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ABSTRACT 

A comprehensive study to evaluate the seismic performance of reinforced concrete (RC) 

buildings including unreinforced masonry (URM) infill walls is performed in three sequential 

parts: (1) shake-table experiments, (2) computational modeling, and (3) reliability-based 

performance evaluation. A hypothetical prototype building with RC frames, RC floor slabs, and 

URM infill walls is considered. A reduced-scale test structure was constructed to represent a 

substructure of the prototype building and subjected to a sequence of ground motions. The 

shake-table experiments and the global and local response of the test structure are discussed in 

detail. Several post-test computational modeling approaches and a detailed finite element (FE) 

model representing the URM infill walls are evaluated. The validated FE model is used to 

understand the in-plane and out-of-plane responses for RC frames with URM infill walls 

subjected to bidirectional seismic loading. A three-dimensional strut and tie (SAT) model is 

formulated for practical representation of the combined in-plane and out-of-plane failure surface 

in conventional computational platforms. Finally, the prototype building is considered to 

demonstrate a framework for practical reliability analysis of RC buildings containing URM infill 

walls, and fragility functions are determined for the prototype building subjected to near-fault 

ground motions. 
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1 Introduction  

1.1 GENERAL 

Unreinforced masonry (URM) is widely used throughout the world, including seismically active 

regions, particularly as infill walls affecting both the structural and nonstructural performance of 

buildings. As non-structural elements, URM infill walls generally serve as important interior and 

exterior walls in buildings.  The loss of these walls has serious implications not only for life 

safety but also the functionality of the building. Life safety can be compromised by the 

disintegration of URM infill walls in a brittle manner.  Additionally, the loss of URM infill 

walls, which typically serve as partitions to define usable spaces and functionality, can 

negatively affect the building usage. As structural elements, URM infill walls change the 

dynamic behavior of the building in terms of stiffness (an increase in stiffness is often associated 

with an increase of forces on the building when subjected to earthquake loading), natural 

frequency, damping, and overall structural behavior. Typically, URM infill walls are made of 

brittle materials that loose capacity in a rapid manner. The combined effect of brittleness and 

high stiffness has a negative implication on the seismic performance of the bounding frames. In 

order to study the behavior of buildings with URM infill walls and to develop new experimental 

and analytical modeling techniques for such a complex structural system with multiple dissimilar 

components (hybrid systems), a three-phase experimental, analytical, and probabilistic study is 

conducted. The experimental investigation consists of shake-table and pseudo-dynamic (online 

hybrid simulations) experiments. The shake-table experiment (Fig. 1.1) serves as a benchmark 

test for (1) development of a unified online experimental technique combined with simulations 

utilizing the pseudo-dynamic concepts (Mosalam et al. 1998) with substructuring (Demitzakis et 

al. 1985) and (2) development and validation of computational models to represent the URM 

infill walls and their interaction with the surrounding frames of building systems.  



 

 2

The experimental study was carried out on a one-story reinforced concrete (RC) moment-

resisting frame structure with URM infill wall on the shake-table test facility of the University of 

California, Berkeley, in January 2005. The ¾-scale test structure represents the first-story middle 

frames of a hypothetical five-story three-bay by two-bay RC prototype building with URM infill 

walls inside only the interior (B-axis) frames as shown in Figure 1.1. 

 

C1 A1B1

C2 A2B2

(b) Model of test structure 

A3A0 A2A1

B0 B1 B3B2

C2 C3C1

NNN
 

(a) Prototype structure (c) Test structure on shake table 

Fig. 1.1  Development of shake-table test structure. 

In the pseudo-dynamic experiment, two separate RC frames are tested simultaneously. 

One frame is bare and the other infilled with the URM wall,. corresponding respectively to 

frames A1–A2 and B1–B2, as illustrated in Figure 1.2. While the two frames constitute the 

response of the physical specimens in the pseudo-dynamic experiment, the third frame (C1–C2 

in Fig. 1.2) response is obtained from the symmetry of the test structure, and the RC slab 

connecting the three frames is simulated numerically, making use of the substructuring 

technique. The development and results of the pseudo-dynamic experiments are out of the scope 

of this report. Full details of these experiments are documented in (Elkhoraibi and Mosalam 

2007a, b). 
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Fig. 1.2  Relationship between shake-table and pseudo-dynamic experiments. 

1.2 BACKGROUND AND OBJECTIVES 

When constructed in buildings with steel or RC moment frames, URM or lightly reinforced 

masonry infill walls are traditionally not considered as a part of the lateral load-resisting system. 

An argument for ignoring the effect of these infill walls is that such walls typically do not offer 

much displacement capacity, and in an event of significant lateral demands, the infill wall would 

disintegrate, whereas the original lateral load-resisting system acts as intended in the design 

assumptions and processes. The problem, however, is that on one hand such a simplified design 

approach does not predict the level at which the damage in the URM infill wall occurs—this can 

be significant in terms of nonstructural damage—on the other hand it does not consider the 

global and local effects of having these stiff and brittle elements coupled with the primary lateral 

load-resisting system, e.g., the shift in the natural frequency of the structure, the overall change 

of structural behavior, and the increases in shear demand on the columns, in diaphragm demands, 

and in collector element forces.  

Masonry wall infilled frames have been experimentally investigated for both in-plane and 

out-of-plane forces by many engineers and researchers. Most of these studies are focused on the 

behavior of single-frame single-bay URM infilled frames under monotonic or cyclic lateral 

loading. Some of these investigations, past and recent, are documented. (Benjamin and Williams 
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1958; Holmes 1963; Stafford-Smith 1968; Moghaddam and Dowling 1987; Dawe et al. 1989; 

(Mander et al. 1993; Mehrabi et al. 1994); Negro and Verzeletti 1996; Durrani and Haider 1996; 

Pires et al. 1998; and Fardis et al. 1999b). Studies of  tests on multi-story multi-bay s can be 

found in Liauw and Kwan 1985a; Gergely et al. 1994; Mosalam 1996a, b; Mosalam et al. 1997a, 

b and 1998). These studies provide evaluations of (1) the importance of infill wall confinement 

from bounding frames, (2) the types of failure that can be observed in the infill and/or the 

bounding frame members, (3) the stiffness and strength of the infilled frames, and (4) the 

degradation of strength upon load reversals. Since these experimental investigations are 

predominantly performed using static, quasi-static, or pseudo-dynamic loading, it is not clear 

how well these experimental data represent the dynamic performance of the framed structural 

system, e.g., damping characteristics, when masonry infill walls are introduced and the entire 

system is subjected to true earthquake loading.  

Limited data exist on the dynamic properties of masonry wall infilled frames, since very 

few shake-table experiments are performed on masonry infilled structures. Fardis et al. (1999a) 

report on the shake-table test performed on single-bay two-story RC frames with eccentric 

(asymmetric in plan) masonry infill walls subjected to bidirectional ground accelerations. Their 

study focused on the effects of the eccentricity on the displacement demands on the corner 

columns. They also report that the infill panels survived out-of-plane peak accelerations of 0.6g 

at the base of the test structure or 1.3–1.75g at their mid-height. Zarnic et al. (2001) report on 

two shake-table tests performed on ¼-scale one- and two-story RC frames with strong-block 

weak-mortar masonry infill walls subjected to unidirectional sinusoidal motion at the base of the 

test structure. Dolce et al. (2005) report shake-table tests performed on 3
1 -scale three-story two-

bay RC plane frames without infill walls, with masonry infill wall, and with two different types 

of energy-dissipating and re-centering braces. Their study compares the overall response and the 

dynamic properties of the tested three frames when subjected to a sequence of artificially 

generated accelerograms with increasing intensity.  

The dynamic experiments discussed in the previous paragraph are generally performed 

on small-scale models limited by the size limitations of the available shake tables, and are 

focused on other aspects of the problem, e.g., torsional effects due to eccentric infill walls. The 

current shake-table experimental investigation is conducted to study the dynamic performance of 

a symmetric large-scale RC frame structure with URM infill wall subjected to real ground 

motions. The study focuses on evaluating the effects of the URM infill wall on the surrounding 
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structural elements, namely the RC slab and the RC columns. Moreover, since the two exterior 

frames have no infill walls (bare frames) and the interior (middle) frame is infilled with URM 

infill wall, quantifying the redistribution of lateral forces between these frames before and after 

infill wall damage and eventual collapse is an important objective of the study. The current study 

is unique in this aspect, and also serves as a benchmark for parallel experimental studies on 

pseudo-dynamic testing of similar RC structural systems with and without URM infill walls.  

The shake-table and pseudo-dynamic experimental investigations serve the purpose of 

validating finite element (FE) models of the RC frame structures with URM infill walls and in 

calibrating analytical models being developed using the Open System for Earthquake 

Engineering Simulation (OpenSees) (Mazzoni et al. 2006). The objectives of these 

computational modeling efforts are (1) to develop FE models of the pseudo-dynamic and shake-

table test structures as tools for further numerical simulations including different loading 

configurations, (2) to enable accurate representation of the in-plane and out-of-plane behaviors 

of URM infill walls, and (3) to refine the modeling techniques of hysteretic response and 

strength and stiffness degradation in elements of RC moment frames interacting with URM infill 

walls. Under extreme loading conditions, the experimental data are intended to validate 

numerical algorithms being developed for local failure criteria in brittle and ductile modes with 

an ultimate objective of automatic element removal for modeling the progressive collapse of RC 

frame structures with and without URM infill walls (Talaat and Mosalam 2006, 2007a 

(forthcoming)). Moreover, the data gathered from the numerical simulations using the FE models 

of the frames with URM infill walls are utilized to establish a framework for practical reliability 

analyses and performance evaluation of RC buildings with URM infill walls subjected to 

bidirectional earthquake loading. 

1.3 OUTLINE OF REPORT 

The overall study program of the research project is shown in Figure 1.3. This report mainly 

focuses on the shaded boxes in this figure denoted by numbers (1), (2), (4–6), (10), (14), and 

(16). The selection of the prototype structure and its relationship with the shake-table test 

structure are discussed in Chapter 2. The design, construction, and instrumentation of the shake-

table test structure are discussed in Chapter 3. Chapter 4 focuses on the results of the preliminary 

system identification and material testing prior to the shake-table experiments. The selection of 
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shake-table motions from real ground-motions and their scaling and sequence of application 

during the shake-table experiments are covered in Chapter 5. The results of the shake-table 

experiments in terms of local and global behavioral observations of the test structure, the damage 

sequence and collapse mechanisms, and the interaction between the RC frames, RC slab, and the 

URM infill wall during different levels of testing are discussed in Chapter 6. The benefits and 

limitations of different modeling approaches, from simple strut models to elaborate strut and tie 

(SAT) and FE models to represent the URM infill walls in buildings, are discussed in Chapter 7. 

Moreover, this chapter includes comparisons between the results from the analytical simulations 

and those from the pseudo-dynamic and shake-table experiments. Reliability analyses and 

fragility functions considering the effects of bidirectional seismic loading on the URM infill 

walls for a case study RC building are described in Chapter 8. Finally, a summary of the 

findings, conclusions, and future extensions are presented in Chapter 9. The pseudo-dynamic 

experiments and the progressive collapse modeling of the infill walls constitute ongoing research 

and will be discussed in forthcoming reports by Elkhoraibi and Mosalam and Talaat and 

Mosalam. 
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Fig. 1.3  Overall study program on RC building systems with URM infill walls. 
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1.4 REPORT CONTRIBUTIONS 

The main contributions of this report are summarized as follows: 

1. Development and execution of several shake-table experiments on three-dimensional 

(3D) RC frame structure with and without URM infill wall and methodical data analysis 

leading to quantification of the dynamic effects of the URM infill wall on the RC frame 

structure. 

2. Generation of a 3D FE model validated using the experimental results as a tool for further 

analysis and numerical simulations of structures containing URM infill walls subjected to 

different loading conditions. 

3. Establishing a framework for reliability analyses of buildings containing URM infill 

walls including the effects of bidirectional (in-plane and out-of-plane) ground motions 

and obtaining generalized fragility functions (i.e., accounting for different limit states) for 

RC buildings with URM infill walls. 

4. Developing a practical 3D SAT model that accounts for the mechanical behavior and 

modes of failure for URM infill walls subjected to bidirectional (in-plane and out-of-

plane) loading.  
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2 Prototype Structure 

In this chapter, a hypothetical five-story three-bay by two-bay RC building containing URM 

infill walls is defined as the prototype structure of the presented research study. The first-story 

interior bays along the three-bay direction of this prototype structure are considered as the 

prototype substructure, which is the basis for the design of the shake-table test structure. 

Considering a computational model of the prototype structure built using the computational 

platform OpenSees, post-tensioning forces of the columns and additional masses to the RC slab 

of the first story for the shake-table test structure are defined to make the global response of the 

test structure match that of the prototype substructure. The computational model of the prototype 

structure is also used to quantify the effects of the higher modes on the response of the prototype 

substructure. 

2.1 INTRODUCTION 

The selection of the configuration of the prototype structure is done considering the feasibility 

and objectives of the shake-table experiment on a one-story substructure of the prototype 

structure. Different numbers of stories for the prototype structure are considered, and the shear 

demand on the first-story URM infill walls and their surrounding frames are estimated based on 

simplified code-based linear studies. From these preliminary studies, a five-story prototype 

structure is deemed adequate to generate enough lateral demand to ensure the failure of the URM 

infill wall during the shake-table experiment and to allow for defining a substructure for the 

shake-table experiment that is not significantly affected by higher modes of the structure or the 

overturning moments due to the height of the structure.  

The prototype five-story moment-resisting frame structure is designed based on the 

requirements of the American Concrete Institute (ACI318, 2002) and the National Earthquake 

Hazards Reduction Program (NEHRP) recommendations (Building Seismic Safety Council 
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2000) in seismic regions with its exterior columns as the primary lateral load-resisting system. 

Although it is more common to have masonry walls on the perimeter of buildings, in this study, 

the URM infill walls are assumed to exist in the middle frames for two practical reasons. First, 

having two walls on the perimeter of the test structure would have required about twice as much 

shear force to damage the walls, thus exceeding the capacity of the available shake table. Second, 

the failure of the two URM infill walls on the perimeter would not have been simultaneous 

because of the inherent material and construction variability that would have caused a significant 

shift in the center of rigidity of the test structure and would have produced large torsional 

demands on the structure, leading to loading patterns that are beyond the scope of the intended 

experimental study.  
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Fig. 2.1  Prototype structure (¾-scaled) (1" = 25.4 mm).  

Due to the limited size of the available shake table, the prototype structure is scaled to 

75% of its original design size. The typical floor plan and specifics of the ¾-scaled prototype 

building are shown in 2.1. One of the implications of this reduced-scale configuration is that 

areas are reduced by the square of the length scale, i.e., reduced to 56.25% of the original areas. 

For satisfying the similitude requirements (Sabnis et al. 1983), the forces in the model are also 

reduced by the square of the length scale from those of the prototype to produce the same 

“elastic” stress and strain levels (using the same materials for the model and prototype structures, 

i.e., same modulus of elasticity) in both the model and the prototype configurations. Therefore, 

with elementary dimensional analysis, the distributed loads (force per unit area) on the scaled 

prototype structure are the same as those on the original (unscaled) prototype structure. 

Accordingly the adopted dead load on the scaled prototype structure is 110 psf (5270 Pa) on each 

floor and 90 psf (4310 Pa) on the roof, and the live load is 50 psf (2390  Pa) on each floor and 10 
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psf (480 Pa) on the roof. From this point on, the discussions refer to the 75%-scaled prototype 

structure as the prototype. 

Table 2.1  Member sizes and reinforcement details of prototype substructure. 

Structural 
Element Dimensions Main Reinforcement Transverse Reinforcement

Slab 3¾" (95 mm) 
thick 

#3 (M10) top and 
bottom @ 12" (305 
mm) o.c. each way 

None 

Columns 12"×12" (305 
mm×305 mm) 

8-#6 (19 mm) 
diameter and 1¼" (32 
mm) diameter post-
tensioning rods 

#3@3¾" (M10@95 mm) 
closed ties over 24″ (610 
mm) from faces of joints 
and #3@6" closed ties 
(M10@152 mm) elsewhere 

Longitudinal 
direction beams 
(single span) 

10½"×13½" (267 
mm×343 mm) 

3-#6 (19 mm) 
diameter top and 
bottom 

#3@2¾" (M10@70 mm) 
closed ties over 28" (711 
mm) from face of beam-
column joint and #3@8" 
(M10@203 mm) elsewhere 

Transverse 
direction beams 
(double span) 

12"×9" (305 
mm×229 mm) 

2-#6 (19 mm) 
diameter top and 
bottom 

#3@12" (M10@305 mm) 
closed stirrups 

Footings 14"×18" (356 
mm×457 mm) 

4-#7 (22 mm) 
diameter top and 
bottom 

#3@4" (M10@102 mm) 
closed stirrups 

Masonry wall 4" (102 mm) thick None None 
 

The prototype substructure is selected as the middle bays of the first story of the 

prototype building as defined by the dashed box in Figure 2.1. Although typically the exterior 

frames are designed and detailed as a part of the primary lateral load-resisting system the middle 

bays are also detailed such that they would endure the same displacement demands in an 

earthquake event and accordingly maintain their axial load-carrying capacity. The structural 

configurations (member sizes and reinforcements) of the different members of the prototype 

substructure are summarized in 2.1. 
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2.2 TEST STRUCTURE 

The test structure, shown in Figure 2.2, is selected to represent the prototype substructure 

described in the previous section. It consists of three RC moment frames and the URM infill wall 

constructed in the interior (middle) frame. The RC frames are bolted through their footings to the 

shake table and connected from the top by the RC slab.  

C1 A1B1

C2 A2B2

  

Fig. 2.2  Test structure. 

Since in this study the test structure is only subjected to the ground motion in the 

longitudinal direction (parallel to the URM infill wall in Fig. 2.1 for designations of the 

longitudinal and the transverse directions), the spacing of the frames in the transverse direction is 

reduced from 13′-6″ (4.11 m) to 6′-0″ (1.83 m) to fit the test structure on the shake table. This 

implies that the RC slabs in the test structure behave under gravity loads as one-way slabs rather 

than two-way slabs in the prototype substructure. However, under lateral load, this reduction of 

frame spacing is expected to have a minimal effect because the RC slabs in both the prototype 

substructure and the test structure are expected to behave as rigid diaphragms. The beam and 

column sizes for the test structure are the same as in the prototype substructure; see Table 2.1. 

Additional masses are considered on the test structure such that the base-shear demand on the 

test structure matches that of the prototype substructure as determined using OpenSees modeling 

(refer to Section 2.5). Moreover, concentric post-tensioning rods are added to the columns of the 

test structure to match the levels of axial forces on the RC columns of the test structure with 

those of the prototype substructure (refer to Section 2.4).  
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2.3 COMPUTATIONAL MODELING 

In order to determine the boundary conditions of the selected test structure, an analytical model 

of the prototype building is constructed using OpenSees. Beams and columns in the 

computational model are represented by nonlinearBeamColumn element in OpenSees, which is 

based on force formulation, and considers the spread of plasticity along the length of the 

element. Cross sections are defined using fiber discretization with distinct layers for longitudinal 

reinforcement. Concrete material is modeled using Concrete01, which is a uniaxial concrete 

material object with degraded linear unloading/reloading stiffness. Confining effect due to the 

prescribed transverse reinforcement is accounted for using confined concrete properties for core 

concrete material as suggested by Mander et al. (1988a,b). Steel reinforcing bars are modeled 

using Steel01, a uniaxial bilinear material object with kinematic hardening. The adopted values 

for concrete material parameters in different members and for steel material parameters of 

reinforcing bars are shown in Tables 2.2 and 2.3, respectively. These values are based on the 

uniaxial compression tests performed for concrete and the mill certification of the used #6 (19 

mm) steel bars. The column-footing joints are modeled using the recommendations of Federal 

Emergency Management Agency (FEMA 356, 2000) by a trilinear moment-rotation relationship 

as defined in Table 2.4. The beam-column joints are modeled as rigid joints, although the 

column-footing joints do not to reflect the observed experimental results discussed in Chapter 6. 

The masonry infill is modeled using equivalent compression-only diagonal struts with properties 

as defined in Table 2.5. 

Table 2.2  Concrete model properties. 

Concrete01 Footing Beams Column cover Column core
ccco ff ,   

[ksi (MPa)] 
4.98 
(34.4) 

5.56 
(38.4) 5.39 (37.2) 6.53 (45.0) 

ccco εε ,   0.002 0.002 0.002 0.004 

cuf   
[ksi (MPa)] 

0.00 0.00 0.00 1.00 (6.90) 

cuε   0.006 0.006 0.006 0.020 

cocc ff ,

cocc εε , cuε
cuf
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Table 2.3  Steel model properties. 

Steel01 Reinforcing bars
yf  [ksi (MPa)] 66.5 (458) 

sE  [ksi (GPa)] 29000 (200) 

syy Ef=ε  0.00229 

α  (strain-hardening ratio) 0.01 

yf

yε

1
sEαsE

1yf

yε

1
sEαsE

1

 
 

Table 2.4  Column-footing joint model parameters. 

crM  [kip-in. (kN-m)] 265 (29.9) 

crθ  (rad) 0.002 

YM  [kip-in. (kN-m)] 1150 (130) 

Yθ  (rad) 0.015 

PM  [kip-in. (kN-m)] 1400 (158) 

Pθ  (rad) 0.030 Yθ Pθcrθ

YM

crM

PM

θ

M

 
 

Table 2.5  Masonry strut parameters. 

mof [ksi (MPa)] 2.46 (17.0) 

moε  0.00278 

muf  [ksi (MPa)] 0.289 (1.99) 

muε  0.00406 

Area [in..2 (cm2)] 34.6 (223) moε εmuε

mof

muf

σ Compression strut

Tension Compression

Parabola
Straight line

No tension

moε εmuε

mof

muf

σ

moεmoε εmuεmuε

mofmof

mufmuf

σ Compression strut

Tension Compression

Parabola
Straight line

No tensionNo tension

 
 

Using the OpenSees computational model, nonlinear time-history analyses of the 

prototype structure subjected to different levels of the selected ground motion (refer to Chapter 

5) are performed. The time step chosen for these analyses is 0.005 sec. The algorithm 

implemented in these nonlinear analyses to advance to the next time step is Newton Line Search 

(Crisfield 1991). The integrator used is the Newmark algorithm with well-known numerical 

integration parameters 5.0=γ  and 25.0=β  (Chopra 2001). Five percent mass proportional 

numerical damping is assumed in the computational model. The iterative solution convergence is 

tested based on the residual energy with tolerance of 1210−  kip-in. ( 11101.1 −×  kN-m). The details 

and references for the analysis and solution parameters described above can be found in Mazzoni 
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et al. (2006). Analyzing the results, the axial load and base shear affecting the selected prototype 

substructure are determined for each level of the input ground motions.  

With the same assumptions as the prototype structure, an OpenSees computational model 

of the test structure is also analyzed and the required additional masses are determined for the 

test structure. This determination is based on matching the computationally-determined base 

shear of the test structure to that of the prototype substructure when subjected to the design-level 

ground motion, refer to Section 2.5. Moreover, the results of the computational models for both 

the prototype and the test structures are used to determine the required amount of columns post-

tensioning forces in the test structure as discussed in the following section.  

2.4 EFFECT OF COLUMN AXIAL LOAD 

In order to explore the effects of the columns axial loads due to the weight of the upper stories in 

the prototype substructure, the range of change in the axial force during each level of the ground 

motion is examined and superposed on the moment-axial interaction diagram for the middle 

columns (B1 and B2 in Fig. 2.2). An example of such results for the design-level ground motion 

is shown in Figure 2.3. The static axial force due to gravity only on the column caused by the 

upper-story dead and live loads is 86.8 kips (386 kN) corresponding to 1420 kip-in. (160 kN-m) 

moment capacity for the column cross section. During the design-level ground motion, the axial 

load ranges from 49.5 kips (220 kN) to 96.5 kips (429 kN), as can be observed from Figure 

2.3(a), and accordingly the corresponding moment capacity of the cross section ranges from 

1270 kip-in. (144 kN-m) to 1450 kip-in. (164 kN-m). Comparing this variation with the moment 

capacity of the cross section at zero axial force, namely 1060 kip-in. (120 kN-m), it is concluded 

that the increase in the axial load of the column has significant effects on its flexural capacity 

(from 20% to 37% increase for gravity plus earthquake loadings and 34% increase for gravity 

loading only) of the cross section. To accommodate this observation, the static columns axial 

loads due to the weight of the upper stories of the prototype structure are applied to the columns 

of the test structure in the form of unbonded concentric post-tensioning rods in addition to the 

axial loads caused by the additional masses on the RC slab. The post-tensioning loads applied on 

the exterior columns (A1, A2, C1, and C2 in Fig. 2.2) are 32.6 kips (145 kN) and on the interior 

columns (B1 and B2 in Fig. 2.2) are 65.2 kips (290 kN). The resulting range of change in the 

axial load of the columns corresponding to the design-level ground motion for the test structure 
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is also obtained using the OpenSees computational model and is shown in Figure 2.3. This range 

for the test structure with the post-tensioning very closely matches that for the prototype 

substructure.    
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(b) Moment-axial interaction diagram 

Fig. 2.3  Axial load change of middle columns (B1 and B2) in prototype substructure and 
test structure during design-level ground motion. 

2.5 EFFECT OF LATERAL LOADING  

A comparison of the responses of the first-story substructure of the prototype building and those 

of the test structure when subjected to different levels of the selected input ground motion is 

performed using nonlinear time-history analyses. For the prototype substructure, the 

displacement and base-shear response is obtained directly from the computational model of the 

whole prototype building, shown in Figure 2.1. The displacements are determined at the first-
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floor level and the base-shear forces are determined by the sum of the column shear forces and 

the horizontal components of the force in the compression-only diagonal struts in the prototype 

substructure, indicated in Figure 2.1. The hysteretic energy is evaluated as the total accumulated 

area under the base-shear versus displacement plots. The base shear versus the first-story drift 

plots and the hysteretic energy time-history plots from these analyses are presented in Figure 2.4 

for different ground motion levels of the Northridge earthquake, Tarzana (TAR) recording (refer 

to Chapter 5 for ground motion designations). Moreover, the plots for the maximum base shear 

versus its corresponding first-story drift and maximum first-story drift versus its corresponding 

base shear for both the prototype substructure and the test structure for different levels of the 

Northridge earthquake are shown in Figure 2.5. The cumulative hysteretic energy plots for 

consecutive runs at the applied ground motion levels are also compared for both the prototype 

substructure and the test structure in Figure 2.6. These results show good agreement between all 

the responses to a reasonable extent, justifying decisions and approximations made in the design 

and configuration of the test structure.  
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Fig. 2.4—Continued 
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Fig. 2.5  Comparison between peak responses of prototype substructure and test structure. 



 

 20

 

0 20 40 60 80 100 120
0

50

100

150

200

Time [sec]

H
ys

te
re

tic
 e

ne
rg

y 
[k

ip
-in

]

 

 

Prototype substructure
Test structure

0 20 40 60 80 100 120
0

5

10

15

20

[k
N

-m
]

TAR 1
TAR 2

TAR 3

TAR 4

TAR 6

Fig. 2.6  Comparison between cumulative hysteretic energy plots for prototype 
substructure and test structure. 

As mentioned earlier, by providing additional masses and post-tensioning in the test 

structure, an acceptable match between the responses of the prototype substructure and the test 

structure is achieved. The shortcomings however, are due to the effects of the overturning 

moment and higher mode effects (addressed in the next section) in the prototype structure. In 

general, the overturning moments have considerable role on the axial forces of the columns 

located on the perimeter of the building. These effects are less significant when one considers the 

interior columns. Figure 2.7 shows the variation of the axial loads in the columns versus the 

overturning moments for perimeter column (A0 in Fig. 2.1) and interior column (A1 in Fig. 2.1) 

in the prototype structure when subjected to the design-level ground motion. It can be observed 

that the axial force of the column A0 changes almost linearly with the increase of the overturning 

moment to more than 175%, whereas the axial force in column A1 changes merely 15% and is 

much less sensitive to the variation of the overturning moments.  
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Fig. 2.7  Effect of overturning moments on column axial loads of prototype structure. 

2.6 MODAL ANALYSIS OF PROTOTYPE BUILDING 

Modal analysis (Chopra 2001) of the prototype building is performed to investigate the effects of 

higher modes on the response of the prototype substructure. Idealizing the prototype structure as 

a lumped-mass system, the governing equations of motion for the prototype structure subjected 

to the ground motion )(tug!!  can be expressed as 

 )()()()( tuttt g!!!!! !MuKuCuM −=++  (2.1) 
where M , C , and K  are mass, damping, and stiffness matrices, respectively, )(tu , )(tu! , )(tu!!  

are displacement, velocity, and acceleration vectors, respectively, and !  is the ground motion 

influence vector. The displacement vector ( )tu  can be expressed as the superposition of the 

modal contributions as shown below 

 !! == )()()( tqtt nnn
"uu  (2.2) 

where )(tnu  is the  contribution of the nth mode to the displacement vector ( )tu  and n"  and 

)(tqn  are the shape and the normal coordinates of the nth mode, respectively. The maximum 

contribution of the nth mode to the base shear of the structure bnV  can be expressed as 

 nnbn SAMV *=  (2.3) 
where *

nM  is the effective modal mass of the nth mode and nSA  is the spectral acceleration 

corresponding to the natural frequency of the nth mode. Following the standard procedure for 
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modal response spectrum analysis (Chopra 2001), the maximum contribution of the nth mode to 

the displacement vector nu  and bnV  can be obtained for a given ground motion or design spectra.  

For the prototype building, the effects of the first five modes (Fig. 2.8) in the direction of 

the input ground motion are investigated. To explore the effects of higher modes on the 

prototype structure, a modal response spectrum analysis for the prototype structure subjected to 

the NEHRP design spectrum (Building Seismic Safety Council 2001) is performed. The effective 

modal mass *
nM , the maximum modal contribution to the base shear bnV , and the maximum 

modal contribution to the first-story displacement nu1  are shown in Table 2.6 for each of the first 

five modes. Moreover, this table includes the peak responses for the base shear and first-story 

displacement obtained using the square root of the sum of squares (SRSS) combination rule 

(Chopra 2001) for the first five modes. It can be observed that the ratio of the second mode to the 

first-mode response is about 9% for the base shear and about 6% for the first-story story drift. 

These ratios are even smaller for the higher modes, suggesting that the first-mode response is by 

far governing the total response of the prototype structure (representing 99.6% and 99.8% of the 

peak base shear and the peak first-story displacement, respectively, based on the SRSS 

combination,). Accordingly, the effects of the higher modes are neglected when comparing the 

obtained test structure results and observations to the prototype substructure.  

 

Base

1st story

2nd story

3rd story

4th story

5th story

Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

 

Fig. 2.8  First five mode shapes of prototype structure. 
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Table 2.6  Response spectrum analysis for prototype structure subjected to NEHRP 
design spectrum. 

Mode Period 
(sec) 

*
nM  nSA  (g) bnV  

[kips (kN)]
nu1  

 [in. (mm)] 
1 0.239 1.166 1.070 482 (2140) 0.1608 (4.084) 

2 0.069 0.143 0.800 44 (196) 0.0096 (0.244) 

3 0.026 0.056 0.580 12 (53) 0.0009 (0.023) 

4 0.025 0.029 0.580  7 (31) 0.0007 (0.018) 

5 0.020 0.014 0.580 3 (13)  0.0002 (0.005) 

Peak response 

(SRSS combination) 
484 (2150) 0.1611 (4.092) 

2.7 SUMMARY 

A hypothetical prototype structure with RC frames and URM infill wall introduced into one of 

the RC frames is considered. The first-story interior frames of the prototype structure are 

selected as the focus substructure. A test structure representing the selected prototype 

substructure is proposed, and the relationship between its demand parameters and those of the 

prototype substructure is established using OpenSees modeling of the prototype and the test 

structures. The effect of column axial forces on the prototype substructure is discussed, and the 

post-tensioning forces for the columns of the test structure are determined to compensate for 

those effects. Additional masses are determined for the test structure to match its base-shear 

response to that of the prototype substructure when subjected to a series of ground motions. The 

effects of the overturning moment due to the lateral forces on the upper stories, and the effects of 

the higher mode contributions on the prototype substructure are also discussed and found to be 

negligible for the considered prototype substructure. 
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3 Development of the Test Structure 

The development of the shake-table test structure and its experimental configuration are 

discussed in this chapter, including the specifics of the design, construction details, and final 

dimensions of the test structure. The characteristics and limitations of the shake table used and 

the results of its fidelity tests performed while the table is not loaded, i.e., prior to placing the test 

structure on it, are presented. The construction sequence, transporting of the test structure to the 

shake table, the arrangement of additional masses, and the instrumentation of the test structure 

are described in detail. 

3.1 DESIGN ASPECTS 

The test structure is designed to represent the ¾-scaled prototype substructure described in 

Chapter 2, Figure 2.1. The overall dimensions of the test structure are 16'-0"×14'-6" (4.88 

m×4.42 m) in plan and 11'-3" (3.43 m) in height. The center-to-center span of each frame is 13'-

6" (4.11 m) and the frames are 6'-0" (1.83 m) apart. The frames are connected using a 3-¾" (95 

mm) thick RC slab with #3 (10 mm dia.) reinforcing bars top and bottom at 12" (305 mm) on 

center each way. Column cross sections are 12"×12" (305 mm×305 mm) with 8-#6 (19 mm dia.) 

longitudinal reinforcing bars and Grade 150 unbounded 1-¼" (32 mm dia.) post-tensioning 

central rods to apply column axial loads representing the upper stories of the prototype building. 

The transverse steel reinforcements of the columns consist of #3 at 33/4″  (10 mm dia. at 95 mm) 

closed ties over 24″(610 mm) from the face of the joints and #3 at 6″ (10 mm dia. at 152 mm) 

closed ties elsewhere. Long direction single-span beam cross sections are 10½"×13½" (267 

mm×343 mm) with 3-#6 (19 mm dia.) top and bottom longitudinal reinforcing bars. Beam 

transverse steel is #3 at 23/4″ (10 mm dia. at 70 mm) closed stirrups over 28″ (711 mm) from the 

face of the beam-column joint and #3 at 8″ (10 mm dia. at 203 mm) closed stirrups elsewhere. 
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Short-direction double-span beam cross sections are 12"×9" (305 mm×229 mm) with 2-#6 (19 

mm dia.) longitudinal top and bottom reinforcing bars and #3 at 12″ (10 mm dia. at 305 mm) 

closed stirrups as transverse steel reinforcement. Foundation cross sections are 14"×18" (356 

mm×457 mm) with 4-#7 (22 mm dia.) longitudinal top and bottom reinforcing bars and #3 at 4″ 

(10 mm dia. at 102 mm) closed stirrups as transverse steel reinforcement. The concrete cover is 

¾" (19 mm) everywhere. The reinforcement is specified as ASTM A615 Grade 60. The specified 

28-day compressive strength of the standard concrete cylinder per ASTM C 837-99 is 4.5 ksi (31 

MPa). The masonry wall is made of clay bricks with modular size of 4"×8"×22/3" (102 mm×203 

mm×68 mm) and ASTM C270 Type N mortar. The measured average 28-day compressive 

strength of the standard masonry prism per ASTM C1314 is 2.46 ksi (17 MPa). The complete 

construction drawings of the test structure are shown in Figures 2.3(a)–(e). 

