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ABSTRACT 

This dissertation presents a comprehensive experimental and numerical investigation of 

the linear and nonlinear dynamic response of Reinforced Concrete (RC) buildings to dynamic 

loads. To this end, two actual RC buildings were tested using eccentric-mass shakers. The first test 

structure, located in Utica, NY, was a ten-story RC building deteriorated due to the severe winters 

in the area. The second building, located in El Centro, CA, had a two-story infilled RC frame and 

was damaged by major earthquakes. 

The vibration tests aimed at understanding the system-level dynamic behavior ofbuildings 

with and without damage. The effect of the excitation amplitude, frequency, and direction on the 

linear and nonlinear structural response is also investigated. To achieve these goals, a number of 

infill panels were sequentially removed from both structures, and shaker excitations with varying 

characteristics were performed at each damage stage. The recorded data are also used to assess the 

accuracy and sensitivity of system identification methods often used to estimate the dynamic 

properties of structures. A time- and a frequency-domain method are employed to estimate the 

dynamic properties of the buildings and recommendations for the selection of the reference 

channels are provided based on the results of a parametric study. The test data from the two-story 

building indicate that the structure exhibited significant nonlinearity during the forced-vibrations 

due to the opening ofcracks in the frame and the infills. Due to the nonlinear behavior, the resonant 

frequencies dropped drastically, while the deformation of the structure was a combination of the 

mode shapes identified using the ambient-vibration data. The contribution of each mode changed 

depending on the excitation frequency. 
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The numerical studies focus on developing tools that can efficiently, yet accurately, 

simulate the important features of the building response. This includes the decision regarding the 

structural and non-structural components that need to be included in a numerical model, as well as 

the hysteretic law governing the nonlinear behavior of infilled frames. The validated building 

models are employed to assess the accuracy of building-code provisions related to the estimation 

of the fundamental period and eccentricity. Moreover, a nonlinear material law, which accounts 

for the evolution of strength and stiffness of infills, is proposed and implemented. The material 

law is validated with laboratory tests, as well as data from the building in El Centro. In fact, the 

model of the two-story building simulates the response of the building to the nearby historic 

earthquakes and dynamic tests with good accuracy. 
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CHAPTER! 

INTRODUCTION 

1.1 PROBLEM STATEMENT 

Experimental studies on the dynamic response of substructures and structural components 

under loading scenarios representing the earthquake-induced loads have enhanced the knowledge 

about their behavior under dynamic loads [1-10]. However, due to the size and complexity 

limitations related to laboratory tests, such studies could not enhance the understanding of the 

system-level dynamic behavior of actual structures under dynamic loads, especially in the 

nonlinear regime of the response. The system-level dynamic behavior of a structure depends on 

the behavior of its structural and nonstructural elements, as well as the interaction between them. 

While the behavior of the individual structural elements such as reinforced concrete (RC) frames 

is reliably understood thanks to the experimental and numerical studies on such elements, there is 

not enough knowledge about the interaction between them and the masonry panels often used as 

infills. Load transfer mechanism between infill panels and RC frames is not-well-understood and 

can significantly affect the system-level behavior ofa building. This interaction becomes important 

in the assessment of RC structures designed with older codes which ignored the effect of infill 

panels. These structures, which exist in many regions in the United States and around the world, 
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are vulnerable to earthquakes due to their non-ductile behavior under extreme ground excitations 

The assessment of their response to such loads is a major challenge for structural engineers, as 

there is a lack of experimental data on the system-level dynamic behavior of such buildings, as 

well as analytical and/or numerical models that can reliably predict their non-linear seismic 

performance. 

1.2 PROBLEM EXTENT 

According to the 2013 State of California Multi-Hazard Mitigation Plan (SHMP), 

approximately 17000 non-ductile concrete structures exist in that state [11]. Non-ductile concrete 

structures are also common in other states, as well as other countries such as Greece, Turkey, 

Ecuador, Nepal, and Iran. Many of the non-ductile concrete buildings contain masonry and 

concrete infills, which were usually considered non-structural elements according to the older 

building codes and practice. The non-ductile response of these structures can result in severe 

damage in a major earthquake as field evidence after major earthquakes indicates. Figure 1.1 shows 

examples ofdamage to non-ductile concrete buildings during the 2015 Gorkha earthquake in Nepal 

[12]. Therefore, it is necessary to better understand the behavior of such structures through 

experimental and numerical studies. Such studies can lead to reliable tools for the assessment and 

improvement of their performance during earthquakes. This task consists of three major 

components, namely: i) tests to obtain the response of actual structures to dynamic excitations; ii) 

tools to related their dynamic properties to damage; iii) tools to simulate numerically their 

response. The background related to each component is discussed in the following sections. 
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Figure 1. 1: RC-infilled structures damaged by the 2015 Nepal earthquake [12] 

1.3 EXPERIMENTAL STUDIES 

Infilled RC frames have been the subject ofnumerous studies aimed at understanding their 

behavior by conducting quasi-static tests. A number of experimental studies focused on the 

performance of single-story single-/multiple-bay RC frames infilled with masonry and/or concrete 

brick units under monotonic and cyclic in-plane loads [ 1-5]. Although these studies provide insight 

into the behavior of the frames under the cyclic loads at the element level, they do not intend to 

provide any information on the global response of RC frame structures. 

A number of laboratory studies have been conducted on small scale or partial infilled RC 

frame structures. Stavridis et al. [6] tested a three-story two-bay RC frame infilled with masonry 

brick units on a shake table. The tests included a series of ground motions with increasing 

intensities. Pujol and Fick [7] investigated the behavior ofa three-story, two-bay RC frame infilled 
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with brick masonry units under cyclic loading imposed by hydraulic actuators. Similar studies 

were conducted by other researchers at a sub-system level [ 4, 6-1 O]. However, the specimens 

considered in these studies did not include the size and complexities of actual structures. For 

instance, they are typically limited in terms of the number of stories, floor-plan dimensions, 

distribution ofstiffness, and mass along the height, while the torsional response ofactual structures 

is not represented. Dynamic tests of actual and full-scale structures are infrequent due to the 

practical limitations and risks involved with such tests. Therefore, information on the system-level 

dynamic response of infilled RC structures under high-excitation amplitudes is still lacking. 

