
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Figure 8-121 Comparison of absolute acceleration W1A15 
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Figure 8-122 Comparison of absolute acceleration W1A9 
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Figure 8-123 Comparison of absolute acceleration W1A8 

 

 



287 

 

 

12 13 14 15 16 17 18 19 20
Time (sec)

-0.4

-0.2

0

0.2

0.4
A

bs
ol

ut
e 

A
cc

el
er

at
io

n 
(g

)
Numerical
Experiment

 
 

Figure 8-124 Comparison of absolute acceleration W1A5 
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Figure 8-125 Peak displacement at the center of the diaphragm obtained with prototype, 

experiment and numerical model of the experiment 
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Figure 8-126 Comparison of relative displacement W2SP13 
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Figure 8-127 Comparison of relative displacement W2SP9 
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Figure 8-128 Comparison of relative displacement W2SP8 
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Figure 8-129 Comparison of relative displacement W2SP5 
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Figure 8-130 Comparison of relative displacement at the tower W2SP16 
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Figure 8-131 Comparison of relative displacement of Isolators W2SP16-W2SP15 
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Figure 8-132 Comparison of axial stresses in the braces W2SG6 
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Figure 8-133 Comparison of axial stresses in the steel anchors W2SG2 
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Figure 8-134 Comparison of absolute acceleration W2A1 
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Figure 8-135 Comparison of absolute acceleration W2A2 
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Figure 8-136 Comparison of absolute acceleration W2A4 
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Figure 8-137 Comparison of absolute acceleration W2A5 
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Figure 8-138 Comparison of absolute acceleration W2A6 
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Figure 8-139 Comparison of absolute acceleration W2A8 
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Figure 8-140 Comparison of absolute acceleration W2A9 
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8.8 Summary and Findings 

The main goal of the experiment described in this section was to obtain data to verify and 

validate simplified numerical models of URM walls with parapets, floor-to-wall connections and 

flexible wood diaphragms. A summary and main findings, considering each parameter 

considered in this study are summarized below:  

 A systematic procedure to define a simplified, reliable numerical model of out-of-plane 

URM walls in multi-story buildings was proposed. The models were validated through 

nonlinear response history analysis. Peak responses of URM walls subjected to out-of-

plane loading in multi-story buildings can be estimated with the new methodology 

developed in this study. 

 Effect of the frequency content of the seismic input: During the test, the walls were 

subjected to two ground motions having the same PGA but different frequency content, 

namely VA300% and NZ50%. Comparison of acceleration and peak displacement profile 

of the wall suggests that distribution of accelerations in the walls and dynamic 

amplification over the height are affected by the frequency content of the input motion. 

Thus, this variable should be incorporated in future revisions of the ASCE 41-06 

standard. Expressing the stability limits in terms of velocities rather than spectral 

accelerations can provide a better understanding of the input seismic energy. Note that 

resonance issues between the natural frequency of the table and the input motions could 

also explain this unexpected behavior. This issue, however, needs to be further 

investigated.  

 Effect of common retrofitting techniques for parapets and floor-to-wall connections: For 

the low intensity levels of the Virginia Earthquake, no significant differences were 

observed in the seismic response of retrofitted and unretrofitted walls. Although the 

specimens were able to sustain the Virginia Earthquake with minor damage, the actual 

vulnerability of full URM buildings in low to medium seismic hazard areas needs to be 

further investigated.  For the strong seismic intensities of the New Zealand Earthquake, 

common retrofitting techniques were effective in reducing accelerations at the diaphragm 

and preventing out-of-plane collapse of parapets. However, unexpected collapse modes 

were triggered, thus reducing the overall benefit of the strengthening methods. A 
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comparative study of the experimental walls and diaphragm response with the ASCE 41-

06 standard suggested that current ASCE 41-06 stability limits may not be conservative, 

regarding the assessment of URM walls with strengthened and as built parapets and 

flexible diaphragms.  

 The effect of wood diaphragm stiffness: For low seismic intensity levels, no significant 

differences were observed in the seismic response of walls with flexible and stiff 

diaphragms. For strong motion shaking, larger accelerations and displacements were 

observed at mid-height and floor level of Wall 2 with flexible bearings (However, the 

flexibility of the diaphragm appears less relevant at the parapet level, as suggested by the 

collapse of parapets in Wall 1 which had a stiff diaphragm simulated.) 

 The aging effects in URM construction: Although the walls were constructed using old 

reclaimed bricks and a weak type of mortar, no compression cracks were observed in the 

units and mortar-units interfaces. Parametric analyses are required to analyze different 

mortar and unit strengths, and their effect in the final failure mode of the specimens.  

 The filtering effects on the seismic input of out-of-plane walls: Rigid body motion was the 

dominant kinematic behavior of the steel towers transferring the ground shaking to the 

flexible floor diaphragms. Thus, although the seismic excitation, (e.g. input acceleration 

to the floor) was modified, it is unclear if this effect could be representative of the actual 

behavior of in-plane walls in URM buildings. Nevertheless, experimental results can still 

be used to validate analytical models, if rotational springs are introduced at the base to 

capture this effect.   

 The influence of gravity loads: Observed failure modes in both specimens were likely 

affected by additional dead loads from the parapet and diaphragm, which enhanced wall 

out-of-plane stabilities, preventing the formation of cracks at mid-height of the walls, but 

shifted the concentration of stresses to the shear capacity of the mortar-brick interface. 

 The seismic demands along the height of the wall: the distribution of the inertial forces, 

displacements and accelerations in the walls were significantly affected by the presence 

of parapets and realistic connections in the test setup. Despite the limitations in producing 

the input excitation at the diaphragm level due to the rocking steel frame, no previous 

tests had accounted for the effects of parapets and connections to diaphagms.  
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 The numerical models generated in SAP2000 for wood diaphragms, floor-to-wall 

connections and masonry walls provided satisfactory results at the system level response. 

Peak displacement response was better predicted than peak accelerations, since the model 

for masonry walls does not account for impact effects generated by rigid body rocking. 
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SECTION 9  

 PRELIMINARY PERFORMANCE-BASED ASSESSMENT OF URM 

BUILDINGS IN NEW YORK CITY      
 

 

9.1 Introduction 

The experimental program and numerical studies conducted in this report were motivated by the 

need for efficient and reliable models of masonry buildings at the system level for use in 

performance-based seismic assessment. Here, a preliminary study is presented for an archetype 

unreinforced masonry (URM) building in New York City (NYC) with an emphasis on out-of-

plane behavior. The main objective is to demonstrate the feasibility of such a study with 

proposed model. A fully detailed analysis of URM buildings considering other potential failure 

modes is beyond the scope of this report.  

The probabilistic framework and new performance definitions provided by the FEMA-P58 

project (FEMA P58-1 2012) were used to conduct the assessment. The macro-models for in-

plane walls, wood diaphragms and out-of-plane walls developed in previous sections were used 

to generate out-of-plane URM fragility curves, a building-specific collapse fragility function, and 

estimate the seismic response of the building when subjected to intensity ground shaking similar 

to the 2011 Virginia earthquake.  Sample results are presented from the performance calculations 

that illustrate the probable loss and repair time for the archetype building. 