 

 
(a) Bare frame on axes A and C of Fig. 2.1 

Fig. 3.1  Construction drawings and details of test structure. 
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(b) Infilled frame on axis B of Fig. 2.1 

 
(c) Floor plan 

Fig. 3.1—Continued 
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(d) RC slab reinforcement 

Fig. 3.1—Continued 
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BEAM COLUMN JOINT

COLUMN SECTION

TRANSVERSE BEAM - SLAB DETAIL

FOUNDATION SECTION

LONGITUDINAL INTERIOR BEAM - SLAB DETAIL

TOP PLATE

BOTTOM PLATE

LONGITUDINAL EXTERIOR BEAM - SLAB DETAIL

POST-TENSIONING DETAIL

 
(e) Details 

Fig. 3.1—Continued 

3.2 CONSTRUCTION PROCESS 

The test structure was constructed off the shake table by professional contractors. This was 

dictated by the expected somewhat long time for the construction stages of the test structure and 

the scheduling constraints of the shake-table usage. Following common practice, the concrete 
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was placed in three stages having two cold joints at the tops and the bottoms of the columns. The 

cold joints were roughened and cleaned before each new concrete placement. A total of thirty 

concrete test cylinders were prepared during each phase of construction to be tested during 

various stages of the project. Figure 3.2 shows photographs of different milestones of the 

construction process of the test structure, including transporting the test structure to the shake 

table. 

For transporting  the test structure, a stiff steel frame was assembled and attached through 

pre-installed embedded bolts in the foundation of the test structure. Furthermore, to prevent 

damage during the transportation, the test structure was braced (V bracing) using steel angle 

members spanning from the top slab to the middle of the supporting stiff steel frame. The test 

structure was then lifted through the formwork using hydraulic jacks, and rollers were placed 

under the supporting steel frame. The whole assembly was then towed inside the shake-table 

building and onto the table with utmost care to avoid any damage to the test structure. The test 

structure was then grouted and post-tensioned to the shake table using two high-strength (Grade 

150) 1" (25.4 mm) diameter rods per column footing, and the supporting steel frame and steel 

braces were removed. The post-tensioning rods directly under the URM infill wall were recessed 

to avoid interference with the URM wall construction.  

Once the test structure was secured to the shake table, professional masons constructed 

the URM infill wall in the middle frame. The work sequence described was designed to avoid 

moving the structure with the URM infill wall to eliminate any possibility for micro-cracks to 

develop in the brittle URM infill wall. Upon completion of the construction of the URM infill 

wall,  a month of curing time was allowed before the start of the experiments. This time was 

utilized to install the required instrumentation and addition of the masses as described in the 

following sections.  
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(a) Construction of foundation (b) Formwork for columns 

  
(c) Formwork and construction of beams 

and slab (d) Slab and beam reinforcement 

  
(e) Test structure after stripping forms (f) Transporting test structure into shake-

table building 

Hydraulic 
pump

Supporting 
steel frame

Hydraulic 
jack

Hydraulic 
pump

Supporting 
steel frame

Hydraulic 
jack

 

Grout rising in control tubes placed 
at close intervals to insure complete 

penetration under the foundation

Grout rising in control tubes placed 
at close intervals to insure complete 

penetration under the foundation

 
(g) Lifting test structure to complete its 

grouting to shake table (h) Grouting of test structure on shake table

Fig. 3.2  Construction of test structure. 
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(i) Construction of URM infill wall (j) Test structure after completion of URM 

infill wall 
Fig. 3.2—Continued 

3.3 SHAKE-TABLE FACILITY AND FIDELITY TESTS 

The following description of the shake-table facility used at the Richmond Field Station of the 

University of California, Berkeley, is extracted from the Earthquake Engineering Research 

Center website at http://eerc.berkeley.edu where further details may be obtained. The heavily 

reinforced (with ordinary reinforcement and with post-tensioning tendons) concrete shake table 

has a size of 20'×20' (6.1 m×6.1 m). It is configured to produce three translational and three 

rotational components of motion along and about the vertical axis and two horizontal axes. These 

six degrees of freedom (DOF) can be programmed to reproduce any waveforms within the 

capacities of force, velocity, displacement, and frequency of the system. In this study, only 

unidirectional translation in the horizontal direction parallel to the URM infill wall plane is 

considered. The shake table can subject test structures weighing up to 100,000 lbs (445 kN), the 

same weight as the table itself, to horizontal accelerations of 150% the acceleration of gravity 

(1.5g). The maximum displacement of the shake table in the horizontal directions is limited to 

the gap that separates the shake table from the laboratory floor (5" (127 mm)). The maximum 

vertical displacement is limited to the stroke of the vertical actuators (8" (203 mm)). The 

maximum velocity of the table is limited by its hydraulic system and it is suggested to limit the 

maximum velocity to about 30 in./sec (762 mm/sec). The table is designed to be stiff enough to 

have a natural frequency greater than 20 Hz, behaving essentially as a rigid body in the typical 

operating range of 010 Hz. In operation, the air in the pit beneath the shake table is pressurized 

such that the total weight of the table and the test structure is balanced by the difference in air 

pressure in the pit and the ambient air pressure. 
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Eight hydraulic actuators, with a capacity of 75,000-lb (330-kN) each, drive the shake 

table horizontally and are attached to stiffened parts of the table from underneath. The actuators 

are long and have swivel joints at each end so they can rotate to accommodate the components of 

motion perpendicular to their direction of extension. The long length of the actuators helps to 

decouple the horizontal and vertical components of motion, with further decoupling 

accomplished in the control system. An MTS model 469 controller performs the primary control 

of the shake table. The controller provides for closed-loop control of motion on translational and 

rotational DOF. It is designed so that each of these 6 DOF can be programmed individually to 

run concurrently. Earthquake records of displacement are used in programming and controlling 

the shake-table motions.  

In order to gain a measured confidence in the performance of the shake table, before 

installing the test structure, the selected input ground motions in the present study were run on 

the unloaded shake table and the acceleration response was measured at the center of the table 

and compared to the target motions. Figures 3.3(a) and (b) compare the shake-table and target 

acceleration response spectra for Northridge Tarzana, level 4, and Düzce Lamont, level 7, 

ground motions, respectively. The details of these selected ground motions and their intensity 

levels are discussed in Chapter 5. In the expected first-mode frequency range of the test 

structure, 7.5 Hz for the as-built, i.e., before any damage, infilled test structure to about 1.0 Hz 

for the extensively damaged test structure, the match between the shake-table output and the 

target spectra is deemed acceptable. Since the main objective of this study is to evaluate the 

response of the test structure due to ground motions representative of the design spectra rather 

than any specific actual ground motion, the shake-table output signals are used in determining 

the scale factors to match the design spectra (refer to Chapter 5 for details), and also these output 

signals are used in post-experiment computational analyses (refer to Chapter 7 for details). For 

completeness, the actual time history of the input and output signals of the shake table for the 

same level discussed above are shown in Figures 3.3(c)–(d), indicating that while the shake-table 

output follows the input acceleration closely, the outcome contains significant noise and 

sometimes does not achieve all the peaks in the input acceleration time history. The input and 

output of the loaded shake table (with the test structure installed) are presented and compared in 

the time and frequency domains in Chapter 5. The filtering process to reduce the noise is also 

discussed in detail in that chapter. 
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(c) Acceleration time-history comparison for Northridge Tarzana, level 4 
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(d) Acceleration time-history comparison for Düzce Lamont, level 7 

Fig. 3.3  Fidelity test for empty shake table before experiments. 

3.4 ADDITIONAL MASS ARRANGEMENT 

A total of 72.0 kips (320 kN) uniformly distributed weight is added to the RC slab of the test 

structure in the form of stacked lead ingots bolted to the slab using 3/8" (10 mm) diameter high-

strength rods. The purpose of these added masses and the computational models used to estimate 

their values are discussed in Chapter 2. Due to potential health hazards related to lead particles, 

the utmost care was taken in handling the lead ingots, and the work was performed under the 

supervision of the University of California Environmental, Health and Safety office. The lead 

ingots are stacked in groups of 3 and 4 (1500 lbs (6.67 kN) and 2000 lbs (8.90 kN), respectively) 
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on the ground and placed on the roof of the test structure stack by stack in a symmetrical order to 

avoid asymmetric loading of the RC beams and slab. After tightening the 3/8" diameter high-

strength rods to 70% their tensile strength using a torque wrench, static tests are performed by 

placing a hydraulic jack between a few pairs of the stacked lead ingots at different locations on 

the RC slab and by applying horizontal force pushing the ingots apart from each other while 

measuring the relative displacement between them. These tests confirm that the friction forces 

between the slab and the lead ingots are large enough to accommodate up to 4.0g lateral 

acceleration at the slab level. At a horizontal force equal to about four times the weight of the 

stacked lead ingots, they begin to slide on the RC slab, but no relative slip was observed between 

the lead ingots themselves. Mass assembly details, photographs of the placement and handling of 

the lead stacks, placement and arrangement details, and the final state of the structure after the 

completion of the mass-stacking procedure are shown in Figures 3.4(a)–(f), respectively.  
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Fig. 3.4  Additional mass arrangement and details. 
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3.5 INSTRUMENTATION 

The experimental setup is instrumented to provide data for the evaluation of the global and local 

behavior of the test structure. Three types of instruments are used: (1) accelerometers, (2) 

displacement transducers, and (3) strain gages. Examples of the use and setup of these 

instruments are shown in Figures 3.5(a)–(f). Detailed drawings for the exact locations and 

configurations of all instruments are shown in Appendix A. 

Mounting 
box

Accelerometers

Mounting 
box

Accelerometers

 

Displacement 
transducer

Target plate

Reference rod 
embedded in 
the column

Piano wire

Displacement 
transducer

Target plate

Reference rod 
embedded in 
the column

Piano wire
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(c) Displacement transducer setup on URM 

infill wall 
(d) Displacement transducer setup on RC 
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(e) Strain gage on reinforcing steel bar 

before coating 
(f) Strain gage after application of 

protective coatings 

Fig. 3.5  Samples of different instrumentation used on test structure. 

To measure the floor acceleration in three directions (vertical and two horizontal), 11 

accelerometers are installed on the floor level (see Fig. A-1) as follows: in the longitudinal 

direction, parallel to the URM infill wall, 7 accelerometers, one-per-column and one at the 
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middle of the beam in frame B; in the transverse direction, 3 accelerometers on the diagonal of 

the slab on opposite corners and at the center; and in the vertical direction, one at the middle of 

the beam in frame B. Added to these are 3 more accelerometers at the base of the URM infill 

wall on the foundation (one in each direction) and 8 accelerometers built in the actuators 

underneath the shake table (one each per horizontal and vertical actuator). 

To measure the global displacements of the shake table and the test structure with respect 

to the fixed frame of reference, eight displacement transducers (wire potentiometers) are used. 

Five of these measured the displacement of the floor (three in the longitudinal direction and two 

in the transverse), and the remaining three measured the displacements of the shake table (two in 

the longitudinal direction and one in the transverse).  

To measure local displacements and rotations, a total of 75 displacement transducers 

(linear variable differential transducers, LVDTs) are utilized during the experiments. Nine were 

installed in the plane of the slab; 14 installed in the plane of the URM infill wall measuring the 

diagonal deformation, sliding, and opening with respect to the bounding frame; four for 

measuring the diagonal displacements of the frames; and the rest installed on four of the columns 

(12 per column) to measure the rotations and average curvatures along the length of the column 

(see Fig. A-2).  

A total of 78 strain gages out of more than 150 strain gages installed on the reinforcing 

bars throughout the test structure are used during each run of the shake table(see Figs. A-3–A-4), 

since the total number of the installed instruments exceeded total data channels available in the 

data-acquisition system, namely 192 channels. In other words, almost twice the strain gages as 

those used in any single test are mounted in the reinforcing bars of the test structures. It should 

be noted that in Figures A-3–A-4, only the strain gages that are used during the shake-table 

experiments are numbered. Because some of the strain gages were damaged during the earlier 

test runs, this redundancy of strain gaging is very important in such large-scale shake-table 

experiments with multiple phases where alternative gages are selected and monitored in 

subsequent test runs. The post-tensioning rods are also gaged and monitored during all test runs 

to assess the change of the post-tensioning forces, i.e., the change of the axial loads in the 

columns. 
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3.6 SUMMARY  

The specifics of the test structure including geometry, reinforcement configurations, and 

construction details are presented. The shake-table hardware and control system and the results 

of fidelity tests on the ability of the shake table to reproduce target ground motions are briefly 

discussed. It is concluded that the table performance is satisfactory within the expected 

frequency range of the test structure. The construction sequence, the procedure of transporting 

the test structure and mounting it on the shake table, the additional mass distribution and 

attachment, and the instrumentation of the test structure are described in detail. The reader is 

referred to Appendix A for the exact locations and orientations of all instruments used in the 

shake-table experiments. 
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4 Preliminary System Identification 

This chapter deals with the results of the component and system tests performed before the start 

of the actual shake-table experiments involving the application of earthquake records. The 

component tests include standard concrete compression tests and concrete split tension tests on 

concrete cylinders fabricated during the construction of the test structure. These component tests 

also include masonry compression, shear and bending tests performed on masonry prisms and 

masonry panels constructed at the same time as the URM infill wall in the test structure. The 

system tests are a series of pull-back (snap-back) tests on the test structure at different stages of 

completion of the test structure configuration, namely before and after building the URM infill 

wall and after the placement of additional mass on the test structure. The results of these 

preliminary tests are used to gather the required data for calibrating and validating analytical 

models of the test structure as discussed in Chapter 7 and to document the state of the test 

structure at the beginning of the shake-table experiments as a point of reference when discussing 

the results of these experiments in Chapter 6.  

4.1 COMPONENT TESTS 

4.1.1 Concrete Cylinder Compression Tests 

A total of 30 test cylinders are prepared after each concrete placement for foundation, columns, 

and beams and slab in accordance with ASTM C 837-99. The cylinders are kept in the same 

environmental conditions as the test structure. Three uniaxial compression tests are performed 

for each patch of concrete at different times to monitor the strength gain with time, the last of 

which was performed on the day before the start of the shake-table experiments. Mean values 

and the coefficient of variation (COV) of each test group are reported in Tables 4.1 and 4.2, 

respectively. It can be observed that the compressive strength of the concrete on the day of the 



 

 42

test is on average 22% higher than its 28-day compressive strength. No clear conclusion can be 

made on the COV for the test results due to the small sample size, namely three for each reported 

value. However, based on the results in Table 4.2 and for the purpose of practical reliability 

analyses as in Chapter 8, one may consider a mean value of the COV of the concrete 

compressive strength of 4.5%. The test setup and the resulting relationship of the mean strength-

gain with time for the used concrete are shown in Figure 4.1. The mean strength values obtained 

at the time of the shake-table test are used in the computational modeling of the test structure 

(Chapter 7) and for system identification purposes (Chapter 6).  

Table 4.1  Mean uniaxial concrete compression test results.  

Structural 
element 

First group 
[ksi (MPa)] 

Second group 
[ksi (MPa)] 

Third group (start of 
shake-table experiments)

 [ksi (MPa)] 
Foundation 3.27 (22.5)@11 day 4.15 (28.6)@28 day 4.98 (34.3)@567 day 
Columns 3.04 (20.9)@5 day 4.36 (30.1)@33 day 5.40 (37.2)@552 day 

Beams and slab 3.28 (22.6)@10 day 4.53 (31.2)@32 day 5.56 (38.3)@538 day 
 

Table 4.2  COV of uniaxial concrete compression test results.  

Structural 
element 

First group 
(%) 

Second group 
(%) 

Third group (start of 
shake-table experiments)

(%) 
Foundation 7.6@11 day 5.6@28 day 1.1@567 day 
Columns 4.0@5 day 4.6@33 day 9.1@552 day 

Beams and slab 5.4@10 day 1.6@32 day 1.4@538 day 
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(a) Test setup (b) Concrete compressive strength-gain with time 

Fig. 4.1  Concrete compressive strength test. 
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4.1.2 Concrete Cylinder Split Tension Tests 

Concrete cylinder split tension tests are performed on three concrete cylinders constructed using 

the columns concrete batch. The tests are carried out at the start of the shake-table experiments. 

The split tension tests conform to ASTM C496 and are used to identify the tensile strength of 

concrete cylinders as defined in Equation 4.1. 

  
dl

Pfct π
2=  (4.1) 

where P  is the maximum load at failure, l  and d  are the length and diameter of the cylindrical 

specimen, respectively. The failure is sudden, with a vertical splitting crack across the section of 

the specimen. The individual results as well as their mean value and COV are summarized in 

Table 4.3. The mean value of the tensile splitting strength of concrete (about 8% of the 

compressive strength) is used for the computational modeling of the test structure as described in 

Chapter 7. 

Table 4.3  Concrete split tension tests.  

Specimen Maximum load 
[kips (kN)] 

ctf  
[psi (MPa)] 

1 48.8 (217) 431 (2.97) 

2 50.4 (224) 446 (3.08) 

3 46.5 (207) 411 (2.83) 

Mean 48.6 (216) 429 (2.96) 

COV 3.3% 
 

Fig. 4.2  Concrete split tension test setup. 

4.1.3 Masonry Compression Tests 

Three masonry prisms are constructed at the time of the construction of the URM infill wall 

according to the requirements of the ASTM C 1314. The prisms are capped and secured to two 

steel plates on top and bottom using Hydrocal gypsum cement, and tested under uniaxial 

compression 28 days after the wall construction. Both the axial load and the axial displacement 

(measured between the two steel plates) of the masonry prisms are recorded during these axial 

compression tests. Figure 4.3 shows the configuration of the masonry prism tests as well as the 

typical failure mode consisting of vertical splitting and crushing. The stress-strain curves for the 
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three prisms are shown in Figure 4.4 with the individual results, as well as their mean values and 

COV, summarized in Table 4.4. In this table mof , mE , moε , and muε  indicate the compressive 

strength of the masonry, the modulus of elasticity measured as the secant modulus at 75% of the 

compressive strength, and strain corresponding to maximum compressive stress and ultimate 

strain of masonry corresponding to the residual stress value of momu ff 15.0= , respectively, as 

shown in the insert of Table 4.4.  

  
(a) Test setup (b) Typical failure mode 

Fig. 4.3  Masonry prism tests.  
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Fig. 4.4  28-day compression stress-strain curves for masonry prisms. 
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Table 4.4  28-day uniaxial compression test results for masonry prisms. 

Specimen mof  
[ksi (MPa)] 

mE  
[ksi (GPa)] moε  muε  

1 2.31 (16.0) 948 (6.54) 0.0038 0.0120
2 2.31 (16.0) 812 (5.60) 0.0035 0.0086
3 2.76 (19.0) 935 (6.45) 0.0040 0.0120

Mean 2.46 (17.0) 898 (6.19) 0.0038 0.0109
COV 10% 8.3% 6.1% 18% Tension Compression

moε ε
muε

mof

muf

σ
mE

mo0.75 f

Tension Compression
moε ε

muε
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4.1.4 Masonry Diagonal Tension (Shear) Tests 

In order to determine the shear strength of masonry, diagonal tension (shear) tests in accordance 

with ASTM E519 are performed on three specimens. The used specimens are 2′-5½"×2′-5½" (75 

cm×75 cm) instead of the usual 4′×4′ (122 cm×122 cm) as specified in ASTM E519 in order to 

facilitate the construction and handling of the specimens. This reduction in size is suggested and 

allowed by ASTM E519. The specimens are loaded in compression along the diagonal, and the 

applied load and its corresponding vertical and horizontal deformations (along the diagonals) are 

recorded. The loading causes almost diagonal cracking (vertical splitting in the testing position) 

along an axis parallel to the direction of loading corresponding to a rapid drop in the load-

carrying capacity of the specimen. The force-deformation plots corresponding to the vertical and 

horizontal diagonal deformations of the three tested specimens are shown in Figures 4.5 (a) and 

(b), respectively. From these plots, note that the horizontal deformation (corresponding to the 

crack opening of the vertical splitting cracks) is one order of magnitude higher than the vertical 

deformation. 

  



 

 46

 

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
0

5

10

15

20

25

30

35

40

45

Vertical deformation [in]

V
er

tic
al

 fo
rc

e 
[k

ip
s]

 

 

Specimen 1
Specimen 2
Specimen 3

0 0.5 1 1.5

0

50

100

150

200

[k
N

]

[mm]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

5

10

15

20

25

30

35

40

45

Horizontal deformation [in]

V
er

tic
al

 fo
rc

e 
[k

ip
s]

 

 

Specimen 1
Specimen 2
Specimen 3

0 5 10 15

0

50

100

150

200

[mm]

[k
N

]

(a) Deformation along vertical diagonal 
axis of specimen 

(b) Deformation along horizontal diagonal 
axis of specimen 

Fig. 4.5  Diagonal force-deformation plots for masonry shear tests. 

The shear strength of the masonry vf  is obtained using Equation 4.2.  

 
eff

v A
Pf =  (4.2) 

where P  is the applied peak compressive diagonal force on the specimen and effA  is the gross 

sectional area of the specimen along its diagonal direction calculated as th2  where h  and t  

are the side length and thickness of the square specimen, respectively. The applied peak 

compressive force and its corresponding shear strength for the three specimens as well as the 

mean value (about 11% of the masonry compressive strength) and COV are presented in Table 

4.5. The test setup and a typical failure mode are shown in Figure 4.6. 

 Table 4.5  Masonry shear test results. 

Specimen Peak compressive 
load [kips (kN)] 

Shear strength
[psi (MPa)] 

1 44.2 (197) 283 (1.95) 
2 41.1 (183) 263 (1.81) 
3 38.0 (169) 243 (1.68) 

Mean 41.1 (183) 263 (1.81) 
COV  7.6% 
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(a) Test setup (b) Typical failure mode 

Fig. 4.6  Masonry diagonal tension (shear) test. 

4.1.5 Masonry Bending Test 

To determine the tensile strength of the masonry assembly, a bending test on 2′-5½"×2′-5½" (75 

cm×75 cm) specimen is performed. The test setup is such that the middle third of the span of the 

specimen is subjected to pure bending moment (i.e., no shear) as shown in Figure 4.7(a). 

Assuming an elastic-brittle behavior for masonry in tension, the tensile strength of the masonry 

assembly can be calculated from Equation 4.3:  

 
6/
6/

2tb
LP

S
Mft ==  (4.3) 

where M  is the applied bending moment, S  is the section modulus, P  is the total applied peak 

vertical load, L  is the span, and b  and t  are the width and thickness of the specimen, 

respectively. The total applied peak vertical load recorded during the test is 978=P  lbs (4.35 

kN) which corresponds to 5.69=tf  psi (479 kPa) representing only 3% of the masonry 

compressive strength and 26% of its shear strength. This relatively low value, compared to those 

in more homogeneous materials, such as concrete, is attributed to the mode of failure of the 

masonry composite (two-phase) material (Lourenço 1996), in Figure 4.7(b), which is dominated 

by a single vertical crack along the weak plane of the mortar-brick interface. 
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(a) Test setup (b) Typical failure mode 

Fig. 4.7  Masonry bending test. 

4.2 SNAP-BACK TESTS 

Pull-back (snap-back) tests are performed on the test structure before and after the URM infill 

wall construction to determine the stiffness, natural frequency, and damping ratio of the 

structural system before starting the shake-table experiments. These tests are separately 

conducted for both the longitudinal (north-south) and transverse (east-west) directions of the test 

structure. It is to be noted that the torsional response of this symmetric test structure is not of 

interest; therefore, asymmetric snap-back tests of the longitudinal and transverse directions are 

not considered in this study. For each test, the structure is pulled in one direction by applying 3–

8 kips (13–36 kN) lateral force, depending on the stiffness of the test structure, using lever hoist 

(come-along), and then released suddenly to allow free vibration. The floor acceleration and 

displacements are measured during both the loading (pulling) phase and the free vibration phase 

of the test. The force-displacement results of the pull test are used to obtain an estimate of the 

stiffness of the test structure. The floor acceleration responses during the free vibration after 

releasing the pulling force, both in the time and frequency domains, are analyzed and used to 

estimate the natural period of vibration of the test structure and the corresponding damping ratio. 

A typical configuration and sample test results of the snap-back test is shown in Figure 4.8. The 

results in this figure refer to the second snap-back test in the north-south and east-west directions 

after building the URM infill wall, post-tensioning of the columns, and installation of additional 

mass on the RC slab. The complete results of the snap-back tests are presented in Appendix B.  
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(a) Test configuration 
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(b) North-south acceleration time history at RC slab level 
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(c) East-west acceleration time history at RC slab level 
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(d) North-south acceleration frequency 

response at RC slab level 
(e) East-west acceleration frequency 

response at RC slab level 

Fig. 4.8  Snap-back test configuration and sample results after building URM infill wall. 
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The mean and COV of the snap-back test results are tabulated in Tables 4.6 and 4.7, 

respectively. From these results, several conclusions can be made about the effect of adding the 

URM infill wall and post-tensioning of the columns on the overall stiffness, natural period, and 

damping ratio of the test structure in the north-south (longitudinal) and east-west (transverse) 

directions. Considering the response of the test structure in the north-south direction, it is 

observed that the addition of the URM infill wall increases the stiffness of the test structure by 

380% while causing a 33% increase in the damping ratio with respect to the state of the structure 

before building the URM infill wall and post-tensioning of the columns. Considering the 

response in the east-west direction, it is observed that post-tensioning of the columns alone 

(assuming that the URM infill wall has negligible effects in the transverse direction) resulted in a 

25% increase in the stiffness with a negligible change in the damping ratio. The addition of the 

mass does not affect the stiffness of the structure (1% change in the north-south direction). 

However, this added mass causes a 20% increase in the damping ratio of the test structure in the 

north-south direction, possibly due to the increase in the axial force on the URM infill wall 

enhancing the friction forces along the interface between the URM infill wall and the RC beam. 

The results obtained for the stiffness and the natural period show small variation between the 

different tests in both directions with COV ranging from 1.8% to 6.9%. On the other hand, the 

results for the damping ratio suggest more variability, with COV as high as 24%. These results 

underscore the importance of considering the uncertainty in the damping ratio of the test 

structure when performing reliability analyses.  

Table 4.6  Mean of snap-back test results (see Fig. 1.1(c) for orientation of north (N) 
direction). 

North-south direction East-west direction 
Conditions of test 

structure at time of 
snap-back test 
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Before building wall 
No additional mass 0.135 4.30 113 

(19.8) 0.134 4.40 134 
(23.5) 

After building wall 
Columns post-tensioned 

No additional mass 
0.055 5.70 426 

(74.5) 0.122 4.30 167 
(29.3) 

After building wall 
Columns post-tensioned 

With additional mass 
0.134 6.85 431 

(75.5) 0.232 4.25 - 
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Table 4.7  COV of snap-back test results (see Fig. 1.1(c) for orientation of north (N) 
direction). 

North-south direction East-west direction 
Conditions of test 

structure at time of 
snap-back test 
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Before building wall 
No additional mass 3 2.6% 4.9% 5.0% 3 2.2% 10% 1.7% 

After building wall 
Columns post-tensioned 

No additional mass 
3 1.8% 2.4% 2.1% 3 3.6% 10% 6.9% 

After building wall 
Columns post-tensioned 

With additional mass 
4 4.1% 19% 5.9% 2 4.5% 24% - 

 

4.3 SUMMARY 

The mean and COV of the compressive strength of concrete used in the construction of the test 

structure are determined at different times. Moreover, the mean and COV of the tensile strength 

of concrete are estimated using the results of concrete split tension tests. Masonry prisms and 

panels are constructed with the same material and workmanship of the URM infill wall in the test 

structure. Uniaxial compression tests, masonry diagonal tension (shear) tests, and a bending test 

are performed on the masonry specimens and the mean and COV values for the compressive, 

shear, and tensile strength of masonry are reported. A series of snap-back tests are performed on 

the test structure before and after construction of the URM infill wall and post-tensioning of the 

columns, and after addition of the mass. From those snap-back test, the dynamic properties 

(natural period and damping ratio) and the overall stiffness of the test structure in both the north-

south (longitudinal, parallel to the URM infill wall) and east-west (transverse, perpendicular to 

the URM infill wall) directions before the start of the shake-table experiments are determined. 

Sample results and discussions of these snap-back tests are presented and the reader is referred to 

Appendix B for the complete set of results.  
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5 Ground Motions and Experimental Stages 

The process of selecting the ground motion for the shake-table experiments is outlined in this 

chapter. The specifics of each of the selected ground motions in the presented study, signal 

processing and filtering applied to each ground motion, and design spectra and scale factors used 

to produce different levels of intensity are also presented. The selected and scaled ground 

motions are fed as input signals to the shake-table control system. The recorded output motions 

of the shake table without (i.e., empty table) and with the test structure (i.e., loaded table) are 

compared in the time and frequency domains to the input ground motions. The shake-table 

experiments are organized in three distinct stages based on the damage state and configuration of 

the test structure. These stages and the sequence of loading in each stage are also discussed in 

this chapter, and abbreviated designations for each level are defined. These abbreviations are 

used in Chapters 6 and 7.  

5.1 GROUND MOTION SELECTION 

Ground motions with high amplitudes of spectral acceleration in the expected frequency range of 

the shake-table test structure are considered such that their peak displacement, velocity, and 

acceleration do not exceed the physical limits of the shake table. See Chapter 3 for a discussion 

of these limits. Because of the expected changes in the state of the test structure due to structural 

damages, three different ground motions are selected as the input motions for the shake-table 

experiments. These ground motions correspond to the Northridge (California, 1994), Düzce 

(Turkey, 1999), and Loma Prieta (California, 1989) earthquakes and are obtained from the 

Pacific Earthquake Engineering Research (PEER) Center strong motion database at 

http://peer.berkeley.edu/smcat/. These ground motions are intended to be applied as 

unidirectional motions in the direction parallel to the URM infill wall of the test structure, 
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namely the north-south (longitudinal) direction. The ground motion records are compressed in 

time by a 43  factor to satisfy the similitude requirements (Sabnis et al. 1983) and to account 

for the reduced-length scale (3/4) of the test structure. In this way the relationship between the 

frequency content of the compressed record and the natural period of the undamaged reduced 

scale test structure is maintained with respect to that of the original record and the test structure 

without scaling (Sabnis et al. 1983). The ground motion signals are also filtered using a 

trapezoidal band-pass filter with cut-off frequencies of 0.2 and 15 Hz and corner frequencies of 

0.25 and 12 Hz to eliminate the high-frequency content outside the performance range of the 

shake table and the low-frequency content that correspond to large displacements exceeding the 

displacement limits of the shake table. The displacement, velocity, and acceleration records of 

the selected three ground motions before and after filtering (both compressed in time) are shown 

in Figures 5.1(a)–(c). The acceleration response spectra of these three ground motions before and 

after filtering are also compared in Figure 5.2. The specifics of the ground motions and their 

kinematic characteristics before and after filtering are described in Table 5.1. In this table, PGA, 

PGV, and PGD refer to peak ground acceleration, velocity, and displacement, respectively. It is 

observed that the application of the described trapezoidal band-pass filter reduces the peak 

displacement and acceleration by as much as 54% and 21%, respectively, while it does not 

significantly affect the velocity of the motion or its frequency content in the unfiltered range.  

Table 5.1  Ground motion specifications. 

Original signals Filtered signals 
Ground 
motion Station Direction PGA 

(g) 

PGV 
[in./sec 

(mm/sec)]

PGD 
[in. 

(mm)]

PGA 
(g) 

PGV 
[in./sec 

(mm/sec)] 

PGD 
[in. 

(mm)] 
Northridge, 
CA, 1994 Tarzana 090 1.78 38.7 (983) 9.81 

(249) 1.57 36.2 (920) 5.13 
(130) 

Düzce, 
Turkey, 1999 Lamont N 0.97 12.4 (316) 1.62 

(41.1) 0.762 13.0 (329) 0.750 
(19.1) 

Loma Prieta, 
CA, 1989 Bran 000 0.45 17.5 (444) 2.47 

(62.8) 0.426 17.4 (443) 2.28 
(57.9) 
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(a) Northridge, California, 1994 
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(b) Düzce, Turkey, 1999 

Fig. 5.1  Time-domain comparisons for original and filtered shake-table input 
signals. 
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(c) Loma Prieta, California, 1989 

Fig. 5.1—Continued 
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(a) Northridge, California, 1994 

Fig. 5.2  Frequency-domain comparisons for original and filtered shake-table input 
signals. 
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(b) Düzce, Turkey, 1999 
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(c) Loma Prieta, California, 1989 

Fig. 5.2—Continued 

5.2 SHAKE-TABLE OUTPUT MOTIONS 

The displacement time history of the selected scaled (compressed) and filtered ground motions 

discussed in the previous section are fed as input signals to the shake-table control system. The 

test structure, however, is subjected to the actual output of the shake table as measured at the test 

structure footings. As an example, the input and output displacement, velocity, and acceleration 

time histories of the design-level ground motion for the Northridge earthquake are compared in 

Figure 5.3. For this ground motion, the acceleration response spectra of the input and output 

motions are presented in Figure 5.4. The details of this design level and other intensity levels for 

each ground motion, as well as their corresponding scale factors, are discussed in the next 

section. 
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Fig. 5.3  Time-domain shake-table input and output comparisons for design level of 
Northridge earthquake. 
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Fig. 5.4  Frequency-domain shake-table input and output comparison for design level of 
Northridge earthquake. 
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It is observed that although in the time domain the displacement, velocity, and 

acceleration of the shake table follow the command signal reasonably well, in the frequency 

domain the performance of the shake table is less than ideal, overestimating the response by 18% 

at 3.5 Hz and underestimating it by 30% at 10 Hz. The deficiency in the table performance at 

higher frequencies is primarily due to the interaction between the test structure and the shake 

table itself, which is a known difficulty when large and relatively stiff structures are installed on 

the shake table. To alleviate the effects of this difficulty in the presented study, instead of the 

input ground motions, the output of the shake table is used to determine the scale factors 

necessary for intensity levels, discussed in the following section, and as input motions to the 

computational models, discussed in Chapter 7. It is worth noting that the application of the actual 

prescribed input ground motions during the shake-table experiments did not offer any significant 

value or insight toward the realization of the goals of the study which is intended to be generic in 

nature and not for a specific structure or a particular ground excitation.  

5.3 DESIGN SPECTRA AND INTENSITY LEVELS 

The ground motions discussed in the previous sections are scaled to generate different levels of 

intensity (seismic hazards) as expressed in Table 5.2. The scaling is based on the average 

spectral acceleration of the selected ground motions and the NEHRP (Building Seismic Safety 

Council 2000) design spectra for a class D site with mapped spectral response accelerations at 1 

sec, gS 65.01 =  and at short periods, gS S 60.1=  with 5% damping within the range that the 

period of the test structure is expected to vary during the shake-table experiments. For the 

Northridge and Düzce ground motions, this range is estimated from the period of the undamaged 

infilled test structure to the period of the test structure after removal of the infill wall (between 

0.15 sec–0.28 sec). For the Loma Prieta ground motion, this range is estimated between 0.44 

sec–0.6 sec to reflect the damaged state of the bare (i.e., without URM infill wall) test structure. 

The scaled spectra of the three selected (original input) ground motions, i.e., before filtering, and 

the design spectra are shown in Figure 5.5. In this figure, the natural period of the test structure 

corresponding to important milestones of the shake-table experiments are indicated. The state of 

the test structure at these milestone events is discussed in detail in Chapter 6. Moreover, Figure 

5.5 identifies the frequency ranges of the three stages of the shake-table experiments discussed in 

the following section. 
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Table 5.2  Scale factors for different levels of input ground motions. 

Level 1 2 3 4 6 7 8 9 
Northridge, CA, 1994 (TAR) 0.049 0.171 0.230 0.393 0.590 - - - 
Düzce, Turkey, 1999 (DUZ) - - - - - 1.498 1.997 2.528
Loma Prieta, CA, 1989 (LomaPr) - 0.314 0.439 0.670 1.007 1.513 1.945 2.193

 

Level 1 is selected as a very small amplitude motion to check the performance of the 

shake table and data-acquisition system. Levels TAR 2 and TAR 3 are selected as low-intensity 

levels. Levels 4 and 6∗ correspond to design and maximum considered earthquake (MCE) 

spectra, respectively. Levels 7, 8, and 9 are selected to achieve higher demands on the test 

structure up to the limits of the shake table. 
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Fig. 5.5  Five percent damping response spectra for selected ground motions.  