CONDITION ASSESSMENT METHODS 
1.4 

Data-driven vibration-based diagnostics methods are implemented in a number of studies 

to assess the condition of civil structures [13-15]. Such studies can be classified into two groups 

based on the source of the excitation, namely ambient vibrations, and controlled forced vibrations. 

The excitation can be caused by wind, nearby vehicular or pedestrian traffic [ 16-23] for the former 

group, or by controlled excitations induced by an impact hammer, a portable shaker, a shake table, 

or a truck [24-28] for the latter one. In terms of the test-structures, the ambient vibration studies 

include actual buildings and bridges as well as large-scale laboratory specimens while the majority 

of the forced-vibration studies mainly include laboratory specimens. 

In the case of ambient-vibration excitations, the dynamic properties of the monitored 

structures can be estimated using output-only Operational Modal Analysis (OMA) methods. In 

such methods, the input excitation is assumed to be broadband white noise in the frequency range 

of interest and therefore, the analysis is focused on the output accelerations measured from the 

structure under its operating condition [16-23]. Output-only methods are common, as no external 
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excitation is required and the collection of data is usually feasible while the structure is in service. 

However, these methods are not as reliable when applied to rigid structures whose acceleration 

response is similar to the input white noise with little to no amplification and therefore the response 

has a low signal-to-noise ratio [25]. On the other hand, the input is known for the forced-vibration 

excitations and input-output methods such as frequency response functions (FRFs) can be used to 

estimate the dynamic properties of a structure. In these cases, however, the excitation amplitude is 

limited such that the induced damage, if any, is local and minor since damaging the in-service 

structures is typically not permitted. Moreover, studies on actual structures damaged due to 

earthquakes or other external sources are rather limited. Such studies can provide insight into the 

evolution of structural dynamic properties as a function of excitation characteristics and the 

condition of the structure. The change of the dynamic properties as a result of structural changes 

has been considered in the few studies that investigate the effect of retrofit schemes [29, 30]. In 

the case of new construction, the effect of the addition of elements (e.g. , infills) during the 

construction of new structures has also been studied [31]. As a result, the application of vibration

based system identification (SID) methods on actual buildings subjected to multiple levels of 

excitation and damage is still lacking. Such studies can also provide the necessary data for the 

development and validation of numerical models of actual buildings for response prediction and 

model updating studies aimed at damage identification. 

1.5 NUMERICAL STUDIES 

Developing computational methodologies to simulate the behavior of infilled RC structures 

is a challenging task due to complexities related to the behavior of this type of structure. One of 

the major challenges is simulating the interaction between the infills and the bounding frame 
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during an earthquake. This interaction is crucial as it defines the dynamic behavior of the infilled 

RC frame structure as well as its failure mechanism. The available tools for modeling such 

structures can be classified as micro- and macro-models. 

The micro-modeling of infilled RC buildings involves detailed finite element models of 

frame and infill members. Many methodologies have been proposed to model such structures. One 

of the most comprehensive approaches is proposed by Stavridis and Shing [32] who developed a 

non-linear modeling scheme which combines the smeared-crack and discrete-crack approaches to 

simulate the shear behavior of the RC elements and the mixed-mode fracture of masonry infills. 

This methodology, combined with a systematic calibration process, can predict different failure 

modes of infilled frames including shear or flexural failure of the RC frames, as well as crushing 

of masonry units and mortar joint sliding/opening. A number of other studies on micro modeling 

of infilled RC frames were conducted by other researchers [33-35]. Although these methodologies 

provide the most accurate and powerful tool for the nonlinear modeling of infilled RC structures, 

they are costly in terms of model development and computational time, especially for multi-story 

multi-bay structures. Also, some of these methodologies were only applied to simulate monotonic 

loading scenarios which makes it challenging to adjust them for dynamic time-series analyses. 

The macro-modeling methodologies on the other hand, simplify the modeling process so 

that the model can capture the basic response of the structure, usually without providing details on 

the failure mechanisms of members. In the case of infilled RC structures, the nonlinear macro

modeling can be divided into two main tasks, namely modeling the behavior of the RC frame and 

of the masonry infills. The modeling ofRC frame elements is extensively investigated in terms of 

the flexural behavior, and there are well-established methods available to model them. Moreover, 

commercial and open-source software resources have already implemented such models. 
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However, the macro-models of the infills are more complicated, mainly due to the uncertainties 

related to the interaction between the infills and RC frames. Replacing the infill members with 

strut elements which can represent the behavior of infills in the elastic range has been the most 

common infill modeling solution. A number of studies have successfully implemented these strut 

models to predict the behavior of RC infilled frames [37, 38]. However, the models are usually 

calibrated based on case-specific test data. Also, these methods cannot predict the failure 

mechanism ofthe infilled frame. Therefore, the applicability ofsuch models is limited to structures 

similar to those used for model calibration. 

On the other hand, limit-state methods can be used to predict the failure mechanism [39]. 

However, such methods can only provide the capacity of the structure based on predefined failure 

mechanisms and they cannot be used in the dynamic analysis of structures. An exception is an 

enhanced limit-state study conducted by Martin and Stavridis [ 40-42] which aimed at classifying 

the failure mechanism of the infilled RC frames based on the frame and infill properties. The 

results of the study provided force-deformation backbone curves for each group of the infilled 

frames. However, the cyclic behavior of the infilled frames cannot be predicted using this method. 

Bose and Stavridis [43] addressed that issue by implementing the above-mentioned envelope 

curves into a strut model which accounts for strength degradation due to the cyclic behavior. 