As discussed in Section 2 and 8, the high vulnerability of URM buildings to out-of-plane damage 

and collapse has been observed in past earthquakes. Since the URM building stock in NYC 

shows evidence of missing joist anchorage and rotted wood joists (Eschenasy 2011), the first 

stage of this study focused on estimating the performance of the buildings considering this 

failure mode. This section describes the implementation of this methodology including the 

numerical models, and presents preliminary results of the seismic performance of the archetype 

building.  
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9.2 Performance Based Assessment Framework 

The FEMA P58 framework explicitly accounts for all uncertainties involved in the process of 

estimating the seismic performance of a building.  Uncertainties in the seismic hazard, 

construction materials, modelling and response of the building, damage states and their 

consequences are considered. The seismic performance is expressed in terms of deaths and 

serious injuries, repair and replacement costs, and business interruption time. It can be 

implemented in five steps, namely, 1) assemble a building performance model, 2) define 

earthquake hazards, 3) analyze the building response, 4) estimate collapse fragility functions, and 

5) performance calculations. Figure 9-1 illustrates the FEMA P58 methodology with each step 

briefly described below.  

Step 1: A building performance model is an organized description of building assets (i.e., 

structural system, non-structural components and occupancy); vulnerability of each of these 

assets; relevant demand parameters they will be subjected to during ground shaking; all potential 

damage they will experience due to these demands and the consequences of this damage.   

Step 2: Earthquake hazard is defined according to the assessment type considered. The 

methodology enables intensity-, scenario- and time-based assessments. An intensity-based 

assessment estimates the probable losses in a building subjected to a particular ground shaking 

intensity. Scenario-based assessment provides estimated losses for an earthquake of specific 

magnitude and location. Lastly, time-based assessment estimates probable annual losses 

considering all possible earthquakes and seismic sources.  

Step 3 and 4: Analyzing the building response involves computing demand parameters such as 

drift, floor accelerations, floor velocity, and residual drift. Nonlinear response-history analysis is 

used for calculating demand parameters and developing building-specific collapse fragility 

functions, which are required to determine potential casualties. Because the seismic response of 

the building is obtained with a limited suite of ground motions, additional performance 

calculations require generating simulated demands. This process is completed using Monte-Carlo 

analysis. An extended discussion on this procedure can be found in the FEMA P58 guidelines. 
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Step 5: The simulated demands are used to determine whether collapse occurs, estimate damage, 

and compute casualties, repair costs and repair time. This process is usually completed using the 

Performance Assessment Calculation Tool (PACT), developed as part of the FEMA P58 project. 

 

  
Figure 9-1 Performance-based assessment methodology (after FEMA P58) 

 

9.3 Building Performance Model  

A building performance model is an organized description of building assets (i.e., structural 

system, non-structural components and occupancy); vulnerability of each of these assets; 

relevant demand parameters they will be subjected to during ground shaking; all potential 

damage they will experience due to these demands and the consequences of this damage. 

A complete characterization of the building includes: 1) A general geometric description of the 

building 2) list of structural and nonstructural components relevant to the archetype building 

evaluated 3) a thorough description of the performance groups associated to the building 4) the 

best estimation of occupancies and population models.   

 

9.3.1 Building Geometry 

Characteristics of the archetype building in NYC were identified in Section 3. The archetype 

URM building in NYC is five-stories, with wood diaphragms consisting of  2”x6”straight 

sheathing and 2”x10” wood joist spanning over long horizontal transverse 12” multi-wythe URM 

walls, and many openings at the façade. The floor plan dimension of the building is 25’x 60’ and 
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typical story height is about 12’. Typical nonstructural components, such as interior walls, 

mechanical and electrical equipment were taken from PACT, for commercial and residential 

buildings. This was deemed appropriate, since the main goal of this section was to illustrate the 

relative performance of out-of-plane walls as compared to other nonstructural components.   An 

illustration of the building is provided in Figure 9-2 and assumed building information is listed in 

Table 9-1. 

The total replacement cost of the building performance model was calculated to be about US 

$750,000. This value is similar to that estimated for URM buildings in Los Angeles (USGS 

2008) but it should be considered as a rough estimate only. The main purpose is to have a 

reasonable value to estimate loses. Considering only the core and shell replacement cost was 

estimated to be $450,000. A replacement time of 180 days was assumed. 

 

Table 9-1 Building information for assessment 

Building Information 

Number of Stories 5 

Occupancy Commercial office 
Residential 

Floor Area 1,500 ft2 

Story Height 12 ft 

Total Replacement  Cost $ 750,000 

Core and Shell Replacement Cost $ 450,000 

Replacement Time 180 days 

Structural System Wood floors 
12”URM walls 

Non-structural Components (PACT) 

Wall partitions of  gypsum 
Prefabricated steel stairs 
Suspended ceilings 
Piping, HVAC 
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Figure 9-2 Building performance model for NYC  

9.3.2 Structural Components 

The Normative Quantity Estimation tool provided by ATC-58 was utilized to define typical 

quantities, vulnerability and distribution of damageable components and contents for commercial 

and residential buildings.   

A user defined fragility function for out-of-plane URM walls was constructed using incremental 

dynamic analysis.  In defining this function, two damage states were considered, namely, 1) 

onset of flexural cracking requiring cosmetic repairs (DS1) and 2) significant cracking along the 

height of the wall that may lead to partial or total collapse of the wall (DS2). 

Also, a repair cost and repair time consequence function were defined. These consequence 

functions were estimated from (McMonies 2010) where the cost of implementing several retrofit 

techniques is provided.  

In defining the gravity load due to residential and commercial occupancy, the default values 

provided in ASCE 7-10 were used. No special distribution of loads or reductions of live loads 

were considered.  Limited information exists on the population models of the buildings and the 

default functions provided in the PACT software for residential and commercial buildings were 
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utilized.  The building population model is illustrated in Figure 9-3. These building population 

models express the number of people in the building during the day per 100 square feet of 

building floor space. Population patterns fluctuate during the day, since many buildings have 

specific hours of operation and also lunch time variations. For commercial buildings, a higher 

number of people are expected during the day, whereas for residential occupancy, this number is 

expected to be lower, as illustrated in Figure 9-3.  

Figure 9-4 shows the 3D numerical model used to develop the out-of-plane fragility functions. 

This model is based on the experiments pictured in Figure 9-4b and described in Section 8. The 

proposed fragility and consequence functions based on this model are also shown in the figure. 

The experimental setup that was used to validate the numerical model is also shown. 
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Figure 9-3 Population model (From PACT software) 
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Figure 9-4 a) Numerical model, b) Experimental model, c) Preliminary out-of-plane 

fragility function, d) Repair cost function, and e) Repair time function ( From McMonies 

2010) 
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9.4 Seismic Hazard  

For intensity-based assessment, ground shaking was represented by the 2% probability of 

exceedance in 50 years Uniform Hazard Response Spectrum (UHRS) for a site Class A located 

in New York City. The UHRS was obtained from the hazard tool provided by the USGS (USGS 

2012).  