                                                 
∗During the last stages of planning for the sequence of ground motion, level TAR 5 with PGA of 0.49g was deemed 

redundant and was not used for the actual experiments.  
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5.4 STAGES OF EXPERIMENTS AND SEQUENCE OF LOADING 

The shake-table experiments are performed in three distinct stages. For stage one, the intact test 

structure with the URM infill wall is subjected to a sequence of ground motions starting from 

Northridge, Tarzana level 1 to 6 (designated TAR 1–TAR 6) and Düzce levels 7, 8. and 7 again 

(designated by DUZ 7, DUZ 8, and DUZ 7-2). Due to the stiff URM infill wall, before the 

occurrence of any significant damage (up to TAR 6), as discussed in Chapter 6, the lateral 

behavior is governed by this high stiffness of the URM infill wall. This is not the case after the 

displacement demand on the URM infill wall exceeds its deformation capacity (refer to Chapter 

6) and the wall practically disintegrates (at DUZ 7-2). A transitional phase can be defined in 

between, i.e., for DUZ 7 and DUZ 8, where the overall behavior is dictated by the level of 

damage of the URM infill wall and the interaction between the wall and the bounding RC frame.  

Stage two of the shake-table experiments is performed after the complete collapse and 

removal of the URM infill wall. The goal of this stage is to better isolate the effects of the URM 

infill wall on the tested structural system through comparisons with the results of stage one. 

Toward this goal, the same sequence of ground motions as stage one is applied to the test 

structure with the addition of level DUZ 9 (replacing the repetition of DUZ 7, i.e., DUZ 7-2, in 

stage one) where the physical limitations of the shake table are reached. These motions are 

designated AWR-TAR 1–AWR-TAR 6 and AWR-DUZ 7–AWR-DUZ 9. Note that AWR stands 

for “After Wall Removal.” Because a large shift in the natural frequency of the test structure 

occurs at the end of this loading sequence, a different ground motion with high amplitudes of 

spectral acceleration in the expected lower-frequency range of the damaged bare test structure is 

needed to match the design spectra. As shown in Figure 5.5, Loma Prieta ground motion is 

suitable for this purpose. The test structure is then subjected to Loma Prieta Levels 2 and 6–9 

designated LomaPr 2 and LomaPr 6 to LomaPr 9, respectively.  

The final stage of the shake-table experiments, namely stage three, is performed to 

investigate the incipient collapse mechanism of the test structure without the URM infill wall. In 

order to achieve this goal, the concentric post-tensioning forces in the columns are released by 

loosening the anchorages of the post-tensioning rods. This is decided after observing that these 

rods behave as self-centering systems, preventing collapse of the test structure. In this final stage, 

the test structure is subjected only to the Loma Prieta ground motion sequence.  
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Fig. 5.6  Complete testing sequence of shake-table experiments. 

It should be noted that for stages two and three of the shake-table experiments, Loma 

Prieta ground motion is repeated several times to induce more damage to the test structure. For 

stage two this is indicated by the repetition number following the designation for each ground 

motion and its level indicated in Table 5.2. For example, LomaPr 9-6 designates the sixth 

repetition of LomaPr 9. For stage three, the second designation “2” is introduced to distinguish 

these runs from those in stage two of the same level. Then, the repetition number, if any, is 

introduced as the third designation in the run name; e.g., LomaPr 9-2-3 indicates the third 

repletion of LomaPr 9 for stage three. The complete testing sequence is illustrated by Figure 5.6.  

5.5 SUMMARY 

Three different ground motions are selected for the shake-table experiments and compressed in 

time and filtered to offset the scaling of the test structure and to eliminate the frequency content 

outside the performance range of the shake-table control system. The characteristics of the 

original and filtered signals in the time and frequency domains are presented. The performance 

of the shake table is discussed and the input and output signals from the shake table are 

compared. It is concluded that the output of the shake table should be used for the purpose of 

scaling to generate different intensity levels and for future computational analyses. The ground 

motions are scaled with reference to the NEHRP design spectra to represent different intensity 

levels for the shake-table experiment. Three distinct stages of the shake-table experiments are 

defined and their objectives are discussed. Finally, the complete sequence of loading for the three 

stages of the shake-table experiments is presented. 
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6 Experimental Results and Discussions  

This chapter summarizes the results of the shake-table experiments. First, the methodology used 

to evaluate the dynamic properties and internal forces in the test structure using the data obtained 

during the experiments from the instrumentation devices is discussed. Then, the results of the 

experiments are presented for the three different stages of the study discussed in Chapter 5. The 

global and local responses of the test structure during stage one of the experiments are examined 

and discussed in detail. The interaction between the URM infill wall and the RC frames, and the 

redistribution of forces with the progression of damage in the test structure are quantified. The 

results of stages two and three are also discussed, and the damage sequence in the test structure 

and the effects of the concentric post-tensioning rods of the columns are demonstrated. For 

comparison purposes, changes in the key dynamic properties of the test structure, e.g., natural 

period and damping ratio, are summarized and presented for all three stages of the shake-table 

experiments. 

6.1 SHAKE-TABLE EXPERIMENTAL DATA 

The raw data from instruments (Chapter 3) installed on the shake table and the test structure are 

recorded during each shake-table run and stored as a data matrix in the output file from the 

shake-table data-acquisition system. Each row of this data matrix corresponds to an instant of 

time (200 rows per sec at sampling rate of 200 Hz) and each column of this data matrix 

corresponds to an instrumentation channel (192 columns per each run). For a total of 37 runs in 

the three stages of the shake-table experiments, these 37 data matrices constitute a very large 

amount of data, which are analyzed and interpreted in this chapter. The complete raw data 

gathered during the shake-table experiments are organized and stored on the Network for 

Earthquake Engineering Simulation (NEES) central data repository at https://central.nees.org/ to 
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be made available to the earthquake engineering research community. Nevertheless, small 

subsets of the raw data matrices are graphically represented in Appendix C for a selectively 

chosen number of shake-table runs, namely levels TAR 4, TAR 6, DUZ 7, DUZ 8, AWR-TAR 6, 

AWR-DUZ 7, LomaPr 9, and LomaPr 9-2-1 (see Fig. 5.6). 

6.2 SYSTEM IDENTIFICATION 

Figure 6.1 shows the methodology used to determine the base shear and distribution of forces in 

different elements of the test structure, as well as the mean damping coefficient c  and the mean 

stiffness k  of the test structure, during each run of the shake-table experiments. To estimate the 

mean damping coefficient ĉ  and the mean stiffness k̂ , the test structure is idealized as a single-

degree-of-freedom (SDOF) system with the mid-floor displacement as the governing degree of 

freedom (DOF). The total floor acceleration tu!!  is calculated by taking the weighted average of 

the measured accelerations on the floor. Dividing the floor into three strips consistent with the 

tributary area of each of the three frames and designating the mass and the measured total 

acceleration associated with the ith strip as im  and t
iu!! , respectively, the total floor acceleration is 

obtained from Equation 6.1. The total inertial force acting on the structure IF  is subsequently 

determined using Equation 6.2. 
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The acceleration of the floor relative to the shake table u!!  is calculated by subtracting the 

recorded table acceleration gu!!  from the total acceleration of the floor tu!! . The corresponding 

relative velocity u!  and displacement u  are then determined by respective single and double 

integrations of the relative acceleration in time. It should be noted that the relative displacements 

are also directly measured using wire potentiometers installed on the test structure, as described 

in Chapter 3. The relative displacements obtained from wire potentiometers are very close to the 

values obtained from the accelerometers by double integration. As a representative example, the 

displacements obtained from double integrating the measurements of the accelerometers and 



 

 65

those from the wire potentiometers are compared for level DUZ 8 in Figure 6.2. In general, the 

results from the wire potentiometers are considered more direct measurements and are used 

where the displacements are the target response quantities without further post-processing. 

However, the displacement and velocity values obtained from integrating the measurements of 

the accelerometers are less noisy and are consistent with the determined inertial forces (Eq. 6.2) 

in the test structure. Therefore, the relative displacement and velocity obtained from the 

integration of the accelerometer results are used in calculation of other quantities, e.g., damping 

coefficient, dissipated energy, etc. 
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Fig. 6.1  System identification and column shear force calculation in test structure. 
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The dynamic equilibrium equation for the idealized SDOF system is written as 

0=++ SDI FFF  at each instant of time. With the assumption of viscous damping, ucFD !=  is 

the damping force and ukFS =  is the restoring force of the test structure. Assuming a constant 

mean damping coefficient c , and a constant mean stiffness k  over the duration of each shake-

table run, the least-square estimates of the mean damping coefficient ĉ  and mean stiffness k̂  are 

obtained using the regression function ( )ucukFI !+−=  in the vector space of ( )uu !,  considering 

all the data points in the duration of each shake-table run. Using the estimated value of the mean 

damping coefficient, the restoring force in the test structure is calculated from the dynamic 

equilibrium, i.e., ucFF IS !ˆ−−= . In the sequel, this force is referred to as the total restoring force 

of the test structure. 
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Fig. 6.2  Comparison between partial time history of relative floor displacement obtained 
from wire potentiometers and accelerometers by double integration during level 
DUZ 8. 

The portion of the total restoring force carried by each column is calculated using the 

data from the strain gages located at the top and bottom cross sections of each column. By 

making the Bernoulli assumption of plane-section-remains-plane at those locations and knowing 

the geometric dimensions, cross-section curvature can be found as 
1

21

d
εεφ −= , where 1d  is the 

distance between the two strain-gages in the cross section (Fig. 6.1). Using the measured strains, 

calculated curvature, and assumed constitutive relationships for the reinforcing bars and 

concrete, the bending moments at each end of the column segment between the two pairs of the 

strain-gages can be obtained by straightforward cross-section analysis. From the equilibrium of 

the column segment, column shear can be found using Equation 6.3.  
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where topM , botM , and h  are defined in Figure 6.1. 

For the middle frame columns (B1–B2 in Fig. 2.2) where there is contact between the 

URM infill wall and the column, the equation for column shear force above the contact length is 

modified as in Equation 6.4, where hα′  is the contact length between the URM infill wall and 

the column segment bounded by the two instrumented cross sections, and wallF ′  is the horizontal 

component of the portion of the compression force in the URM infill wall that is being 

transferred to the column within the contact length Hα , namely hα′  as shown in Figure 6.3. 

Since the strain gages in the test structure are located at cross sections well above the column-

footing joint and well below the column-beam joint, the values of both α′  and wallF ′  are 

relatively small and the second term of Equation 6.4 is neglected without significant loss of 

accuracy in the calculations of the shear forces of the middle columns.  
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Finally, the shear force in the URM infill wall wallF  is calculated as the total restoring 

force minus the sum of the shear forces in all six columns comprising the RC framing of the test 

structure (Fig. 6.1). The URM infill wall force is the horizontal force resisted by the infill wall 

and has an important role in understating how this URM infill wall contributes to the lateral load 

resistance of the test structure, one of the main goals of this study. 
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Fig. 6.3  Effect of contact between URM infill wall and columns in determining 
column shear force. 
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6.3 DISCUSSION OF STAGE ONE RESULTS  

In this section, the results obtained during stage one of the experiments, where the test structure 

is infilled with URM wall in the middle RC frame, are discussed. The global responses of the test 

structure in terms of the overall drift, stiffness, and damping ratio as well as the local responses 

of the different elements of the test structure are quantified and discussed. 

To investigate the global responses of the test structure and the extent of damage during 

one of the experiments, the changes of the force-deformation behavior of the test structure are 

emphasized first. This is represented by the base shear versus the floor displacement 

relationships. Subsequently, changes of the dynamic properties, e.g., natural period and damping 

ratio, are discussed.  

The local responses of different elements of the test structure during stage one of the 

experiments are studied. In particular, the crack patterns and the load paths in the URM infill 

wall as well as its lateral strength and deformed shapes are illustrated. The distributions of base 

shear between the URM infill wall and the RC frames are discussed. The change in the demand 

shear forces on the RC slab, the effects of the accumulation of damage in the URM infill wall, 

and the redistribution of forces in the structural elements of the test structure are quantified.  

6.3.1 Force-Deformation Behavior 

The total base shear versus relative lateral displacement (with respect to fixed base) of the RC 

slab  plots for selected test levels are presented in Figure 6.4. The lateral displacement in these 

plots is measured using the wire potentiometers installed on the floor and footing of the test 

structure, as described in Chapter 3. The total base shear is defined as the sum of the restoring 

and damping forces in the test structure, which from the equation of motion is equal to the total 

inertial force IF  as described in Section 6.2. In the presentation of results shown in Figure 6.4, 

the stiffness is estimated by the tangent stiffness of the loading branch evaluated to quantify the 

change in the force-deformation behavior during the experiments. During levels TAR 1 and TAR 

2, there are no considerable changes in the stiffness of the test structure. The plot for level TAR 3 

(Fig. 6.4(a)) shows slight reduction in stiffness (about 9% from 431 kips/in. (75.5 kN/mm) of the 

snap-back test results in Chapter 4) to about 391 kips/in. (68.4 kN/mm) without visible signs of 

damage in the test structure.  
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The response of the test structure in level TAR 4 (design level) as depicted in Fig. 6.4(b) 

shows some drop in the stiffness (about 15% reduction) with the overall behavior remaining 

almost linear. Close observation of the URM infill wall after the completion of TAR 4 reveals 

small visible cracks at the wall-column interfaces.  
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(a) TAR 3 (b) TAR 4 
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(c) TAR 6 (d) DUZ 7 
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(e) DUZ 8  (f) DUZ 7-2 

Fig. 6.4  Total base shear versus relative lateral displacement of RC slab for different test 
levels of stage one (1 kip/in. = 0.175 kN/mm). 
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Figure 6.4(c), corresponding to level TAR6, shows the first significant signs of damage. 

The stiffness of 364 kips/in. (63.7 kN/mm) in the initial motion shifts to 289 kips/in. (50.6 

kN/mm) at the peak of the ground motion (21% shift). Observations after this test level suggest 

that some cracks are developing, especially along the column-wall interface, and some small 

vertical splitting cracks are observed in the mortar head joints at the URM infill wall corners. 

The maximum total base-shear force reached in this level is 136 kips (605 kN) corresponding to 

144% of the total gravity load. 

The response of the test structure during level DUZ 7 (Fig. 6.4(d)) shows the most 

significant change in the behavior of the structural system. The stiffness at the beginning of this 

level is 278 kips/in. (48.7 kN/mm). Significant URM infill wall cracks with clear pattern and 

load path definitions are formed during this test level. The crack pattern and load path are 

discussed in Section 6.3.5. The force-displacement behavior of the test structure at this point, i.e., 

after formation of these significant cracks, can be described by a bilinear relationship. For small 

relative lateral displacements (less than about 0.25" (6 mm)), the existing cracks on the URM 

infill wall open and close without engaging the different portions of the URM infill wall, 

resulting in an observed lateral stiffness of about 62 kips/in. (10.9 kN/mm). Once the cracks 

close for relative lateral displacement greater then about 0.25" (6 mm), the URM infill wall picks 

up the load by a compression strut action causing further damage in the URM infill wall and 

significant stiffness increase to about 160 kips/in. (28.0 kN/mm). The peak total base-shear force 

observed during all stages of the shake-table experiments, namely 170 kips (756 kN) 

corresponding to 180% of total gravity load, at relative lateral displacement of 0.75" (19.1 mm) 

is recorded during this level (DUZ 7) of the experiments and right before a major horizontal 

(along bed joint) crack in the URM infill wall is developed at about one third of the URM infill 

wall height from the bottom. 

Figure 6.4(e) shows the gradual global disintegration of the URM infill wall as the test 

structure is cycled back and forth in level DUZ 8. The measured stiffness of the test structure at 

the beginning of this level is high, i.e., 281 kips/in. (49.2 kN/mm), for small displacements. 

Comparison of this stiffness and that of the previous run (278 kips/in. (48.7 kN/mm) for DUZ 7) 

suggests that at small force demands, the force transferred through the wall is not enough to 

overcome the static friction between the cracked surfaces. Accordingly, at such small forces, the 

URM infill wall acts as a whole panel increasing the apparent stiffness of the structural system. 

Once the force demands at the crack surfaces exceed the static friction (at about 25 kips (110 kN) 



 

 71

corresponding to 27% of the total gravity load), the cracked portions of the URM infill wall start 

to move with respect to each other and the stiffness reduces to that of the RC frames, including 

the intact portions of the URM infill wall, i.e., 116 kips/in. (20.3 kN/mm) as shown in Figure 

6.4(e). Note that the stiffness of the test structure before constructing the URM infill wall (Table 

4.6) is 113 kips/in. (19.8 kN/mm), so from this point on, the URM infill wall can be considered 

as structurally insignificant. As the test structure goes through large displacements, the RC 

frames start to accumulate damage mostly concentrated at the bases of the columns. The stiffness 

of the test structure at the end of this level is reduced to 63 kips/in. (11.0 kN/mm), i.e., only 56% 

of the initial stiffness of the test structure before constructing the URM infill wall, suggesting 

rather significant damage in the RC frames in addition to the collapse of the URM infill wall.  

Finally, Figure 6.4(f) shows the results obtained from the repeated run of level DUZ 7, 

i.e., DUZ 7-2. Beyond the static friction at the beginning of the motion where the stiffness is 

high at a value of 177 kips/in. (31.0 kN/mm), the stiffness of the test structure is 51 kips/in. (8.9 

kN/mm) at about 20% reduction from that at the end of DUZ 8 and representing only 45% of the 

initial stiffness of the test structure before constructing the URM infill wall. 

Figure 6.5 shows a compilation of the changes in the “effective” stiffness of the test 

structure for all levels of testing in stage one plotted along with the measured initial stiffness of 

the test structure with and without the URM infill wall. This effective stiffness denotes the mean 

tangent stiffness of the loading branch obtained using linear regression between recorded lateral 

displacement and base shear when it exceeds the static friction at about 25 kips (110 kN), i.e., 

27% of the total gravity load. It can be observed that the existence of the URM infill wall 

considerably increases the stiffness of the structural system. As the wall undergoes damage, the 

stiffness of the test structure reduces. This reduction occurs most rapidly during levels TAR 6, 

DUZ 7, and DUZ 8, suggesting the occurrence of significant disintegration of the URM infill 

wall in these levels. Note that the stiffness of the test structure reduces to a level less than that of 

the elastic structure without the URM infill wall, which is due to the damage at column-footing 

and beam-column joints in the RC frame structure. The damages in the RC frames are discussed 

in Section 6.3.7. 
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Fig. 6.5  Variation of effective stiffness during stage one of shake-table experiments. 

6.3.2 Changes in Natural Period 

The reduction in stiffness of the test structure corresponds to a significant elongation in the 

natural period of the test structure during different levels of the experiments. In order to identify 

and track changes in the natural period of the test structure as the experiments progress, a low-

amplitude (about 0.07g) white-noise signal with approximately constant amplitude over the 

frequency range of 1–10 Hz is applied before each test run, and the resulting acceleration of the 

RC slab is studied in the frequency domain. The frequency corresponding to the peak amplitude 

of the frequency response is selected as the natural frequency of the test structure before each 

run. An example of these white-noise runs in the time and frequency domains corresponding to 

the white-noise run performed before level DUZ 7 is shown in Figures 6.6(a) and (b), 

respectively, where the natural frequency is estimated as 7.33 Hz. Because the white-noise tests 

are performed with very low amplitudes, it is possible that existing cracks opened during the 

strong motion of previous runs remain closed during the application of the white-noise signal. 

Accordingly, the test structure may appear stiffer than its actual conditions. In other words, the 

natural frequencies resulting from the white-noise data are expected to represent an upper bound 

for the natural frequency of the test structure during the application of the actual (strong) ground 

motion.  
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(a) Time-domain response 
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(b) Frequency-domain response 

Fig. 6.6  Response of test structure to white-noise signal before level DUZ 7. 

Alternatively, the transfer function of the test structure for the RC slab acceleration (out-

put signal) given the acceleration of the base of the test structure (input signal) can be calculated 

as the ratio of the Fourier transform of the RC floor acceleration )(ωfloorA  to the Fourier 

transform of the base acceleration )(ωbaseA  as measured by their respective accelerometers, 

Equation 6.5. 

 
)(
)(

)(
ω
ω

ω
base

floor

A
A

TF =  (6.5) 

The natural frequency of the test structure during each test level of the experiments can 

be defined as the frequency corresponding to the peak amplitude of the transfer function. 

Examples of these transfer functions in the frequency domain for levels TAR 6 and DUZ 7 are 

shown in Figures 6.7(a) and (b), respectively, where the natural frequencies are estimated as 6.75 

Hz and 6.60 Hz, respectively. It is worth emphasizing that the natural frequency of the test 

structure obtained using the transfer functions is significantly lower than the upper-bound value 

obtained from the white-noise run between levels TAR 6 and DUZ 7, namely 7.33 Hz from  

Figure 6.6(b). 
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(a) Level TAR 6 
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(b) Level DUZ 7 

Fig. 6.7  Examples of transfer functions obtained for test structure.  

Figure 6.8 demonstrates the change in the natural period (reciprocal of the natural 

frequency) of the test structure as the experiments progress determined using both the white-

noise signals after each test run and the transfer functions of the test structure when subjected to 

the actual shake-table (ground motion) signals. It can be observed from the results based on the 

ground motion signals (judged to be more representative of the actual conditions of the test 

structure than the results from the white-noise signals) that there are significant elongations in 

the natural period of the test structure, from 0.147 sec during TAR 1 to 0.392 sec during DUZ 7-

2, with a 167% increase as the URM infill wall and the RC frames accumulate damage during 

stage one of the experiments. 
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Fig. 6.8  Variation of natural period of test structure during stage one of experiments. 

6.3.3 Changes in Damping Ratio 

Another indicator of the change in the dynamic properties of the test structure due to the induced 

damage during the experiments is the change in the damping ratio. The mean damping 

coefficient c  during each shake-table run is obtained with the regression procedure described 

earlier in this chapter, i.e., using its estimate ĉ  (Fig. 6.9). It is observed that the highest values of 

the damping coefficient correspond to levels TAR 6 and DUZ 7 where the URM infill wall is 

most severely engaged in the structural response. The damping coefficient reduces by 51% 

during level DUZ 8 compared to level DUZ 7 due to the loss of the URM infill wall. 
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Fig. 6.9  Variation of damping coefficient estimate ĉ  of test structure during stage one of 
experiments. 

The damping ratio can be defined as crcĉ=ζ  where nncr Tmmc πω 42 ==  is the 

critical damping of the test structure, m  is the total mass, nω  is the natural circular frequency of 

the test structure and nT  is the natural period of the test structure. Alternatively, the equivalent 

damping ratio can be estimated as π41  times the ratio of the dissipated energy DE  to the 

maximum strain energy SoE  in each cycle (Chopra 2001) as respectively expressed in Equations 

6.6–6.7:  

 (=
cycleaofende

cycleaofbeginingb bD duVE
    :

    :
 (6.6) 

 oboSo uVE
2
1=  (6.7) 

where bV  is the total base shear and u  is the floor displacement determined from double 

integration of the relative floor acceleration u!!  as previously defined, ou  is the peak 

displacement in each cycle, and boV  is its corresponding total base shear. Each cycle, where the 

integration in Equation 6.6 is carried, can be defined between two local peak displacements in 

the time history of the floor displacement, and the value of the equivalent damping ratio can be 

estimated as the mean damping ratio over all the cycles during the length of each ground motion. 

However, instead of determining the damping ratio for each cycle, it is more practical to 

determine the sum of the energy values for both DE  and SoE  over all cycles during each run and 
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subsequently determine the mean equivalent damping ratio directly as π41  times their ratio. 

This mode practical approach which avoids the complexity of determining the ends of each cycle 

is pursued here. The values of the total dissipated energy and the sum of the maximum strain 

energy over all cycles are evaluated and presented in Figure 6.10 for all test levels of stage one 

of the experiments. It should be noted that the energy dissipated in the test structure during level 

TAR 6 is one order of magnitude higher than that of level TAR 4, and energy dissipated in levels 

DUZ 7 and 8 are also about one order of magnitude higher than that of level TAR 6. The same 

observations may be made for the sum of maximum strain energy in all cycles during different 

levels of the experiments. The energy dissipation on its own may be interpreted as a measure of 

the damage in the test structure, while the sum of the maximum strain energy may be an 

indication of the intensity of the motion of the test structure. It should be noted that the point in 

Figure 6.10 where the total energy dissipation and the sum of maximum strain energies coincide 

(approximately at level TAR 6) corresponds to an equivalent damping ratio of π41 , or about 

8%. The damping ratios calculated before this point are less than 8% and those calculated after 

this point are more than 8% (Fig. 6.11). 
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Fig. 6.10  Total dissipated energy and sum of maximum strain energy during stage one 
of experiments. 
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Fig. 6.11  Variation of mean damping ratio of test structure during stage one of 
experiments. 

The resulting variations of the damping ratio ζ  for different levels of shaking calculated 

using the regression and the energy equivalent methods is shown in Figure 6.11. It should be 

emphasized that while the regression method, assuming a linear response on average, limits the 

damping only to the velocity-related term in the equation of motion, the equivalent energy 

method includes both the viscous damping and the inelastic deformations as sources of 

dissipating energy. Therefore, both of these methods should be considered with their inherit 

limitations in mind. Since the regression is performed over all data points (loading and unloading 

including very small values) within each run, the estimate of stiffness k̂  is generally less than the 

actual stiffness of the test structure. The lower estimate of the stiffness in the regression function 

( )ukucFI
ˆˆ +−= !  leads to an overestimation of the viscous damping coefficient in this method. In the 

equivalent energy method, however, when there is significant hysteretic energy dissipated in the test 

structure (Levels DUZ 8 and DUZ 7-2), a larger value of the equivalent damping ratio is obtained. It 

should also be noted that the large value of the damping ratio obtained using the regression 

method in level DUZ 7-2 with respect to level DUZ 8 is mainly due to the significant elongation 

in the natural period (associated with significant reduction of the effective stiffness) of the test 

structure (by 70%) during level DUZ 7-2 (Fig. 6.8). Both methods indicate smaller damping 

ratios (4%–6% on average) for the intact structure (levels TAR 1 through TAR 4) and large 
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damping ratios (11%–13% on average) where significant damage occurs in the test structure 

(levels TAR 6 through DUZ 7-2). 

6.3.4 Variation of Structural Properties within Each Test Run 

The structural properties of the test structure as discussed in previous sections are presented as 

mean values over the duration of each of the shake-table runs. It is important to understand that 

these properties vary during each of these durations of shaking. For a RC structure, the opening 

and closing of cracks, yielding of the reinforcing bars, and slippage between a reinforcing bar 

and the surrounding concrete constitute sources of this continuous variation of the structural 

properties. The addition of the URM infill wall brings further complexity because of the 

formation of cracks, mainly along the mortar joints, and opening and sliding along the interface 

between the URM infill wall and the bounding RC frame.  

In an attempt to capture the change in the natural period, and stiffness and damping of the 

test structure during each of the shake-table runs, a small window of time (in this case 1.0 sec) is 

considered and incrementally moved along the time axis with an increment of 0.005 sec over the 

whole duration of the shaking. A frequency-domain analysis to determine the natural frequency 

and a time-domain regression analysis to determine the stiffness and the damping ratio, as 

described earlier in this chapter, are performed for each time window defined in this manner. The 

resulting period, damping ratio, and stiffness are then assigned to the mean time of the defined 

time window and is smoothed over 40 steps (0.2 sec). The time variations of the structural 

properties for different test levels are shown in Figure 6.12. 

It can be observed that the natural period of the test structure remains almost constant 

during levels TAR 2 to TAR 6. During levels DUZ 7 and DUZ 8, the natural period elongates 

during the strong motion of the shaking with gradual variations. The variation of the damping 

ratio ζ  of the test structure is related to two different sources. One is the change in the natural 

period of the test structure, as discussed earlier, and the other is the change in the damping 

coefficient c  of the test structure. It is observed that the damping ratio remains almost constant 

during levels TAR 2 to TAR 4 at about 7% where there is small damage in the test structure. 

During levels TAR 6, DUZ 7, and DUZ 8, the damping ratio significantly increases during the 

strong motion portion of the shaking. This is both due to the elongation of the natural period due 
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to the reduction of the effective stiffness of the test structure and to the increase in the damping 

coefficient due to the accumulation of damage in the test structure. 
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Fig. 6.12  Variation of structural properties of test structure(1 kip/in. = 0.175 kN/mm). 
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The stiffness of the test structure in the plots of Figure 6.12 is obtained from the 

regression analysis and is interpreted as the secant stiffness of the test structure. The stiffness 

values obtained by this method are not reliable when the amplitude of the motion is very small, 

due to limited resolution of the measurement devices. For the strong motion part of the shaking 

in levels TAR 2 to TAR 4, the secant stiffness is almost constant. This agrees with the earlier 

observation that the test structure remains almost elastic during these levels. During levels TAR 

6, DUZ 7, and DUZ 8, the secant stiffness decreases gradually as the test structure accumulates 

damage during the strong motion parts of the shaking. The instantaneous variations in the secant 

stiffness observed during higher levels, especially TAR 6, are attributed to the bilinear behavior 

of the total base shear versus lateral displacement relationships, which take place at the strong 

motion part of the shaking.  

6.3.5 URM Infill Wall 

The main failure mode of the URM infill wall forms in level DUZ 7 and is characterized as large 

cracks at about 60o with the horizontal axis starting from the top corners of the wall and 

connecting with a long horizontal crack at the lower third of the wall to a series of approximately 

45o cracks propagating into the opposite bottom corners along each of the wall diagonals. At the 

same time, early signs of corner crushing are observed at the top corners. The markings in Figure 

6.13(a) show the observed crack pattern in the URM infill wall after DUZ 7. The sharp angle of 

cracking in the top part of the wall can be attributed to the weaker bond between the top mortar 

bed joint and the RC beam relative to the bond between the side mortar vertical joints and the RC 

columns. In level DUZ 8, partial collapse of the top corners and sides of the URM infill wall 

follows the formation of the crack pattern. The markings on Figure 6.13(b) and the photograph in 

Figure 6.13(c) show the final crack patterns on the URM infill wall at the end of level DUZ 8. 

Finally, in level DUZ 7-2 the loose portions of the URM infill wall collapse, leading to the 

observed damage state in Figure 6.13(d).  

The shear force carried by the URM infill wall and the shear force carried by each 

column are calculated as described earlier in this chapter. The shear force carried by the RC 

frame structure is the sum of all the shear forces in its six columns. Figure 6.14 shows the 

portions of the total base shear resisted by the URM infill wall compared to those resisted by the 

three RC frames at the peaks of both the total base shear and the lateral floor displacement for all 



 

 82

testing levels. These histograms confirm that the behavior of the test structure is governed by the 

undamaged URM infill wall before level TAR 6. As the URM infill wall experiences damage, 

the RC frames resist larger portions of the applied load. At level DUZ 7-2, the infill wall is 

completely disintegrated and can be considered structurally insignificant, as the applied lateral 

load is carried almost entirely by the three RC frames.  

(a) Crack pattern after level DUZ 7 (b) Partial collapse after level DUZ 8 

(c) Test structure after level DUZ 8 (d) Test structure after level DUZ 7-2 

Fig. 6.13  Observed damage of URM infill wall.  

The distinction between the force distributions for the peak base shear and the peak floor 

displacement in Figures 6.14(a) and (b), respectively, is made to emphasize the different states of 

the test structure at these different peak points, particularly for levels DUZ 7 and DUZ 8. During 

these two levels of shaking, the point of peak base shear takes place when the URM infill wall is 

still resisting a large portion of the applied lateral load at its incipient failure. On the other hand, 

the peak floor displacement takes place after the damage in the URM infill wall has occurred. As 

an example, the time histories of the shear force in the URM infill wall and the shear force 

carried by the RC frames are presented in Figures 6.15(a) and (b), respectively. In these figures, 

the corresponding floor displacements are also shown. From these figures, it is observed that the 

maximum base shear takes place at about 8.8 sec, while the maximum floor displacement occurs 

at about 17.4 sec following the occurrence of major wall cracking at about 15.4 sec. 
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(a) At peak base shear 
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(b) At peak displacement 

Fig. 6.14  Effect of progression of damage on force distribution in test structure during 
stage one of experiments. 
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(a) Partial time history from 7 to 12 sec 
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(b) Partial time history from 14 to 19 sec 

Fig. 6.15  Time histories of shear forces and displacements for level DUZ 7. 

An important aspect of the response of the URM infill wall is represented by the shear 

force versus shear deformation in the plane of the URM infill wall. The shear deformations γ  are 

determined using the diagonal measurements made in the plane of the URM infill wall as 

demonstrated in Figure 6.16. The shear force in the URM infill wall wallF  is estimated as 

discussed earlier in this chapter (see Fig. 6.1). 
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Fig. 6.16  Shear deformation of URM infill wall. 
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(a) Level TAR 6 
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(b) Level DUZ 7 

Fig. 6.17  Shear force versus shear deformation of URM infill wall. 
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Fig. 6.18  Displacement transducers (DT) along URM infill wall / RC frame interface. 

The shear force versus shear deformation relationship for the URM infill wall for levels 

TAR 6 and DUZ 7 are shown in Figures 6.17(a) and (b), respectively. In these figures, the 

deformed shapes of the URM infill wall at the indicated peak points (marked with open circles) 

are also superimposed. These deformed shapes are obtained from the interface deformation 

measurements (Fig. 6.18). Before cracking, i.e., level TAR 6, a linear shear force versus shear 

deformation relationship is obtained. After cracking, i.e., level DUZ 7, there is a rapid 

degradation of the shear stiffness of the URM infill wall due to significant increase of the shear 

deformation. 

The exaggerated distorted shapes of the URM infill wall shown in Figure 6.17 are plotted 

relative to the adjacent RC frame members. The displacement transducers installed on the 

boundaries of the URM infill wall (Fig. 6.18) measure the opening and closing of the gaps (DT 

70, DT 71, DT 74, and DT 75) and sliding (DT 68, DT 69, DT 72, and DT 73) between the URM 

infill wall and its bounding RC frame members. The same data can be used to estimate the 

contact length between the URM infill wall and the RC columns by assuming that the bending 

deformation of the URM infill wall is small relative to that of the RC frame (each side of the 

URM infill wall stays as a line). The results of such measurements for levels TAR 6 and DUZ 7 

are shown in Figures 6.19 and 6.20, respectively. In these figures, α  refers to the ratio of the 

length of the contact zone between the URM infill wall and the bounding RC frame and the 

height of the URM infill wall H  as defined in Figure 6.3. From the calculation of α  during 

different levels of the shake-table experiments, the following observations are made: (1) The 

value of α  is not significantly different when compared between different levels of the shake-
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table experiments ( 22.018.0 << α ). (2) The contact length α  is generally higher at the base of 

the URM infill wall compared to its top due to less flexibility of the RC frame at its base 

compared to its beam-column joint and the increase in the lateral force transferred between the 

RC frame and the URM infill wall due to the added inertial force of the URM infill wall. (3) For 

design purposes a value of α  at roughly 20% of the height of the URM infill wall may be used 

which also agrees with the formulation by FEMA 356 provisions (2000) and Liaw and Kwan 

(1985b), which for the RC frame in the test structure result in values of 0.19 and 0.20, 

respectively, discussed in Chapter 7. 
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(a) Time-history plots of identified transducers in Fig. 6.18 
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(c) At maximum shear force in URM infill 
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Fig. 6.19  Relative displacement between URM infill wall and bounding RC frame for level 
TAR 6 (1 in. = 25.4 mm). 
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(a) Time-history plots of identified transducers in Fig. 6.18  
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Fig. 6.20  Relative displacement between URM infill wall and bounding RC frame for level 
DUZ 7 (1 in. = 25.4 mm). 
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6.3.6 RC Slab 

The 3¾″ (95 mm) thick RC slab is supported on boundary beams from all sides and spans 

between the bare and infilled frames. In its plane, the RC slab acts as a diaphragm distributing 

the inertial force to the lateral-resisting elements of the test structure by deforming in shear and 

in-plane bending. The inertial force is generated by the acceleration of the mass at the slab level 

in the test structure. This mass consists of the tributary mass of the test structure itself and the 

added mass of the lead ingots. In the out-of-plane direction of the RC slab, it spans between the 

three RC frames. Since the aspect ratio of the RC slab is 2.25, the out-of-plane behavior of the 

RC slab is a one-way action. This is confirmed by observing the gravity-induced crack patterns 

on the RC slab after loading the lead ingots. The cracks run almost parallel to the long edges of 

the RC slab. 