However, the hysteretic model used for struts, which was originally proposed to simulate the cyclic 

behavior of concrete materials, cannot be adequately calibrated to simulate the strength and 

stiffness characteristics of infills. 
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1.6 
DISSERTATION OUTLINE 

This dissertation includes experimental and numerical studies aimed at addressing the 

challenges mentioned in this chapter. A brief summary of the dissertation chapters is presented in 

this section: 

Chapter 2 describes the dynamically-tested ten-story concrete building in Utica, NY. The 

structure had deteriorated due to the severe winters in that area and was demolished after the tests 

to allow the construction of a highway bridge. Additional damage was introduced to the structure 

by removing six infill panels along its perimeter. The test structure was extensively instrumented 

using an array of 60 accelerometers. Harmonic excitations were introduced to the structure using 

an eccentric mass shaker. The free-vibration response of the structure was also recorded from 

impulse excitations induced by a jack hammer used for infill demolition. 

Chapter 3 presents the results of the experimental study on the ten-story building. The 

dynamic response of the structure under forced-vibration excitations at different damage states is 

investigated. The modal properties of the building are estimated using time-domain and frequency

domain methods. The sensitivity of the time-domain system identification methods to the choice 

of reference channels is also investigated. Moreover, the evolution of the dynamic properties as a 

result of the introduced damage is studied. Finally, the effect of the amplitude and direction of the 

excitation on the identified frequencies and mode shapes of the structure is discussed. 

Chapter 4 discusses the numerical modeling of the ten-story building. The challenges faced 

while developing a model for an actual structure, including the influence of various non-structural 

elements, are discussed. The numerically-predicted modal properties are compared with their 

experimentally-estimated counterparts to assess the performance of the model in predicting such 
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properties. The validated model is then used to assess the influence ofstructural and non-structural 

elements on the dynamic properties of the model, as well as to address some of the implications in 

building codes related to earthquake-load estimation. 

Chapter 5 describes a dynamically tested two-story infilled RC frame test structure located 

in El Centro, California. The structure had been damaged due to major earthquakes in the region. 

Additional damage was introduced to the structure by removing infills during the tests . Harmonic 

excitations were introduced to the structure using an eccentric mass shaker. The structure was 

extensively instrumented using an array of accelerometers, L VDTs, and string pots. Lidar 

measurements were also obtained to provide the geometry of the test structure, as well as its 

deformations before and after the tests 

Chapter 6 presents the results of the dynamic tests on the two-story building. The test 

structure exhibited significant nonlinear behavior under the shaker excitations. The nonlinearity is 

demonstrated through changes in the modal frequencies, and the operational shapes of the 

structure. The effect of the excitation amplitude and direction, infill removal, shaker-induced 

damage, and the initial conditions of the motion on the modal properties of the structure is studied. 

Finally, the role of irregularities in the plan and along the height of the building in the development 

of severe damage during the 2010 Baja California earthquake is discussed. 

Chapter 7 describes a material law proposed to simulate the in-plane cyclic behavior of 

masonry infilled RC frames . The behavior of experimentally tested single-story single-bay infilled 

RC frames is studied and a mathematical relationship between the stiffness degradation and the 

deformation history of the specimens is obtained. A material law is then proposed to represent this 
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behavior. The material law is implemented in OpenSees and used to model tested infilled RC 

frames to assess its performance in predicting the nonlinear cyclic behavior of such frames. 

Chapter 8 presents the linear and nonlinear models of the two-story test structure. A 

calibration strategy for the stiffness of damaged infills is proposed for the linear model. The non

linear model of the structure adopts the proposed material law described in Chapter 7 for infills. 

The model is subjected to the ground motion experienced by the test structure during the 2010 

Baja California earthquake, and the dynamic properties of the model are compared to those 

obtained from the experiments at different damage states. The model is also subjected to the 

forced-vibration excitations introduced to the test structure and the model-predicted and 

experimentally obtained responses are compared to assess the capabilities of the model. 

Chapter 9 summarizes the research and discusses the conclusions drawn from this study. 

Recommendations for future studies are also presented. 

Appendix A includes the drawings of the ten-story building described in Chapter 2. 

Appendix B includes the instrumentation plan of the ten-story building described in 

Chapter 2. 

Appendix C includes the drawings of the two-story test-structure described in Chapter 5. 

Appendix D includes the instrumentation plan of the two-story building described in 

Chapter 5. 

Appendix E includes the drift-ratio values applied to the models of the 16 infilled RC frame 

specimens used for the validation of the material law. 



Appendix F presents the calibration result of strut elements used to model infills in the 

nonlinear model of the two-story building as described in Chapter 8. 

A list of references is also presented following the appendices. 
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CHAPTER2 

DYNAMIC TESTS OF A TEN-STORY RC STRUCTURE: 

DESCRIPTION OF THE STRUCTURE AND INSTRUMENTATION 

PLAN 

2.1 INTRODUCTION 

This chapter describes the geometry, material properties, instrumentation, and testing 

protocol of a ten-story RC building in upstate New York. The structure, built in the 1920s, was 

deteriorated due to the severe winter weather. An eccentric-mass shaker was installed on the 

second-story slab to produce harmonic excitations. The test structure was extensively instrumented 

with an array of 60 accelerometers . Six concrete infill panels along the west and north side of the 

building were removed in three stages to introduce additional damage states during the tests . A 

total of 87 forced-vibration excitations were performed and 52 hours of ambient vibrations were 

recorded during the testing period. Moreover, free-vibration responses of the structure due to the 

impulses imposed by a jack hammer were recorded. 
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2.2 TEST STRUCTURE 

The structure, shown in Figure 2.1 , was a IO-story, RC building with a slab-column 

structural system and RC infill walls in the exterior bays. It was constructed in 1914 in Utica, NY 

and was used as a warehouse before it was slated to be demolished to allow the construction of a 

highway bridge. In plan, the building was 80 ft. by 160 ft. (24.4 m by 48.8 m) and had a story 

height of 102 in. (259 cm). The plan of a typical story can be seen in Figure 2.2. As shown in the 

figure, the structure had eight bays in the N-S direction and four bays in the E-W direction. Prior 

to the tests, all non-structural elements were removed from the building and only the RC slabs, 

columns, and perimeter walls were left in place. Moreover, as shown in Figure 2.3 , in the first, 

second, and fifth stories, the RC infills in the north, west, and south sides were removed prior to 

the tests to weaken the structure and facilitate the demolition. The east walls were not removed but 

they were weakened at the base of the first story so that a hinge could form and the entire building 

would collapse toward the west to prevent damage of an old highway bridge that was only 79 in. 