Table 9-2 presents a set of 10 ground motions that were selected and amplitude-scaled to match 

the UHRS. The spectral shape of this set is intended to be consistent with geologic characteristic 

of the Central and Eastern United States region, as shown in Figure 9-5.  The geomean spectrum 

of each ground motion pair was constructed over the period range of 0.17 seconds to 1.7 

seconds, since the fundamental period T, of the performance building model was estimated equal 

to 0.85 seconds.   The amplitude of each pair of ground motion was scaled by the ratio of Sa(T) 

obtained from the target spectrum to that of the geomean spectrum for the pair.  

Table 9-2 Selected ground motions for intensity-based assessment 

Earthquake Station Name Mw 
R 

(km) 
PGA (g) 

Gaza (US) Ball Mountain Dam 4.3 103.2 0.01 

Gaza (US) North Hartland Dam 4.3 82.4 0.04 

Gaza (US) North Springfield Dam 4.3 74.6 0.03 

Gaza (US) Union Village Dam 4.3 60.8 0.04 

Nahanni (CA) 6098 Site 2 6.8 6.5 0.49 

Nahanni (CA) 6099 Site 3 6.8 22.4 0.15 

Val-Des-Bois (CA) Orio 5.0 49.9 0.434 

Virginia (US) Corbin 5.8 57.5 0.135 

Virginia (US) Charlottesville 5.8 53.5 0.121 

Virginia (US) Reston Fire Station 25 5.8 124.1 0.109 
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Figure 9-5 Target and median response spectrum of selected ground motions 

 

9.5 Building Analytical Model  

An analytical model of the building is required to predict the response of the structure subjected 

to seismic loads. However, modeling older multi-story URM buildings poses a significant 

challenge due to the highly nonlinear behavior of bricks, mortars and their interaction with other 

structural components. In this section, a macromodel for multi-story masonry buildings suitable 

for nonlinear dynamic analysis was developed. This model accounts for the complex interaction 

between in-plane walls, wood diaphragms and out-of-plane walls. More details about modeling 

of components and their interaction can be found in Sections 4, 5 and 6. 

It is important to mention that soil-structure interaction was not considered in this preliminary 

study. Dead and live loads were calculated for this structure as suggested by the ASCE-7 

(ASCE/SEI 7-10 2010) for commercial buildings. Mean values of the material properties were 

estimated from experimental results of small specimens, in-situ flat jack testing on masonry 

buildings and previous research on URM walls, as discussed in Section 7. 

A numerical model of the walls and diaphragms was developed using SAP2000 (CSI 2009) as 

shown in Figure 9-6. Nonlinear response-history analyses using the set of 10 ground motions 
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were conducted using Newmark direct integration method. A damping ratio of 1% of critical 

damping was assumed for all modes of vibration, since most energy will be dissipated through 

the nonlinear spring elements in the walls and the wood diaphragm.  

 

 
 

Figure 9-6 3D Analytical model of the URM building in SAP2000 

 

9.6 Collapse Fragility Analysis  

The URM analytical building model was used to establish a building-specific collapse fragility 

function. In developing the collapse fragility functions for the building, currently only the out-of-

plane collapse of the walls was considered. Since the model does not explicitly captures the 

collapse of the walls, a collapse limit state is used to estimate this non-simulated collapse mode. 

For walls with aspect ratios h/t larger than 10, as in this case, the ABK methodology (ABK 

1984) specifies maximum velocities of the diaphragm of 25 in/s. Herein, collapse is assumed to 

occur when the maximum velocity of the diaphragm has exceeded this threshold. 
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Following FEMA P58 guidelines to estimate collapse fragility functions, each ground motion of 

the set previously identified was scaled up or down to generate 10 intensity levels. Then, 

nonlinear response-history analyses were performed using each intensity level.  The conditional 

probability of collapse can be obtained by dividing the number of analyses for which collapse is 

predicted by the total number of analyses performed at that intensity. The conditional probability 

of collapse is then plotted as a function of intensity and a lognormal distribution is fitted to this 

data.  

The resultant incremental dynamic analysis curves, the collapse fragility function with the 

median value of the spectral acceleration at the building’s effective first mode period, Sa(T) and 

dispersion  are shown in Figure 9-7.  
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Figure 9-7 Preliminary collapse fragility analysis: a) IDA curves b) Building-specific 

fragility function for out-of-plane collapse  

 
9.7 Building Response 

Nonlinear response history analysis was used to obtain peak drifts, peak absolute accelerations 

and peak absolute velocities for 0.10g ground shaking intensity. Since the geomean spectral 

shape of the scaled motions matches reasonably well with that of the target spectrum in the 

period range Tmin, to Tmax, the set of 10 records was expected to provide a good prediction of 

median response (2012). The reliability of the nonlinear URM model was checked by first 

conducting response spectrum analysis, nonlinear static lateral and gravity analysis and nonlinear 

analysis with and without P-Delta effects. The hysteretic response was verified for selected in-

plane, diaphragms and out-of-plane elements. To account for uncertainties in building definition 
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and construction quality, a dispersion factor c of 0.40 was assumed. Likewise, a dispersion 

factor q of 0.4 was also assumed for model quality and completeness. Residual drifts were not 

currently considered in this study.  

The first mode shape of the building, peak transient drift ratios and peak floor accelerations are 

presented in Figure 9-8 and Figure 9-9, respectively. This results are also summarized in Table 

9-3 and Table 9-4.   Note that those parameters were estimated only for one direction of analysis. 

Two of the ground motions predicted collapse and therefore were removed from the simulation, 

as recommended in FEMA P58-1 (2012).   

Table 9-3 Estimated values of peak floor accelerations (g) 

Floor/Story EQ1 EQ2 EQ3 EQ4 EQ5 EQ6 EQ7 EQ8 

Roof (g) 0.111 0.028 0.11 0.028 0.143 0.008 0.044 0.056 

Floor 5 (g) 0.106 0.025 0.115 0.028 0.201 0.008 0.071 0.185 

Floor 4 (g) 0.122 0.021 0.116 0.018 0.192 0.008 0.071 0.236 

Floor 3 (g) 0.083 0.024 0.107 0.025 0.188 0.009 0.075 0.21 

Floor 2 (g) 0.065 0.029 0.116 0.028 0.179 0.009 0.079 0.231 

Floor 1 (g) 0.065 0.029 0.116 0.028 0.179 0.009 0.079 0.231 

 

Table 9-4 Estimated values of peak story drift ratios (rad) 

Floor/Story EQ1 EQ2 EQ3 EQ4 EQ5 EQ6 EQ7 EQ8 

Floor5-Roof (rad) 0.00053 0.00013 0.00053 0.00015 0.00036 5.33E-05 0.000161 0.000247 

Floor 4-5 (rad) 0.00025 0.00013 0.00079 2.35E-05 0.00015 2.55E-05 0.000251 0.000459 

Floor 3-4 (rad) 0.0006 0.00013 0.00059 5.95E-05 0.00053 3.32E-05 0.00015 6.89E-05 

Floor 2-3 (rad) 0.00102 0.0002 0.0011 8.64E-05 0.00101 6.25E-05 0.000405 0.000304 

Floor 1-2 (rad) 0.00182 0.00037 0.00193 0.00034 0.00197 0.00013 0.000847 0.001579 
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Figure 9-8 First mode shape of the building  
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Figure 9-9 Peak accelerations and drift obtained for each ground motion 

9.8 Performance Calculations 

PACT uses the median drifts, accelerations and velocities to make damage state assessments for 

structural and non-structural components specified in the building performance model. This 

process requires fragility and consequence functions for each component considered in the 

building performance model.  