While the vertical force on the RC slab hardly changes during the experiments, the lateral 

inertial force acting on the RC slab and the resisting reactions from the supporting RC frames 

change dramatically as the test structure is subjected to different levels of shaking. Assuming a 

uniform distribution of the inertial force along the RC slab width (refer to the insert in Fig. 

6.21(a)), i.e., normal to the shaking direction, the maximum shear in the RC slab can be 

estimated as stated in Equation 6.8, where bV  denotes the total inertial force at each instant of 

time, and AV  and CV  are the total shear forces resisted by the two bare frames on axes A and C, 

respectively, of Figure 2.2. 
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In order to investigate the change in the demand shear force in the RC slab, the following 

two extreme cases are considered. 

1. Assuming that the infilled frame B is infinitely stiff compared to the two bare frames A 

and C, then frame B attracts all the inertial forces in the RC slab. It is implicit in this 

assumption that the RC slab is rigid in its plane relative to the frames. In this case, 

bB VV =  and 0== CA VV , and the maximum shear in the RC slab is calculated as one half 

the total base shear. 

2. Assuming that the URM infill wall is completely disintegrated and that the three frames 

A, B, and C have the same lateral stiffness, then the total base shear bV  is evenly 

distributed between the three frames, and the shear force in each frame is one third of the 
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total base shear. Accordingly, the maximum shear in the RC slab is calculated as one 

third of the total base shear.  
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(a) Slab shear demand variation with test level at peak base shear 

5 10 15 20
0

20

40

60

80

100
110

Sh
ea

r f
or

ce
 [k

ip
s]

Time [sec]

 

 
Slab shear envelope
1/2 and 1/3 base shear

0

100

200

300

400

[k
N

]

URM infill
wall cracking

 
(b) Partial time-histories for DUZ 7 

Fig. 6.21  Variation of shear demand in RC slab due to damage in URM infill wall. 

Examining the above two extreme cases suggests that the existence of the URM infill 

wall increases the shear demands on the diaphragm. Figure 6.21(a) shows the ratio of the 

maximum slab shear to the total base shear corresponding to the maximum base shear in the test 

structure for different levels of shaking. As expected, the slab shear to base shear ratio reduces as 

the URM infill wall is damaged in higher levels of shaking. The time-history results from the 

experiments confirm this as well. Figure 6.21(b) shows the time-history plot of the maximum 

shear in the RC slab (absolute value) as well as the two limits of one half and one third of the 

base shear for level DUZ 7. As discussed previously, severe damage in the URM infill wall 

occurred during this level at time 4.15=t  sec. Comparing the slab shear forces for intervals of 
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time at the beginning of the motion (at about =t  7.0 sec and identified by a dashed ellipse in 

Fig. 6.21(b)) and toward the end of the motion (at about =t  17.0 sec and identified by a dashed 

ellipse in Fig. 6.21(b)) shows that the shear demand in the RC slab changes from close to the 

upper limit of one half the total base shear before the URM infill wall damage is close to the 

lower limit of one third the total base shear after the URM infill wall damage.  

In order to measure the RC slab deformations, a set of displacement transducers are 

installed as shown in Figure 6.22(a). The transducers are arranged to form a virtual truss, which 

is statically determinate, such that the compatibility matrix cA  can be inverted and the 

displacement of all nodes u  can be derived from the measured deformations of the truss 

elements V as shown in Equation 6.9.  

 VAu 1−= c  (6.9) 
In order to determine the displacement of each node, the local coordinate system xy  as 

shown in Figure 6.22(b) is defined. Invoking the principal of virtual force (PVF) and applying a 

virtual force P̂  in the direction of the required displacement u  and solving the statically 

determinate truss, the corresponding virtual internal forces satisfying equilibrium can be 

determined. Arranging the measured deformations and their corresponding virtual internal forces 

into vectors V and q̂ , respectively, the displacement u  can be determined from Equation 6.10 

with 0.1ˆ =P . It should be noted that the new vector Tq̂  may also be interpreted as the row 

corresponding to the displacement u  in 1−
cA  matrix. 

 VqTuP ˆˆ =  (6.10) 
All components of the nodal displacement vector u  may be individually determined from 

Equation 6.10. Alternatively, the 1−
cA  matrix may be assembled and the displacement vector u  

directly evaluated from Equation 6.9. The shear deformation γ  of the RC slab as shown in 

Figure 6.22(a) is calculated as the relative displacement along the edge and middle of the RC 

slab divided by the distance b  as defined in Figure 6.22(b). It should be noted that using the PVF 

yields more accurate results compared to the approximate method used to estimate the shear 

deformations in the URM infill wall (see Fig. 6.16). While the approximate method is applicable 

to the URM infill wall, it is not suitable for the RC slab, since the shear deformation of the RC 

slab is an order of magnitude smaller than that of the URM infill wall; compare the values of γ  

in Figure 6.22(c) to those in Figure 6.17.  
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(a) Displacement transducers (b) Virtual force system in equilibrium 
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(c) RC slab shear stiffness 

Fig. 6.22  Shear deformation of RC slab. 

Figure 6.22(c) shows a plot of the maximum slab shear versus its corresponding shear 

deformation. Although it is observed during the experiments that the initial gravity-induced 

cracks become more visible with increase in the intensity of shaking, Figure 6.22(c) suggests that 

there is no significant drop in the shear stiffness of the RC slab. The slope of the fitted line 

through the data points ( 51067.1 ×  kips ( 51043.7 ×  kN)) is about one eighth of the elastic shear 

stiffness of the uncracked cross section of the RC slab ( 6103.1 ×=GA kips ( 6108.5 ×  kN)), 

indicating that although the shear stiffness of the RC slab remains almost unchanged, its value is 

significantly reduced due to initial cracks caused by the gravity loads and possible shrinkage of 

concrete. Note that the deformed shapes plotted on the graph of Figure 6.22(c) are obtained using 
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the PVF as previously described and are greatly exaggerated (to the same scale of 250:1 for all 

plots). These deformations include the effects of both shear forces and bending moments in the 

plane of the RC slab. 

6.3.7 RC Frames 

In this section, the state of the RC frames and the damage sequence in the test structure during 

stage one of the experiments are discussed. The procedure to quantify section demands in the RC 

columns using the results of the strain gages installed on the reinforcing bars are also addressed, 

and sample results are presented. The summary of the section results obtained during stage one is 

presented in comparison with stages two and three results in Section 6.6.5. 

6.3.7.1 Description of Damage 

 As mentioned earlier, up to level TAR 6 and the initial part (first 15 sec) of DUZ 7, the stiff 

URM infill wall carries most of the base shear, protecting the three RC frames. At incipient 

failure of the URM infill wall and after the major cracking occurs at time 4.15=t  sec of DUZ 7, 

there are large shear demands at the bases of the columns where there are contacts with the URM 

infill wall as well as large bending moment demands on the RC frames as the test structure 

undergoes larger displacements. Figure 6.23(a) shows the locations in the test structure where 

reinforcing bar yielding is recorded by the strain gages during level DUZ 7 after partial failure of 

the URM infill wall. It can be observed that all the yielding occurred in the middle infilled frame 

and that the bare frames are practically undamaged. The recorded maximum strain in the 

transverse reinforcing bars is about 0.003 (indicating yielding of the transverse reinforcement) at 

the base of column B2, confirming high column shear demand at this location. Figure 6.23(b) 

shows a photograph of the column-footing joint at the base of column B1 in the infilled frame 

taken after level DUZ 7. Cracking and initiation of spalling of concrete at the base of the infilled 

frame is observed, as seen in this figure, confirming the higher state of damage in the infilled 

frame during the experiments. 
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A1 

B1 B2 

C2 C1 

A2 Denotes trans. reinf. yielding
Denotes long. reinf. yielding

  
(a) Status of yielding in RC frames (b) Infilled frame, base of column B1 

Fig. 6.23  Damage in RC frames after level DUZ 7.   

As discussed before, during level DUZ 8 and the repeat of level DUZ 7, i.e., DUZ 7-2, 

the effect of the URM infill wall on the behavior of the test structure diminishes and the RC 

frames resist significant portions of the earthquake-induced forces. The high-force demands on 

the RC frames during these levels cause some damage in the form of local spalling and cracking 

in the beam-column and column-footing joints. The state of the test structure at the end of stage 

one of the shake-table experiments, i.e., after completing level DUZ 7-2, is shown in Figure 6.24. 

The photographs of the bases of columns C1 and B2 (Figs. 6.24(a) and (c)) show the typical state 

of damage at the bases of the bare and the infill RC frames, respectively, including concrete 

spalling and horizontal cracks at the column-footing joints. Figures 6.24(b) and (d) show the 

typical state of minor cracks at the beam-column joints in the bare and infilled RC frames, 

respectively. 

Figure 6.24(e) identifies the locations in the test structure where reinforcing bar yielding 

is recorded by the strain gages during level DUZ 8 after partial collapse of the URM infill wall. 

It can be observed that yielding of longitudinal bars is recorded at all joints in the test structure. 

On the other hand, only the transverse reinforcing bars in the infilled RC frame at the column 

bases show signs of yielding due to the existence of the URM infill wall. The maximum yield 

strain recorded in the transverse reinforcing bars during level DUZ 8 is about 0.0022 at the base 

of column B2, which is 27% less than the strain recorded during level DUZ 7 due to the 

reduction in the interaction between the significantly damaged (partially collapsed) URM infill 

wall and the RC frame. 
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(a) Bare frame, base of column C1 (b) Bare frame, beam-column joint of C1 

(c) Infilled frame, base of column B2 (d) Infilled frame, beam-column joint of B2

A1 

B1 B2

C2C1

A2 Denotes trans. reinf. yielding
Denotes long. reinf. yielding

 
(e) Status of yielding in RC frames 

Fig. 6.24  Status in RC frames at end of stage one of experiments.  

6.3.7.2 Section Response 

In order to quantify the cross-section demands in the RC columns, standard section analysis is 

performed using the strain gage recordings from the longitudinal reinforcing bars available at 

different locations at the top and bottom of the columns. The step-by-step procedure to obtain 

section forces, namely bending moments and axial forces, is described in Figure 6.25 based on 

the following assumptions: (1) plane sections remain plane, i.e., a linear variation of strains 

across the column cross section is assumed, (2) concrete stress-strain relationship is assumed to 

conform to the Mander et al. (1988a,b) confined concrete model with uniaxial concrete 
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compression strength 5400=′cf psi (37.2 MPa) and neglected concrete tensile strength, (3) the 

(reinforcing steel stress-strain relationship is assumed as elastic-perfectly plastic with steel yield 

stress 5.66=yf ksi (458 MPa) and elastic modulus 29000=sE ksi (200 GPa), (4) a perfect bond 

is assumed between the reinforcing steel and the surrounding concrete before cracking, and (5) 

the elastic stress-strain relationship for the unbonded post-tensioning rods is assumed with elastic 

modulus 27000=psE ksi (186 GPa). The input parameters for the section analysis are the strains 

in the outside longitudinal reinforcing bars, namely 1ε  and 2ε , and the strain measured in the 

unbonded post-tensioning rod psε . These measured strains determine the strain distribution 

across the cross section of the column, e.g., 3ε , cε  and the depth of the compression zone c  in 

the cross section. Once the strain in different components of the cross section are determined, 

their corresponding stresses and forces can be calculated using the assumptions above; finally by 

section equilibrium the section forces, namely bending moment M  and axial force P  are 

determined. The bending moment at other sections in the columns, e.g., at the column-footing 

joint, may be estimated by assuming a linear bending moment diagram for the columns. 

Examples of the strains measured at the base and top of the columns are shown in Appendix C. 

Figure 6.27(a) shows an example of the partial time history of the bending moment calculated at 

the base of column B1 during level DUZ 7. 
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Fig. 6.25  Section analysis procedure in RC columns. 

Another important cross-section parameter is the section rotation θ  at the base and top of 

the columns. The cross-section rotation is estimated using the data from the displacement 

transducers located at the top and bottom of each column as shown in Figure 6.26. In this figure, 

1u  and 2u  are the vertical displacements measured by the two displacement transducers at the 

same elevation defined by the distance 1d , and 2d  is the horizontal distance between them. An 

example of the partial time history of the cross-section rotations at the base of column B1 during 

level DUZ 7 is shown in Figure 6.27(b). 
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Fig. 6.26  Section rotation determination procedure in RC columns. 

The maximum values of the bending moments and their corresponding rotations at the 

base and top of the RC columns during different levels of stage one of the experiments are 

reported and discussed for columns A2 and B1 in comparison with stages two and three results in 

Section 6.6.5. These values are obtained directly from the time histories and are indicated with 

open circles for column B1 during level DUZ 7 in Figures 6.27(a)–(b). 
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(b) Base rotation 

Fig. 6.27  Section response time-histories at base of column B1, level DUZ 7. 

6.4 DISCUSSION OF STAGE TWO RESULTS 

In this section the behavior of the test structure in terms of the observed damage and the change 

of the effective RC slab width during stage two of the experiments is described. The effects of 

the column post-tensioning rods on the test structure are also evaluated and quantified. Further 

discussion of the results obtained during stage two are presented in later sections in comparison 

with results from stages one and three of the experiments.  

6.4.1 Damage in Test Structure  

With the progress of the shake-table experiments in stage two, more spalling at the bases of the 

columns and the beam-column joints is observed. After the repeat of the stage one test protocol 

(with level DUZ 9 instead of DUZ 7-2), diagonal cracks are observed at the column-footing 

joints as shown in Figure 6.28(a). Some evidence of spalling and flexural cracking are also 

observed in the beam-column joints (Fig. 6.28(b)). At this point a Loma Prieta ground motion is 
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chosen to subject the test structure to higher demands according to the design spectra at the new 

(elongated) natural period of the test structure, as described in Chapter 5. Significant yielding of 

the gaged reinforcing bars is recorded for shaking beyond Loma Prieta level 7 (LomaPr 7). The 

most severe damage occurs with the propagation of diagonal cracks and cover spalling in the 

footings as shown in Figure 6.28(c). This observed damage softens the column-footing 

connection and in effect produces plastic hinges with large plastic rotations at the column bases. 

Significant damage at the beam-column joints in the form of diagonal cracking, longitudinal bar 

yielding, and concrete spalling is observed during level LomaPr 9 and its repeats as shown in 

Figure 6.28(d). 

  
(a) Column-footing joint at column A1 

after level AWR-DUZ 9 
(b) Beam-column joint at column A2 after 

level AWR-DUZ 9 

  
(c) Column-footing joint at column A1 at 

end of stage two 
(d) Beam-column joint at column A2 at 

end of stage two 

Fig. 6.28  Damage in RC frame joints during and after stage two of experiments. 

6.4.2 Effective Slab Width 

The effects of the URM infill wall on the effective width of the RC slab is investigated by 

considering the distribution of strain in the RC slab perpendicular to the floor longitudinal beams 

in stages one and two of the shake-table experiments. This distribution is shown in Figures 

6.30(a)–(d) between axes A and B at 29 in. (740 mm) from the north edge of the RC slab (see 

middle insert of Fig. 6.30), where strain gage data are available at levels TAR 2, AWR-TAR 2, 

TAR 4, and AWR-TAR 4, respectively. The horizontal axis in this figure refers to the horizontal 
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distance of the strain gages from axis A. As an example, the partial time history of the strain 

gage recording for strain gage number 222 during level TAR 4 is shown in Figure 6.29. The 

strain distributions presented in Figure 6.30 are snapshots at the time corresponding to the 

maximum strain reading recorded during each run by strain gage number 222 located on axis A 

(see Appendix A for exact locations of strain gages). The values of the maximum strains 

recorded between the two axes used to normalize the strain distributions in these levels are also 

reported in Figure 6.30. Comparing the plots for levels TAR 2 and TAR 4 (with URM infill wall 

intact) and levels AWR-TAR 2 and AWR-TAR 4 (after removal of the URM infill wall), it is 

observed that: (1) the distribution of the strain in the section does not change with increase in the 

intensity of the ground motion, (2) the strain values are much higher (about 20 to 40 times) at 

levels after removal of the URM infill wall, (3) the strains are somewhat more evenly (less 

change of the strain values) distributed across the RC slab after removal of the URM infill wall 

as the maximum difference in strain values is about 90% with the URM infill wall and about 

70% after its removal, and (4) the maximum strain shifts from axis A to axis B after the removal 

of the URM infill wall. This is because the URM infill wall prevents the middle frame beam 

(Axis B) from deforming vertically in flexure during stage one of the experiments. However, 

during stage two of the experiments, the middle frame is already more damaged than the exterior 

ones, as previously discussed, and therefore this middle frame deforms more than the exterior 

frames, e.g., the one on axis A, resulting in higher strain readings on axis B. 

4 6 8 10 12 14 16 18
-1

-0.75
-0.5

-0.25
0

0.25
0.5

0.75
1 x 10-4

Time [sec]

St
ra

in

 

Fig. 6.29  Partial time history of strain gage number 222 during level TAR 4. 

The observations based on the strain measurements discussed above lead to the following 

conclusions: (1) because the strain distribution does not change, the beam-slab section is 

behaving linearly at these low test levels as expected; (2) because of the large increase of the 

strain readings after removal of the URM infill wall, the RC frames do not participate fully in 
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resisting the lateral load when the URM infill wall is still intact, since this wall carries a 

significant portion of the lateral load as was demonstrated when discussing the force distribution 

in stage one of the experiments (Fig. 6.14), and (3) because of the more even strain distribution 

after the URM infill wall removal compared to that with the intact URM infill wall, the presence 

of stiff structural elements, i.e., the URM infill wall, reduces the effective RC slab width 

significantly. The third conclusion has implications in the design, since current design codes do 

not consider the effects of such stiff elements in determining the effective width of the RC slab 

under lateral loads. For the present test structure, the effective RC slab width based on ACI318-

05 Section 8.10.2 is 20.25 in. (514 mm) from the center of the beam to each side for both cases 

before and after removal of the URM infill wall. While this code-based estimation of the 

effective RC slab width may be appropriate after removal of the URM infill wall, the 

significantly smaller strain measurements in levels TAR 2 and TAR 4 compared to those of 

levels AWR-TAR 2 and AWR_TAR 4 suggest that a smaller effective RC slab width may be 

used, perhaps in the order of the width of the beam measured from the center of the beam to each 

side, i.e., about 10 in. (250 mm) for the test structure, in the presence of very stiff lateral load-

resisting elements as the RC-infilled frame with URM wall.  
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Fig. 6.30  Strain distribution in RC slab perpendicular to RC frames. 
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6.4.3 Effects of Post-Tensioning in Columns 

At the end of stage two of the experiments, it is noted that although the deformations increase 

significantly due to the removal of the URM infill wall compared to those of stage one, the post-

tensioning rods act as a self-centering system preventing the excessive degradation and 

permanent deformation in the bare test structure. The self-centering mechanism due to post-

tensioning of the columns and its effects on the structural behavior are quantified in this section.  

6.4.3.1 Measurements in Post-Tensioning Rods 

As mentioned in Chapter 3, strain gages are installed on all post-tensioning rods except in 

column C2 for which a calibrated load cell is installed on top of the column. These instruments 

serve to monitor the variation of axial forces in the post-tensioning rods during the experiments. 

The recorded strain variation may be attributed to two sources, namely (1) elongation due to 

lateral displacement at the top of the columns and (2) bending of the post-tensioning rods. 

Assuming that the top of the column moves horizontally (does not drop as it undergoes side 

sway), the strain in the post-tensioning rod due to lateral displacement ∆ε  is calculated as shown 

in Equation 6.11. 
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where L  is the length of the rod and u  is the relative lateral displacement of the top with respect 

to the bottom of the rod. Assuming that the rod stays elastic, the maximum strain in the post-

tensioning rod due to bending moment Mε  is calculated as shown in Equation 6.12. 
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where psM  is the fixed-end bending moment at the top or bottom section of the rod, psI  is the 

cross-sectional moment of inertia of the rod, S  is the section modulus of the rod, psE  is the 

elastic modulus of the post-tensioning rod estimated as 27000 ksi (186 GPa), and r  is the radius 

of the cross section of the rod. As an example, Figure 6.31 shows the actual recorded strain 

variation in the post-tensioning rod of column C1 during level LomaPr 9 as well as the strain 

corresponding to Equations 6.11–6.12. Comparison between the plots reveals that the actual 
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experimental strain peaks in tension, while Mε  (and lateral displacement) reaches its peak in 

both directions, suggesting that the source of strain variation in the post-tensioning rod is indeed 

elongation due to the lateral displacement and not bending in the rod itself. This is an important 

observation, since the strain due to bending would be affected by the location of the strain gage 

on the post-tensioning rod which is not precisely known due to possible turning of the unbonded 

rod when the post-tensioning force is applied. 

Where strain gages are used, the axial force in the post-tensioning rods F  is calculated 

from Equation 6.13. 

 AEF pspsε=  (6.13) 
where psε  is the measured strain and A  is the cross-sectional area of the post-tensioning rod. 

The benefit of the load cell installed on the post-tensioning rod of column C1 is that it allows for 

a direct measurement of the axial force in this column that can be used to confirm the results 

obtained from strain gages using Equation 6.13. Since the main source of the variation of axial 

force in the post-tensioning rods is the relative lateral displacement between the top and bottom 

of each column, it is expected due to the in-plane rigidity of the RC beams and slab that this 

variation would be consistent between the two columns of each frame. As an example, Figure 

6.32 compares partial time-histories of the axial force variations in columns C1 and C2 during 

level LomaPr 9 which validates the strain gage measurements and the use of Equation 6.13.  
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Fig. 6.31  Partial time history of strain variation for column C1 post-tensioning rod during 
level LomaPr 9 compared with theoretical strains per Eqs. 6.11–6.12.  
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Fig. 6.32  Partial axial force variation time-histories of columns C1 and C2 during level 
LomaPr 9. 

6.4.3.2 Variation of Axial Force in Post-Tensioning Rods 

As described in the previous section, the variation of the axial force in the post-tensioning rods is 

closely related to the lateral displacement of their corresponding columns. Therefore, a 

significant change in the axial force of these rods is expected during levels with large 

displacement demands. As an example, the axial force variation of columns C1 and B1 are 

shown in Figure 6.33 during level LomaPr 9. During this level, maximum axial force increases 

from the initial post-tensioning forces of 65.2 kips (290kN) and 32.6 kips (145 kN) are 64 kips 

(280 kN) and 43 kips (190 kN), recorded for columns B1 and C1, respectively. 
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Fig. 6.33  Axial force variation time histories for post-tensioning rods during level LomaPr 
9. 

Figure 6.34 shows the mean and maximum values of the axial force in the post-

tensioning rods observed during different levels of the experiments. Note that these forces 

include the initial post-tensioning force as described in Chapter 2. The maximum increases in the 

axial forces of the post-tensioning rods during stage one of the experiments are recorded at level 

DUZ 8 corresponding to 45% and 69% for columns B1 and C1, respectively. During stage two 

of the experiments, the maximum increases are recorded in level LomaPr 9 corresponding to 

78% and 105% for columns B1 and C1, respectively. The gradual increases in the mean post-

tensioning force (7% and 40% over 21 shake-table runs for columns B1 and C1, respectively) are 

attributed to the expansion of the concrete in the longitudinal direction of the columns due to 

cracking and accumulation of damage.  
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Fig. 6.34  Range of variation of column post-tensioning forces during different levels of 
shaking. 

6.4.3.3 Self-Centering Force 

The axial force F  in the post-tensioning rods is always concentric with the column centerline. 

The horizontal component of this force is calculated as shown in Equation 6.14 and is referred to 

as the self-centering force rF . 
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Figure 6.35 presents a plot of the total self-centering force calculated as the sum of the 

self-centering forces in all six columns of the test structure versus the lateral displacement at the 

RC slab level during level LomaPr 9. The maximum self-centering force observed during this 

level corresponds to 18.3 kips (81.4 kN) or 19% of the total gravity load (94.0 kips (418 kN)) not 

accounting for the post-tensioning loads in the columns. It is observed that the increase in the 

lateral displacement causes a nonlinear increase in the self-centering force in the opposite 

direction. The more the offset from the original state of the test structure, the more force 

opposing the motion is generated. This phenomenon helps in limiting the extent of the damage 

and the permanent deformation of the test structure during stage two of the experiments. 
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Fig. 6.35  Total self-centering force versus lateral displacement plot during level LomaPr. 
9. 

The total self-centering force is calculated for all levels of the shake-table experiments in 

stages one and two, and its minimum and maximum values are presented in Figure 6.36. It can 

be observed that the range of variation of the self-centering force during stage one of the 

experiments is limited to ±6.9 kips (±31 kN) or ±7% of the total gravity loads which may be 

deemed negligible in the lateral response of the test structure during this stage. This range 

increases from ±7% to almost ±19% of the total gravity loads in stage two of the experiments, 

thus affecting the lateral response of the test structure to a larger extent in stage two than in stage 

one. It should be noted that the apparent symmetry of the positive and negative changes in Figure 

6.36 is due to the fact that the absolute value of the maximum and minimum floor displacements 

measured during each run are generally close and that these displacements originate the self-

centering forces as discussed before. 
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Fig. 6.36  Range of variation of total self-centering force during different levels of shaking. 

6.5 DISCUSSION OF STAGE THREE RESULTS 

Stage three (the final stage) of the shake-table experiments is performed to investigate the 

incipient collapse mechanism of the test structure without the URM infill wall. In order to 

achieve this goal, the post-tensioning rods in the columns are removed. In this final stage, the test 

structure is subjected only to the Loma Prieta ground motion sequence. Figures (a) and (b) show 

the typical state of the column-footing joints and beam-column joints, respectively, at the end of 

this stage. The development of the diagonal cracks in the footing and severe spalling of the 

concrete at the column-footing interface is shown in Figure 6.37(a). The effects of the described 

damage in the column-footing joints is the development of flexible hinges at the footings that 

cause the redistribution of forces in the RC frames and the increase in bending moment demands 

on the beam-column joints. The significant spalling of the concrete at the beam-column joints 

follows as can be observed from Figure 6.37(b). Large rotations at the joints exceeded the range 

of many of the measuring devices installed at the joints, and the excessive spalling of the 

concrete adversely affects the accuracy of many of the measuring devices. Therefore, the results 

on the local behavior of the joints in this stage of the experiments are limited compared to the 

other two stages. The maximum base shear is 120% of the total gravity loads, and the maximum 

drift ratio reached at this stage is 5.95% taking place in levels LomaPr 9-2-1 and LomaPr 8-2, 

respectively. The sequence of damage in the test structure observed during this stage suggests 

that the collapse mechanism for the test structure initiated from hinges forming at the column-
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footing joints and progressing to the top of the columns at the beam-column joints resulting in a 

side-sway mechanism. The state of the test structure at the end of this stage is judged close to the 

collapse mechanism. Note that added loose safety chains (Fig. 6.38) are used to prevent complete 

collapse of the test structure at stage three of the experiment to prevent damaging the 

measurement instruments and shake-table hardware. More discussion on the results obtained 

during stage three of the experiments are presented in the next section and compared with the 

results obtained from stages one and two. 

(a) Column-footing joint at column A1 (b) Beam-column joint at column A2 

Fig. 6.37  Damage in RC frame joints after stage three of experiments. 

Loose safety chains to 
prevent complete collapse 

of the test structure

Loose safety chains to 
prevent complete collapse 

of the test structure

Loose safety chains to 
prevent complete collapse 

of the test structure  

Fig. 6.38  State of test structure at end of stage three of experiments. 
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6.6 COMPARING RESULTS OF ALL THREE STAGES OF EXPERIMENTS 

The global and local responses of the test structure during the three stages of the experiments are 

discussed in detail in previous sections. To gain a clearer perspective, the overall changes in the 

global dynamic properties of the test structure are compared here for the three stages of the 

shake-table experiments. 

6.6.1 Force-Deformation 

The maximum total base shear bV  normalized by the total gravity load totalW  (94.0 kips (418 

kN)) versus maximum drift percentage (top floor displacement with respect to fixed bottom 

normalized by the story height) at each level of testing is shown in Figure 6.39. The maximum 

base shear of 167 kips (743 kN), 177% of total gravity load, at level DUZ 8 of stage one 

corresponds to 0.61% drift in the test structure. However, the maximum drift in this stage is 

2.51% corresponding to the base shear of 149 kips (663 kN), 158% of total gravity load in level 

DUZ 7-2, suggesting a significant decrease in the stiffness but not in the strength of the test 

structure.  
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Fig. 6.39  Peak total base shear versus drift plots for different stages of shake-table 
experiments.  

The maximum base shear of 162 kips (721 kN), 172% of total gravity load, at stage two 

after the removal of the URM infill wall occurs at 3.37% drift ratio during level AWR-TAR 6. 

The maximum drift ratio recorded in stage two is 5.18%, corresponding to base shear of 130 kips 

(579 kN), 138% of total gravity load, at level LomaPr 9-6, i.e., the sixth and last repetition of 

LomaPr 9. After the removal of the post-tensioning rods, the stiffness of the test structure is 

reduced even further. The maximum base shear of 113 kips (503 KN), 120% of total gravity 

load, in stage three corresponds to a drift ratio of 5.68% in level Loma Pr 8-2. Despite the 

increase in the intensity of the ground motion at level LomaPr 9 and its repeated runs, smaller 

values of the maximum base shear and the maximum drift ratio for the repeated runs (maximum 
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drift ratio for LomaPr 9-2-1 is 5.95% corresponding to base shear of 91.7 kips (408 kN), 97.5 % 

of the total gravity load) are reached. This is explained by noting the shape of the ground motion 

spectra (Fig. 5.5), where as the test structure softens the natural period of the test structure 

elongates, and the demand forces and displacements on the test structure decrease.  

Figure 6.40 shows the effective stiffness as defined in Section 6.3.1 of the test structure 

normalized with respect to the stiffness of the test structure at the beginning of stage two of the 

experiments, 49 kip/in. (8.6 kN/mm), during stages two and three (for the stiffness variation in 

stage, see Fig. 6.5). It is observed that at the end of stage two, the test structure is still holding to 

45% of its stiffness and at the end of stage three, the stiffness is reduced to only 22% of the 

stiffness at the beginning of stage two. The plot also suggests significant damage to the test 

structure during levels AWR-TAR 6 and LomaPr 9. It is also worth noting that there is a 22% 

reduction in the stiffness of the test structure due to the removal of the post-tensioning rods at the 

beginning of stage three compared to at the end of stage two. 
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Fig. 6.40  Effective stiffness variation in test structure during stages two and three. 

6.6.2 Natural Period 

Figure 6.41 illustrates the variation of the natural period of the test structure as the different 

levels of the experiments progress. This figure is an extension of Figure 6.8 given for stage one 

only. These values are determined using both the white-noise signals and the ground motion 

signals. As explained previously, the white-noise signals are applied with very small amplitudes 

(about 0.07g) before each test level and are not necessarily evaluating the actual natural period of 

the test structure during the ground motion shaking. Two distinct jumps can be observed in the 
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natural period of the test structure using either signal: (1) 70% jump when the URM infill wall 

cracks and (2) 25% jump at the first significant shaking after removal of the post-tensioning rods 

(LomaPr 3-2) at the beginning of stage three of the experiments. It is observed that there is one 

level delay in detecting the increase in the natural period of the test structure when using the 

results of the white-noise tests, particularly for stage one of the experiments. The reason is that 

the amplitude of the white-noise signal is too small to cause the existing cracks to open. 

Therefore, the test structure vibrates under these white-noise signals without detecting the 

existence of the current cracks. When the next shaking level is applied, however, the previous 

cracks open (but not the current) and remain open for the subsequent white-noise signal.  

During the course of all the experiments and based on the results of the actual shaking 

signals, the natural period of the test structure changes by a factor of about 6.5 from 0.147 sec to 

0.955 sec. This significant change of the natural period emphasizes the change of the structural 

configuration (removal of the URM infill wall and removal of the columns post-tensioning) and 

the extent of the damage to the test structure.  
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Fig. 6.41  Variation of natural period of test structure during shake-table experiments. 

6.6.3 Damping Ratio 

Figure 6.42 demonstrates the change in the mean damping ratio of the test structure during each 

shake-table run using the two approaches discussed early in this chapter. This figure is an 

extension of Figure 6.11 given for stage one only. It can be observed that the highest values of 

damping ratio (above 13%) are achieved during levels DUZ 8 and DUZ 7-2. The damping ratio 

is also high (between 8% and 10%) during the repeats of level LomaPr 9 in stages two and three 
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of the shake-table experiments when the most severe damage occurs in the RC frames. However, 

when the test structure is subjected to small-intensity ground motions (levels 1–4), the damping 

ratio ranges between 4%–6%, suggesting that the damping ratio is not independent of the 

intensity of shaking. The gradual increasing trend observed in the value of the damping ratio is 

attributed to the reduction in the stiffness of the test structure due to the inverse relationship 

between the damping ratio and the square root of the stiffness (Chopra 2001). The results 

obtained by the energy-equivalent damping method and the regression method are in closer 

agreement in stages two and three when compared to stage one results. Perhaps the reason is that 

after removal of the URM infill wall, there is no sudden shift in the stiffness of the test structure 

that limits the accuracy of the linear regression model. Since the energy equivalent formulation 

takes into account the energy dissipation in the structural system, it offers a more reliable 

estimate of damping for the equivalent linear system especially when subjected to strong motions 

and significant nonlinearity.  
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Fig. 6.42  Variation of mean damping ratio of test structure during shake-table 
experiments. 

6.6.4 Residual Displacements 

The residual displacement at the end of each run is determined by subtracting the mean of the 

first 100 displacement data points, i.e., first 0.5 sec at 200 Hz sampling rate, from the mean of 

the last 200 displacement data points, i.e., the last 1 sec of each run. The absolute value of the 

residual displacement for each run is presented in Figure 6.43. During stage one of the 

experiments (URM infilled test structure), the residual displacements are practically negligible 
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with peaks of 0.03. in (0.76 mm) at level DUZ 7 and 0.075 in. (1.9 mm) at level DUZ 7-2 (URM 

infill wall collapsed) corresponding to 0.028% and 0.069% drift ratios, respectively. During 

stage two of the experiments, the residual displacement within each run is still limited to a small 

peak value of 0.17 in. (4.3 mm) during the third repetition of Loma Prieta level 9 (LomaPr 9-3) 

corresponding to a 0.16% drift ratio. This is due to the self-centering effects of the post-

tensioning rods as previously discussed. On the other hand, after removal of the post-tensioning 

rods in stage three of the experiments, large residual displacements are observed in the 

experiments with the peak value of 0.51 in. (12.9 mm) during level LomaPr 9-2-1 corresponding 

to a 0.47% drift ratio.  
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Fig. 6.43  Absolute value of residual displacement at RC floor slab during shake-table 
experiments. 

Since the residual displacements within each shake-table run are evaluated for the state of 

the test structure at the end of the run with respect to the start of that run, cumulative and 

algebraic sums of these values result in the total residual displacement of the RC floor slab at the 

end of each shake-table run with respect to the start of the shake-table experiments. These total 

(cumulative) residual displacements are shown in Figure 6.44. The maximum residual 

displacement at the RC floor slab recorded is 0.95 in. (24.1 mm) corresponding to 0.88% 

residual drift ratio at the end of level LomaPr 6-2. The total residual displacement at the end of 

all the experiments is -0.39 in. (-9.9 mm) corresponding to 0.36% residual drift ratio. The change 

in the direction of the residual displacement is difficult to explain and perhaps not practically 

informative. However, it may be attributed to several factors such as the sequence of cracking in 
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the columns and joints in the test structure, the particular displacement history of each input 

ground motion, and the frequency content of these motions with respect to the changing natural 

period of the test structure.  
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Fig. 6.44  Total cumulative residual displacement at RC floor slab of test structure. 