(2 m) away from the building at its south-east (SE) comer. 

The concrete columns in the building were circular in the interior, and rectangular along 

the perimeter, except for the comer columns, which had L-shaped sections. All columns had 

capitals and the 9-in. (23-cm) thick slabs had 4-in. (10-cm) thick drop panels of 80 by 80 in. (2.3 

by 2.3 m) at the column locations, as shown in Figure 2.4, presumably to prevent punching shear 

failure. The slabs were also connected with flights of straight RC stairs at the two comers on the 

west side of the building as illustrated in Figure 2.2. The RC infill walls in the perimeter bays had 

a thickness of 8 in. (20.3 cm). Some of these walls initially had window openings. The majority of 
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these openings were infilled, at an unknown time, with concrete masonry units as shown in Figure 

2.4, while in some of the walls on the north side of the building, portions of the windows were 

filled with clay masonry units. The dimensions and reinforcing details of all RC members are 

summarized in Tables 2.1 and 2.2. The reported reinforcing details were determined through 

inspection of deteriorated RC members as detailed drawings were not available. Reinforcement 

detailing and exact geometry of the column capitals were not available and could not be obtained 

during the tests . 

(a) prior to demolition preparations (b) prior to the testing period 
(Google Maps [44]) 

Figure 2.1: Building view from the west side 
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Figure 2.2: Typical plan view of the structure (3 rd floor) 
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Figure 2.3 : Plan view of the stories subjected to wall removal prior to the tests 
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Table 2.1: Design details of the circular and rectangular columns 

Circular columns Typical rectangular columns 

Longitudinal bars Longitudinal bars Shear 
>-, D • t Cross- Shear Reinforcement Cross- Reinforcement .... Cross section 
0 1ame er Am . 1 D" @ount sect10na 1ameter space Amount sectional Diameter@ 
~ 

area1 area1 s2ace 
2 cm (in.) 

cm cm (in) # cm (in.) @ cm (in.) cm (in.) x cm (in.) # cm2 (in.2) @(in2
) 

cm in. 
1.0 (318) 

6.5 
1-2 71.1 (28) 14 1.3 (0.5) @ 6.4 (2.5) 121_9 (48) X 50.8 (20) 8 6.5 (1.0) @

(1.0) 
19.1(7.5) 

3-4 68.6 (27) 
121_9 (48) X 45.7 (18) 

5 58.4 (23) 
6 55 .9 (22) NIA NIA NIA NIA 
7 50.8 (20) 

121_9 (48) X 36.8 (14.5) 
8 45 .7 (18) 

9-10 40.6 (16) 
1: The cross-sectional areas provided belong to square-shaped bars shown in Figure 2.5. 

Table 2.2: Design details of the L-shaped columns, slabs, and RC infill walls 

L-shaped columns at 
All comers except SW 

C 

SW comer 
d Typical slab Typical wall 

>-,.... 
2 
C/) 

b~ ' ,d_} 
e 

reinforcement reinforcement 
Diameter@ space Diameter@ space 

a b C a b C d e f 

cm 
(in.) 

cm 
(in.) 

cm 
(in.) 

cm 
(in.) 

cm 
(in.) 

cm 
(in.) 

cm 
(in.) 

cm 
(in.) 

cm 
(in.) 

cm (in. ) 
@ 

cm (in.) 

cm (in. ) 
@ 

cm (in.) 

1-2 
94.0 
(37) 

40.6 
(16) 

134.6 
(53) 

83 .8 
(33) 

91.4 
(36) 

40.6 
(16) 

50.8 
(20) 

134.6 
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(a) one-sided Capital (b) capital and drop panel of an ( c) blocked windows in an exterior 
of an exterior column interior column RC wall 

Figure 2.4: Vertical load-carrying elements 

Inside the building, only the brick-infill walls along the centerline of the non-weakened 

stories were left in place, as shown in Figure 2.2. Moreover, a five-story clay masonry structure 

was attached to the south side of the building. This extension to the main building was used to 

house an elevator shaft and service rooms when the building was in operation. Detailed drawings 

of the building can be found in APPENDIX A. 

2.3 MATERIALS PROPERTIES 

Constructed over 100 years ago , the structure was built with materials with different 

properties compared to those of the currently-used construction materials. The most significant 

difference involved the column longitudinal reinforcing bars which had square cross sections and 

deformations along their axis as shown in Figure 2.5. This type of reinforcing bar is called 

Havemeyer, named after its inventor. Samples of the longitudinal and spiral reinforcement were 

extracted from the RC members and tested in the Structural Engineering and Earthquake 

Simulation Laboratory (SEESL) at the University at Buffalo. As shown in 
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Table 2.3 , the bars had a similar modulus of elasticity as currently-used bars, but lower 

yield strength. The longitudinal bars yielded at 35 ksi (240 MPa) and the spiral reinforcement 

yielded at 51.6 ksi (356 MPa). 

Concrete cores were also extracted from the columns, slabs, and walls of the 3rd and 4th 

stories. Compression and split cylinder tests were conducted to obtain the elastic modulus as well 

as the compressive and tensile strengths. Masonry prisms extracted from the clay masonry walls 

were also tested in compression. The test results, summarized in Table 2.4, indicate that the 

concrete strength in the columns and walls was within the range specified for modem construction, 

while the modulus of elasticity and compressive strength of the concrete in the slabs were 

significantly lower. 