Before conducting performance calculations, a large number of simulated demands or demand 

distributions are generated accounting for variability of each random parameters and its 

consequence on the seismic response. Each set of demands, associated damage and consequences 

is called a realization.  

The performance assessment starts by determining the number of people present in the building 

when the earthquake occurs. This information is used to determine the number of casualties if 
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collapse occurs. PACT will then estimate for each realization if collapse has occurred. In this 

case, the collapse mode of the structure must also be determined. Herein, the collapse mode is 

out-of-plane wall failure at any story of the building. The number of casualties are then estimated 

based on the number of people present in the building and the fraction of floor area at each floor 

subjected to collapse, in this case 100%. Finally, repair cost and repair time are set equal to the 

building replacement values, namely $750,000 and 180 days.  

If PACT determines that collapse has not occurred, simulated demands are used together with 

fragility functions to generate damages states for each structural and non-structural component in 

the building. Those damage states are then used together with consequence functions of repair 

cost, casualties and repair time to estimate the associated losses for each realization. This process 

is repeated for each realization.  

Repair cost and repair time function are given in Figure 9-10 and Figure 9-11, respectively. 

These preliminary results indicate that if an earthquake of 0.1g intensity happens in NYC, the 

median repair cost for the archetype building will be US$75,000 which is mainly due to out-of-

plane damage of the walls, as seen in Figure 9-10b. This is 10% of the building’s total 

replacement cost. Likewise, the mean repair time will be 123 days, as most of the damage will 

occur in upper stories, as implied from Figure 9-11b. Note that for this earthquake intensity, 

PACT did not predict deaths or serious injuries.  
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Figure 9-10 Repair cost results: a) Loss curve for cost associated with Sa=0.1g b) 

Disaggregation of losses among performance groups for a 50% of probability of exceedance 

of the total repair cost 
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Figure 9-11 Repair time results: a) Repair time probability b) Contribution of each 

performance group to the total repair time for a 50% of probability of exceedance of the 

total repair cost 
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SECTION 10  

 SUMMARY AND CONCLUSIONS       
 

10.1 Summary 

The main goal of this report was to develop and validate numerical macro-models to evaluate the 

seismic performance of typical URM buildings located in New York City.  Simplified numerical 

macro-models of wood diaphragms, masonry walls and floor-to-wall connections were 

developed and validated individually using data from past experiments. These models were also 

validated at the system level, through shake table testing of two full-scale specimens conducted 

as part of this study. The specimens were designed and constructed to represent the expected 

loading conditions of a central portion of a one-story URM building. 

A characterization of the building stock in New York City was conducted and in particular, the 

URM buildings commonly called Row-Houses were examined. Key architectural and structural 

characteristics of these buildings were determined and used to define a representative archetype 

building. Current structural vulnerabilities were identified and discussed. The archetype building 

and its current vulnerabilities provided a basic framework to define the overall geometric and 

mechanical characteristics of wood diaphragms, floor-to-wall connections and masonry walls, 

which were further investigated in this research program.  

Current numerical models available in the literature for simulation of wood diaphragms in URM 

buildings were identified and evaluated. A reduced 3D multi-degree of freedom (RMDOF) 

model of the diaphragm, able to capture the full dynamic characteristic while significantly 

reducing analysis time was proposed, verified and validated by comparison to detailed finite 

element models. Such models can be beneficial for use in performance based seismic design 

applications requiring numerous simulations. 

The connections between wood floors and URM walls play a fundamental role in the seismic 

behavior of unreinforced masonry buildings. Yet, currently there is little information on the 

modeling and performance of this critical component under seismic loads. Hence, a friction-

impact-nail model that simulated the connection between wood joist and unreinforced masonry 

walls was developed and validated. The numerical model was implemented in SAP2000 and 
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validated against previous experiments conducted by other researchers on this type of 

connections. 

A literature review of existing macro-models highlighted the need to develop simplified 

numerical models which could be used to estimate the seismic response of multi-story URM 

buildings with flexible diaphragms. Thus, modeling techniques for nonlinear analysis of out-of-

plane and in-plane walls were developed and validated using experiments from the literature. 

These models were implemented in SAP2000 and reproduced the dynamic behavior of the walls 

while significantly reducing the analysis time. 

Full scale experiments that combine wood diaphragms, wood joist-to-wall connections, in-plane 

and out-of-plane masonry walls in a single structure to capture subassembly or system level 

response under realistic seismic loads are more limited. Although it was shown that the 

numerical macro-models developed to simulate the behavior of each individual component were 

reliable, there was not sufficient data to evaluate the applicability and effectiveness of these 

models in capturing the system level seismic behavior of an URM building with flexible 

diaphragms.  

As a result, after obtaining data to characterize the material properties that better represent actual 

conditions of the building stock in New York City, shake table testing of two full-scale multi-

wythe unreinforced masonry walls with parapets including diaphragm flexibility subjected to 

out-of-plane loading was carried out in the Structural Engineering and Earthquake Simulation 

Laboratory (SEESL) of the University at Buffalo. The results of these tests were used to validate 

the computer models previously developed. Also, these experiments provided new information 

regarding the seismic behavior and vulnerability of masonry walls, parapets, wood joist-to-wall 

connections and flexible diaphragms. 

The validated macro-models were used to develop out-of-plane URM fragility curves, a 

building-specific collapse fragility function, and estimate the seismic response of the building 

when subjected to a intensity ground shaking similar to the 2011 Virginia earthquake. The 

probabilistic framework provided by the FEMA P58 project was used to conduct a performance-

based seismic assessment for an archetype unreinforced masonry building in New York City 

with an emphasis on out-of-plane behavior. This preliminary study served to demonstrate the 

applicability of the proposed models for applications in performance-based  design. 
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10.2 Conclusions 

In this section, major findings of this research are summarized. Specific conclusions of different 

parts of this study are presented at the end of each corresponding section.  Major conclusions of 

this report are summarized below: 

 Current structural vulnerabilities of URM buildings in NYC include: (1) In-plane walls 

with large openings; (2) Flexible wood diaphragms with rotted components; (3) Missing 

joist anchorage and rotted wood joists and (4) Potential out-of-plane collapse of URM 

masonry walls from moderate earthquake shaking.  