6.6.5 Change of Demand Forces in RC Frame Joints  

In this section the change in the demand forces in the RC frame beam-column and column-

footing joints during the three stages of the shake-table experiments are discussed. The procedure 

to determine the bending moments and section rotations at the tops and bases of the columns 

were discussed in Section 6.3.7.2. The maximum values of the bending moments and their 

corresponding maximum section rotations obtained during different levels of the shake-table 

experiments are presented in this section in Figure 6.45. It should be noted that the maximum 

values of the section rotations do not necessarily occur at the same instants of time as the 

maximum values of the bending moments and may be higher than the actual values 

corresponding to these maximum bending moments. Moreover, the results of many instruments 

are used in the determination of these quantities and these results are not available for every level 

due to malfunctioning of one or more of these instruments, which leads to incomplete data. 

The change in the demand forces is due to two important reasons: (1) The failure of the 

URM infill wall, removal of the post-tensioning rods, and the development of footing hinges 

reduce the stiffness of the test structure resulting in significant increases in its natural period as 

discussed in the previous sections. Therefore, the spectral demands on the test structure are 

reduced as can be observed from Figure 5.5, which represents the SDOF elastic spectral response 
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for 5% damping ratio. (2) The development of the hinges at the footings causes redistribution of 

forces in the RC frames by increasing the demands on the beam-column joints causing further 

spalling and yielding at the top cross sections of the RC columns.  

Figures 6.45 (a) and (b) show the maximum base moment versus maximum base rotation 

for columns A2 and B1, respectively (Fig. 1.1(b)). These plots show a 43% and a 37% drop in 

moment demands at the bases of columns A2 and B1, respectively, for stage two results 

compared to stage one results, suggesting significant damage at the bases of the columns. 

Toward the end of stage two, the maximum base rotations are 0.037 rad for A2 and 0.049 rad for 

B1, with respective sustained maximum bending moments of 1000 kip-in. (113 kN-m) and 1340 

kip-in. (151 kN-m), suggesting severe damage at the column-footing joints. Figures 6.45(c) and 

(d) show the maximum top moment versus the maximum top rotation for columns A2 and B1, 

respectively. These plots suggest significant increases (80% for columns A2 and 88% for column 

B1) in the bending moment demands on the beam-column joints for both columns for stage two 

results compared to the results of stage one of the shake-table experiments. The difference 

between the results for columns A2 and B1 suggests more severe damage at the base of column 

B1 due to higher bending moments recorded at the top of column B1 and more base rotation 

recorded for column B1.  

During stage three of the experiments, it is observed that the maximum bending moments 

in the column-footing joints are further reduced, e.g., a 52% reduction for column A2 and a 14% 

reduction for column B1 in level LomaPr 7 compared to the same level in stage two as shown in 

Figures 6.45(a) and (b), respectively. This decrease in demand is primarily due to the shift in the 

natural period of the test structure and the resulting reduction in the spectral acceleration. 

Moreover, these bending moments occur at much higher base rotations, e.g., 170% and 120% 

higher base rotation in columns A2 and B1, respectively, for level LomaPr 7 when compared to 

the rotations measured at the same level during stage two of the experiments. Figure 6.45(c) 

suggests significant accumulation of damage in the beam-column joint of column A2 compared 

to stage two results, i.e., a 48% drop in the maximum bending moment and a 47% increase in the 

maximum rotation. The moment rotation plot for column B1 at its beam-column joint during 

stage three of the experiments is close to the results obtained for stage two as shown in Figure 

6.45(d) suggesting no significant additional damage at this location during stage three. 

Moreover, for stage three of the experiments, the difference between the results for columns A2 



 

 121

and B1 suggests more damage at the base and consequently at the top of column A2 compared to 

column B1. 

0 0.01 0.02 0.03 0.04 0.05 0.060

500

1000

1500

2000

2500

DUZ 7

DUZ 8

AWR-DUZ 7

LomaPr 7 LomaPr 9

LomaPr 9-2
LomaPr 7

Maximum base rotation [rad]

M
ax

im
um

 b
as

e 
m

om
en

t [
ki

p-
in

]

 

 

Stage 1
Stage 2
Stage 3

0

50

100

150

200

250

[k
N

-m
]

0 0.01 0.02 0.03 0.04 0.05 0.060

500

1000

1500

2000

2500

DUZ 7

DUZ 8

LomaPr 7 LomaPr 9 LomaPr 9-4

LomaPr 7

Maximum base rotation [rad]

M
ax

im
um

 b
as

e 
m

om
en

t [
ki

p-
in

]

 

 

Stage 1
Stage 2
Stage 3

0

50

100

150

200

250

[k
N

-m
]

(a) Column A2, base moment versus 
column-footing joint rotation 

(b) Column B1, base moment versus column-
footing joint rotation 
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(c) Column A2, top moment versus beam-
column joint rotation 

(d) Column B1, top moment versus beam-
column joint rotation 

Fig. 6.45  Maximum moment versus maximum rotation at top and bottom of selected 
columns. 

6.7 SUMMARY 

The results of the shake-table experiments are presented in this chapter. The methodology used 

to determine the internal forces and the dynamic properties of the test structure during the 

experiments are described. The global and local responses of the test structure in all three stages 

of the shake-table experiment are presented.  

For stage one of the experiments, variations of natural period, damping ratio, and 

stiffness of the test structure as quantitative representations of the accumulation of damage in the 

URM infill wall and the RC frames both within each run and between different shaking are 

discussed. Also discussed in detail are the load path and crack patterns in the URM infill wall, 

the distribution of forces between different elements of the test structure before and after 
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cracking of the URM infill wall, the deformed shape of the URM infill wall with respect to the 

bounding RC frame, and the contact length between the URM infill wall and the bounding RC 

frame members in stage one. Also at this stage, the variation of demand forces on the RC slab 

and frames due to the damage in the URM infill wall as well as the deformations of the RC slab 

are illustrated. Moreover, the damage sequence and the yielding locations of the reinforcing bars 

in the RC frames after high levels of shaking are discussed.  

For stage two of the experiments, after removal of the URM infill wall, the state of the 

test structure and its progression of damage states are depicted. The effective RC slab width 

participating in the lateral load-resisting system is evaluated and compared for the scenarios 

before and after removal of the URM infill wall. The role of the post-tensioning rods in the 

ability of the test structure to sustain intense shaking is also discussed and the variation of the 

self-centering forces due to these rods is quantified. For stage three of the experiments, after 

removal of the post-tensioning rods, the state of the test structure and its progression of damage 

states and the collapse mechanism for the test structure are discussed.  

Important engineering demand parameters such as maximum base shear and maximum 

drift as well as important properties of the test structure such as effective stiffness, natural 

period, and damping ratio are compared for all three stages of the experiments. The individual 

and cumulative variations of the residual displacements at the RC floor slab are also presented 

and discussed for all stages. The local responses in terms of the variations in the demand forces 

in the joints of the test structure due to the redistribution of forces and the elongation of the 

natural period of the test structure are presented for all stages of the experiments. 
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7 Computational Modeling of URM Infilled 
Frames 

Modeling RC frame structures containing URM infill walls is a challenging problem and can be 

studied from two different points of view: first, by determining the failure mechanics and 

detailed behavior of each individual infill panel, and second, by studying the overall structural 

system response as it changes due to the engagement of the URM infill walls in the lateral 

response of the structure. This chapter is an attempt at the second approach, discussing ways of 

accurately considering URM infill walls within the larger RC structural system.  

Perhaps the most precise models to properly consider the URM infill walls in the analysis 

of structures are based on finite element (FE) methods considering the individual bricks, mortar 

joints, and the interface conditions between the bricks, mortar, and the bounding frame 

(Mosalam 1996a). However, this detailed approach is computationally very expensive and 

practically not possible for the design of large structures. Alternatively, simpler models have 

been proposed to account for the strength and stiffness of URM infill walls by representing them 

as compression-only single diagonal struts or a set of struts in the form of parallel diagonal and 

off-diagonal struts (Holmes 1963; Stafford-Smith 1962, 1966; Thiruvengadam 1985; and 

Chrysostomou 1991). Typically, these simple models do not go beyond the elastic behavior of 

the URM infill wall and are not suitable for cyclic loading or the analysis of the structure past 

failure of the URM infill wall. Moreover, both aforementioned types of models for URM infill 

walls, detailed with FE models or simplified with compression-only struts, are limited in 

literature to two-dimensional configurations considering only the in-plane behavior of the URM 

infill walls. Accordingly, such models are not capable of accounting for the effects of the out-of-

plane forces on the URM infill walls, cyclic degradation of the infill in one loading excursion 

due to the damage caused by the reverse loading excursion, and the strong coupling between the 

in-plane and the out-of-plane forces in the URM infill walls. 
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In this chapter, the traditional methods for determining the in-plane modes of failure of 

URM infill walls and their modeling using compression-only struts are briefly discussed. Two 

computational models of the shake-table test structure discussed in the previous chapters are 

constructed using two separate single-strut models to represent the URM infill wall. The strut 

properties in one model are determined based on the FEMA 356 provisions (2000). For the other 

model, the properties are calibrated and modified based on experimental results. The 

computational results are compared with the actual shake-table experimental results, discussed in 

Chapter 6, and the benefits and limitations of the single-strut model are discussed.  

In order to fully understand the behavior of the URM infill walls, a FE model of the test 

structure is developed to serve as a tool for detailed numerical simulations of the test structure. 

The FE model is validated by comparing the response of the computational model with the 

pseudo-dynamic and the shake-table experimental results. It is reiterated that the actual pseudo-

dynamic experiments (see Fig. 1.3) are not part of this report as stated in Chapter 1. Using the FE 

model, a series of numerical simulations are performed to investigate the interaction between the 

in-plane and the out-of-plane forces on the URM infill wall. Finally, a novel 3D strut and tie 

(SAT) model is proposed and developed for practical implementation and consideration of both 

the in-plane and the out-of-plane responses of URM infill walls and their interaction. The model 

is evaluated for a wide range of URM infill wall properties.  

7.1 IN-PLANE FAILURE MODES OF URM INFILL WALLS 

In-plane failure modes of URM infill walls are defined in terms of the type and sequence of 

damage among the elements of the infilled RC frame. Such damage is defined as corner and 

diagonal crushing of masonry; plastic hinge formation in columns, beam; or beam-column joints; 

and shear failure of the beam or columns. Using plastic analysis, the following four in-plane 

modes of failure for the URM infilled RC frames are introduced and formulated by Liauw and 

Kwan (1985b). These modes of failure and their estimated plastic capacities uH  and joint shear 

demands jV are summarized in Table 7.1.  

Mode 1, corner crushing with failure in columns and infill-beams connections: In this 

mode of failure, the compressive corner regions of the infill panels crush. Moreover, plastic 

hinges form at the loaded corners and at the columns near the compression zone of the panel and, 

where shear connectors, the infill-beam connections yield.  
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Table 7.1  In-plane modes of failure and their corresponding estimated capacities uH  and 
joint shear demands jV of infilled systems. 
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Mode 2, corner crushing with failure in beams and infill-columns connections: In this 

mode of failure, the compressive corner regions of the infill panels crush. Moreover, plastic 

hinges form at the loaded corners and at the beams near the compression zone of the panel and, 

where shear connectors, the infill-column connections yield. 

Mode 3, diagonal crushing with failure in infill-beam connections: In this mode of 

failure, all plastic hinges form at the four beam-column joints. Moreover, where shear 

connectors, the infill-beam connections yield. 
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Mode 4, diagonal crushing with failure in infill-columns connections: In this mode of 

failure, all plastic hinges form at the four beam-column joints. Moreover, where shear 

connectors, the infill-columns connections yield. 

The formulas in Table 7.1 utilize the following notations: 

uH  lateral frame capacity, 

pbM  plastic moment capacity of beam, 

pcM  plastic moment capacity of column, 

pjM  plastic moment capacity of beam-column joint, 

h  story height, 

L  span of infilled RC frame, 

t  thickness of infill panel, 

s  shear strength of interface connection, 

cσ  crushing stress of panel material, and 

θ  angle between the diagonal of the infill panel and the horizontal axis. 

The shear failure of the beam, column, or joint in the formulas in Table 7.1 must be 

checked independently and if the shear demand is higher than the corresponding shear capacity, 

the lateral frame capacity uH  must be reduced accordingly. The joint shear demand jV  due to 

each mode of failure can be calculated from statics (see Table 7.1) by determining the lengths 

from the loaded corner to the plastic hinges in the beams Lbα  or the columns hcα  where bα  

and cα  are determined from Equations 7.1 and 7.2, respectively. 
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For the infilled RC frame of the test structure, defined in Chapter 3, the geometric 

parameters are as follows: 108=h  in. (2740 mm), 162=L  in. (4110 mm), 75.3=t  in. (95.2 

mm) and o7.33=θ . The crushing stress cσ  is taken as 46.2=′mf  ksi (17.0 MPa) and the shear 

strength of the interface connection between the URM infill wall and the RC frame members s  

is assumed to be zero at the sides of the URM infill wall, i.e., interfaces with the columns, and 

judged as one half the shear strength of masonry at the top and bottom edges, i.e., interfaces with 
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the beam and footing. These values are chosen based on expected low bond between the URM 

infill wall and the RC concrete frame on the sides and friction force due to high normal forces on 

the top and bottom interfaces caused by the gravity loads on the infilled RC frame of the test 

structure. The additional normal force on the bottom interface due to the weight of the URM 

infill wall is small compared to the gravity loads from the RC beam, RC slab, and additional 

weight on the slab. This additional weight is ignored in the determination of the shear strength of 

the bottom interface. The plastic hinge capacities of the RC beam pbM  and columns pcM  are 

calculated based on standard section analysis procedure (e.g., ACI 318-05) as 888 kip-in. (100 

kN-m) and 1280 kip-in. (144 kN-m), respectively. The joint plastic hinge capacity is taken as the 

lower of the plastic capacities of the beam and the columns, i.e., 888 kip-in. (100 kN-m). The 

resulting estimated lateral frame capacities for the four modes identified in Table 7.1 are listed in 

Table 7.2. It is to be noted that the values of bα  and cα  are determined as 0.12 and 0.20, 

respectively. Using these values, the shear demand at the beam-column joint jV  corresponding to 

each mode of failure is determined as presented in Table 7.2. From these results, it follows that 

the mode governing the failure of the infilled RC frame is the third mode, although the first mode 

can not be entirely ruled out. It should be emphasized that the benefit of plastic analysis is in the 

determination of the failure mode and the corresponding estimated capacity value as an upper 

bound to the actual capacity of the infilled frame. In fact, compared to the results obtained from 

the shake-table experiment, discussed in Chapter 6, the capacity estimate is higher by a factor of 

2.2. Also, the joint shear demand predicted for mode 3 is 64% higher than the joint shear 

capacity evaluated per ACI 318-05 section 21.5.3.1 as 121 kips (538 kN), which could lead to 

joint shear failure contradictory to the observed results presented in Chapter 6. 

Table 7.2  Estimated lateral capacity of infilled RC frame of test structure based on plastic 
analysis.  

 Mode 1 Mode 2 Mode 3 Mode 4 
uH  [kips (kN)] 248 (1100) 272 (1210) 247 (1100) 407 (1810) 

jV  [kips (kN)] 200 (890) 181 (805) 199 (885) 271 (1210) 
 

The above failure modes are not reflected in the FEMA 356 provisions (2000). Instead, it 

is suggested that a detailed FE analysis may be performed to determine the strength and stiffness 

of the composite frame substructure. Alternatively, the stiffness of the infill panel is given by an 
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empirical formula, and the strength of the infill panel is determined based on the shear strength 

of the masonry panel across its net mortar cross section, suggesting a horizontal plane of failure. 

The FEMA 356 strut model is discussed in detail in the next section.  

7.2 STRUT MODELS 

In this section, two different strut models to represent URM infill walls in structures are 

discussed. A single-strut model offered by FEMA 356 provisions (2000) and a calibrated single-

strut model are discussed in detail and used in the computational modeling of the test structure 

defined in Chapter 3. The results of the computational models are compared with those obtained 

from the shake-table experiments, and the benefits and limitations of these strut models are 

discussed.  

7.2.1 Background 

In order to represent URM infill walls within the larger structural systems, researchers have 

proposed properties of simple equivalent strut or struts replacing the infill wall in each frame 

(Holmes 1963; Stafford-Smith 1962, 1966; Thiruvengadam 1985; Chrysostomou 1991; 

Hamburger 1993; and El-Dakhakhni et al. 2003). Such strut models are proportioned to represent 

the stiffness and strength of the URM infilled RC frame assembly by matching experimental 

data, assuming some specific failure mode, or by calibrating the struts using a FE model of the 

infilled RC frame. The arrangement of the struts depends on the expected failure mode of the 

assembly. For example, to represent the failure modes discussed in the previous section and 

based on the crack patterns observed in many experiments performed on URM infilled RC 

frames (Manzouri and Shing 1995; Angel and Abrams 1994; and Buonopane and White 1999), 

the SAT models shown in Figure 7.1(a) are proposed. The typical compression-only strut to RC 

frame connection to ensure stability is also shown in this figure. These SAT assemblies may be 

made more elaborate or simplified depending on whether the local effects of the infill wall on the 

adjacent frame elements are considered. For example, by neglecting the tensile strength of the 

URM material, the tie elements may be omitted in modes 1 and 2. Another possible 

simplification for modes 3 and 4 is to represent the URM infill wall with a single diagonal or off-
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diagonal strut. Simplified representations of the SAT models in Figure 7.1(a) are shown in 

Figure 7.1(b). 

The choice of the geometric details of the SAT model for infilled RC frames is somewhat 

arbitrary and can be adjusted based on the experience of the designer and the balance between 

the practicality and the accuracy of the model. In general, the material properties of each 

horizontal strut or tie are obtained from the shear capacity of the interface between the mortar 

joint and the masonry units. Likewise, the material properties of the vertical struts and ties are 

obtained from the behavior of the masonry prisms in compression and tension. Similarly, the 

material properties of the diagonal struts and ties can be estimated from the diagonal 

compression and tension behavior of masonry assemblies. The area of each strut and tie can be 

chosen by a trial and error procedure such that the assembly has the same strength and stiffness 

as predicted by experiments or by FE analyses. 

 Strut Tie 

Mode 1 Mode 2 Mode 3 Mode 4
Typical strut 
to RC frame 
connection

 Strut Tie 

Mode 1 Mode 2 Mode 3 Mode 4
Typical strut 
to RC frame 
connection

(a) SAT model details 

Mode 1 Mode 2 Mode 3 Mode 4

More simplified 
representation of 
modes 3 and 4Mode 1 Mode 2 Mode 3 Mode 4

More simplified 
representation of 
modes 3 and 4

(b) Simplified strut models 

Fig. 7.1   SAT models for different in-plane failure modes of URM infilled RC frames. 
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7.2.2 Computational Modeling of Test Structure 

In order to demonstrate the benefits and limitations of the strut models, a simple single-strut 

(compression-only) element is considered to represent the URM infill wall in an analytical model 

of the test structure described in Chapter 3. The analytical model is developed using OpenSees 

(Mazzoni et al. 2006). Beams and columns in the computational model are represented by 

nonlinearBeamColumn elements, which are based on force formulation, and consider the spread 

of plasticity along the length of each element. Cross sections are defined using fiber 

discretization with distinct fibers for reinforcement. Concrete material is modeled using 

Concrete01, which is a uniaxial concrete material object with degraded linear 

unloading/reloading stiffness. Steel reinforcing bars are modeled using Steel01, a uniaxial 

bilinear material object with kinematic hardening. The adopted values for concrete parameters of 

different members and steel parameters for reinforcing bars are shown in Tables 2.2 and 2.3, 

respectively, in Chapter 2. The column-footing joints are modeled using the provisions of FEMA 

356 (2000) by a trilinear moment-rotation relationship as defined in Table 2.4. The beam-column 

joints are assumed to behave rigidly in stage one of the experiments. In order to determine the 

properties of the compression-only diagonal struts representing the URM infill wall, two 

different approaches are adopted. In the first approach, the FEMA model, the provisions of 

FEMA 356 (2000) are used to find the compression strut geometric and material properties. In 

the second approach, a calibrated model, a simple concrete-like material model is used for the 

strut material, which is calibrated based on the measured properties of masonry prisms, and the 

geometric properties of the strut are determined based on the observed stiffness of the URM 

infilled RC frame during the shake-table experiments. Figure 7.2 shows a schematic view of the 

OpenSees model. 
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Fig. 7.2  OpenSees model with single strut for URM infill wall. 
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Fig. 7.3  Concatenated input ground (shake-table) motion for simulations. 

The analytical model is subjected to the same sequence of ground motions discussed in 

Chapter 5 from levels TAR 2 to DUZ 7. These ground motions are measured acceleration time-

histories recorded at the base of the test-structure during the shake-table experiments and 

concatenated one after the other as shown in Figure 7.3. As a reference, the time histories of base 

shear and RC floor slab displacement as observed in the shake-table experiments corresponding 

to the concatenated ground motions are presented in Figure 7.4. It should be noted that for each 

test level of this concatenated motion, the small motions at the beginning and end of the record 

are truncated such that the duration of each ground motion is limited to 23 sec which contains at 
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least 99.8% of the total energy of the ground motion where this total energy is estimated 

according to Trifunac and Brady (1975). This is conducted to synchronize recordings for 

different intensity levels of the same ground motion and to simplify the comparison between 

results of different runs. In order to include the effects of variation in the damping ratio between 

the shake-table runs, different damping ratios are adopted at different segments of the analysis to 

match the energy equivalent damping as discussed in Chapter 6. 
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Fig. 7.4  Time-histories of shake-table experimental results. 

7.2.3 Single-Strut FEMA Model 

The FEMA 356 provisions prescribe a strut with an area equal to the thickness of the masonry 

infill panel times the strut width a  given by Equation 7.3 in consistent units. Note that the term 

in parenthesis in Equation 7.3 is dimensionless. The modulus of elasticity of the strut material is 

assumed to be the same as the expected modulus of elasticity of the infill wall material. The 

expected in-plane shear strength ineV  of the URM infill wall is given by Equation 7.4. 

 ( ) inf
4.0

1175.0 rha col
−= λ  (7.3) 

 
 vieniine fAV =  (7.4) 

where ( )
4

inf

inf
1 4

2sin
hIE

tE
colfe

me θ=λ , 

colh  column height between centerlines of beams, 

infh  height of infill wall, 
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feE  expected modulus of elasticity of frame material, 

meE  expected modulus of elasticity of infill wall material, 

colI  moment of inertia of columns about the axis perpendicular to the loading direction, 

infL  length of infill panel, 

infr  diagonal length of infill panel, 

inft  thickness of infill panel and equivalent strut, 

θ  angle whose tangent is the infill height-to-length aspect ratio, 

niA  area of net mortar/grouted section across infill panel, and 

vief  expected shear strength of masonry infill not to exceed the expected masonry bed-joint 

shear strength mev  as defined in Equation 7.5. 
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teme A
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vv 75.0  (7.5) 

where tev  is the average bed-joint shear strength, CEP  is the expected gravity compressive force 

applied on the URM infill wall, and nA  is the area of net mortared section of the URM infill 

wall. 

For nonlinear analysis, FEMA 356 provisions also provide a maximum nonlinear drift 

ratio d  corresponding to the sudden loss of the lateral strength of the URM infill wall. This drift 

is defined with respect to the height of the infill infh  for different values of the wall aspect ratio 

and the frame-to-infill shear strength ratio. The value of the maximum nonlinear drift ratio is 

used to determine the ultimate strain for masonry material muε  as defined in Figure 7.2. 

For the infilled RC frame of the test structure described in Chapter 3, 108=colh  in. (2740 

mm), 25.101inf =h in. (2570 mm), 4250=feE ksi (29.3 GPa), 898=meE ksi (6.2 GPa), 

1728=colI in4 ( 81019.7 × mm4), 150inf =L in. (3810 mm), 181inf =r in. (4600 mm), 75.3inf =t in. 

(95.3 mm), o34=θ  and 5.562inf === LaAA nni in.2 ( 51063.3 × mm2). Also, 4.41=CEP kips 

(184 kN) is determined as one half the total gravity loads on the RC slab, including the weight of 

the RC beams and slab and tev  is assumed as 90 psi (620 kPa) resulting in 123== mevie vf psi 

(848 kPa) per Equation 7.5. Substituting these values in Equations 7.3 and 7.4, the width of the 

strut 3.19=a in. (490 mm) and the shear strength 4.69=ineV kips (309 kN) are obtained. Based 
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on FEMA Table 7-9 for the wall aspect ratio of 1.48 and the frame-to-infill strength ratio of less 

than 0.7, the maximum nonlinear drift ratio %35.0=d  is obtained. Using these results, the 

material and geometric properties of the diagonal strut model, namely the area of the diagonal 

struts strutA , yield strength of masonry myf  and its corresponding strain myε , and the masonry 

ultimate strain muε  can be determined as shown in Equations 7.6–7.9, respectively.  

 inftaAstrut =  (7.6) 

 
inf

infinf
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r
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strut
my =  (7.7) 
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inf

infinf

r
Lh

dmu =ε  (7.9) 

By substituting the values obtained before in Equations 7.6–7.9, 5.72=strutA in.2 

( 41068.4 × mm2), 16.1=myf ksi (8.00 MPa), 00129.0=myε , and 00163.0=muε  are determined 

for the diagonal FEMA strut model.  

Adopting the FEMA strut model in the OpenSees model of the test structure defined 

before, and performing nonlinear time-history analysis, the base shear and RC floor slab 

displacement time-histories are obtained and presented in Figure 7.5. The computational model 

shows 0.26 in. (6.6 mm) residual displacement at the end of level DUZ 7 in the test structure that 

is contradictory to the observed experimental results, as shown in Figure 7.4. The time history of 

the base shear predicted by the computational model may also be compared to the experimental 

results in Figure 7.4. The comparison suggests that the computationally predicted base shear 

agrees well with the experimental results up to level TAR 4, but is underestimated during levels 

TAR 6 and DUZ 7. The difference between the responses is quantified later in comparison with 

the results obtained from the calibrated strut model. 
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Fig. 7.5  OpenSees simulation results using FEMA strut model. 

The results of the computational simulation and the experiments of the test structure in 

terms of the base shear versus displacement of the RC floor slab relationships are compared in 

Figures 7.6(a) and (b) for all levels up to DUZ 7. It can be observed that although the FEMA 

model captures the initial stiffness of the test structure, it underestimates the strength and 

ductility of the infilled test structure and misrepresents the shape of the global force-deformation 

plot. 
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(a) Shake-table experiments (b) OpenSees simulation 

Fig. 7.6  Comparison between plots for base shear versus displacement of RC floor slab 
from experiments and simulations using FEMA strut model. 
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7.2.4 Calibrated Single-Strut Model 

Due to the unsatisfactory predictions of the FEMA model especially in the nonlinear range of 

response, an alternative calibrated model is considered with compression material properties, i.e., 

maximum compressive strength mf ′ , as measured in the URM uniaxial compression tests and a 

parabolic stress-strain curve with linear softening (see the corresponding insert in Fig. 7.2), i.e., 

46.2=′= mmo ff  ksi (17.0 MPa). Other parameters of the strut model are calibrated to match the 

observed stiffness and strength of the shake-table experimental results, i.e., infill wall strength 

0.85inf =V kips (378 kN) at corresponding lateral drift 65.0=∆ y in. (17 mm). The residual 

strength of the wall resV  and its corresponding lateral displacement res∆  are approximately 

estimated by observing the shake-table experimental results during levels DUZ 8 and DUZ 7-2 

as 10 kips (44 kN) and 0.95 in. (24 mm), respectively. The parameters of the calibrated strut 

model as shown in Figure 7.2 are determined per Equations 7.10–7.13 as 6.34=strutA in.2 

( 41023.2 × mm2), 00278.0=moε , 289.0=muf ksi (1.99 MPa) and 0041.0=muε .  

 
m
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inf
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inf

inf  (7.13) 

where all parameters are as previously defined. 

The analysis described above using the FEMA strut is repeated for the OpenSees model 

of the test structure with the calibrated strut model subjected to the same sequence of loading as 

depicted in Figure 7.3. The resulting RC floor slab displacement and base shear time-histories of 

these simulations are shown in Figure 7.7. These results show improved time-history 

characteristics compared to the results of the FEMA strut model (Fig. 7.5), i.e., no residual 

displacement at the end of level DUZ 7 consistent with the shake-table experimental results as 

shown in Figure 7.4 and better estimation of the base-shear time history.  
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Fig. 7.7  OpenSees simulation results using calibrated strut model. 

The outcome of the calibrated strut model is compared with the results of the shake-table 

experiments. Figures 7.8(a) and (b) present the base shear versus displacement relationship for 

both the simulations and the experiments. Although there is a clear mismatch between the 

simulations and experiments, the calibrated strut model represents the key features of the actual 

response such as the shapes of the loops, tangent stiffness, and peak response values much more 

convincingly than the FEMA strut model shown in Figure 7.6. Partial time-history plots of the 

base shear and the RC floor slab displacement during level DUZ 7 of the concatenated ground 

motion input are also compared with the experiments in Figure 7.8(c). It can be observed that the 

computational model results follow the results of the shake-table experiments rather closely, 

especially in terms of the base shear, even at large floor displacement amplitudes.  
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(c) Partial time-history plots  

Fig. 7.8  Comparison of plots for base shear versus displacement of RC floor slab from 
experiments and simulations using calibrated strut model. 

7.2.5 Comparison between FEMA and Calibrated Strut Models for URM Infill Wall 

The plots of the maximum displacement of the RC floor slab and its corresponding base shear 

obtained using the computational models of the test structure with FEMA and the calibrated strut 

models are compared with the results obtained from the shake-table experiments in Figure 7.9. 

Considering the used simple models with a single strut in each diagonal of the URM infill wall, 

the OpenSees simulation results with the calibrated strut model are in good agreement with the 

experimental results. However, the computational model overestimates the peak RC floor slab 

displacement by 21% and underestimates the corresponding total base shear by 16% at level 

DUZ 7, leaving the door open for future refinement of the computational model to obtain closer 
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agreement with the experimental results. This should be contrasted with the prediction of the 

OpenSees simulations based on the FEMA strut. It is observed that for predicting the maximum 

demand points in terms of base shear and RC floor slab displacement of the test structure, the 

results of the FEMA model are acceptable up to level TAR 6. However, after the failure of the 

compression-only struts, the simulations reflect unconservative values for DUZ 7, 

underestimating the predicted maximum displacement by 26% and its corresponding base shear 

by 44%. It should be noted that the underestimation of the base shear in both models and the 

underestimation of the floor displacement in the FEMA strut model may lead to an 

unconservative design for the adjacent structural elements. However, the overestimation of the 

maximum floor displacement by the calibrated strut model would lead to a more conservative 

design when a deformation-limiting design criterion is considered.  
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Fig. 7.9  Comparison of results of single-strut models and shake-table experiments.  

It should be emphasized that the FEMA strut model constitutes a “blind” prediction of the 

behavior of the URM infill wall, while the calibrated strut model is defined in light of the 

experimental results. Both models are simple single-strut models that may serve as examples to 

show the benefits, e.g., practicality, and limitation, e.g., difficulties in estimating the parameters 

and the inaccuracies in the results, of this approach. It is suggested that these models should only 

be used in conjunction with more sophisticated experimental or computational studies to verify 

the URM infill wall behavior beyond its linear state. The shake-table experimental study in 
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support of such models is discussed in previous chapters. On the other hand, a detailed 

computational study using the FE method follows in the next section. 

7.3 FINITE ELEMENT MODELS 

The goals of this section are the development of a FE model of the test structure with URM infill 

wall and the verification of the accuracy of this FE model by comparing its results to those of the 

experiments. The models are generated and analyzed using the general-purpose FE software 

DIANA (2005). Benefiting from the results of the pseudo-dynamic experiments (Fig. 7.10) on 

the bare and the infilled frames as physical substructures of a structure identical to the shake-

table test structure (Elkhoraibi and Mosalam 2007b), a two-dimensional (2D) FE model of the 

bare RC frame tested pseudo-dynamically is constructed and validated. Subsequently, the 

validated 2D FE model of the bare RC frame is extended to include the effect of the continuum 

URM infill wall, and the accuracy of the FE model of this infilled RC frame is again validated 

using the pseudo-dynamic experimental results. This process of developing and validating the 

computational FE model using the pseudo-dynamic experiments is justified based on the fact that 

the applied lateral displacement versus the resisting force history of the bare and infilled RC 

frames are directly available from the pseudo-dynamic test results. The 2D FE models are used 

to properly and effectively select the FE mesh size, material constitutive models, and boundary 

conditions to subsequently construct a representative three-dimensional (3D) model of the shake-

table test structure without the need of several expensive runs to select these numerical 

parameters. In other words, the 2D models are used as the building blocks in developing the 3D 

FE model of the shake-table test structure. The 3D FE model is subjected to the same sequence 

of loading as the test structure in the shake-table experiments and the resulting base shear and 

RC floor slab displacement are compared with the experimental findings from the shake-table 

experiments. These validated FE models serve as means to perform further numerical 

simulations for investigating certain issues and parameters not included in the experimental study 

described in the previous chapters, such as the out-of-plane behavior of URM infill walls and the 

development of in-plane/out-of-plane failure surface for URM infill walls. 
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Fig. 7.10  Shake-table and pseudo-dynamic test structures used for verifying FE models. 

7.3.1 FE Model of Bare RC Frame 

First, discussed is the 2D FE model of the bare RC frame, frame A1-A2 in Figure 7.10. The 

beam and columns are modeled using 9 degrees of freedom 3-node 2D beam elements with 35 

Gaussian integration points, i.e., 5 points at 7 cross sections along the length of each element. 

The beam and each column are divided into 5 and 8 elements, respectively. Longitudinal 

reinforcing steel bars are embedded in the beam and column elements at their exact locations, 

and perfect bond with the surrounding concrete is assumed. The prestressing bars are modeled 

using truss elements with geometrical nonlinearity and unbonded to the column elements to 

account for the re-centering effects of these bars, discussed in Section 6.4.3.3. Since beam 

elements are used to represent the RC beam and columns, the transverse reinforcements are 

neglected and no effort is made to adjust the concrete properties to match the confined concrete 

properties. This simplification is justified because the comparison with the experimental results 

are performed up to the levels at which no significant spalling is experimentally observed in the 

RC frames, i.e., up to level DUZ 7. Column bases are assumed to be fixed and no relative 

rotation at the beam-column joint is considered, i.e., beam-column joints are assumed rigid in the 

FE models. The element numbering and reinforcing bar arrangements for the model are shown in 

Figures 7.11 (a) and (b), respectively. 
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(a) Element divisions (b) Reinforcing bar arrangement 

Fig. 7.11  FE model of bare RC frame.  

Concrete material is modeled using a total strain rotating crack model (DIANA 2005) 

that describes the tensile and compressive behavior using one stress-strain relationship. The 

concrete in compression is defined using a parabolic stress-strain ( )εσ −  relationship as shown 

in Figure 7.12(a) and defined by Equations 7.14–7.17. Numerical values of the parameters for 

the concrete compression material model are presented in Table 7.3. The tensile behavior of 

concrete is modeled using elastic with a linear softening relationship as shown in Figure 7.12(b) 

where ctf  is the tensile strength of concrete as determined in concrete split tension tests per  

Table 4.3, I
fG  is the fracture energy for mode I (opening mode) fracture, and th  is the crack 

bandwidth over which the crack is smeared or distributed in the finite element and is taken as the 

length of the FE divided by the number of Gaussian integration points. The value of I
fG  is 

estimated per CEB-FIP (1990) in units of N/m as 7.0
ckdf fG α=  where 75.6=dα  is a coefficient 

related to the maximum aggregate size and ckf  is the characteristic strength in units of MPa 

taken the same as ctf  in this study. Numerical values of the parameters for the concrete tension 

material model are presented in Table 7.4. 
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(a) Compressive behavior (b) Tensile behavior 

Fig. 7.12  Concrete material model for FE analysis. 
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where  

cf  the maximum compressive (negative) strength based on uniaxial concrete compression 

test results for columns per  Table 4.1; 

cE  the initial modulus of elasticity of the concrete in compression estimated in units of psi as 

cc fE ′= 57000  with cc ff =′  as defined above; 

3/cε  the strain at which 1/3 of the maximum compressive strength is reached; 

cε  the strain at which the maximum compressive strength is reached; 

uε  the ultimate strain in compression at which the material has no strength; 
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cG  the fracture energy in compression determined to be consistent with the assumed value 

for uε  per Table 7.3; and 

ch  the characteristic element length related to the size of the test specimen which is used to 

determine the material properties. 