!c_»~f/"' 

' /0 
!Z 

18 . 

!4 

Section 5-5 
II 

/0
J4 14

12 /0 

(a) bar geometry [45] (b) Image of a bar extracted from the building 

Figure 2.5: Havemeyer steel bars used as longitudinal reinforcement in the columns [ 45] 
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Table 2.3 : Mechanical properties of steel reinforcement 

Cross- Cross- Modulus of Yield Ultimate Strain Strain 
Use sectional sectional area elasticity stress strength at yield at failure 

shape 
cm2 (in2

) GPa (ksi) 
MPa 
(ksi) 

MPa (ksi) 

Longitudinal bars Square 7.39 (1.05) 197 (28543) 241 (35) 434 (63) 0.0012 0.3211 
Spiral 

reinforcement 
Circular 1.16 (0.18) 216(31300) 

356 
(51.6) 

667 (96.4) 0.0019 0.1070 

Table 2.4: Mechanical properties of concrete cylinders and masonry prisms 

Structural Core Modulus of Compressive Tensile Strain at 
Element diameter elasticity strength strength peak 

cm {inl GPa {ksQ MPa (EsQ MPa~sQ 
Columns 15.2 (6) 23 (3 ,326) 44 (6,364) 3.25 (472) 0.0027 

Walls 10.2(4) 22 (3 ,199) 28 (4,081) NIA 0.0017 
Slabs 15.2 {62 16 {2,3532 34 {4,8812 3.52 {5112 0.0031 

Masonry Walls NIA 5 (747) 20 (2 ,898) NIA 0.0047 

2.4 DAMAGE STATES 

Six exterior RC walls in the second and third stories were demolished during the tests to 

simulate damage. Although these walls were not designed to carry loads, they participated in the 

lateral load-resisting system due to their connection to the encasing frames. Their removal affected 

the dynamic properties of the building, providing a unique opportunity to assess the ability of the 

vibration-based system identification and modeling tools to capture the change of the dynamic 

properties. 

The walls shown in Figure 2.6 were selected to be demolished from the possible choices 

of walls which were limited due to constraints in access, equipment, and time imposed by the 

building demolition process. The wall removal sequence was selected so that the walls with the 

smallest effect on the lateral system were removed first based on pre-test numerical analyses. The 
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six walls were removed two at a time, in three stages, introducing four damage states. The 

condition of the structure before the experiments is identified as damage state, DS0. The second 

damage state, DS 1, resulted from the removal of two walls in the western side of the third story. 

The third state of damage, DS2, resulted from the removal of two walls in the northern exterior 

frame on the third story. The fourth, and final, damage state, DS3 , resulted from the demolition of 

walls in the NW comer of the second story. 

2.5 INSTRUMENTATION 

The floor accelerations along the vertical and the two horizontal directions were recorded 

using 24 uniaxial and 12 triaxial force-balance accelerometers (Kinemetrics Episensor ES-U and 

ES-T respectively) installed near the NW and SE comers on all stories except for the roof, due to 

the safety-related restricted access. This configuration, shown in Figures 2.6 and 2. 7 allows for the 

monitoring of the translational and torsional motion of the structure. The data logger used in this 

study could record accelerations between 0.1 mg and 2 g at a sampling rate of 200 Hz. All 

accelerometers were synchronized by GPS time modules with <1 ms accuracy [ 46]. The exact 

location of the accelerometers in each story is provided in the drawings presented in APPENDIX 

B. 
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NE Comer SW Corner 

DSI 

•os2 
-DSJ 

(b) initial wall layout and damage states (a) wall removal using a jack 
hammer installed on an excavator 

Figure 2.6: Wall-removal sequence and process 

Pairs of temperature sensors were installed in the second and third stories of the structure 

to measure the temperature, as temperature changes can alter the material properties and 

consequently the dynamic properties of a structure [ 4 7]. On both floors, a hole was drilled on an 

interior column and one sensor was placed inside the hole while another sensor was attached to 

the surface of the same column. The average air temperature during the testing period was -9°C 

(16°F) as the temperature fluctuated between -19°C (-2°F) to -3°C (27°F) as shown in Figure 2.8. 

The same average temperature was recorded inside the columns; however, the range of fluctuation 

was significantly smaller, between -12°C (10°F) and -7°C (20°F). Also, the fluctuations were 

larger in the second story in which the exterior walls were removed. 
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Figure 2.7: Plan view of the second floor showing the shaker position in that story and 

the typical acceleration locations on each floor slab 
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* Refer to Figure 2.2 for the location of the columns. 

Figure 2.8: Temperature change during the test 

2.6 SHAKER SPECIFICATIONS 

A series of dynamic tests were performed using a mobile shaker owned and operated by 

UCLA. As shown in Figure 2.9, the shaker consisted of two circular shafts inside which, sets of 

masses could rotate with the same frequency but with an adjustable phase angle. The masses and 

the eccentricity could be varied to alter the magnitude and the direction of the generated harmonic 

inertia force . The magnitude of the force can be estimated using Equation 2.1. 
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e Equation 2 .1
F = 2MR(2rrf) 

2 
x l00 

where f is the frequency of the shaker, MR is the product of the rotating mass and the maximum 

possible distance between the center of rotation and the centroid of the masses inside each shaft, 

i.e. , the eccentricity of the masses, and e quantifies the level ofeccentricity ofa mass configuration 

expressed in percentage. Two mass configurations were used in the tests, with MR equal to 5.63 

kg-m (1.27 lb-in) and 26.44 kg-m (5.96 lb-in), respectively. For the maximum operating frequency 

of 10 Hz, achieved with the small masses and 100% eccentricity, the amplitude of the force was 

44. 5 kN (10 kips), which was the capacity of the shaker in all cases [ 46]. The shaker was bolted to 

the second-floor slab in a location eccentric along the Y axis (see Figure 2.7). 