 Based on the numerical work conducted to develop reliable macro-models for wood 

diaphragms, floor-to-wall connections and masonry walls, the following finding were 

reached:  

o A comprehensive evaluation of current numerical tools for modeling wood 

diaphragms indicated that refined finite element models can fully characterize the 

dynamic response of wood diaphragms, but at a very high computational cost. On 

the other hand, simplified SDOF models could reasonably estimate only a few 

dynamic parameters and engineering demands at key locations of the diaphragm.   

o The proposed reduced MDOF model for wood diaphragms accurately estimated 

the seismic response of wood diaphragms at a fraction of the computational time.  

o The friction, impact and nail numerical models developed by other researchers 

can be combined to accurately simulate the behavior of typical joist-to-URM wall 

connection.  

o  It was demonstrated that the combined friction-impact-nail model can capture the 

cyclic behavior in tension and compression of a typical joist-to-wall connection 

and can be implemented in commercial software.  

o The out-of-plane behavior of URM walls subjected to one-way bending was 

effectively simulated using a hybrid formulation based on equations derived from 

rigid body dynamics but implemented as a SDOF oscillator. Masonry walls can 

be effectively simulated using shell, rigid elements and nonlinear rotational 

springs at crack locations. A comparison between numerical models and 
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experimental results for nonlinear response history analysis showed good 

agreement in terms of peak displacements and accelerations. 

o The rocking and shear sliding behavior of URM wall piers was simulated using a 

modified Equivalent Frame Method. The force displacement or moment-rotation 

relationships were taken from the equations provided in ASCE 41-06 and 

implemented in SAP2000, using rotational or shear nonlinear springs. Pushover 

and cyclic pushover analysis were in good agreement with previous experiments 

of in-plane walls. 

 The material testing conducted for mortar, bricks and masonry specimens in order to 

identify the masonry characteristics more appropriate to replicate the construction of old 

URM walls in the laboratory, led to the following conclusions:  

o Both brick and mortar are affected by aging and weathering. However, the friction 

coefficient was found to be insensitive to aging.  

o  A weak brick-weak mortar interface should be assumed and the compressive 

strength in mortar and bricks must be considered to predict potential crushing and 

brittle failures under in-plane or out-of-plane loading.  

o A combination of old reclaimed bricks and Type L or Type K* mortar will better 

replicate the actual conditions of old URM buildings, at least in term of maximum 

compressive strength.  

 The experimental studies executed to understand the seismic behavior and vulnerability 

of masonry walls with parapets and flexible diaphragms, estimate the effectiveness of 

common retrofitting techniques and validate the numerical models, led to the following 

conclusions: 

o Distribution of accelerations in the walls and dynamic amplification over the 

height are affected by the frequency content of the input motion. Hence, this 

parameter must be considered in the stability assessment of URM walls under out-

of-plane loading.  

o The distribution of the inertial forces, displacements and accelerations in the walls 

were significantly affected by the presence of parapets and realistic connections in 
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the test setup. Hence, these parameters must be included in future out-of-plane 

shake table testing of URM walls and numerical models.   

o For all intensity levels of the Virginia Earthquake, no significant differences were 

observed in the seismic response of retrofitted and unretrofitted walls. Hence, 

strengthening the parapets and floor to wall connections might not be the most 

effective method to improve the seismic performance of URM walls in the NYC 

region.  

o For strong seismic intensities, retrofitting techniques were effective in reducing 

accelerations at the diaphragm and preventing out-of-plane collapse of parapets. 

However, unexpected collapse modes were triggered, thus reducing the overall 

benefit of the strengthening methods. This experimental result also suggests that 

ASCE 41-06 stability limits may be unconservative, regarding the assessment of 

URM walls with strengthened and as built parapets and flexible diaphragms.  

o The numerical models generated in SAP2000 for wood diaphragms, floor-to-wall 

connections and masonry walls provided satisfactory results at the system level 

response. Peak displacement response was better predicted than peak 

accelerations, since the model for masonry walls do not account for impact effects 

generated by rigid body rocking motion. 

o A systematic procedure to define a simplified numerical model of out-of-plane 

URM walls in multi-story buildings was proposed and validated through 

nonlinear response history analysis. Peak responses of URM walls subjected to 

out-of-plane loading in multi-story buildings can be estimated with the new 

methodology developed in this study.  

 A preliminary probabilistic assessment of the archetype URM building in NYC subjected 

to small intensity ground motions, led to the following conclusion: 

o A small intensity earthquake can have significant cost and business impacts in 

NYC. Most damage is due to out-of-plane failure of URM walls in upper stories. 

The associated cost of this failure mode is higher than the cost related to damage 

in non-structural components. 
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10.3 Recommendations for Future Research 

Recommendations for future research which could complement the studies presented in this 

report include the following: 

 The numerical model for wood diaphragms can be used to investigate simultaneous in-

plane and out-of-plane loading interaction, the effect of common stiffening techniques, 

and current equations in ASCE 41-06 to estimate the strength, stiffness and fundamental 

period.  

 The numerical model developed for floor-to-wall connections can be used to investigate 

the impact of key variables, such as the coefficient of friction, gravity loads and 

coefficient of restitution in the global seismic response of a multi-story URM building. 

Also, current ASCE 31-03 recommendations regarding the strength, minimum number 

and separation of required steel anchors can be explicitly evaluated. 

 The filtering effects on the seismic input of out-of-plane walls due to nonlinear behavior 

of in-plane walls and flexible diaphragms can be studied using the numerical models 

proposed for masonry walls. Interacting axial-moment (P-M) and axial-shear (P-V) 

elements should be incorporated in the model for in-plane walls.  Impact should be 

accounted for in the out-of-plane model, and two-way bending as well.  

 The numerical models can be further validated through shake table testing of multi-story 

URM wall specimens, which could be easily developed using the methodology and test 

setup proposed in this report. 

 Conduct intensity-, scenario- and time-based assessment of a larger number of building 

archetypes or building aggregates for NYC. The numerical models developed in this 

research can be used to analyze larger multi-story buildings. Moreover, a larger number 

of archetypes can be developed if the database used in this study is complemented with 

information from key websites, such as the Open Accessible Space Information System 

(OASIS), the NYC Department of Housing and Google Maps.  
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Appendix A Alternative Modeling Methodologies for In-
plane URM Walls  
 

A.1 Introduction 

This appendix will discuss two modelling techniques for in-plane URM walls that were also 

investigated in this research. The first approach, based on nonlinear springs, was studied to 

model uncertainties in the seismic assessment in future research of URM buildings. Due to its 

simplicity, reliability and very efficient computer time, the model is suitable for Monte Carlo 

simulations/ Latin Hypercube, first order-second moment methods, which require a significant 

large number of analyses. This model is implemented in RUAMOKO 2D (Carr 2004) software. 

The second approach, based on nonlinear shell elements, was investigated to develop reliable 

damage states of URM walls subjected to in-plane loading.  The model accounts for axial-

moment interaction, in both, piers and spandrels and no assumptions are made regarding 

effective height, or potential failure mode of the walls.  This model was implemented in 

SAP2000 (CSI 2009).  

Assumptions and limitations of the proposed methodologies are described in the next section. 

Then, validation of the models at the pier and global response level is presented. Experimental 

studies widely documented in the literature were used for this validation exercise.  