Table 7.3  Parameters for concrete compression material model. 

cf  
[ksi (Mpa)] 3/cε  cε  uε  

cG  
[kips/in. 

(kN/mm)] 

ch  
[in. (mm)] 

-5.39 (37.2) - 41028.4 −×  - 31071.1 −×  -0.020 0.789 (0.138) 12.0 (305) 

Table 7.4  Parameters for concrete tension material model. 

tcf  
[ksi (MPa)] 

I
fG  

[kips/in. (kN/mm)] 
th  

[in. (mm)] 
0.429 (2.96) 51022.8 −×  ( 51043.1 −× ) 2.0 (51) 

 

Reinforcing steel material is modeled using the Von Mises yield criterion with yield 

stress yσ  and isotropic hardening with hardening modulus estimated as 1% of the steel initial 

modulus of elasticity sE . The high-strength steel for the post-tensioning rods is modeled using 

an elastic-perfectly-plastic model with yield stress psσ  and initial modulus of elasticity psE . 

Numerical values of the parameters for the reinforcing steel and post-tensioning steel material 

models are defined from the data reported in the reinforcing bars mill certificate tests and the 

high-strength rod manufacturer certifications as presented in Table 7.5. 

Table 7.5  Parameters for reinforcing steel material model. 

yσ  
[ksi (MPa)] 

sE  
[ksi (GPa)] 

psσ  
[ksi (MPa)] 

psE  
[ksi (GPa)] 

66.5 (458) 29000 (200) 150 (1034) 27000 (186) 
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The FE model of the bare RC frame described above is subjected to the displacement 

history obtained from the pseudo-dynamic experiments, applied by a displacement-controlled 

hydraulic actuator, at the centerline of the beam. The resisting reaction from the FE model is 

compared to the resisting force recorded by the load cell attached to the hydraulic actuator during 

different levels of the pseudo-dynamic experiments. It is to be noted that the same shaking levels 

of the shake-table experiments are used for the pseudo-dynamic experiments. The resulting 

pseudo-time histories of the resisting force for levels TAR 2, TAR 4, TAR 6, and DUZ 7 are 

shown in Figures 7.13(a)–(d), respectively. The maximum displacement versus its corresponding 

base-shear plot for these levels is presented in Figure 7.14. The excellent agreement (only 3% 

error in predicting the maximum base shear in level DUZ 7) between the experimental and FE 

results confirms that the FE model of the bare RC frame very well represents the physical 

specimen. The 20times-exaggerated deformed shape of the FE model corresponding to the 

maximum deformation during level DUZ 7 is shown in Figure 7.15 reflecting the expected 

predominantly bending deformations of the bare RC frame.  
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Fig. 7.13  Comparison of results of FE model and pseudo-dynamic experiments for bare 
RC frame. 
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Fig. 7.14  Comparison of peak results of FE model and pseudo-dynamic experimental 
results for bare RC frame. 

 

Fig. 7.15  Deformed shape of bare RC frame at maximum deformation during level DUZ 7. 

7.3.2 FE Model of Infilled RC Frame 

The next step is to build upon the FE model of the bare RC frame and add the URM infill wall to 

obtain the FE model of the infilled RC frame. The URM infill wall is modeled using 8-node 

quadrilateral shell elements with 20 Gaussian integration points, i.e., 5 points through the 

thickness of each shell element in a 22×  numerical integration method in the plane of the 

element. Two-dimensional, 6-node line-interface elements are used to model the interface 

between the URM infill wall and the beam and column elements with the 3-point Lobatto 
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integration scheme (Diana 2005). In order to determine a manageable yet reliable mesh size for 

the FE model of the URM infill wall, three FE models with coarse, fine, and very fine mesh are 

considered as shown in Figures 7.16(a)–(c), respectively. 

 
(a) Coarse wall mesh 

 
(b) Fine wall mesh 

 
(c) Very fine wall mesh 

Fig. 7.16  FE models of URM infilled RC frame. 

The material model for the URM is considered as linear-brittle in tension and elastic-

plastic in compression as shown in Figure 7.17 with total strain rotating crack model (DIANA 

2005). This model describes the tensile and compressive behavior of the material with one stress-

strain relationship evaluated in the principal directions of the strain vector. In order to include the 

effects of lateral cracking, the peak compressive stress of masonry is reduced by the factor 
crσβ  
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related to the resultant lateral crack strain 2
2,

2
1, lllat ε+ε=ε  where 1,lε  and 2,lε  are the crack 

strains in the two lateral directions orthogonal to the direction of principal compression strain 

according to (Vecchio et al. 1993). Basic material properties for the URM material model are 

determined based on the uniaxial compression test results for masonry prisms and masonry 

bending tests discussed in Sections 4.1.3 and 4.1.5, respectively, and are presented in Table 7.6. 
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(a) Compressive behavior (b) Tensile behavior 

Fig. 7.17  Masonry material model for FE analysis. 

Table 7.6  Parameters for URM material model. 

mf  
[ksi (MPa)] mmm Ef=ε  Poisson ratio mtf  

[psi (kPa)] 
-2.46 (17.0) -0.00274 0.15 69 (476) 

 

The interface elements are assumed as linear elastic with very high stiffness ( 410  kips/in. 

( 31075.1 ×  kN/mm)) in compression and with a discrete cracking model (DIANA 2005) in 

tension with zero tensile strength and stiffness after cracking. The interface elements allow 

sliding with a small initial shear stiffness (10 lb/in. (1.75 N/mm)) for numerical stability, which 

is reduced to zero upon cracking. 

For the three models with different mesh sizes (Fig. 7.16), in-plane pushover analyses are 

performed and the results are compared in Figure 7.18. It is observed that the coarse mesh fails 

to capture the sudden failure of the URM wall observed in the other two models with fine and 

very fine meshes. Considering the significant benefit of having fewer elements in performing 

detailed FE analyses and the close results obtained from the two fine and very fine mesh models, 

the FE model with fine mesh is deemed adequate. Therefore, all FE analyses described in the rest 

of this chapter are based upon the model shown in 7.16(b). 
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Fig. 7.18  Pushover curves for FE models of URM infilled RC frame. 

Similar to the bare RC frame, the URM infilled RC frame model is also validated by 

comparing the results from the FE analyses with those from the pseudo-dynamic experiments. 

The input of the FE model is the displacement command applied statically by the hydraulic 

actuator at each pseudo-time step during different levels of the pseudo-dynamic experiments; the 

resisting forces from the FE model and the experiment are compared. The resulting pseudo-time 

histories of the resisting forces for levels TAR 2, TAR 4, TAR 6, and DUZ 7 are shown in 

Figures 7.19(a)–(d), respectively. The time-history plots of the base shear obtained from the FE 

model are in good agreement with the pseudo-dynamic test results through all runs. The 

maximum displacement versus maximum base-shear plot for these levels is presented in Figure 

7.20. The FE model overestimates the base shear by a maximum error of 13% during levels TAR 

2 to TAR 6 and slightly underestimates the base shear during level DUZ 7 by only 2% compared 

to the pseudo-dynamic test results. 
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Fig. 7.19  Comparison of results of FE model and pseudo-dynamic experiments for URM 
infilled RC frame. 
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Fig. 7.20  Comparison of peak results of FE model and pseudo-dynamic experimental 
results for URM infilled RC frame. 

Besides investigating the resisting force of the FE model of the URM infilled RC frame, 

an in-plane pushover analysis of the frame is performed and for different points on the pushover 

curve the failure mechanisms for the URM infill wall are discussed and compared with the final 

failure observed in the pseudo-dynamic experiments. The pushover curve is obtained by 

applying a monotonically increasing in-plane displacement at the centerline of the beam and 

recording the resulting resisting force in the URM infilled RC frame (Fig. 7.21). The maximum 

force calculated in the pushover analysis is 111 kips (494 kN) at 0.96 in. (24.4 mm) lateral 

displacement. The failure of the URM wall is predicted at 1.44 in. (35.3 mm) corresponding to 

about 77% of the maximum resisting force. 

For the points marked with open squares on the pushover curve (Fig. 7.21), contours of 

principal compression stress, crack openings, and line contours of horizontal displacement on the 

URM infill wall are shown in Table 7.7. From the stress contours, the load path in the URM 

infill wall can be observed as the lateral displacement increases. At the RC floor lateral 

displacement of 0.12 in. (3.0 mm), the lateral load is mainly resisted diagonally with a 

compression stress concentration at opposite frame joints. At the RC floor lateral displacement of 

1.14 in. (29.0 mm), where the maximum strength of the URM infill wall is reached, two distinct 

load paths (struts) are observed, one from the right beam-column joint to about one third height 

of the left column from the bottom and the other from about one third height of the right column 
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from the top to the left column-footing joint. At the RC floor lateral displacement of 1.44 in. 

(36.6 mm), the failure of the URM infill wall along the top load path (strut) is detected, while the 

lower load path continues to carry more lateral load. At this point the wall is considered as a 

short wall within the frame, and reinforcing steel yielding and concrete crack openings are 

predicted in the RC columns. With the failure of the lower path (strut) at RC floor lateral 

displacement of 1.80 in. (45.7 mm), the load-carrying capacity of the wall is exhausted and the 

RC frame deforms in bending as the lateral displacement increases up to the last analyzed point 

at 6.60 in. (167.6 mm). The crack opening plots for cracks with normal-to-crack strain of more 

than 0.002 are also shown for the five points mentioned above in the third column of Table 7.7. 

Each crack demonstrates the load path and the direction of the principal compression strain in the 

wall. As the lateral displacement increases and the wall fails, the cracks spread in the wall and 

their orientation changes due to the redistribution of forces in the wall. The horizontal line-

contour plots help to observe the relative sliding occurring in the wall. Where the contour lines 

come together, they show concentration of relative lateral displacement, i.e., planes of long 

horizontal cracks in the wall. The locations and arrangement of these horizontal cracks are 

comparable with those observed at the completion of the pseudo-dynamic experiments as shown 

in Figure 7.22. 
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Fig. 7.21  Pushover analysis for FE model of RC frame with URM infill wall. 
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Table 7.7  Progression of damage in URM infilled RC frame during pushover analysis 
using FE model (1 ksi = 6.895 MPa). 

RC floor 
lateral 
disp. 

[in. (mm)] 

In-plane principal 
compression stress 

(ksi) 

Crack openings 
(crack strain 

larger than 0.002)

Contours of 
horizontal 

displacement in 
infill wall 

Remarks 

0.12 
(3.0) 

  

Onset of 
cracking 

1.14 
(29.0) 

  

Maximum 
strength, off-
diagonal strut 

formation 

1.44 
(36.6) 

 

Top strut fails, 
horizontal 

crack openings 
and sliding 

1.80 
(45.7) 

 

Onset of 
second off-

diagonal strut 
failure 

6.60 
(167.6) 

 

Complete 
failure, a new 
sliding plane 
forms at the 

top. 
 
 

 

Fig. 7.22  Final crack pattern observed during pseudo-dynamic experiments.  
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7.3.3 Static and Modal FE Modeling of Shake-Table Test Structure 

The agreements shown between the pseudo-dynamic experimental and FE results discussed 

above raise confidence in the methodology used to represent the RC frame with URM infill wall. 

The next step is to extend the 2D models of the bare and infilled RC frames to a 3D model and to 

add the RC slab and short direction beams to generate the FE model of the shake-table test 

structure as shown in Figure 7.23. The bases of the columns are assumed fixed in all directions 

and there are no relative rotations at the beam-column joints. The out-of-plane translational 

degrees of freedom at the base and top of the infill wall are constrained by slaving them to the 

adjacent beam and column elements. The material properties for the beam and column concrete, 

the URM infill wall, and the interface elements used in the 3D model are as described before for 

the 2D models. The beams in the short direction are modeled with the same element type and 

material properties as the frame beams. The RC slab is modeled using 8-node quadrilateral shell 

elements with the same integration scheme as that used in the elements of the shell elements 

representing the infill wall as discussed above. Since the RC slab is expected to remain elastic 

when subjected to the lateral loads, the concrete material is modeled as elastic in compression 

with modulus of elasticity of 4200 ksi (29.0 GPa) and linear brittle in tension with tensile 

strength of 430 psi (2.96 MPa). These assumptions are made for simplicity of the model and 

efficiency of the numerical solution. The reinforcing steel in the slab is also modeled as elastic 

with modulus of elasticity of 29000 ksi (200 GPa). For accurate modeling of the gravity and 

inertial forces, the unit mass of the RC slab is adjusted to account for the self-weight and the 72.0 

kip (320 kN) additional weight on the test structure. 

(a) Geometrical groups of FE model (b) Meshing of FE model 

Fig. 7.23  Three-dimensional FE model of shake-table test structure. 
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Using the described FE model, the first six mode shapes of the test structure are 

determined and presented in Table 7.8. Comparisons between the first and third mode (out-of-

plane and in-plane sway) natural periods of the FE model with the out-of-plane (0.232 sec) and 

in-plane (0.134 sec) natural periods of the test structure determined by the snap-back tests, and 

described in Chapter 4, reveal that the FE modal analysis overestimates the stiffness of the test 

structure, resulting in lower natural periods by 32% and 36% for the natural periods in the out-

of-plane and in-plane directions, respectively. The reason is attributed to the existing shrinkage 

cracks in the concrete and masonry material in the test structure that are not considered in the 

numerical modal analysis of the FE model. This discrepancy, however, would not affect the 

lateral response of the FE model, since when subjected to small lateral loads, the cracks in the 

concrete and masonry materials are initiated according to the stress distribution in the FE model 

resulting in reduced stiffness and more realistic response, as discussed later.  

The results of a pushover analysis of the 3D model are presented in Figure 7.24. The 

analysis is performed statically and monotonically by applying a gradually increasing lateral 

displacement through a support defined at the centerline of the beam in the infilled frame and 

monitoring the total base shear of the structure as the reaction force on this support. Although the 

lateral displacement is only applied to the middle frame, differential displacement is not 

observed between the three RC frames, since the RC slab is practically rigid in its own plane 

when compared to the RC frames (more than 50 times stiffer). The maximum base shear resisted 

by the FE model of the test structure is 197 kips (876 kN) at lateral displacement of 1.05 in. (26.7 

mm). The maximum base shear for the 3D FE model is 77% higher than the results obtained for 

the 2D FE model of the infilled RC frame due to the contribution of the two bare RC frames in 

the 3D model. Compared to the results obtained from the shake-table experiments, the FE results 

of the maximum base shear and its corresponding lateral displacement are respectively 18% and 

52% higher than the results obtained from the shake-table experiments. This discrepancy is 

attributed to the expected differences between monotonic versus cyclic loading and static versus 

dynamic excitations. Because of these reasons, it is expected that both the lateral force capacity 

and the corresponding lateral displacement of the test structure are overestimated in the pushover 

analysis. This overestimation is quantified later by comparing the results of the FE transient 

time-history analyses with the monotonic pushover results. 
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Table 7.8  Mode shapes and natural frequencies and periods of 3D FE model of test 
structure. 

 

Mode Description Natural 
frequency (Hz) 

Natural 
period (sec) Mode shape 

1 Out-of-plane 
sway 6.35 0.157 

 

2 

In-plane rotation 
of RC slab with 

torsional 
deformation of 

structure 

9.24 0.108 

 

3 In-plane sway 11.60 0.086 

 

4 

Out-of-plane 
asymmetric 

bending of RC 
slab 

15.50 0.065 

 

5 

Out-of-plane 
symmetric 

bending of RC 
slab 

17.30 0.058 

 

6 
Out-of-plane 

bending of URM 
infill wall 

18.60 0.054 
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Fig. 7.24  Monotonic pushover curve for 3D FE model of test structure. 

7.3.4 Dynamic FE Modeling of Shake-Table Test Structure 

The 3D FE model of the test structure is subjected to the acceleration time history measured at 

the top of the shake table to evaluate the potency of the computational model by comparing the 

results of the FE analysis with the shake-table experiments. The transient FE analysis is 

performed using an explicitly defined time-step of 0.005 sec and Hilber-Hughes-Taylor 

numerical integration method, i.e., HHT or α  method (Hilber et al. 1977), which uses the same 

finite difference formulas as the Newmark method with ( )αγ 21
2
1 −=  and ( )21

4
1 αβ −=  where 

α  is in the range of 
3
1−  and zero. The value chosen for α  in this study is 1.0−  that introduces 

numerical damping in the integration method and leads to a more stable solution. A classical 

damping matrix is assumed for the FE analysis using a 7% damping ratio ζ  for the second and 

third modal frequencies per 7.8 (first two modes in the in-plane direction) to determine the 

stiffness and mass proportional coefficients of the damping matrix. The nonlinear solution is 

evaluated using the regular Newton-Raphson iterative process that assembles the stiffness matrix 

at every iteration. Since strong nonlinearity is expected in the model, a line-search algorithm 

(DIANA 2005) is used to increase the convergence rate by scaling the prediction of the 

displacement within each iteration increment. The optimum scale factor η  is determined such 

that it minimizes the energy potential Π  (the product of out-of-balance forces and their 
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corresponding displacements). The optimization is performed approximately by finding η  such 

that )0(8.0)( ss <∂Π∂= ηη , where )0(s  is the value of the derivative of the energy potential 

with respect to η  at the start of the iteration. 

The base acceleration time history chosen for the FE analysis is the concatenated strong 

motion part of the acceleration measured at the base of the test structure during levels TAR 4, 

TAR 6, and DUZ 7 containing at least 92.7% of the total energy of the each ground motion level 

estimated according to Trifunac and Brady (1975). Base shear and RC floor slab lateral 

displacement time histories from the FE analysis as well as the shake-table experiments are 

shown in Figures 7.25(a) and (b), respectively. Figures 7.25(c) and (d) show the partial time 

history of base shear and RC floor slab lateral displacement, respectively, for the DUZ 7 portion 

of the input ground motions. Comparing the computational results with the experimental ones, 

the FE model represents the overall behavior of the test structure very well up to the last 

convergence point (4.6 sec into the DUZ 7). The convergence problem is attributed to the 

complicated nonlinear properties of the model, namely the nonlinear concrete model, cracking in 

the masonry, the nonlinear interface between the masonry and the infilled RC frame members, 

and yielding in the reinforcing bars. The problem may be resolved at the expense of some 

accuracy in the results by choosing simpler material models in the FE analysis. More generally, 

the capability of the used FE modeling approach based on the smeared crack methodology in 

predicting the brittle behavior of the URM infill wall and the post-cracking failure mechanism of 

the infill is limited due to its inherit continuum formulation of displacement and crack openings 

(Lotfi and Shing 1991). In order to alleviate this problem, more detailed FE approaches may be 

used where, smeared crack models are considered for the masonry units and the mortar joints are 

modeled using dilatant interface elements (Lotfi and Shing 1994; Mosalam 1996b), i.e., 

modeling cracks in the joints of the URM infill wall using discrete methodology. Such 

approaches, however, require considerably more computational effort and their application to 

large structures involving dynamic loading with FE time-history analyses is practically limited.  
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(d) Partial time history of base shear during 
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Fig. 7.25  Comparisons of 3D FE analysis and shake-table results. 
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(a) At maximum displacement 
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(b) At maximum base shear 

Fig. 7.26  Comparison of distribution of forces in 3D FE model and test structure. 

The distributions of lateral forces between the URM infill wall and the three RC frames 

in the structure obtained from the shake-table experiments and the FE analysis are presented in 

Figure 7.26 for the indicated levels. The two bar charts in this figure present the forces carried by 

the URM infill wall and the RC frames at the time corresponding to the maximum displacement 

and maximum base shear in each run. Both bar charts show that the URM infill wall carries a 

large portion of the total base shear during level TAR4 (e.g., 77% at maximum displacement) 

and that this ratio is reduced as the URM infill wall is damaged with further shaking at higher 

levels (e.g., 62% at maximum displacement during level DUZ 7). The comparison between the 

distribution of forces in the 3D FE model and that of the test structure shows that the same trend 

exists in the analysis as in the experiments and that the difference between the results of the 3D 
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FE model and those of the experiments for the ratio of the force resisted by the URM infill wall 

to the total base shear (at maximum displacement, Fig. 7.26(a)) is only 16 % at level DUZ 7, 

providing reasonable confidence in the accuracy of the 3D FE model described in this chapter. 

The values of the force-displacement plot for the 3D FE model due to the transient 

analysis discussed above are presented in Figure 7.27, as well as the results of the monotonic 

pushover analysis from the same FE model (mirrored in both directions). It is observed that the 

maximum strength of the URM infill wall when subjected to the dynamic loading is 70% of the 

value obtained from the pushover analysis, and that the displacement corresponding to the 

maximum strength of the URM infill wall in the dynamic loading is only 61% of that obtained 

from the pushover analysis. The reduction in the compressive strength of masonry in the infill 

elements when subjected to dynamic loading is due to the effects of tensile cracking along the 

opposite compression diagonal when loading in one direction where the open cracks during the 

previous loading excursion do not fully close upon load reversal. The significance of this finding 

is in identifying the need to provide correction factors for the strength capacity of the infill walls 

obtained from monotonic pushover analyses, as discussed in Chapter 8.  
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Fig. 7.27  Comparison of cyclic transient and pushover analyses obtained from 3D FE 
model of shake-table test structure. 
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7.4 OUT-OF-PLANE MODELING OF URM INFILL WALLS 

In this section the background and available research literature on the out-of-plane capacity of 

infilled frames is briefly reviewed. The out-of-plane behavior of the URM infill wall of the test 

structure is computationally evaluated by utilizing the FE model of the infilled RC frame 

discussed in Section 7.3.2. Moreover, the outcome of the FE out-of-plane pushover analysis is 

compared to the estimated out-of-plane capacity of the URM infill wall based on empirical 

approaches suggested by other researchers. 

7.4.1 Background 

The out-of-plane behavior of URM infill walls has been studied both analytically and 

experimentally. The experimental studies can be summarized in three different categories. The 

first category includes subjecting the URM infill walls to a sudden air pressure such as 

detonating explosives or exposing to a shock tunnel, e.g., (Monk 1958 and Gabrielsen and 

Kaplan 1977). The second category includes loading the infill panel using hydraulic actuators or 

air bags and respectively applying a static concentrated or uniform load perpendicular to the 

surface of the wall at the central portion or on the entire surface area of the specimen to simulate 

the dynamic inertial forces, e.g., (Hill 1993; Drydale and Essawy 1988; Dawe and Seah 1990). 

The third category involves using the shake table to subject the infill panel to ground 

accelerations in the out-of-plane direction of the infill panel, e.g., (Bennett et al. 1996; Klingner 

et al. 1996).  

Several analytical models are also introduced to represent the out-of-plane behavior of 

the infill panels. The simplest models assume that the infill panel acts as an elastic plate, and use 

the classical solution derived in (Timoshenko and Woinowsky 1959). Considering the two-way 

inelastic behavior, models based on the modified yield-line theory have been developed in 

Drysdale and Essawy (1988); Haseltine (1976); Haseltine et al. (1977); Hendry (1973); and 

Hendry and Kheir (1977). All these models depend on the tensile capacity of the masonry to 

carry the out-of plane forces, which is a valid assumption before crack development in the URM. 

However, after cracking of the masonry such models poorly predict the out-of-plane response.  

Most experimental data suggest that after the initial cracking of the URM infill wall, the 

out-of-plane strength depends on the compressive strength of the masonry, not on its tensile 
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strength, due to the arching action of the URM infill wall. Analytical methods based on this 

arching action have been developed in McDowell et al., (1956); Angel and Abrams (1994); 

Klingner et al. (1996); and Dawe and Seah (1990); to name a few. Flanagan and Bennett (1999b) 

compared analytical methods in Angel and Abrams (1994); Klingner et al. (1996); and Dawe and 

Seah (1990) and determined that the approach developed in Dawe and Seah (1990) best 

represented the available experimental data.  

FEMA 356 provisions also provide an approach for the out-of-plane capacity of URM 

infill walls, which is based on the method in Angel and Abrams (1994) but modified to represent 

a lower-bound strength. These provisions assume restrictions on the frame out-of-plane stiffness 

and the height-to-thickness ratio of the infill panel. A factor of 1.3 is considered by FEMA 356 

provisions to translate the lower-bound masonry properties to the mean (expected) strength 

values. Since the lower-bound properties in FEMA 356 are defined as mean minus one standard 

deviation, the factor of 1.3 defined above corresponds to a coefficient of variation of 0.231 

(Note: ( ) 3.1=−σµµ  231.03.13.0 ===/ µσδ ). For the infilled RC frame described in the 

previous sections, the mean out-of-plane capacity in terms of uniform pressure applied to the 

entire wall panel is calculated as 1.08 psi (7.45 kPa) based on FEMA 356 and as 1.39 psi (9.55 

kPa) based on the approach given in (Dawe and Seah 1990). The detailed calculations to obtain 

these out-of-plane capacity estimates are given in Appendix D.  

7.4.2 FE Model 

The FE model of the infilled RC frame described in the previous sections is used to evaluate the 

out-of-plane capacity of the infill wall. Two models are considered, one assuming a two-way 

action for the out-of-plane direction of the URM infill wall by constraining the infill to the 

columns as well as the top beam and bottom support. The other model, assumes a one-way out-

of-plane action for the URM infill wall that spans from the top beam to the bottom support with 

free sides, i.e., no connections with the columns. Researchers have shown that fixed connection 

between the URM infill wall and the RC frame members would overestimate the stiffness of the 

infill wall in the out-of-plane direction (Flanagan and Bennett 1999a). Therefore, the infill wall 

in this study is assumed to be pinned to the RC frame members such that the out-of-plane 

movement “walking” of the URM infill wall from the RC frame is prevented, but relative 

rotations around the common edges between the frame members and the URM infill wall are 
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allowed. It should be noted that the in-plane interface elements between the URM infill wall and 

the RC frame members are defined with the same properties as for the 2D frame defined in 

Section 7.3.2 which allow in-plane sliding and opening between the URM infill wall and the RC 

frame members. For both models, force-controlled pushover analyses are performed by gradually 

increasing the out-of-plane pressure on the infill wall and recording the out-of-plane 

displacement of a point at the center of the infill wall. The exaggerated deformed shapes for both 

models, without and with side releases, are shown in Figures 7.28(a) and (b), respectively. The 

pushover results as well as the capacity values obtained from FEMA 356 and the approach by 

(Dawe and Seah 1990) are also presented in Figure 7.29.  
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Fig. 7.28  Exaggerated deformed shapes of FE models subject to uniform out-of-plane 
pressure (1 psi = 6.895 kPa). 
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Fig. 7.29  Out-of-plane FE pushover analysis results compared with empirical approaches. 

The comparisons between the pushover results and the capacity estimated by the 

empirical approaches (Fig. 7.29) suggest that the FE model with side releases offers better 

estimate of the out-of-plane behavior of the URM infill wall which is consistent with the findings 

by Flanagan and Bennet (1999a) when comparing their FE model and experimental results. The 

capacity obtained by the present FE model with side releases falls well (for the range of about 

0.02%–0.15% of the mid-wall out-of-plane deformation with respect to the wall height wh ) 

between the mean ± one standard deviation, σ±µ , of the results provided by FEMA 356 

provisions and very close to the results obtained by (Dawe and Seah,1990), providing confidence 

in the accuracy of the developed FE model. 

7.5 COMBINED IN-PLANE AND OUT-OF-PLANE MODELING OF URM INFILL 
WALLS 

In this section the background and limited experimental research available on the interaction 

between the in-plane and the put-of-plane behaviors of the URM infill walls are summarized. 

The FE model of the infilled RC frame discussed in the previous section is used to apply 

simultaneous in-plane and out-of-plane loads to the URM infill wall, and the effects of the 

bidirectional loadings are investigated. The outcome of this section is a framework for 

determining the bidirectional failure surface for the URM infill wall and its application to the 

type of the RC buildings with URM infill walls discussed throughout this report.  
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7.5.1 Background 

As previously discussed, the capacity of the URM infill walls is strongly related to the 

compressive strength of masonry material in both in-plane and out-of-plane (through arching 

action) directions. The effects of orthogonal loadings on URM infill walls, however, have been 

briefly studied experimentally and analytically. Few experiments include out-of-plane loading of 

already cracked or damaged infill walls or simultaneous bidirectional loading of infilled RC 

frames. Angel and Abrams (1994) report that the out-of-plane capacity of the URM brick infill 

walls decreases by as much as a factor of 2.0 depending on the amount of in-plane damage. They 

also suggest that the effects of the in-plane cracking on the out-of-plane capacity increases by the 

increase in the slenderness ratio (height to thickness ratio) of the infill wall. Flanagan and 

Bennett (1999a) describe a series of in-plane, out-of-plane, and combined in-plane and out-of-

plane experiments for a one-story single-bay clay tile infilled RC frame. Three combined loading 

experiments are described: (1) Loading in the in-plane direction to a certain value, removing the 

load and applying the out-of-plane pressure until failure (frame 19); (2) loading in the out-of-

plane direction to a certain value, removing the load and applying the in-plane force until failure 

(frame 20); and (3) loading simultaneously in the in-plane and out-of-plane directions by holding 

the in-plane deformation and applying the out-of-plane pressure until failure (frame 23). Figure 

7.30 presents the peak in-plane and out-of-plane loads reported for each experiment in addition 

to two control experiments with pure in-plane and pure out-of-plane loadings, frames 2 and 18, 

respectively. Although these results do not show strong interaction when the orthogonal loads are 

applied sequentially, frames 19 and 20, they reveal strong interaction when the infilled frame is 

subjected to simultaneous application of in-plane and out-of-plane forces, frame 23, which shows 

a 42% drop in the in-plane capacity of the infill wall when it is subjected to out-of-plane pressure 

equal to 57% of its capacity. Motivated by this experimental observation, the FE model 

discussed previously is utilized to computationally determine the interaction relationship 

between the in-plane and the out-of-plane capacities of the RC frame with URM infill wall used 

in the test structure.  
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Fig. 7.30  Experimental results reported by Flanagan and Bennett (1999a) on bidirectional 
testing of clay tile infilled RC frames. 

7.5.2 FE Model 

In order to computationally study the effects of the bidirectional loading of the URM infill wall 

described in the previous sections, the FE model of the infilled RC frame tested pseudo-

dynamically and discussed in Section 7.3 is considered. Several in-plane pushover analyses are 

performed on the infilled RC frame with different values of constant out-of-plane pressure on the 

URM infill wall. The results are presented as a family of in-plane pushover curves as shown in 

Figure 7.31. In these plots, the out-of-plane pressure is reported as normal force NP , which is 

calculated as the product of the applied out-of-plane pressure and one half the surface area of the 

infill wall (one-way arching action where the other half of the load goes directly and equally to 

the bounding frame elements above and below the URM infill wall). The point indicated on each 

plot by a circle corresponds to the maximum in-plane capacity which is used to construct the 

interaction curve for the in-plane and out-of-plane forces on the URM infill wall. The 

exaggerated deformed shape (with an amplification factor of 100) of the FE model under 

bidirectional loading and fully open cracks (with crack strain exceeding mmt Ef  as defined in 

Figure 7.17(b)) in the URM infill wall are also shown in Figures 7.32(a) and (b), respectively. 

The deformed shape presented suggests a diagonal out-of-plane arch forming between the two 

opposite top and bottom corners of the infilled RC frame, which is the conceptual basis for the 

3D SAT model presented in the next section. It is observed that increasing the out-of-plane force 
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significantly reduces the in-plane force capacity of the infilled RC frame, and the FE analyses 

suggest a strong interaction between the in-plane and the out-of-plane loadings, which 

significantly affects the infill wall capacity when subjected to simultaneous bidirectional loading. 

The final goal of these FE analyses using the computational platform DIANA (2005) is 

represented by the interaction curve in Figure 7.33 with the shown mathematical expression to 

best fit the computational results. The points on the interaction curve are extracted directly from 

the pushover curves presented in Figure 7.31 as defined above. The analysis is also performed 

for constant out-of-plane force of 11 kips (48.9 kN) but the solution fails at convergence for the 

first step of the in-plane displacement increment. Therefore, the in-plane capacity corresponding 

to 11.0 kips (48.9 kN) of an out-of-plane force is assumed as zero in the interaction curve.  
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Fig. 7.31  In-plane pushover curves with varying out-of-plane force NP . 

  
(a) Deformed shape and stress contour (ksi) (b) Deformed shape and fully open cracks 

Fig. 7.32  FE model of infilled RC frame subject to bidirectional loading (1 ksi = 6.895 
MPa). 
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It should be noted that the results presented in Figure 7.33 are specific to the 

configuration, geometry, and material properties of the studied test structure and are not intended 

to serve as a generalized interaction relationship. Also, the sequence of applying the in-plane and 

out-of-plane forces causing different initial crack patterns in the URM infill wall may affect the 

pushover results and the corresponding capacities derived from them. Nevertheless, it is believed 

that the presented computational study in this section demonstrates a general framework for 

including the in-plane and out-of-plane interaction in analyses involving URM infill walls such 

as the simplified reliability analysis performed on the prototype building to determine its fragility 

functions as discussed in Chapter 8. The study of the effects of different loading sequences (Fig. 

7.30) on the interaction curve is an involved problem for future investigations and may lead to 

interesting implications especially in conjunction with the cross correlations between the in-

plane and the out-of-plane demands on the URM infill walls.  
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Fig. 7.33  Interaction diagram for URM infill wall. 

7.6 THREE-DIMENSIONAL SAT MODEL FOR URM INFILL WALLS 

Different SAT models to represent the in-plane behavior of infilled RC frames are discussed 

earlier in this chapter. The benefits and limitations of such models are also highlighted by 

comparing the experimental results with the results obtained from a simple strut model, and it is 

suggested that when carefully calibrated, such simple models lead to acceptable results in the in-

plane direction. The common practice in the evaluation of infilled RC frames in the out-of-plane 
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direction has generally been limited to determining the normal forces on the infill wall using 

some indirect method such as using average response of the floors above and below the infill 

wall and comparing those forces with the out-of-plane capacity of the infill wall. Consequently, 

the interaction between the in-plane and out-of-plane loadings in determining the infill wall 

capacity is typically neglected in evaluating the seismic responses of infilled frames. 

The use of detailed FE modeling of infill walls in the computational modeling of infilled 

structures to include the bidirectional interaction is computationally very expensive and 

impractical. Instead, a 3D SAT model is suggested in this section to directly couple the in-plane 

and the out-of-plane forces in the URM infill wall by introducing a normal-to-the-wall degree-

of-freedom at the center of the infill wall, which can be assigned mass and out-of-plane force. 

Figure 7.34 shows a schematic illustration of this novel 3D SAT model. The dashed lines in the 

figure represent the nonlinear compression-only members (see the insert of the material model of 

these struts), and the solid line in the center of the infill wall represents a tension-only elastic link 

element. 
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Fig. 7.34  Three-dimensional SAT model of URM infill wall. 