(a) view to the circular shafts of the shaker (b) shaker installed on the second floor of the 
test structure 

Figure 2.9: Eccentric-mass shaker used for forced-vibration testing 

2.7 TESTING SCHEDULE AND PROTOCOL 

The instrumentation of the building began on February 5, 2014. It was followed by shaker 

tests and demolition of the infills between February 6 and February 13 , 2014. The testing schedule 

is summarized in Table 2.5. 
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Table 2.5 : Project schedule 

Task Date 
First site visit and preliminary investigation Jan 20, 2014 

Building surveying Jan 26, 2014 
Instrumentation Feb 5-Feb 6, 2014 

Shake tests Feb 6 -Feb 13, 2014 
Wall demolition Feb 12 -Feb 13, 2014 

Instrumentation removal Feb 13 -Feb 14, 2014 

A total of 87 forced-vibration tests were performed as summarized in Table 2.6. The 

harmonic excitations induced by the shaker were sine sweeps, sine steps, and sine dwells around 

the identified natural frequencies. The sine sweeps had a duration of 60 or 180 seconds and were 

conducted first in the range of 0-10 Hz to approximately estimate the natural frequencies within 

this frequency range. Sine steps and sine duels were then conducted with narrower forcing 

frequency ranges compared to those of the sine sweep excitations, as summarized in Table 2.6. 

These were conducted to obtain the steady-state response of the structure at frequencies identified 

during the sine-sweep excitations as the resonant frequencies. The patterns of the shaker frequency 

with respect to time for the three types of excitation are presented in Figure 2.10. 

These harmonic forces were applied in the X direction (south-north), Y direction (east

west), and at 45 degrees between the X and Y directions. During the testing period, the data 

acquisition system continuously recorded for 56 hours. Hence, the ambient vibrations of the 

building between the forced vibrations were also recorded. 
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Table 2.6 : Test summary 
<l) i= 4-, 

<l) bl)=0.. 0 0 
>--. bJ)(l.) 

·- <l) o;l ..... 'lt: 2 csl ·s.2'2
f-, 1'jo.. Excitation Frequency Range in Hz(# oftests)[eccentricity %] 

- ff) ~~~--s~ o;l (l.)..... 
ff) ·n?;' o;l ff) .......... O o .... s 

f-, u ::l'-'
<l) 0~ 
f-, µ.:i Q f-, ~"Cl 

DS0 13 43 0.0-6.0 (6) [60] 0.0-10 (7) [100]1 
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•

4.5 (1) [60] 2 

4.5 (1) [60] 2 

4.6 (2) 
[60] 2 

7.22 (2) [20] 

7.5 (1) 
[100] 2 

DS3 6 15 2.22 (2) [60] 2 3.02 (2) [60] 2 4.52 (2) [60] 2 

..... i== 0 
<l) ·-

:E t'1 s :e 
<I'.'. > 

NIA 

DS0 
DSl 
DS2 
DS3 

42 
20 
8 
10 

1752 
873 
201 
251 

Not Applicable 

i= DS0 1 12 
<l)~ 

.... 

0 
·-~ 
1:: 
> 

Jack DSl 
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26 
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1: Tests with 100% eccentricity were performed using the small weights, and those with 60% and 20% eccentricity 
were performed using the large weights. 
2: The stated frequency for the sine dwell tests represents the target shaker frequency which could be altered by tenths 
of Hz during the excitation to capture the resonant frequencies of the structure. 

Time Time Time 

(a) sine sweep (b) sine step ( c) sine dwell 

Figure 2.10 : Shaker-frequency scheme for different types of excitations 

25 



2.8 CONCLUSIONS 

This chapter discusses the instrumentation, material testing, and testing protocol of the ten

story warehouse in Utica, NY. Differences between the materials used for the construction of the 

building and those currently used for construction are observed. For instance, square-shaped bars 

were used for the longitudinal reinforcement of columns with a lower yielding stress compared to 

that of currently-used bars. Lower strength and modulus of elasticity, compared to the modem 

construction, in the concrete used for slabs is also observed. The test results obtained from the 

dynamic forced-vibration tests, as well as the ambient- and free-vibration recordings are discussed 

in Chapter 3, while a numerical model of the structure is presented in Chapter 4. 
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CHAPTER3 

DYNAMIC TESTS OF A TEN-STORY RC STRUCTURE: 

TEST RESULTS 

INTRODUCTION 
3.1 

This chapter presents the results obtained from the dynamic tests of the ten-story building 

described in Chapter 2. The response of the structure under forced-vibrations is studied to 

understand the system-level dynamic behavior of the test structure. Moreover, time- and 

frequency-domain vibration-based methods are employed to estimate the dynamic properties of 

the structure and investigate the Influence of the excitation characteristics and evolving damage 

on the variation of modal properties. In addition, the sensitivity of the time-domain system 

identification methods to the choice of reference channels is assessed in a parametric study. 