 

Table A-1 Summary of type of analysis implemented 

Software Used Modelling Technique Nonlinear Behavior  
Type of Analysis 

Nonlinear Static  Nonlinear Time History  

RUAUMOKO 

Multi-linear Hysteresis Rule YES YES 

Takeda Hysteresis Rule NO YES 

Bilinear Elastic & Bilinear Inelastic NO YES 

SAP2000 Nonlinear Shell element YES NO 
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A.2 Nonlinear Spring Macro-Model for In-plane Walls 

The proposed modelling of the masonry building is based on the macro-model approach 

proposed by Park et al. (2009). This model was selected due to its simplicity, accuracy, 

reliability and efficient computer time.  Pier, spandrel and diaphragm masses were lumped at 

each story level. In addition, masonry piers, spandrels and diaphragm were modeled on each 

analysis direction using a single nonlinear spring with limited degrees of freedom. Each spring 

represents a particular failure mode that is predicted in advance using equations given by ASCE 

41-06. Since there is no general agreement on the type of hysteresis rule that better represents 

those failure modes, three distinct rules were investigated in this study. First, the modified 

backbone curve proposed by Moon et al. (2006) was modeled using the Multi-linear hysteresis 

rule. Second, the modified Takeda hysteresis rule as proposed by Pasticier et al. (2008) was 

utilized to model both, piers and spandrel assuming that most of the damage will be due to shear 

behavior. Finally, the Bi-linear Elastic hysteresis rule was used to model rocking behavior on 

piers whereas the Bi-linear Inelastic hysteresis rule was used to simulated sliding and shear 

behavior. The first hysteresis model was considered to perform both, nonlinear static analysis 

and time history analysis in RUAUMOKO 2D, whereas the second and third were only 

considered to complete time history analysis. Table A-1 summarizes the analysis cases 

implemented in this report. Main findings will be discussed in the following sections. 

RUAUMOKO 2D software was chosen to perform nonlinear static analysis and dynamic time 

history analysis. RUAUMOKO 2D has a large selection of modelling options to characterize the 

building and its supports. The mass representation is via lumped or kinematically consistent mass 

matrices. In addition to the commonly used Rayleigh damping model, several damping model 

options are available within the program. The program offers a wide variety of element types to 

represent the structural system such as frame type members, wall and quadrilateral members and 

special members to represent effects such as spring and contact. It is worth noting that the 

program offers various models to represent the formation of concentrated plastic hinges in a 

critical location within the member. Also, the capabilities of the program include many different 

hysteretic rules to represent the inelastic behavior of the members noted above.  

Two major issues, the Overturning Moment and P-Delta effects were not addressed in this 

research due to inherent limitations in the composite spring macro-model. In particular, 
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overturning moment effect could have been incorporated in the analytical model by modifying 

the soil-structure interface with a global rotational spring but a vertical constraint must be placed 

somewhere to avoid evident instability of the system. Nonetheless, as demonstrated in the next 

sections the global building response is still captured with acceptable accuracy. 

In RUAUMOKO, pushover analysis for a given lateral pattern is slowly increased until a point is 

reached where the lateral resistance is equal to the inertia of the structure (Carr 2004). In this 

study, a uniform equivalent static loading pattern is applied to the structure by using a slow ramp 

loading function, as shown in Figure A-1. The nonlinear behavior was simulated by using the 

multi-linear hysteresis rule discussed below. 

 

 

 

 

 

 

 

 

Figure A-1 Pushover loading patterns and ramp function 

Multi-linear Hysteresis Rule 

The force-drift curve implemented in RUAUMOKO is depicted in Figure A-2. It follows the 

recommendation proposed by  Moon et al. (2006). 

 
Figure A-2 Modified force-drift relationship (Moon et al. 2006) 

Modelling of the modified ASCE 41-06 backbone curve in RUAUMOKO was achieved using a 

Multi-linear Elastic Hysteresis model depicted in Figure A-3. 
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Figure A-3 Multi-Linear elastic hysteresis (Carr 2004) 

Another important recommendation adopted in this study, it is the effective height (heff) 

calculation as proposed by Moon et al. (2006).  

Takeda Hysteresis Rule 

The nonlinear behavior of each spring for time history analysis was modeled using the Takeda 

hysteresis rule shown in Figure A-4. The Takeda model allows simulating the cyclic behavior of 

the pier or spandrel by defining the shape of the hysteresis loop and the stiffness degradation 

through a proper choice of the mechanical parameters.  

 
 

Figure A-4 Modified Takeda Hysteresis (Carr 2004) 



341 

 

 

The α and β factors were taken equal to 0.5 and 1 as recommended by Pasticier et al. (2008). 

Degrading strength parameters were not considered in this study, since is widely recognized that 

the URM walls subjected to in-plane lateral loads exhibits little strength degradation before 

failure.  

Bilinear Elastic and Inelastic Hysteresis Rule 

As recommended by Craig et al. (2002), the pier elements were modeled using a bilinear elastic 

rule to simulate the rocking mode of failure whereas the spandrel members were defined by a 

bilinear Inelastic Hysteresis rule to represent the Bed Joint Shear Sliding collapse mode. No 

strength or stiffness degradation was considered. Figure A-5 illustrates the hysteresis rules 

selected in RUAUMOKO software. The Ramberg-Osgood parameters was calculated in the 

same way that for the multilinear hysteresis case. 

 

 

 

 

 

                                  (a)                                                                      (b) 

Figure A-5 (a) Bilinear inelastic hysteresis (b) Bilinear elastic hysteresis (Carr 2004) 

A.3 Nonlinear Shell Element for In-plane Walls  

In addition to the previous analysis, a SAP2000 (CSI 2009) nonlinear wall model was calibrated 

to match experimental results, both, at the pier/spandrel and global response level. This model is 

going to be used in next appendices to carry out a nonlinear static analysis (pushover) and verify 

the results obtained with the RUAUMOKO model when doing the seismic assessment of the five 

stories URM building representative of New York City. 

The nonlinear behavior of unreinforced masonry walls was simulated in SAP2000 software by 

shell layers with calibrated nonlinear properties. The compressive stress-strain curve for 1:0:6 

mortar mix shown in Figure A-6 was used as starting point to modify the Concrete material 

available in the software. Note that no tension was allowed for this material. An initial Elastic 

modulus of 500 psi was used and adjusted later to match the experimental data.  
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Figure A-6 Compressive stress-strain curve for masonry prisms (Kaushik et al. 2007). 

One shell sections was defined to simulate both, piers and spandrels. Piers/Spandrel elements 

were assumed to present nonlinearity only as shears elements. This means that the flexural 

behavior remains elastic during the analysis. The out-of-plane behavior was assumed elastic for 

both sections and three integrations point along the thickness were considered. The static 

nonlinear analysis was performed under displacement control conditions using the Acceleration 

pattern load at the horizontal degrees of freedom. Geometric nonlinearity parameters were not 

considered in this study.  

A.4 Macromodel Validation at Individual Pier Response 

In order to verify the reliability of the proposed model at the individual pier response level, one 

wall previously tested by Manzouri et al. (1996) was modeled with RUAUMOKO software. A 

pushover analysis was carried out and a summary of the experimental test, the RUAUMOKO 

model and comparison of the results is provided below.  