By systematically determining the geometrical parameter efft , (Fig. 7.34) and the material 

and geometrical properties of the elements of this 3D SAT model, not only the in-plane and out-

of-plane capacities but also their interaction diagram (failure surface as defined by Fig. 7.33) can 

be introduced as part of the computational model. Such a failure surface may be determined by 

experimental data or detailed FE analyses as before. The model can also be combined with 
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additional diagonal or off-diagonal struts to achieve different degrees of coupling and failure 

mechanisms. In order to demonstrate the effect of each parameter and the variety of possibilities 

in calibration of this 3D SAT model, several sets of parameters are chosen to generate different 

failure surfaces as summarized in Table 7.9 where totalA  is the total cross-sectional area of the 

diagonal and any off-diagonal strut assembly in each direction, and ODA  is the cross-sectional 

area assigned to off-diagonal struts, not shown in Figure 7.34. Other parameters in this table are 

defined in Figure 7.34. The tension-only link element in these models is assumed to be rigid in 

tension by defining a very large elastic modulus for this element. For each set, a series of in-

plane pushover analyses with different constant out-of-plane forces and out-of-plane pushover 

analyses with different constant in-plane forces are performed and the peak forces are recorded 

and plotted together to generate the failure surfaces shown in Figure 7.35. It should be noted that 

unlike the FE model, the sequence of loading for the 3D SAT model does not change the failure 

surface, since the failure is dependent only on the current state of stresses and deformations in 

the SAT elements. Therefore, both the in-plane and the out-of-plane pushover analyses described 

above result in consistent results for the failure surfaces. Comparing the interaction curves 

obtained from sets 2–8 with set 1 (reference set) as defined in Table 7.9, it is observed that the 

interaction curve may be scaled up and down by increasing and decreasing the compressive 

strength of the struts mof , respectively (sets 2 and 3). The change in the peak strain moε  

significantly affects both the in-plane and the out-of-plane capacities of the 3D SAT assembly 

and the curvature of the interaction curve (sets 4 and 5). The parameter efft  may also be varied in 

order to increase the out-of-plane capacity with constant in-plane capacity (sets 6 and 7). By 

defining a portion of the total cross-sectional area of the strut in one direction to an off-diagonal 

strut (not part of the 3D SAT), the interaction between the in-plane and out-of-plane capacities 

may also be reduced resulting in a more rectangular interaction relationship (set 8). Although not 

shown here, the material model for the link element may be adjusted to sustain permanent 

deformation due to excessive in-plane or out-of-plane forces, thus reducing the capacity of the 

infill due to cyclic loading or previous damage. This can be implemented by using a rigid-plastic 

tension-only material for the link element with unloading and reloading to the farthest point 

reached previously on the plastic plateau. The hinges shown in Figure 7.34 may also be replaced 

by rotational springs with assigned threshold moment capacities corresponding to the onset of 

cracking in order to differentiate between the pre- and post-cracking behavior of the infill wall.  
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Table 7.9  Parameter sets used for 3D SAT model to generate different failure surfaces.  

Set totalA  
[in.2 (cm2)] 

ODA  
[in.2 

(cm2)] 

mof  
[ksi (MPa)]

muf  
[ksi (MPa)] moε  muε  efft  

[in. (mm)]

1 34.6 (223) 0 2.46 (17.0) 0.29 (2.0) 0.0028 0.0041 9.1 (231)
2 34.6 (223) 0 4.0 (27.6) 0.47 (3.2) 0.0028 0.0041 9.1 (231)
3 34.6 (223) 0 1.15 (7.93) 0.14 (0.97) 0.0028 0.0041 9.1 (231)
4 34.6 (223) 0 2.46 (17.0) 0.29 (2.0) 0.01 0.0150 9.1 (231)
5 34.6 (223) 0 2.46 (17.0) 0.29 (2.0) 0.0005 0.0041 9.1 (231)
6 34.6 (223) 0 2.46 (17.0) 0.29 (2.0) 0.0028 0.0041 5.0 (127)
7 34.6 (223) 0 2.46 (17.0) 0.29 (2.0) 0.0028 0.0041 11.3 (286)
8 34.6 (223) 17.3 (112) 2.46 (17.0) 0.29 (2.0) 0.0028 0.0041 9.1 (231)
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Fig. 7.35  Failure surfaces for 3D SAT models. 

As an example, the 3D SAT model is calibrated to match the failure surface obtained 

from the FE analysis shown in Figure 7.33. The calibrated model parameters are listed in Table 

7.10 with the detailed calculations to determine the strut cross-sectional area and efft  shown in 

Appendix E. Other parameters such as masonry material properties or link element material 

model can also be adjusted to obtain better matches with the experimental or the FE results. The 

resulting bidirectional failure surface and the target failure surface obtained from FE analysis are 

shown in Figure7.36, where reasonable agreement can be observed. 
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Table 7.10  Parameter set used for 3D SAT model to generate FE failure surface.  

Model 
Parameters 

totalA  
[in.2 (cm2)] 

ODA  
[in.2 (cm2)]

mof  
[ksi (MPa)]

muf  
[ksi (MPa)] moε  muε  efft  

[in. (mm)]
Calibrated 

values 42.4 (274) 0 2.46 0.29 0.0056 0.0082 10.0 (254)
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Fig. 7.36  Failure surface for calibrated 3D SAT model compared to best-fit FE analysis 
results. 

7.7 SUMMARY 

Different modeling techniques to represent URM infill walls within a larger structural system are 

discussed. The simplest models consist of diagonal compression struts with predefined cross-

sectional area and material properties that generally perform well in the linear range and are very 

easy to implement. More detailed models intend to capture different failure modes and post-

cracking behavior of infill walls include SAT assemblies with complex geometry and nonlinear 

material properties, which require careful calibration before they are implemented in the 

structural model. The calibration may be performed using experimental data—if available—or 

using results from FE analyses of the infilled frames.  

Finite element models of the bare and infilled RC frames used in the pseudo-dynamic 

experiments described in Chapter 1, are constructed and their accuracy is validated by comparing 

the experimental responses with the FE results. These models are used as the basis for a series of 
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in-plane and out-of-plane study of the infilled RC frame aiming at understanding the in-plane, 

out-of-plane, and bidirectional capacities of URM infill walls.  

The FE models of the bare and infilled RC frames are also used as building blocks to 

construct the 3D FE model of the shake-table test structure described in Chapter 3. The resulting 

FE model is subjected to the same dynamic loading sequence as the test structure during the 

shake-table experiments, and the response of the actual specimen and the FE model are 

compared. This validated model may be used as a tool for further analysis and parametric study 

of the test structure such as the progressive collapse computational simulation performed in 

Talaat and Mosalam (2006, forthcoming 2007a).  

Realizing the computational limitations of using detailed FE models to represent the 

bidirectional (in-plane and out-of-plane) behavior of infill walls in large structures, and the 

strong interaction between forces in these directions suggested by the FE analyses and by 

published experimental data, a 3D SAT model is introduced. This novel model represents a 

practical approach to simulate the effects of the out-of-plane forces on the URM infill wall, as 

well as the bidirectional interaction between the in-plane and the out-of-plane forces. This 3D 

SAT model is easy to implement and may be calibrated to match any target failure surface 

determined by experiments or by FE analyses. 
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8 Generalized Fragility Functions for URM Infill 
Walls 

RC frames with URM infill walls are common building systems worldwide. Such systems often 

experience significant damage during earthquakes due to in-plane and out-of-plane failures. In 

this chapter, the five-story RC prototype structure with URM infill walls defined in Chapter 2 is 

considered as a case study to set a framework for reliability analysis of such buildings. The 

computational model of the structure using diagonal strut model to represent the URM infill 

walls is subjected to a series of ground motions scaled to different hazard levels ranging from 

spectral accelerations of 0.5g–2.75g. Utilizing this computational model, the statistical properties 

of the URM infill wall in-plane and out-of-plane demand forces at different seismic hazard levels 

are determined. The in-plane and out-of-plane capacities of the URM infill wall and their 

interaction curve are estimated using FEMA356 provisions and FE analyses. Defining failure as 

the loss of the infill walls, limit-state functions corresponding to reaching the in-plane, out-of-

plane, and combined bidirectional capacities of the URM infill wall are determined. At each 

seismic hazard level, using the first-order reliability method (FORM) (Haldar and Mahadevan 

2000), the probabilities of failure corresponding to each limit-state function for the URM infill 

walls at the first, third, and roof levels of the prototype building are calculated. The results are 

summarized in probability tables and presented as fragility functions for in-plane, out-of-plane, 

and combined failures for different floor levels. 

8.1 INTRODUCTION 

Fragility functions are increasingly used in modern performance-based design and evaluation of 

structures to relate the seismic hazard of the site conditions to the failure probability for the 

assumed limit states of the structure. These limit states correspond to different local and global 
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engineering demand parameters, e.g., in-plane or out-of-plane demand forces of infills or story 

drifts. 

URM is one of the most common materials used as infill walls in RC or steel frame 

structures. As discussed in previous chapters, the URM infill walls have been historically treated 

as nonstructural elements and their effects on the lateral behavior of buildings are considered as 

an added benefit to stiffen and strengthen the bare structure. In modern earthquake engineering 

practice, however, it is recognized that the URM infill walls in a structure significantly change 

its seismic performance and dynamic properties, as discussed in Chapter 6, and may have 

beneficial or adverse effects on the safety and stability of the building. However, fewer 

probability-based analyses have been reported on such structural systems (Mosalam et al. 

1997a), partly due to the difficulties in modeling infill walls and partly due to the extensive 

computational effort required for such analyses especially when out-of-plane response is taken 

into account. 

Accurate modeling of URM infill walls, using detailed FE analysis, is computationally 

expensive and impractical when applied to large structures, especially for probabilistic 

evaluations. The common practice to model the URM infill walls in the in-plane direction is to 

substitute the URM infill wall with diagonal or off-diagonal struts (compression-only elements) 

with appropriate properties, e.g., FEMA 356 (2000). In the out-of-plane direction, the URM infill 

walls are generally ignored and at best checked independently to ensure that they can sustain the 

out-of-plane floor accelerations. Refer to Chapter 7 for further discussion on the modeling 

approaches of URM infill walls for in-plane and out-of-plane responses. 

This chapter builds upon the common methodology to assess the structural reliability 

applied herein for URM infill walls in the case study RC structure at different stories. It defines 

the failure criterion as the loss of the URM infill wall and introduces for the first time a method 

to properly include the interaction between the bidirectional forces on these walls and compares 

the results for different stories. Noting the significance of the out-of-plane forces and the 

bidirectional interaction for the reliability assessment of the structural system, the new 3D SAT 

model described in Chapter 7 is proposed to be used in the future within the same framework to 

perform reliability analyses of structures similar to the case study building when the failure state 

is defined in terms of other structural engineering demand parameters than the failure of the 

URM infill walls.  
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8.2 CASE STUDY BUILDING 

The considered structure for the case study is the five-story RC structure with URM infill walls 

in its middle frames. As discussed in the previous chapters, this structure is considered as the 

prototype building for the shake-table experiments and described in detail in Chapter 2. A 

nonlinear model of the structure is constructed in the computational platform OpenSees 

(Mazzoni et al. 2006). Beams and columns are modeled using beam elements based on force 

formulation that considers the spread of plasticity along the length of the element. Cross sections 

are defined using fiber discretization with distinct fibers for longitudinal reinforcement. Concrete 

material is modeled using a uniaxial concrete material object with degraded linear 

unloading/reloading stiffness in compression and no tensile strength. Confining effect due to the 

prescribed transverse reinforcement is accounted for using confined concrete properties (Mander 

et al. 1988ab) for the column core concrete material. Steel reinforcing bars are modeled using a 

uniaxial bilinear material object with kinematic hardening. The URM infill wall is modeled using 

equivalent diagonal compression-only elastic struts with cross-sectional area of 34.6 in.2 (223 

cm2) and elastic modulus of 1770 ksi (12.2 GPa) obtained from the initial stiffness of the 

calibrated single-strut model discussed in Chapter 7. The elastic modeling of the diagonal struts 

is consistent with the commonly adopted assumption of elastic-brittle behavior for the URM 

infill walls in compression, since the goal of the presented reliability analyses is to determine the 

maximum demand on the URM infill walls. The RC slab at each floor level is modeled using 

horizontal elastic truss members representing rigid diaphragms. Based on the above modeling 

assumptions, the first-mode natural periods of the structure in both the longitudinal (in-plane of 

the URM infill wall) and transverse (out-of-plane of the URM infill wall) directions are 

numerically determined as sec24.01 =xT  and sec35.01 =yT , respectively. Figure 2.1 shows a 

schematic 3D view of the prototype structure and its typical floor plan. Further details of the 

design, properties, and modeling of this case study structure can be found in Chapter 2. 

8.3 GROUND MOTIONS 

Twenty near-fault ground motions are selected for the presented reliability analyses as presented 

in Table 8.1. In this table, the name of each earthquake and its designation used in this chapter, 

the earthquake moment magnitude WM , the station at which the acceleration time history of the 
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ground motion is recorded, and its site class condition and distance from the fault are listed. 

These ground motions were extensively studied and carefully selected for the seismic evaluation 

of the UC-Berkeley laboratory building under the testbed program of PEER (Lee and Mosalam 

2006). The fault-parallel and fault-normal components of the ground motions were rotated 

clockwise by 17.5 degrees (due to the specifics of the testbed study) to produce longitudinal 

(parallel to the URM infill walls) and transverse (normal to the URM infill walls) components, 

respectively. The ground motions are scaled to five different intensity levels, namely 

50.0=SA g, 1.00g, 1.61g (10/50), 2.05g (5/50), and 2.75g (2/50) in terms of the spectral 

accelerations ( SA ) at the first-mode natural period of the structure in both the longitudinal and 

transverse directions where A/B notation means A% probability of being exceeded in B years. 

The intensity levels are determined based on the seismic hazard maps available at the USGS 

website (2007) for an assumed site on the UC Berkeley campus (zip code CA 94710) and 

modified for site class D conditions. As a reference, based on NEHRP seismic provisions (2000) 

for this site 90.1=sS g, 816.01 =S g and the design 5% damped spectral acceleration is 1.27g 

where sS  and 1S  are the maximum considered earthquake (MCE), 5% damped, spectral 

accelerations at short periods and at one second period, respectively. As an example, the scaled 

spectra for all 20 ground motions used in this study at level 61.1=SA g (10/50) in the 

longitudinal and the transverse directions are shown in Figures 8.1(a) and (b), respectively. The 

first-mode natural periods of the case study structure in each direction used as reference periods 

in scaling these ground motions are also indicated in these figures. 

The majority of the resulting scale factors are within the reasonable range of 0.3–3.0 as 

shown in Figure 8.2 where open and filled markers refer to the scale factors for the longitudinal 

and the transverse components, respectively. The minimum and the maximum scale factors used 

are 0.18 and 11, respectively. For the purpose of this study, the wide range of scale factors is 

deemed acceptable, as the focus is not on the ground motion uncertainties. 
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Table 8.1  Ground motion characteristics for testbed study (Lee and Mosalam 2006). 

Earthquake WM  Station Designation Distance Site
Coyote Lake Dam abutment CL-clyd 4.0 km C Coyote Lake, 

6/8/1979 5.7 Gilroy #6 CL-gil6 1.2 km C 
Erzincan, Turkey, 
3/13/1992 6.7 Erzincan EZ-erzi 1.8 km C 

Kobe, Japan, 
1/17/1995 6.9 Kobe JMA KB-kobj 0.5 km C 

Corralitos LP-cor 3.4 km C 
Gavilan College LP-gav 9.5 km C 
Gilroy historic LP-gilb  C 
Lexington Dam abutment LP-lex1 6.3 km C 
Los Gatos Presentation Center LP-lgpc 3.5 km C 

Loma Prieta, 
10/17/1989 7.0 

Saratoga Aloha Ave LP-srtg 8.3 km C 
Fagundes Ranch LV-fgnr 4.1 km D Livermore, 

1/27/1980 5.5 Morgan Territory Park LV-mgnp 8.1 km C 
Anderson Dam Downstream MH-andd 4.5 km C 
Coyote Lake Dam abutment MH-clyd 0.1 km C Morgan Hill, 

4/24/1984 6.2 
Halls Valley MH-hall 2.5 km C 
Array #5 PF-cs05 3.7 km D 
Array #8 PF-cs08 8.0 km D Parkfield, 

6/27/1966 6.0 
Temblor PF-temb 4.4 km C 
Kofu TO-ttr007 10.0 km C Tottori, Japan, 

10/6/2000 6.6 Hino TO-ttrh02 1.0 km C 
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Fig. 8.1  Scaled earthquake spectra for level 61.1=SA g (10/50). 
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Fig. 8.2  Scale factors for selected ground motions (earthquake designations specified in 
Table 8.1). 

8.4 DEMAND ANALYSIS 

Using the computational model of the case study structure in the program OpenSees, a series of 

bidirectional nonlinear time-history analyses are performed and the resulting demand forces for 

the in-plane and the out-of-plane directions of the URM infill walls are determined. The roof 

displacement time history of the structure subjected to CL-clyd ground motion (Table 8.1) at 

level 75.2=SA g (2/50) is shown in Figure 8.3(a) as an example. The deformed shapes of the 

structure at the identified points on the time-history plots of the longitudinal and transverse 

directions are presented in Figures 8.3(b) and (c), respectively.  



 

 183

0 2 4 6 8 10 12.5
-7.5

-5

-2.5

0

2.5

5

7.5

Lo
ng

. r
oo

f d
isp

. [
in

]

-150
-100
-50
0
50
100
150

[m
m

]

0 2 4 6 8 10 12.5
-7.5

-5

-2.5

0

2.5

5

7.5

Time [sec]

Tr
an

s. 
ro

of
 d

isp
. [

in
]

-150
-100
-50
0
50
100
150

[m
m

]

 
(a) Roof displacement time histories 
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Fig. 8.3  Sample results of nonlinear time-history analysis for CL-clyd ground motion at 
level 75.2=SA g (2/50). 

The sum of the horizontal components of the forces in the struts of all the URM infill 

panels is considered as the in-plane demand force. On the other hand, the force corresponding to 

the average mid-floor accelerations above and below each story times half the mass of the URM 

infill wall, i.e., assuming one-way arching action, is considered as the out-of-plane demand 

force. This force is calculated using moment equilibrium at the mid-height of the URM infill 

wall as shown in Figure 8.4 where m  is the mass of each URM infill wall between two floors, 

ia  is to the out-of-plane acceleration of the ith floor, and iplaneofoutp ,−−  and iplaneofoutF ,−−  are 

respectively the pressure of the out-of-plane inertial force and the applied force to the URM infill 

wall located above the ith floor. 
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Fig. 8.4  Out-of-plane force calculation for URM infill wall located below ith floor. 

As an example the time-histories of the in-plane and the out-of-plane force demands of 

the URM infill wall below the third floor of the case study building during CL-clyd ground 

motion, refer to Table 8.1; at level 75.2=SA g (2/50) are shown in Figures 8.5(a) and (b), 

respectively. The maximum values are indicated with the circle marks in these time histories.  



 

 185

 

0 2 4 6 8 10 12.5
-200

-100

0

100

200

Time [sec]

In
-p

la
ne

 fo
rc

e 
[k

ip
s]

-800

-400

0

400

800

[k
N

]

 
(a) In-plane time history 
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(b) Out-of-plane time history 

Fig. 8.5  Time-histories of URM infill wall forces below third floor of case study building 
during CL-clyd ground motion at level 75.2=SA g (2/50). 

The maximum values of the in-plane and the out-of-plane forces are determined for the 

URM infill walls below the first and third floors and for the roof level for the 20 ground motions 

scaled at the five ground motion intensity levels discussed above. These maximum values are 

used to establish the statistical properties of the demand forces on the URM infill walls in the 

case study structure, Figures 8.6–8.8. In Figure 8.6, these maximum forces are plotted together 

with the deterministic interaction curves defining the failure surface of the URM infill wall (the 

dash-dot line) as discussed in Chapter 7 and the limit-state functions (the solid and dashed lines) 

defined later in this chapter. The large number of data points outside the limit-state functions 

suggests that there is high probability of failure expected for the URM infill walls, as discussed 

later in this chapter.  
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Fig. 8.6  Dispersion of URM infill wall bidirectional forces compared with capacity 
interaction curves. 

Assuming jointly lognormal distribution for all demand forces, the obtained distributions 

of maximum demand forces are shown at different intensity levels in Figure 8.7, where 

distributions of the third floor are to the right and those of the first floor and roof are to the left. 

Note that the in-plane demand forces are always higher in means and variances for the first floor 

than the roof, while the out-of-plane demand forces have the opposite trends for the first floor 

and roof. This is also illustrated by Figure 8.8, which shows the distributions of the mean and 

standard deviations along the height of the building for the in-plane and the out-of-plane forces 

for the indicated ground motion intensity levels. Figure 8.8 clearly indicates larger variances of 

the out-of-plane forces at the third-floor level, which is attributed to possible higher mode effects 

in the case study structure.  
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(b) Out-of-plane 

Fig. 8.7  Distributions of demand forces.  

The numerical values of the mean µ , standard deviation σ , and coefficient of variation 

δ , at different stories for the in-plane (IP) and the out-of-plane (OP) forces are listed in Table 

8.2. The correlation coefficients between the in-plane and the out-of-plane forces of the URM 

infill walls are listed in Table 8.3. 
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(a) Intensity level 5.0=SA g 
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(b) Intensity level 61.1=SA g (10/50) 
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(c) Intensity level 75.2=SA g (2/50) 

Fig. 8.8  Demand distributions along building height.  
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Table 8.2  Demand statistics for URM infill walls in case study structure. 

1st floor 3rd floor Roof SA  
(g) 

Statistical 
property IP OP IP OP IP OP 

µ [kips (kN)] 36.4 (162) 0.20 (0.90) 40.2 (179) 0.65 (2.88) 15.8 (70) 0.77 (3.40)
σ [kips (kN)] 13.8 (61) 0.08 (0.36) 15.0 (67) 0.30 (1.35) 5.24 (23) 0.19 (0.82)0.5 
δ  0.38 0.40 0.37 0.47 0.33 0.24 
µ [kips (kN)] 75.6 (336) 0.44 (1.98) 79.6 (354) 1.24 (5.52) 31.4 (140) 1.47 (6.53)
σ [kips (kN)] 30.0 (133) 0.29 (1.29) 28.6 (127) 0.59 (2.63) 10.2 (46) 0.33 (1.47)1.0 
δ  0.40 0.65 0.36 0.48 0.33 0.22 
µ [kips (kN)] 125 (558) 0.68 (3.03) 122 (543) 1.84 (8.16) 47.3 (210) 2.12 (9.41)
σ [kips (kN)] 52.6 (234) 0.32 (1.40) 41.6 (185) 0.94 (4.19) 12.3 (55) 0.38 (1.71)1.61 
δ  0.42 0.46 0.34 0.51 0.26 0.18 
µ [kips (kN)] 164 (729) 0.81 (3.60) 149 (663) 2.27 (10.1) 56.9 (253) 2.49 (11.1)
σ [kips (kN)] 67.2 (299) 0.38 (1.67) 47.8 (212) 1.18 (5.26) 13.2 (59) 0.46 (2.05)2.05  
δ  0.41 0.46 0.32 0.52 0.23 0.18 
µ [kips (kN)] 200 (890) 0.98 (4.38) 178 (791) 2.93 (13.1) 67.9 (302) 3.16 (14.1)
σ [kips (kN)] 74.9 (333) 0.41 (1.84) 55.9 (248) 1.72 (7.66) 15.4 (68) 0.66 (2.92)2.75  
δ  0.37 0.42 0.31 0.59 0.23 0.21 

Table 8.3  Correlation coefficient between in-plane and out-of-plane demands. 

SA  (g) 0.50 1.00 1.61 2.05 2.75 
1st floor -0.19 0.01 -0.11 -0.07 -0.11 
3rd floor -0.31 -0.36 -0.30 -0.32 -0.27 
Roof -0.10 -0.22 -0.37 -0.28 -0.32 

8.5 CAPACITY ESTIMATION 

The values and statistical properties of the in-plane and the out-of-plane capacities of the URM 

infill walls should ideally be determined by either an extensive experimental study with a 

sufficient number of tests for statistical analysis, or by performing a probabilistic FE analysis 

(Lee and Mosalam 2004), e.g., using the Monte Carlo method, with frame and infill material and 

geometrical parameters represented as random variables. As such, both the experimental data and 

the deterministic FE results provided in Chapters 6 and 7, respectively, are insufficient in 

determining the necessary statistical properties of the URM infill wall capacities. Nevertheless, 

the main goal here is to present a framework for a practical reliability study, and the presented 

illustrative results should be viewed with these limitations in mind. For these reasons, the 

statistical properties of the in-plane and the out-of-plane capacities of the URM infill walls are 
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adopted from the FEMA 356 provisions and shown in Table 8.4 where a coefficient of variation 

of 0.231 is assumed in agreement with the 1.3 factor defined in Table 7-2 of FEMA 356 

provisions (2000) as the ratio between the mean and the mean minus one standard deviation, i.e., 

( ) 231.03.13.03.1 ==µσ=δ/=σ−µµ . The detailed calculations leading to the values in 

Table 8.4 are discussed in Chapter 7. In this study, a jointly lognormal distribution with a 

correlation coefficient of 0.3 is assumed for the in-plane and the out-of-plane capacities. A 

parametric study of the effects of the correlation coefficient of the capacities on the failure 

probability of the URM infill wall, Section 8.4, suggests that the results are not sensitive to the 

value chosen for this correlation coefficient.  

Table 8.4  Capacity statistics for URM infill wall per FEMA 356 provisions. 

 µ  [kips (kN)] σ  [kips (kN)] 
In-plane ( HR ) 69.4 (309) 16.0 (71.2) 
Out-of-plane ( NR ) 8.19 (36.4) 1.89 (8.40) 

 

The FEMA 356 provisions does not discuss the interaction between the in-plane and the 

out-of-plane forces on the URM infill walls. In order to account for this interaction, the best-fit 

bidirectional interaction curve obtained from the detailed FE model of the URM infill wall 

described in Chapter 7 is considered.  

8.6 LIMIT-STATE FUNCTIONS 

The third-degree polynomial defined as the best fit to the in-plane and out-of-plane interaction 

results of the FE analysis in Figure 7.33 is considered as the basis for the combined in-plane and 

out-of-plane limit-state function used in the subsequent reliability analysis. It should be pointed 

out that on the one hand, the FE analyses are performed statically and thus overestimate the in-

plane capacities when compared to transient dynamic analysis results as shown in Chapter 7, 

(Fig. 7.27). On the other hand, since the performed FE analyses are deterministic, no information 

on the statistical properties of the parameters of this interaction relationship is available. 

However, by scaling the third-degree polynomial using the statistical properties in Table 8.4, a 

reasonable limit-state function can be obtained incorporating the uncertainties in both demand 

and capacity, as shown by the solid line in Figure 8.6. The factors used in this scaling are 4θHR  
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and 5θNR  for the in-plane and the out-of-plane axes, respectively, where HR  and NR  refer to 

the in-plane and the out-of-plane capacities and 4θ  and 5θ  are the intersections of the best-fit 

third-degree polynomial (the dash-dot line in Fig. 8.6) with the vertical (in-plane) and horizontal 

(out-of-plane) axes, respectively. Accordingly, limit-state functions 1g , 2g , and 3g  are 

respectively proposed for the pure in-plane, pure out-of-plane, and combined in-plane and out-

of-plane failures of the URM infill wall as defined below. 
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where the coefficients 114.01 −=θ , 948.02 =θ , 18.63 −=θ , 1114 =θ , and 2.115 =θ . The 

random variables HP  and NP  refer to the in-plane and the out-of-plane demands, respectively. 

The above three limit-state functions are shown in Figure 8.6 with capacity random variables at 

their mean values. 

8.7 RELIABILITY ANALYSIS AND DISCUSSION 

The first-order reliability method (FORM) (Haldar and Mahadevan 2000), which uses linear 

approximation of the limit-state function close to the design point in the normal space of random 

variables, is utilized using the program FERUM (Haukaas and Der Kiureghian 2003) to obtain 

the probability of failure and the reliability indices for the three limit-state functions, i.e., in-

plane (IP), out-of-plane (OP), and combined failures, for the URM infill walls in the case study 

structure using the demand and capacity statistical properties as defined in previous sections. It is 

to be noted that the demand and capacity random variables are assumed to be statistically 

independent. The results are summarized in Tables 8.5 and 8.6 for the failure probability and 

reliability indices, respectively, for different ground motion intensity levels.  
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Fig. 8.9  Schematic demand and capacity distributions. 

For the in-plane limit-state function 1g , the reliability index β  is lower, i.e., higher 

probability of failure, at the first and the third floors compared to the roof. The lowest reliability 

index is observed at the third-floor level. At low intensity levels, e.g., 5.0=SA g, this is 

attributed to higher in-plane demand force at the third floor compared to the first floor (Fig. 

8.8(a). At high-intensity levels, e.g., 61.1=SA g, although the mean in-plane demand is higher at 

the first floor at the third floor, the probability of failure is lower at the first floor due to higher 

dispersion (standard deviation) of the first-floor results. To illustrate this point, schematic 

distributions of the natural log of the ratio of the in-plane capacity over the in-plane demand for 

the first and third floors similar to the above case are shown in Figure 8.9(a), where the first-

floor demand has higher mean ( )ln()ln( 31 DCDC µµµµ < ) and higher standard deviation than the 

third floor but lower probability of failure. This becomes clearer by comparing the 

complementary to the probability of failure in this figure; thus the quantity fP−1  is highlighted 

where fP  is the probability of failure in the URM infill wall below the indicated floors. The 

lightly shaded area in Figure 8.9(a) corresponds to fP−1  for the third-floor URM infill walls, 

which is smaller than the dark shading corresponding to fP−1  for the first-floor URM infill 

walls.  

For the out-of-plane limit-state function 2g , the highest reliability index is obtained at the 

first floor due to small out-of-plane demand forces. Although the mean out-of-plane demand 

forces are generally higher at the roof compared to the third floor, the resulting failure 

probability is higher at the third floor due to higher dispersion (standard deviation) of the out-of-
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plane demand forces at this floor (Fig. 8.8). To illustrate this point, schematic distributions of the 

natural logarithm of the ratio of out-of-plane capacity over out-of-plane demand for the third 

floor and roof similar to the above case are shown in Figure 8.9(b), where the third-floor demand 

has smaller mean ( )ln()ln( 53 DCDC µµµµ > ) and higher standard deviation than the roof but 

higher probability of failure. The lightly shaded area in Figure 8.9(b) corresponds to the 

probability of failure for the roof URM infill walls, which is smaller than the dark shading 

corresponding to the probability of failure for the third-floor URM infill walls.  

Table 8.5  Failure probability (%) of URM infill walls in case study structure for in-plane 
(IP), out-of-plane (OP), and combined limit-state functions. 

 SA  (g) 0.50 1.00 1.61 2.05 2.75 
IP 5.56 53.40 87.70 96.20 99.10 
OP 0.00 7.76×10-5 1.28×10-5 8.03×10-5 1.40×10-4 

1st
 fl

oo
r 

Combined 6.00 55.80 89.30 96.90 99.40 
IP 8.5 59.60 90.80 97.30 99.20 
OP 9.61×10-6 5.27×10-3 0.15 0.54 2.58 

3rd
 fl

oo
r 

Combined 10.5 65.70 93.60 98.40 99.60 
IP 6.94×10-3 1.82 12.70 27.00 47.40 
OP 3.23×10-11 3.36×10-6 1.88×10-4 2.75×10-3 0.10 

R
oo

f 

Combined 1.30×10-2 3.35 22.40 43.10 67.60 

Table 8.6  Reliability indices (β ) for URM infill walls in case study structure for in-plane 
(IP), out-of-plane (OP), and combined limit-state functions. 

 SA  (g) 0.50 1.00 1.61 2.05 2.75 
IP 1.59 -0.09 -1.16 -1.77 -2.39 
OP 8.34 4.80 5.15 4.80 4.68 

1st
 fl

oo
r 

Combined 1.55 -0.15 -1.24 -1.87 -2.50 
IP 1.37 -0.24 -1.33 -1.92 -2.41 
OP 5.21 3.88 2.97 2.55 1.95 

3rd
 fl

oo
r 

Combined 1.26 -0.41 -1.52 -2.13 -2.65 
IP 3.81 2.09 1.14 0.61 0.07 
OP 7.19 5.40 4.62 4.03 3.08 

R
oo

f 

Combined 3.65 1.83 0.76 0.17 -0.46 
 

For the combined in-plane and out-of-plane limit-state function 3g , the smallest 

reliability index, i.e., highest failure probability, is obtained for the third-floor URM infill walls. 
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This is an expected result based on the above discussion for the two extreme limit states of 1g  

and 2g  which should bound the solution for the combined limit state 3g  (Fig. 8.6). 
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(a) Failure probability (arithmetic scale) 
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(b) Failure probability (semi-logarithmic scale) 

Fig. 8.10  Fragility curves for in-plane ( 1g ), out-of-plane ( 2g ), and combined in-plane and 
out-of-plane ( 3g ) limit-state functions with actual in-plane capacity. 

Combining the results for different bidirectional ground motion intensity levels measured 

by the spectral acceleration at the natural period of the case study structure ( 24.01 =xT sec and 

35.01 =yT sec), discussed in Section 8.3, the fragility curves for the in-plane, the out-of-plane, 

and the combined limit-state functions are obtained as illustrated in Figure 8.10. While the 

failure probability of the URM infill walls due to the out-of-plane forces alone are negligible for 

the first floor and small for the third floor and roof, these forces have significant effects on the 
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combined failure probability, and the higher these URM infill walls in the structure, the more 

important is the consideration of the out-of-plane forces. For example, at the design spectral 

acceleration 27.1=SA g, discussed in Section 8.3, for the URM infill walls in the story below the 

roof level of the case study structure, the failure probability based only on the in-plane limit-state 

function is 6.7% and based only on the out-of-plane limit-state function is as negligible as 
5105.8 −× %. However, by considering the combined effects of the in-plane and the out-of-plane 

forces, a significantly higher failure probability of 11.8% is obtained. 
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Fig. 8.11  Variation of failure probability with respect to correlation coefficient between in-
plane and out-of-plane capacities of URM infill wall for intensity level 61.1=SA g 
(10/50). 

In order to investigate the sensitivity of the results with respect to the assumed correlation 

coefficient between the in-plane and the out-of-plane capacities, the analysis procedure described 

above is repeated, and the failure probability of the URM infill wall due to the combined effects 

of the in-plane and the out-of-plane demand forces is evaluated at intensity level 61.1=SA g for 

different values of the correlation coefficients ranging from zero to one. The results are presented 

for the first floor, third floor, and roof in Figure 8.11, with the vertical line representing the 

correlation coefficient assumed in Section 8.5. From this figure, it is observed that the failure 

probabilities vary slightly by less than 1% for the first and third floors and by about 5% for the 

roof over the whole range of variation of the correlation coefficient. These small variations 

suggest that the results are not sensitive to the choice of the capacity correlation coefficient and 

the assumed value of 0.3 in Section 8.5 is therefore acceptable.  
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In the calculation of the in-plane capacity of the URM infill wall based on FEMA 356 

provisions (2000), discussed in Chapter 7, the value of the expected shear strength of the 

masonry material of the infill wall vief  is limited to the expected masonry shear strength, 

123=mev  psi (848 kPa) defined in Equation 7.5. Relieving this requirement, the shear strength 

of masonry would have been obtained from the masonry shear experiments (see Chapter 4) as 

263 psi (1.81 MPa) resulting in the in-plane capacity HR  with the mean of 148 kips (658 kN) 

and standard deviation of 34.2 kips (152 kN) instead of the reported values of 69.4 kips (309 kN) 

and 16.0 kips (71.2 kN), respectively, in Table 8.4 for FEMA 356 provisions. Although these 

values overestimate the in-plane capacity obtained from the experimental data (Fig. 6.17) and the 

FE results (Fig. 7.21) by 18% and 30%, respectively, it is informative to investigate the effect of 

the increase of the in-plane capacity on the resulting fragility curves. Following similar reliability 

analyses as described above, the failure probabilities for the URM infill walls at the first floor, 

third floor, and roof of the case study structure are determined and presented at different hazard 

levels in arithmetic and semi-logarithmic scales in Figures 7.12(a) and (b), respectively.  