Finally, the effect of the amplitude and direction of the excitation on the resonant frequencies and 

deformed shapes of the structure is discussed. 
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3.2 DYNAMIC RESPONSE 

As discussed in Chapter 2, the response ofthe structure to three types ofexcitations, namely 

the ambient-, forced- , and free-vibration was recorded. Figure 3.1 presents the acceleration 

response recorded at the SW comer of the 10th floor under those types of excitation. The free

vibration response, developed following the jack hammer impulses, exhibited the highest response 

amplitude followed by the forced-vibration responses. In the following sections, the response of 

the structure to each type of input excitation is further discussed. 
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0
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u 
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01-----------~-----1 
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0 
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,l. ,, I 

' 
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Ir 
IL 
\fl 
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-0.01 -0.01 ~-~--~-~ -0.01 

0 50 100 150 0 50 100 150 0 50 100 150 
Time (s) Time (s) Time (s) 

(a) ambient vibration (b) forced vibration ( sine (c) wall demolition in 2nd 
sweep) story 

Figure 3 .1: Example of the time-series responses for different excitation types recorded at the 
tenth-floor slab 

3.2.1 AMBIENT-VIBRATION RESPONSE 

Figure 3.2 presents a sample of the ambient-vibration response recorded at the south-west 

comer of the second and tenth floor. The response amplitudes along the horizontal directions are 

close to each other. This is expected considering the assumption that the ambient vibration is a 

white noise excitation without a certain direction. The overall response amplitudes obtained from 

the tenth-floor slab however, are larger than those recorded at the second-floor slab. This response 

amplification is further discussed in this chapter. 
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(b) recordings along the Y direction 

Figure 3.2 : Response of the structure under ambient excitations recorded at the south-west 
comer 

3.2.2 FORCED-VIBRATION RESPONSE 

The acceleration response of the structure subjected to sine-sweep excitations along the X 

(north-south) and Y (east-west) directions at DSO is plotted in Figures 3.3 and 3.4, respectively. 

During the forced vibrations, the shaker swept the frequencies from O Hz to 10 Hz and then back 

to O Hz, so that the resonant frequencies of the structure can be estimated. As shown in Figure 3.3 , 

the structure resonates at several forcing frequencies. Also, the acceleration response recorded at 

the tenth floor is amplified compared to its counterpart recorded at the second floor, the level at 

which the shaker is located. Similar observations can be made from Figure 3.4. The forced 
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vibrations were repeated in each direction to obtain an accurate estimate of the resonant 

frequencies of the structure. 
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(b) recordings along the Y direction 

Figure 3.3: Response of the structure under a sine-sweep excitation from 0 Hz to 10 Hz to 0 Hz 
along the X direction at DSO plotted at the second and tenth floors 

Figure 3.5 presents the response of the structure to forced vibrations targeting a resonant 

frequency of the structure, estimated from the sine sweep to be around 2.2 Hz based on the sine

sweep tests . The excitation, which is a sine-step forced vibration between 2.0 Hz and 2.5 Hz with 

steps of0.05 Hz in the Y (east-west) direction, resulted in a resonance mainly in the Y direction at 
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both NE and SW comers of the structure. Figure 3.6 illustrates the resonance during the same test 

recorded along the Y direction at an excitation frequency of2.2 Hz. The responses measured from 

both comers of the tenth floor are in phase and have approximately the same amplitude indicating 

that the structure exhibited translational motion during the forced vibration at this frequency. 
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Figure 3.4: Response of the structure under a sine-sweep excitation from O Hz to 10 Hz to O Hz 
along the Y direction at DSO 
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Figure 3.5: Response of the structure under a sine-step excitation between 2.0Hz to 2.5Hz along 
the Y direction at DS0 

Figure 3.7 shows a portion of the response of the structure under a sine-step excitation 

between 3.0 Hz and 3.5 Hz with steps of0.05 Hz in the X (north-south) direction at DS0. Although 

the amplification due to resonance is observed in both horizontal directions at the frequency of 3.3 

Hz, it is more pronounced in the Y direction. Figure 3.8b which presents the response during the 

same test shows that the acceleration time series recorded at two comers of the 10th floor are out 

ofphase. This indicates a torsional movement occurred at that resonant frequency. Switching from 

a translational behavior to a torsional one, solely due to the excitation frequency change, 

demonstrates the dependence of the building dynamic response to this excitation characteristic. 

The behavior of the structure at different resonant frequencies is discussed in more details in the 

following sections. 
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Figure 3.6: Comparison of the response of the structure at two comers under a sine-step 
excitation between 2.0Hz to 2.5Hz along the Y direction at DSO 
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Figure 3.7: Response of the structure under a sine-step excitation between 3.2Hz to 3.5Hz along 
the X direction at DSO plotted at the second and tenth floors 
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Figure 3.8: Comparison of the response of the structure at two comers under a sine-step 
excitation between 3.2 Hz to 3.5Hz along the Y direction at DSO 

3.2.3 FREE-VIBRATION RESPONSE 

The free vibrations following each jack hammer hit during the demolition of the exterior 

RC walls were extracted from the recordings. They include, on average, nine seconds of 

acceleration response between the impulse and the motion dissipation. Since these excitations were 

induced during the wall demolition, only the free vibrations at the beginning and end of each wall 

demolition stage are considered. At the beginning of each wall demolition phase, these vibrations 

are attributed to the damage state prior to the removal stage, while the impacts at the end of the 

demolition phase are attributed to the following damage state. Figure 3.9 shows an example of a 

free-vibration acceleration response. A total of 58 sets of free-vibration data are obtained from the 

recordings during the infill demolition, as summarized in Table 3.1. 
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Figure 3.9: Example of a free-vibration response recorded at the 10th floor 

Table 3.1 : Summary of the free-vibration responses obtained during the demolition process 

Damage Number of Impulse Avg. acceleration RMS Max acceleration 
state data sets direction at 10th floor {l!Sl RMS at 10th floor {l!Sl 
DSO 12 y 196 265 
DSl 10 y 328 526 
DS2 17 X 186 523 
DS3 19 X 556 1043 

3.3 SYSTEM IDENTIFICATION 

3.3.1 METHODS EMPLOYED 

The modal properties of the test structure are estimated at each damage state using the 

ambient-vibration, forced-vibration, and free-vibration data. The acceleration records are first 

detrended and filtered in the frequency range of interest (0.2 - 20 Hz) using a finite impulse 

response filter of order 8192. In the case of ambient vibration recordings, the modal parameters 

are estimated using the Natural Excitation Technique combined with the Eigensystem Realization 

Algorithm (NExT-ERA) [48, 49] and the transfer functions between the input and output signals 
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(peak-picking) [50]. The Eigensystem Realization Algorithm (ERA) [51] and transfer function 

methods are also utilized to estimate the dynamic properties of the structure using the free

vibration and forced-vibration test data respectively. The frequency-domain transfer function 

method is well known among civil engineers. The time-domain methods on the other hand, are 

less common, and therefore, a brief introduction to the ERA and NExT-ERA methods is provided 

in the following section. 