Experimental pushover curve obtained by Manzouri et al. (1996) was compared to the simplified 

RUAUMOKO spring model. Figure A-7 shows a particular wall with one opening at the center 

and its equivalent idealization. The force-displacement relationship obtained from both the 

experiment and the analysis are plotted in Figure A-8. The composite spring model provided a 

reasonable bilinear approximation to the in-plane behavior and closely reproduced the strength 

(40 kips). 
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Figure A-7 Experimental wall and its equivalent RUAUMOKO model 

 
Figure A-8 SAP2000 and RUAUMOKO analytical pushover curve vs. experimental  

The Manzouri experiment was used to calibrate a SAP2000 model as described in section A.4. 

Note that the top and bottom beams were physically modeled as elastic elements with 

- - - - - - - Analytical 

SAP2000

RUAUMOKO
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diaphragms constrains at the top joints. Pier and spandrels sections can be identified in Figure A-

9, as well as boundary conditions, and initial axial loads applied to the wall. 

 
Figure A-9 SAP2000 analytical model developed 

The material stress-strain curve obtained is shown in Figure A-10.  Again, note that no tension 

was permitted for the URM material. 

 
Figure A-10 Stress-strain curve for URM 

As mentioned before, one section layer was defined for piers and spandrels. Table A-2 presents 

the Area Section Property Layers input utilized in the software. ConcP names correspond to the 

out-of-plane behavior which was considered elastic whereas the ConcM layer name is for In-

plane behavior. 
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Table A-2 SAP2000 area section property layers 
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The Pushover Curve obtained in SAP2000 is shown in Figure A-8. Again, observe that the 

nonlinear shell element closely match the experimental pushover curve. Figure A-11 indicates 

the final stage of the structure during the analysis. Note that the main deformation occurs at the 

piers elements. 

 
Figure A-11 SAP2000 final deformed shape of the model 
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A.5 Macromodel Validation: Global Response 

The Mid-America Earthquake (MAE) Center conducted a research project in 2002 focused on 

evaluating the procedures specified in FEMA 356 on unreinforced masonry buildings. The 

research program included a full-scale quasi-static test of a two-story masonry building that will 

be used herein to further validate the proposed nonlinear macro-model at the global response 

level. Figure A-12 shows a 2D model and detailed dimensions of the two-story masonry 

building. In this study, only Wall A and B results were considered for comparison purposes.  

 
Figure A-12 2D model of MAE project (Craig et al. 2002), and spring equivalent model.  

In addition, the SAP2000 nonlinear shell layers modelling technique for URM previously 

discussed was implemented to further validate the macro-model at the global response level. 

Figure A-13 and Figure A-14 show the MAE analytical model in SAP2000 and the pushover 

deformed shape, respectively. Observe that an additional element was introduced at the 

foundation level in order to capture the full shear deformation of pier No.8 (see Figure A-12). 

As shown in Figure A-15, the analytical global pushover curve obtained with SAP2000 is in 

good agreement with the experiment, whereas the one obtained with RUAUMOKO is extremely 

conservative. Its prediction was approximately 20% below of the measured resistances for wall 
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A and B. This underestimation of the maximum wall capacity might be due to the fact that the 

RUAUMOKO model did not include a rotational spring at the base to capture the overturning 

moment effect. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-13 SAP2000 Analytical model 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-14 SAP2000 pushover deformed shape 
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Figure A-1 Force-displacement comparison for Wall A and B (Yi et al. 2006b), 

RUAUMOKO and SAP2000  

In general, the 2D pushover analysis produced good prediction for the maximum strengths of the 

test structure but the results should be considered as lower bound indicators when conducting 

performance based assessment since the response is highly dependent of the nonlinear 

parameters assumed. For example, considering the two strain-stress curves shown in Figure A-16 

used to match the Manzouri Test and the MAE two story building in SAP2000. It is clear that a 

wide range of parameters can be considered when modelling masonry structures and extreme 

care should be exercised. 

 

 

 

 

 

 

 

 

Figure A-16 Stress-strain curves used to model the Manzouri and MAE tests 
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Appendix B Development of Collapse Fragility Functions for 
In-plane Walls 
 

B.1 In-Plane Collapse Fragility Functions 

The Next Generation of Performance Based Design (NGPBD) requires a large number of 

response simulation to both, compute median values of demand parameters (inter-story drift, 

floor accelerations, etc) and to develop building-specific collapse fragility functions (FEMA 

P58-1 2012). Hence, it is important to have an analytical model that is easily applicable for both 

purposes. This section will demonstrate two applications of the model proposed in Appendix A, 

in the context of NGPBD. First, a nonlinear static analysis is carried out to estimate drift-

threshold and damage states. The RUAUMOKO pushover curve is compared with the calibrated 

SAP2000 model. Secondly, an Incremental Dynamic Analysis (IDA) (Vamvatsikos and Cornell 

2002) is performed in order to obtain in-plane collapse fragilities curves that will be used to 

estimate the probable performance of a building subjected to a ground motion intensity 

parameter. 

B.1.1 Pushover Analysis and damages states 

A pushover analysis was performed using the proposed RUAUMOKO model in order to 

estimate drift-threshold and damage states.  As discussed in section A2, a uniform loading 

pattern was applied slowly with a ramp function. Figure B-1 shows both the RUAUMOKO and 

the SAP2000 analytical model being utilized. Good agreement was achieved between both 

models, as demonstrated in Figure B-2.  Two damages states can be identified in the pushover 

curve obtained in SAP2000. The first damage state is defined where the wall displacement 

exceeds the elastic limit and the first crack appear in the system. This effect can be observed by 

the change in the slope of the elastic stiffness and correspond to a 0.1% drift value (4.3 mm). The 

second damage state occurs when the strength of the structure suddenly decreased. This behavior 

is observed at a 0.4% drift value. Note that similar values are recommended in the experimental 

work done by Moon et al.(2006). These damages states will be used to derive fragility functions 

in the next section. 

 

 



350 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B-1 SAP2000 and RUAUMOKO models of NYC masonry buildings 

 
Figure B-2 SAP2000 and RUAUMOKO pushover curves and identified damage states  
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B.1.2 In-Plane Collapse Fragility Functions 

Collapse fragility curves define the probability of collapse given a specific ground motion 

intensity parameter. In this research, the intensity parameter selected was the spectral 

acceleration at the fundamental period of the building. 

The procedure for collapse assessment involves the following steps: (1) Define the collapse 

criteria (2) Define the best estimate model for collapse analysis (3) Characterization of the 

ground motion (4) Develop collapse fragility curves.  

For the first step, although there are several recognized collapse modes of URM buildings 

(Bruneau 1994a; D'Ayala and Speranza 2003) only in-plane collapse was considered in this 

numerical study. This limit state occurs when a loss of lateral stiffness produce excessive 

buildings drifts. A drift threshold equal to 0.6% was used as recommended by Moon et al. 

(2006).  Note that this mode of failure might not be the main source of probable damage on New 

York City buildings. The second step was already discussed in Section 3 and the remaining will 

be described in the following sections. Note that the collapse fragility functions were developed 

for three different hysteresis rules, as mentioned before. 