For the URM infill walls with increased in-plane capacity (unchanged out-of-plane 

capacity), the maximum in-plane-only ( 1g ) probability of failure is associated with the first-floor 

URM infill walls. On the other hand, for the combined in-plane and out-of-plane limit-state 

function ( 3g ), the highest failure probability is obtained for the third-floor URM infill walls due 

to the added effects of the out-of-plane forces to the in-plane failure of the URM infill walls, 

making them the most vulnerable URM infill walls in the structure. Similar to the case of actual 

in-plane capacity (Fig. 8.10), it is observed that while the failure probability of the URM infill 

walls due to the out-of-plane forces alone is negligible for the first floor and small for the third 

floor and roof, the out-of-plane forces have significant effects on the combined failure 

probability, and the higher the URM infill walls in the structure, the more important to consider 

the out-of-plane forces. For example, at the design spectral acceleration 27.1=SA g (refer to 

Section 8.3), for the URM infill walls in the story below the third floor of the case study 

structure, the failure probability based only on the in-plane limit-state function is 16.0% and 

based only on the out-of-plane limit-state function is as small as 0.07%. However, by 

considering the combined effects of the in-plane and the out-of-plane forces, the significantly 

higher failure probability of 22.0% is obtained. Therefore, neglecting the out-of-plane force 
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contribution leads to not only unconservative risk assessment for the URM infill walls but also 

misidentification of the most vulnerable URM infill walls in the structure.  
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(a) Failure probability (arithmetic scale)  
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(b) Failure probability (semi-logarithmic scale) 

Fig. 8.12  Fragility curves for in-plane ( 1g ), out-of-plane ( 2g ), and combined in-plane 
and out-of-plane ( 3g ) limit-state functions with increased in-plane capacity. 

The phenomenon of more URM infill wall damage accruing in the middle stories of an 

URM infilled RC building has been observed in real earthquakes (Fig. 8.13). However, this 

phenomenon should not be considered as the only possibility based on the limited study 

presented in this chapter and the few available observations as the one in Figure 8.13. Instead, 
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this phenomenon is one of the possible failures and should be properly modeled and evaluated 

for the considered structure when subjected to different earthquake scenarios.  

 

Fig. 8.13  Five-story RC building with URM infill walls damaged during magnitude 6.19 
Nicaragua earthquake, 12/23/1972. (Courtesy Godden Collection, EERC, 
University of California, Berkeley.) 

8.8 LIMITATIONS AND FUTURE EXTENSION 

As mentioned before, the significant effects of URM infill walls on the dynamic behavior of 

structures is a well-established fact. Noting the results obtained in the previous sections, the 

importance of considering in-plane and out-of-plane interaction when evaluating the reliability of 

URM infill walls in a structure is clear. In this chapter, each URM infill wall is simply modeled 

by a single diagonal compression-only elastic strut in each direction. While such an approach is 

reasonable when discussing the infill demand forces, it is not adequate if the goal is to study the 
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reliability of the whole structural system beyond the failure of the URM infill walls. More 

accurate yet complex in-plane strut models have been introduced to capture different in-plane 

failure mechanisms, e.g., (Mosalam et al. 1997b and 1998), and the corresponding change in the 

structural response. However, none of these models addresses the important effects of the out-of-

plane forces. 

To alleviate the deficiency in out-of-plane computational modeling of URM infill walls, 

the new 3-D SAT model introduced in Chapter 7 is recommended to be utilized. As 

demonstrated in Chapter 7, by systematically determining the new geometrical parameter, efft , 

and the material and geometrical properties of the elements of this 3-D SAT model, not only the 

in-plane and the out-of-plane capacities, but also their interaction capacity diagram (failure 

surface) can be introduced as part of the computational model. The resulting model would be 

capable of predicting the loss of URM infill walls in the structure and the corresponding effects 

on the force distribution and the local and the global structural behaviors. Therefore, it is 

possible to subject the structure to an ensemble of ground motions and gather statistical 

information on selected local (e.g., rotations of RC beam-column joints) and global (e.g., floor 

accelerations of inter-story drifts) engineering demand parameters (Lee and Mosalam 2005) a 

defining new criterion for failure (and its associated probability and seismic fragility) of the 

structure.  

It should also be noted that the maximum in-plane and the out-of-plane demand forces on 

the URM infill wall determined in this chapter do not necessarily occur at the same time. 

Therefore, the current results represent conservative estimates of the failure probability. A proper 

consideration of the cross-correlation between these forces, e.g., response spectrum-based 

procedure to determine the envelope that bounds the demand forces (Menun and Der Kiureghian 

2000), in conjunction with the study of the effects of the sequence of in-plane and out-of-plane 

loading on the failure surface and limit-state functions for the URM infill wall is needed to 

alleviate this conservatism in estimating the failure probabilities (fragility). 

8.9 SUMMARY 

Generalized, i.e., addressing the individual and combined in-plane and out-of-plane limit-state 

functions for a typical case study building, fragility curves are constructed for URM infill walls 

in a hypothetical five-story RC concrete structure including the interaction between the in-plane 
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and out-of-plane demand forces and capacities. The significant effects of the out-of-plane forces 

on the failure probability of URM infill walls are demonstrated, and it is concluded that 

neglecting the bidirectional interaction between these in-plane and out-of-plane seismic forces 

may lead to unconservative results both in identifying the most vulnerable elements and in 

determining the reliability of URM infill walls especially at higher elevations in the building. 

In order to include bidirectional interaction for the URM infill walls, the 3D SAT model 

is proposed in Chapter 7. This model can be calibrated to match the experimentally or 

computationally determined properties of URM infill walls and used within the common 

structural analysis program, e.g., OpenSees, to study the structural response and reliability in the 

case of bidirectional ground motions including and beyond the failure of the URM infill walls. 
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9 Summary, Conclusions, and Future 
Extensions 

9.1 SUMMARY 

The study presented in this report was conducted in three phases. The first phase was 

experimental as discussed in Chapters 2–6. The second phase was analytical as discussed in 

Chapter 7. Finally, the third phase was probabilistic as discussed in Chapter 8. 

To represent typical RC structures with URM infill walls, a five-story three bay by two 

bay prototype building with RC framing and URM infill wall inside the interior frames is 

considered. A substructure of the prototype structure containing the middle frames of the first 

story of the prototype structure is investigated in this report. A ¾-scale test structure is 

constructed to represent the selected substructure in a simplified manner to be within the limits 

of the available shake table. The relationship between the demand parameters of the test structure 

and those of the prototype substructure is computationally established. Additional masses are 

added to the test structure to match the demand parameters of the prototype substructure in terms 

of the base shear and the floor displacement during several seismic events. The effects of the 

column axial force due to the weight of the upper stories on the prototype substructure are 

included by post-tensioning the columns of the test structure. The effects of the overturning 

moment due to the lateral forces on the higher stories and the effects of higher mode 

contributions on the prototype substructure are also evaluated and found to be negligible.  

Before the start of the shake-table experiments, the material properties of concrete and 

masonry used in the construction of the test structure are determined using standard material 

tests. Moreover, several snap-back tests are preformed on the test structure in both the in-plane 

and out-of-plane directions to determine the stiffness, natural period, and damping ratio of the 

test structure. 
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Three ground motions are selected for the shake-table experiments to evaluate the 

performance of the test structure during different stages of its behavior. These ground motions 

are scaled with reference to the NEHRP design spectrum to generate different intensity levels for 

the shake-table experiments. Three distinct stages of the shake-table experiments are defined and 

the sequence of loading for each stage presented. These three stages are (1) stage one for infilled 

structure with columns post-tensioned, (2) stage two, same as stage one, after removal of the 

collapsed URM infill wall, and (3) stage three, same as stage two, after removal of the columns 

post-tensioning to bring the test structure to the verge of collapse.   

The results of the shake-table experiments are presented and discussed in detail. The 

global responses, in terms of the variation of the natural period, damping ratio, and stiffness due 

to damage accumulation, of the test structure during stage one of the experiments are quantified. 

On the other hand, the local responses, in terms of the load path and crack patterns in the URM 

infill wall, the distribution of forces between different structural elements, the deformed shape of 

the URM infill wall, and the contact length between the URM infill wall and the bounding frame, 

of the test structure during stage one of the experiments are discussed. The presented results from 

stage two of the experiments include the description of damage, the effective RC slab width in 

resisting the lateral forces, and the effects of the post-tensioning rods in the columns on the 

lateral behavior of the test structure and their self-centering effects. The state of the test structure 

during and after the completion of stage three of the experiments is also discussed. Important 

engineering demand parameters such as maximum base shear, maximum drift and residual 

displacements, and important structural properties of the test structure such as natural frequency, 

stiffness, and damping ratio are compared for all three stages of the experiments. 

The analytical phase of the study consists of different computational modeling methods 

to represent URM infill walls in RC structures. Compression-only strut and SAT models are 

reviewed and the benefits and limitations of the use of such models in representing the in-plane 

behavior of URM infill walls in larger structural systems are discussed by comparison with the 

shake-table experimental results. Two-dimensional FE models of bare and infilled RC frames are 

constructed and verified by comparison with results obtained from pseudo-dynamic experiments. 

Building upon these 2D models, a 3D FE model of the test structure is developed and the results 

of the 3D nonlinear time-history analysis on the FE model are compared to the results obtained 

from the shake-table experiments. Expanding the 2D FE model of the infilled RC frame to a 3D 

FE model, the out-of-plane capacity and bidirectional interaction between the in-plane and the 
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out-of-plane forces for the URM infill wall are computationally determined and the results are 

compared with the experimental results obtained from the literature. A new 3D SAT model is 

introduced as a practical solution for including the bidirectional interaction between the in-plane 

and the out-of-plane forces in modeling URM infill walls in large structures. This model can be 

calibrated to match different experimentally or computationally determined interaction curves.  

Considering the prototype structure as a case study building, a framework for 

determining the probability of failure of the URM infill walls at different floors of the building 

due to in-plane, out-of-plane and bidirectional loads is presented. As a step toward a 

performance-based earthquake engineering approach for RC buildings with URM infill walls, 

these failure probabilities are evaluated and summarized in the form of fragility functions for 

different ground motion intensity levels. 

9.2 CONCLUSIONS 

Major concluding remarks of the study presented in this report are listed in the following general 

points: 

• URM infill walls have a significant role in the strength and ductility of RC frame 

structures and should be considered in both analysis and design. Globally, these walls 

make the structure significantly stiffer, reduce the natural period of the structure, and 

increase the damping coefficient. Such changes significantly affect the level of demand 

forces and displacements on the structure. Locally, URM infill walls change the load 

path, the distribution of forces between different elements of the structure, and the 

demand forces on their adjacent elements of the bounding frame. 

• Due to the high relative stiffness of the URM infilled frames, they act as the main lateral 

load-resisting system and attract larger portions of the earthquake-induced inertial forces. 

In addition, it is the floor diaphragm (e.g., RC slab) that delivers the inertial forces in the 

structure to the URM infilled frames. This load path, in general, causes a significant 

increase in the demand forces on the diaphragm and collector elements. Both the frame 

and the floor system should be adequately designed for such increase in the demand 

forces due to the presence of URM infill walls. 



 

 204

• The experimental results suggest that the presence of stiff elements in the structure such 

as URM infill walls reduces the effective RC slab width that may be considered in 

determining the lateral resistance of the URM infilled RC frames.  

• The cracks in the RC slab due to the gravity loads reduce its lateral stiffness. However, 

under sustained gravity loads, the RC slab shear force – shear deformation relationship 

can be practically described as linear. 

• The post-tensioning of the columns to simulate the weight of upper stories has a self-

centering effect on the modeled lower stories of the structure and plays an important role 

in preventing excessive permanent floor lateral displacement and collapse of the system. 

• Beyond the linear range, the structural properties of RC structures with URM infill walls 

change during increasing levels of ground shaking. During the strong motion shaking, 

lower stiffness values, higher natural period and higher damping ratios are expected.   

• Using low-amplitude white-noise signals is not a reliable source in determining the 

dynamic properties of structures as these signals can not detect the extent of damage in 

the structures. More reliable results can be obtained using the data obtained during the 

actual ground shaking. 

• Simple compression-only strut models or more complex SAT models can be used to 

adequately capture the in-plane behavior of structure with URM infill walls within the 

linear range of the response of the masonry composite material. However, beyond the 

mortar cracking or failure of the URM infill walls, these models need to be carefully 

calibrated based on experimental results or FE studies of URM infill walls. 

• The developed and validated (using pseudo-dynamic and shake-table experimental 

results) FE models for RC frames with and without URM infill wall can be used as a 

powerful tool for further analyses and parametric studies of structures with different 

geometrical configurations and loading conditions. 

• Results from experimental (from published literature) and FE (from current study) 

investigations suggest a strong interaction between in-plane and out-of-plane capacities 

of the URM infill walls. Neglecting this interaction may lead to not only unconservative 

seismic risk evaluation but also misidentification of the most vulnerable elements in RC 

frame structures containing URM infill walls. 

• An accurate and versatile 3D SAT model is developed for practical implementation in 

common structural analysis programs and can be calibrated to account for the mechanical 
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behavior and modes of failure for URM infill walls subjected to bidirectional (in-plane 

and out-of-plane) loading. 

• A simplified framework is established for seismic reliability study of buildings 

containing URM infill walls including the effects of bidirectional (in-plane and out-of-

plane) ground motions. This framework is utilized to determine generalized, i.e., 

accounting for individual and combined in-plane and out-of-plane limit-state functions, 

fragility functions for RC building with URM infill walls.  

9.3 FUTURE EXTENSIONS 

The present study fulfills its objectives in evaluating the seismic response of RC structures 

including the effects of URM infill walls. The experimental phase of the current study should be 

further pursued to include the effects of bidirectional ground motions and investigate the effect 

of non-seismic details for the RC frames. Future experimental studies are needed to provide a 

more extensive database for structural properties of buildings with URM infill walls at different 

infill damage states to allow quantification of the variation of damping and stiffness in such 

common structural systems. 

The developed FE models can be used as the basis for an extensive parametric study of 

structures with different geometrical configurations, different loading and boundary conditions, 

and alternative materials. These FE models may also be used to evaluate different retrofit 

schemes for URM infill walls and RC frames. Furthermore, different compression-only strut 

models or more complex SAT models may be calibrated using the results of the FE models for 

any of the above-mentioned variations and used to perform a complete parametric study of the 

response of the URM infilled RC buildings under different loading conditions. It is worth 

mentioning that a computational study of a 3D URM infilled RC frame structure has been 

conducted by the author in Hashemi and Mosalam (2004) for blast loading. 

The effects of different in-plane and out-of-plane loading sequences on the bidirectional 

failure surface of the URM infill walls should be investigated in conjunction with the expected 

cross-correlation between the in-plane and the out-of-plane demand forces. The expected 

outcome of this refinement is more accurate estimates of the failure probability of the URM infill 

walls in buildings for individual and combined in-plane and out-of-plane limit-state functions. 
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The introduced 3D SAT model can be modified to include the effect of different previous 

loading sequences and damage history through alternative material models for the tie (link) 

element of the model and be implemented in bidirectional reliability analysis of RC buildings 

with URM infill walls. Using this model, the limit-state functions may be defined in terms of 

other important engineering demand parameters such as column shear, story drift, or maximum 

floor acceleration. The 3D SAT model will enable the accurate prediction of the failure of the 

URM infill wall and its subsequent effects on the overall fragility of the building. 
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Appendix A: Instrumentation Details 

In this appendix, detailed drawings of all instrumentation are presented. Figure A.1 shows 

displacement transducers and accelerometers on the levels of the shake table and the RC floor 

slab. Displacement transducers on the vertical planes are shown in Figure A.2. Strain gages on 

the reinforcing steel bars for different locations in the RC frames and the RC slab are illustrated 

in Figures A.3 and A.4, respectively. It should be noted that in Figures A.3 and A.4, only the 

strain gages that are used during the shake-table experiments are numbered. In these figures, the 

tag number for displacement transducers are preceded by the letter D, and the tag number for 

accelerometers are preceded by the letter A. The gaged reinforcing bars are also identified by 

filled circles on the cross sections of the structural elements.  
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Accelerometer

Displacement
transducer

Strain-gauge

N

 
(a) Instrumentation plan on level of shake table 

N

 
(b) Instrumentation plan on level of RC floor slab 

Fig. A.1  Displacement transducers and accelerometers in horizontal planes (1" = 25.4 mm, 
1' = 30.48 cm). 
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Column B1 Column B2

 
(a) Instrumentation elevation in plane of URM infill wall 

Column C1 Column A2

 
(b) Instrumentation elevation in plane of bare frames A and C 

Fig. A.2  Displacement transducers in vertical planes. 
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Column B1 Column B2

 
(a) Infilled frame 

Column C1 Column A2

 
(b) Bare frame 

Fig. A.3  Strain gages for steel reinforcing bars of RC frames (1" = 25.4 mm, 1' = 30.48 cm). 
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N

Fig. A.4  Strain gages for steel reinforcing bars of RC slab (1" = 25.4 mm, 1' = 30.48 cm). 
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Appendix B: Snap-Back Test Results 

This appendix includes all test results for the pull (snap-back) tests performed on the test 

structure for different construction phases. These tasks were conducted before any of the shake-

table experiments. These construction phases include the following: 

1. Before building the URM infill wall and before post-tensioning of the columns without 

any additional mass, Table B.1 and Figure B.1. 

2. After building the URM infill wall including post-tensioning the columns but without any 

additional mass, Table B.2 and Figure B.2. 

3. After building the URM infill wall including post-tensioning the columns and after 

adding the mass, Table B.3 and Figure B.3. This phase was carried out just before 

conducting the shake-table experiments. 

The force-displacement records during the pulling phase for each test were used to 

determine the stiffness of the test structure. The free vibration (FV) RC slab acceleration 

response of the test structure is analyzed in the frequency domain using the fast Fourier 

transform (FFT) to determine the natural frequency of the test structure. Moreover, the time 

domain response of the FV RC slab acceleration response of the test structure is used to 

determine the damping ratio.  
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 Table B.1  Snap-back tests before building URM infill wall and before post-tensioning 
columns (no additional mass). 

Direction Test 
No. Evaluation method 

Natural 
frequency 

(Hz) 

Natural 
period 
(sec) 

Stiffness* 
[kips/in.] 

Damping 
ratio 
(%) 

Force-displacement - - 107 - 
FV: frequency domain 7.56 0.132 - - 1 

FV: time domain 7.23 0.138 - 5.1 
Force-displacement - - 108 - 

FV: frequency domain 7.67 0.130 - - 2 
FV: time domain 7.50 0.133 - 5.4 

Force-displacement - - 117 - 
FV: frequency domain 7.55 0.132 - - 3 

FV: time domain 7.20 0.139 - 4.9 
Mean 7.41 0.135 111 4.3 

N
or

th
-S

ou
th

  
(lo

ng
itu

di
na

l o
r i

n-
pl
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e)

 

COV (%) 2.6 2.6 5.0 4.9 
Force-displacement - - - - 

FV: frequency domain 7.68 0.130 - - 1 
FV: time domain 7.41 0.135 - 4.5 

Force-displacement - - 123 - 
FV: frequency domain 7.58 0.132 - - 2 

FV: time domain 7.25 0.138 - 4.2 
Force-displacement - - 120 - 

FV: frequency domain 7.64 0.131 - - 3 
FV: time domain 7.52 0.133 - 5.1 

Mean 7.46 0.134 122 4.4 

Ea
st

-w
es

t  
(tr

an
sv

er
se

 o
r o

ut
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e)

 

COV (%) 2.2 2.2 1.7 10 
*(1 kip/in. = 0.175 kN/mm) 
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Dir. Test 
No. Force-deformation Free vibration, frequency 

domain (FFT) 
Free vibration, time 
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Fig. B.1  Snap-back tests before building URM infill wall and before post-tensioning 
columns (no additional mass) (1 kip = 4.45 kN, 1 in. = 25.4 mm). 
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Table B.2  Snap-back tests after building URM infill wall and after post-tensioning 
columns (no additional mass). 

Direction Test 
No. Evaluation method 

Natural 
frequency 

(Hz) 

Natural 
period 
(sec) 

Stiffness* 
[kips/in.] 

Damping 
ratio 
(%) 

Force-displacement - - 416 - 
FV: frequency domain 17.9 0.0557 - - 1 

FV: time domain 18.2 0.0550 - 7.3 
Force-displacement - - 434 - 

FV: frequency domain 18.2 0.0548 - - 2 
FV: time domain 17.4 0.0575 - 5.0 

Force-displacement - - 427 - 
FV: frequency domain 18.2 0.0550 - - 3 

FV: time domain 18.2 0.0550 - 4.9 
Mean 18.0 0.0550 426 5.7 

N
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COV (%) 1.8 1.8 2.1 2.4 
Force-displacement - - 179 - 

FV: frequency domain 8.48 0.117 - - 1 
FV: time domain 8.16 0.123 - 4.8 

Force-displacement - - 166 - 
FV: frequency domain 8.43 0.119 - - 2 

FV: time domain 7.84 0.128 - 4.0 
Force-displacement - - 156 - 

FV: frequency domain 8.43 0.119 - - 3 
FV: time domain 7.69 0.130 - 4.1 

Mean 8.17 0.122 167 4.3 
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COV (%) 3.6 3.6 6.9 10 
*(1 kip/in. = 0.175 kN/mm) 
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Dir. Test 
No. Force deformation Free vibration, frequency 

domain (FFT) 
Free vibration, time 

domain 
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Fig. B.2  Snap-back tests after building URM infill wall and post-tensioning columns (no 
additional mass) (1 kip = 4.45 kN, 1 in. = 25.4 mm). 
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Table B.3  Snap-back tests after building URM infill wall, post-tensioning columns and 
adding mass. 

Direction Test 
No. Evaluation method 

Natural 
frequency

(Hz) 

Natural 
period 
(sec) 

Stiffness* 
[kips/in.] 

Damping 
ratio 
(%) 

Force-displacement - - 406 - 
FV: frequency domain 7.80 0.128 - - 1 

FV: time domain 7.41 0.135 - 6.1 
Force-displacement - - 464 - 

FV: frequency domain 7.86 0.127 - - 2 
FV: time domain 7.14 0.140 - 6.0 

Force-displacement - - 437 - 
FV: frequency domain 7.57 0.132 - - 3 

FV: time domain 7.14 0.140 - 6.7 
Force-displacement - - 418 - 

FV: frequency domain 7.13 0.140 - - 4 
FV: time domain 7.69 0.130 - 8.7 

Mean 7.46 0.134 431 6.9 
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COV (%) 4.1 4.1 5.9 19 
FV: frequency domain 4.51 0.222 - - 1 FV: time domain 4.17 0.240 - 5.0 
FV: frequency domain 4.45 0.225 - - 2 FV: time domain 4.12 0.243 - 3.5 

Mean 4.31 0.232 - 4.3 Ea
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COV (%) 4.5 4.5  24 
*(1 kip/in. = 0.175 kN/mm) 
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Dir. Test 
No. Force deformation Free vibration, frequency 

domain (FFT) 
Free vibration, time 

domain 
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Fig. B.3  Snap-back tests after building URM infill wall, post-tensioning columns, and 
adding mass (1 kip = 4.45 kN, 1 in. = 25.4 mm). 
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Appendix C: Samples of Raw Experimental 
Data 

In this appendix, a small subset of the raw data gathered during the shake-table experiments is 

presented for levels TAR 4, TAR 6, DUZ 7, DUZ 8, AWR-TAR 6, AWR-DUZ 7, LomaPr 9, and 

LomaPr 9-2-1 in Figures C-1–C-8, respectively. Each figure contains plots of shake table and 

test structure roof acceleration and displacement in the longitudinal (X) direction as well as 

sample strain gage data in the columns and a few sample displacement transducers throughout 

the test structure. The designation and exact locations of the featured instruments are presented 

in Appendix A. The sequence of loading and the detailed explanation of each ground motion 

level are discussed in Chapter 5. The results of the shake-table experimental data are analyzed 

and discussed in detail in Chapter 6. A complete documentation of the raw data can be found on 

the Network for Earthquake Engineering Simulation (NEES) central data repository at 

https://central.nees.org/.  
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(a) Table acceleration in X direction, accelerometer A01 

0 5 10 15 20 25 30
-1

-0.5

0

0.5

1

A
04

 [g
]

Time [sec]

max =0.85, min =-0.95

 
(b) Roof acceleration in X direction, accelerometer A04 
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(c) Table displacement in X direction, wire-potentiometer D01 
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(d) Roof displacement in X direction, wire-potentiometer D05 
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(e) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column C1, 

strain gage 001 

Fig. C.1  Selected raw data recorded during level TAR 4 (1 in. = 25.4 mm). 
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(f) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column B1, 

strain gage 010 
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(g) Displacement measurement at base of column A2, displacement transducer D19 
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(h) Displacement measurement at base of column B1, displacement transducer D42 
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(i) Wall in-plane displacement measurement, displacement transducer D63  
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(j) Wall in-plane displacement measurement, displacement transducer D66  

Fig. C.1—Continued 
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(a) Table acceleration in X direction, accelerometer A01 
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(b) Roof acceleration in X direction, accelerometer A04 
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(c) Table displacement in X direction, wire-potentiometer D01 
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(d) Roof displacement in X direction, wire-potentiometer D05 
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(e) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column C1, 

strain gage 001 

Fig. C.2  Selected raw data recorded during level TAR 6 (1 in. = 25.4 mm). 
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(f) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column B1, 

strain gage 010 
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(g) Displacement measurement at base of column A2, displacement transducer D19 
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(h) Displacement measurement at base of column B1, displacement transducer D42 
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(i) Wall in-plane displacement measurement, displacement transducer D63  
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(j) Wall in-plane displacement measurement, displacement transducer D66  

Fig. C.2—Continued 
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(a) Table acceleration in X direction, accelerometer A01 
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(b) Roof acceleration in X direction, accelerometer A04 
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(c) Table displacement in X direction, wire-potentiometer D01 
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(d) Roof displacement in X direction, wire-potentiometer D05 
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(e) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column C1, 

strain gage 001 

Fig. C.3  Selected raw data recorded during level DUZ 7 (1 in. = 25.4 mm). 
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(f) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column B1, 

strain gage 010 
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(g) Displacement measurement at base of column A2, displacement transducer D19 
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(h) Displacement measurement at base of column B1, displacement transducer D42 
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(i) Wall in-plane displacement measurement, displacement transducer D63  
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(j) Wall in-plane displacement measurement, displacement transducer D66  

Fig. C.3—Continued 
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(a) Table acceleration in X direction, accelerometer A01 
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(b) Roof acceleration in X direction, accelerometer A04 

0 5 10 15 20 25 30
-3
-2
-1
0
1
2
3

D
01

 [i
n]

Time [sec]

max =2, min =-2.15

 
(c) Table displacement in X direction, wire-potentiometer D01 
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(d) Roof displacement in X direction, wire-potentiometer D05 
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(e) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column C1, 

strain gage 001 

Fig. C.4  Selected raw data recorded during level DUZ 8 (1 in. = 25.4 mm). 
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(f) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column B1, 

strain gage 010 
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(g) Displacement measurement at base of column A2, displacement transducer D19 
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(h) Displacement measurement at base of column B1, displacement transducer D42 
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(i) Wall in-plane displacement measurement, displacement transducer D63  
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(j) Wall in-plane displacement measurement, displacement transducer D66  

Fig. C.4—Continued 
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(a) Table acceleration in X direction, accelerometer A01 
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(b) Roof acceleration in X direction, accelerometer A04 
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(c) Table displacement in X direction, wire-potentiometer D01 
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(d) Roof displacement in X direction, wire-potentiometer D06 
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(e) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column C1, 

strain gage 001 

Fig. C.5  Selected raw data recorded during level AWR-TAR 6 (1 in. = 25.4 mm). 
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(f) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column B1, 

strain gage 010 
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(g) Displacement measurement at base of column A2, displacement transducer D19 
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(h) Displacement measurement at base of column B1, displacement transducer D42 
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(i) Slab in-plane displacement measurement, displacement transducer D09 
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(j) Slab in-plane displacement measurement, displacement transducer D15  

Fig. C.5—Continued 
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(a) Table acceleration in X direction, accelerometer A01 
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(b) Roof acceleration in X direction, accelerometer A04 
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(c) Table displacement in X direction, wire-potentiometer D01 
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(d) Roof displacement in X direction, wire-potentiometer D05 

0 5 10 15 20 25 30
-2000

-1000

0

1000

2000

00
1 

[µ
]

Time [sec]

max =500, min =-1250

 
(e) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column C1, 

strain gage 001 

Fig. C.6  Selected raw data recorded during level AWR-DUZ 7 (1 in. = 25.4 mm). 
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(f) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column B1, 

strain gage 010 
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(g) Displacement measurement at base of column A2, displacement transducer D19 
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(h) Displacement measurement at base of column B1, displacement transducer D42 
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(i) Slab in-plane displacement measurement, displacement transducer D09 
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(j) Slab in-plane displacement measurement, displacement transducer D15 

Fig. C.6—Continued 
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(a) Table acceleration in X direction, accelerometer A01 
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(b) Roof acceleration in X direction, accelerometer A04 
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(c) Table displacement in X direction, wire-potentiometer D01 
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(d) Roof displacement in X direction, wire-potentiometer D05 
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(e) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column C1, 

strain gage 001 

Fig. C.7  Selected raw data recorded during level LomaPr 9 (1 in. = 25.4 mm) 



 

 244

0 5 10 15 20 25 30
-3000
-2000
-1000

0
1000
2000
3000

01
0 

[µ
]

Time [sec]

max =750, min =-2250

 
(f) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column B1, 

strain gage 010 
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(g) Displacement measurement at base of column A2, displacement transducer D19 
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(h) Displacement measurement at base of column B1, displacement transducer D42 
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(i) Slab in-plane displacement measurement, displacement transducer D09 
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(j) Slab in-plane displacement measurement, displacement transducer D15 

Fig. C-7—Continued 
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(a) Table acceleration in X direction, accelerometer A01 
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(b) Roof acceleration in X direction, accelerometer A04 
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(c) Table displacement in X direction, wire-potentiometer D01 

0 5 10 15 20 25 30
-9
-6
-3
0
3
6
9

D
05

 [i
n]

Time [sec]

max =6.32, min =-7.03

 
(d) Roof displacement in X direction, wire-potentiometer D05 
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(e) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column C1, 

strain gage 001 

Fig. C.8  Selected raw data recorded during level LomaPr 9-2-1 (1 in. = 25.4 mm). 
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(f) Longitudinal reinforcing bar strain (in micro-strain ( µ )) at base of column B1, 

strain gage 010 
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(g) Displacement measurement at base of column A2, displacement transducer D19 
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(h) Displacement measurement at base of column B1, displacement transducer D42 
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(i) Slab in-plane displacement measurement, displacement transducer D09  
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(j) Slab in-plane displacement measurement, displacement transducer D15  

 
Fig. C-8—Continued
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Appendix D: Out-Of-Plane Capacity of URM 
Infill Walls 

In this appendix, detailed calculations to obtain the out-of-plane capacity of the URM infill wall 

described in Chapter 7 per FEMA 356 (2000) guidelines and the formulation developed by Dawe 

and Seah (1990) are shown. The calculations presented are parts of a MathCad spreadsheet and 

include the formulation as well as the definition and value of each parameter used in estimating 

the out-of-plane capacity of the URM infill wall of the test structure. 
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FEMA 356 (2000) Formulation 

Coefficient of variationδq 0.231=δq
σq
µq

:=

Standard deviationσq 1.715 kPa=σq 0.249psi=σq µq qin−:=

Mean out-of-plane capacityµq 7.431 kPa=µq 1.078psi=µq 1.3 qin⋅:=

Factor from FEMA 356, Table 7-2 = 1.3

lower baound = mean - standard deviation =   µ-σ 

Lower bound value for 
out-of-plane capacity

qin 0.829psi=FEMA 356 Equation (7-21) qin
0.7 fm⋅ λ2⋅

hinf
tinf

:=

Masonry compressive strengthfm 2.46ksi:=

(FEMA 356, Table 7-11)λ2 0.013:== 25,  
hinf
tinf

For 

This exceeds the limit value of 25 defined by FEMA 356 but it is less than 30 
(the limit value in the original formulation by Angel and Abrams (1994)) 

hinf
tinf

27=

Thickness of infill panel and equivalent strut, intinf 3.75in:=

Height of infill panel, inhinf 101.25in:=
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Dawe and Seah (1990) Formulation 

Moment of inertia of the column

Jc 2 Ic⋅:= Jc 1.438 109× mm4= Torsional moment of inertia of the column

Ib
10.5in 13.5in( )3⋅12 34

12
:= Ib 8.961 108× mm4= Moment of inertia of the beam

Jb 2 Ib⋅:= Jb 1.792 109× mm4= Torsional moment of inertia of the beam

fm 2.46ksi:= fm 1.696 107× Pa= Masonry compressive strength

Use consistent units!!

α and β in 
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⋅
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t
mm
⋅

h
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15
52
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64

0.25

⋅:= α 42.422=
F0.25

β
1
L
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⋅

L
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#

2
⋅

Gc
MPa
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mm4
⋅

t
mm
⋅

L
mm
⋅+
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52
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64

0.25

⋅:= β 36.729=

qOP 4.5
fm

1kPa
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#

0.75

⋅
t

1mm
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$"
#

2
⋅

α

L
1mm
'%
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$"
#

2.5
β

h
1mm
'%
&

$"
#

2.5
+15

5
52

36
6
64

⋅ kPa⋅:=

qOP 9.517kPa= qOP 1.38 psi= Out-of-plane capacity of the URM infill wall

fc 5.39 ksi⋅:= Compression strength of concrete

Ec 57000 psi fc⋅:= Ec 4.185 103× ksi= Ec 28.853 GPa= Elastic modulus of 
concrete

υ 0.15:= poisson ratio for concrete

Gc
Ec

2 1 υ+( ):= Gc 1.819 103× ksi= Gc 12.545GPa= Shear modulus of 
concrete

h 101.25in:= h 2.572 103× mm= Height of the URM infill wall

L 150in:= L 3.81 103× mm= Width of the URM infill wall

t 3.75in:= t 95.25mm= Thickness of the URM infill wall

Ic
12in( )4

12
:= Ic 7.192 108× mm4=



 

 

 

Appendix E: Formulation of 3D SAT Model for 
URM Infill Walls 

In this appendix, the calibration calculations to determine the area and effective thickness of the 

three-dimensional strut and tie (3D SAT) model for URM masonry infill walls are shown. The 

calculations presented are parts of a MathCad spreadsheet and include the formulation as well as 

the definition and value of each parameter used in the application of the 3D SAT model for the 

URM infill walls used in this study. 
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From statics:

RH_modified 86.6 kip=RH_modified RH_target 0.61 in⋅( ) 40
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&

$"
#
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First we subtract the contribution of the RC frame from the lateral capacity of the infill at 
estimated failure displacement of the wall, namely 0.61 inches. Assuming that the frame is still 
elastic at this point, with lateral stiffness of 40 kip/in, the modified lateral capacity for the infill is 
obtained as follows:

In-plane capacity 

fmo 2.46ksi:=

t 3.75in:=

hn 101in:=

Ln 150in:=

Out-of-plane target capacity from FE analysisRN_target 11kip:=

In-plane target capacity from FE analysisRH_target 111kip:=

Calibration of the 3D SAT model to match the results of the FE analysis:
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where, ∆ is the axial deformation of the strut and  ∆N is the out-of-plane deformation of the 3D SAT 
model. 

From kinematics of the 3D SAT model, considering the nonlinear geometry as shown in figure
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To determine the out-of-plane capacity of the 3D SAT model, it is more convenient to use an 
iterative approach. First a value for  t_eff  is assumed and the capacity of the SAT assembly is 
determined as follows. The estimated value is modified until the desired capacity is reached. 
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