Ground Motion Set 

Since strong ground motion records for the Central and Eastern United States (CEUS) area are 

scarce, synthetic ground motions were used in this study. A minimum set of 11 ground motion 

pairs with 2% of probability of exceedance in 50 years  were chosen from a strong ground 

motion database simulated by Wanitkorkul and Filiatrault (2005) specifically for New York City.  

Although the records were already scaled to match the USGS-Uniform Hazard Spectrum (UHS) 

at 1 sec, they were rescaled to match the spectral acceleration at the fundamental period of the 

building (0.27 seconds for the building considered).  
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Figure B-3 Scaled ground motions and Uniform Hazard Spectrum 

Table B-1 presents the scenario for each ground motions selected. Selecting the ground motions 

can be done following published guidelines (FEMA P58-1 2012). However, herein the selection 

of the ground motions was based in the USGS Deaggregation map shown in Figure B-4 for the 

site of interest.  

Table B-1 Scenario list for 11 pairs of ground motions selected. 

2% PE in 50  yrs @ 1.0 sec 

Scenario R(km) Mw 
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7 35.9 6.0 

8 13.9 5.8 

9 36.2 6.4 

10 13.6 5.6 

11 33.6 5.6 

 

 
Figure B-4 USGS-Deaggregation map New York City (USGS) 

 

Developing Collapse Fragility Functions 

Collapse fragility curves were developed from the results of IDA using 11 pairs of synthetic 

ground motions previously described. A combination of modified MATLAB codes developed by 

Davis (2010) and Christovasilis and Sideris (2007) was used to perform automatic IDA in 

RUAUMOKO and to generate the associated fragility functions. Figure B-5 shows a plot of the 

maximum inter-story drift obtained versus spectral acceleration at the effective first mode period 
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of the building for each synthetic ground motion considered. Intensity of each ground motion 

was increased from 0.1g up to 2.0g in increments of 0.1g. It is worth to point out that 880 

simulations were completed in about 20 minutes. As expected, the nonlinear spring macro-model 

is highly computationally efficient. 
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Figure B-5 Incremental dynamic analysis curves  

Note that the only uncertainty parameter considered was the seismic record. The inherent 

variability of the mechanical properties of the analyzed masonry wall was not considered since it 

has been demonstrated by previous researchers that the uncertainty of the seismic record is more 

important than the scatter in the mechanical properties (Rota et al. 2010).  Nonetheless, further 

studies are warranted to investigate this matter.  

Adjusting the IDA curves to take into account non-simulated failures modes and components is 

possible but is beyond the scope of this study. The same applies to the collapse fragility curve 

shown in Figure B-6 which can be modified to include all sources of randomness and uncertainty 

(FEMA P58-1 2012).  
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Figure B-6 Fragility curve for probability of collapse  

Fragility curves were obtained by fitting the probability of the building exceeding the 

aforementioned limit state on each response simulation to a lognormal distribution. The fitting 

process was completed using the logncdf and the lsqnonlin MATLAB functions. 

From the generated fragility functions, the probability of collapse for this particular type of 

building is about 10% which can have a significant economic impact considering that about 80% 

of total building stock in NYC has a similar profile. In fact, this percentage could be higher if 

others uncertainties are taken into account.  

Probability of occurrence of others significant damages states can be derived from IDA. Figure 

B-7 shows fragility curves for three different discrete damages states associated to Life Safety, 

Immediate Occupancy and Collapse Prevention on URM buildings. Those damage states are 

recommended by Moon et al (2006) and verified in this study in section B.1.1. 

. 
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Figure B-7 Fragility Curves for three performance levels 
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Appendix C Modeling Two-way Bending of URM Walls in 
LS-DYNA and SAP2000 
 

C.1 Modeling two-way bending in LS-DYNA and SAP2000 

As of today, most research on out-of-plane numerical modeling and experimental behavior of 

URM walls has been conducted ignoring the effects of corners and realistic two-way bending 

behavior. Current ASCE 41-06 guidelines to estimate the dynamic stability of URM walls are 

based on the ABK program, which only tested one-way bending panels. It was observed in 

Section 2 of this report that URM walls rarely collapse in one-way bending. Thus, developing a 

new framework to test URM panel in two-way bending or incorporating the appropriate 

boundary conditions to account for this effect is highly desirable.  

In this appendix, a finite element model of URM walls subjected to two-way bending is 

developed and validated. The experimental work conducted by Griffith et al. (2007) was used as 

a reference. The final goal of this exercise is to use this refined FE model to develop simplified 

macro-models that can be easily incorporated in SAP2000.  

The strategy approach used in LS-DYNA is first described, and then comparison of the 

numerical models and previous experiments is presented.  

 

C.1.1 Modeling Strategy in LS-DYNA 

Figure C-1 presents the geometry of the walls was taken from Vaculik et al (2007). 

 
Figure C-1 Geometry of the walls considered in this study 
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Boundary conditions were provided at the top, bottom and sides of each wall. A full set of  X, Y, 

and Z translational constraint were used at the bottom, while only Y was constrained at the top. 

A fix boundary was used on the sides of the wall.  

Brick units were modeled using Solid elastic (MAT_ELASTIC) element with fully integrated 

S/R solid intended for elements with poor aspect ratio. Mass density, Young Modulus and 

Poisson ratio were estimated as 1.600e-010 Tonne/mm3, 3540 Mpa, 0.25 respectively.  

Airbag loading was simulating using an increasing monotonic curve to applied uniform load over 

the brick elements.  

Hourglass control was considered using Belytschko-Bindeman formulation, which assume strain 

co-rotational stiffness form for 2D and 3D solid elements only. This form is available for explicit 

and IMPLICIT solution methods.  

LS-DYNA explicit solver with dynamic relaxation and artificial mass was considered to speed 

up the solution.  

TIEBREAK contact connection was used to model the mortar. This approach is penalty based 

and allows for modeling the interface of two materials which transmits both compressive and 

tensile forces (Bala 2007). CONTACT_AUTOMATIC_SURFACE_TO_SURFACE_ 

TIEBREAK contact model is recommended to use in this formulation. OPTION 6, which allows 

damage by scaling the stress components after failure is met, was considered in this study.  

Damage will start when the stress reaches the failure criteria specified in Figure C-2. After 

damage is initiated, the stress decresases linearly until the crack depth reaches the crack width 

opening.  
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Figure C-2 Stress based failure criteria, stress and damage profile of OPTION 6 (Bala 

2007) 

 

C.1.2. Numerical Results 

Two walls were modeled in LS-DYNA, as shown in Figure C-3. However, only the results for 

the solid wall are presented. Note that a numerical model was also developed in SAP2000. 

Preliminary results showing a comparison between the monotonic LS-DYNA response of the 

solid panel and the cyclic behavior in SAP2000  are presented in Figure C-5. 
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 Figure C-3 Deformed shape of walls modeled in LS-DYNA: a) Solid panel; b) Hollow 

panel  

 

a) 

b) 
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Figure C-4 Deformed shape of wall 2 in SAP2000 
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Figure C-5 Cyclic pressure-displacement relationship of Wall 2: a) Numerical response in 

SAP2000 (cyclic) and LS-DYNA (monotonic) and b) Experimental 
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Appendix D Structural Drawings of the Experimental Test 
Setup 
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