Introduction to ERA and NExT-ERA 

The Eigen Realization Algorithm (ERA) is a time-domain, output-only parametric method 

that estimates the modal parameters of a linear dynamic system by developing a discrete-time 

mathematical representation of the system in a state space [ 51] : 

Equation 3 .1x(k + 1) = A x(k) + B u(k) 

y(k) = C x(k) + D u(k) 

where x E IR{n and u E IR{n are the state vector and input (load) vector of order n, 

respectively; y E IR{m is the output (measured accelerations in this study) vector of size m 

presenting the response of the system at the time k at m degrees of freedom (total number of 

accelerometers in this study); A E IR{n x n is the state matrix; B E IR{nx l is the input matrix; 

C E IR{mxn is the output matrix; and D E IR{mx 1 is the direct transmission matrix. 

It can be proven that the impulse response ( or free vibration) of a system can be expressed 

according to Equation 3.2. 
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y(O) = CA 0 x(O) y(l) = CA 1 x(O) 
Equation 3 .2 

It can also be shown that matrices A and C can be estimated by measuring the vibration 

response, y and forming a Hankel [52] matrix of the form: 

y(k) y(k + 1) y(k + l - 1) 
y(k + 1) y(k + 2) y(k + l) 

H1(k -1) = Equation 3.3 
y(k + l - 2) y(k + l - 1) y(k + 2l - 3) 

ly(k + l - 1) y(k + l) y(k + 2l - 2)J(mx l) x l 

where l represents the length of the measured response which also defines the size of the Hankel 

matrix. A single value decomposition is then performed on the Hankel matrix to obtain then largest 

singular values ( corresponding to the order of the mathematical system) as shown in the following 

equation: 

Equation 3.4 

where where U E IR{(mx l) x (mx l) is an unitary matrix, l: E IR{(mx l) x l is a diagonal matrix, 

1V E IR1x is an unitary matrix, and p represents the p smallest singular values corresponding to 

the noise or other uncertainties in the system. The State and Output matrices are then calculated 

through mathematical manipulations as : 

A= 1:-1/ ZurH (l)V l:-1/ 2 n n l n n 
Equation 3.4 

in which E~ = Um O] and Im is an m X m unit matrix. 
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Once these two matrices are estimated, the modal properties of the mathematical system can be 

obtained as: 

W · = lln(Azi-1) I 
/it Equation 3.5 

fi = - cos(tan-1( ln(Azi-1))) i=l ,2, . . .. , n/2 

where Ai denotes the jth eigenvalue of matrix A and !it is the sampling time. The mode shapes 

are estimated as: 

i=l ,2, . . .. , n/2 Equation 3.6 

where Vec1 denotes the jth eigenvector of matrix A. 

The Natural Excitation Technique (NExT) [53]combined with ERA or NExT-ERA is a 

generalization to the ERA method which allows the use of ambient-vibration measurements 

instead of the free-vibration measurements. The main principle behind NExT is that the cross

correlation between two ambient-vibration measurements of a vibrating system has the same 

analytical form as the free vibration response of the same system. The cross-correlation between 

the given reference channel (s), and all of the other output measurements can be estimated and the 

results can be treated as free-vibration responses. Hence, the ERA method can be applied to the 

manipulated signals to find the vibration properties of the system. This method is based on the 

assumption that the input excitation is a broadband white-noise signal. Although this is typically 

not the case for ambient loads, the method provides accurate results even when this assumption is 

slightly violated. 
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3.3.2 IDENTIFICATION PROCESS 

Continuous ambient-vibration acceleration recordings of 12 to 15-minutes long are down 

sampled from 200Hz to 50Hz to reduce the computational demand. It should be noted that the 

down-sampling process does not reduce the identification accuracy since the frequency range of 

interest is less than 10 Hz for the test structure. Therefore, the sampling rate of the down-sampled 

data is 2.5 times higher than the maximum expected Nyquist frequency (20 Hz) of the structure. 

The time-domain identification process starts with the conversion of the ambient-vibration 

response into the impulse response of an equivalent system, a process known as NexT method as 

discussed in the previous section. This is achieved by estimating the auto- and cross-correlation of 

signals as the inverse Fourier transformation of the power and cross-spectral densities which are 

calculated using the Welch method [54]. The spectral densities are averaged over 72-second long 

windows with 50% overlap to mitigate the effects of noise, while a Hanning function [55] is used 

at each window to eliminate the effects of window leakage. Six combinations of reference 

channels, summarized in Table 3.2, are considered to investigate the effect of the number and 

location of reference channels on the identification results. Once the auto-/cross-correlations are 

estimated, they are used to form a block Hankel matrix [52] of ( 40x200)x((50x72)x (# of ref)), 

an input for the Eigensystem Realization Algorithm (ERA). The matrix is then used to estimate 

the state-space representation of the system which ultimately results in the estimation of the modal 

properties of the structure [17]. 

The frequency-domain method is also employed to estimate the modal frequencies and 

mode shapes of the building at the four damage states from the ambient vibration recordings, as 

well as the force vibrations due to the sine sweep, sine dwell, and sine step excitations. The power 
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spectral densities (PSD) of the acceleration measurements are estimated using the Welch method 

and averaged over Hamming windows of 50,000 data points for the ambient- and 8,000 points for 

forced-vibration recordings with 50% window overlap. Transfer functions are also calculated 

using the Welch method, and the same windowing process as that used to obtain PSDs is employed. 

Depending on the mode of interest, either the acceleration measurement in the X or Y direction at 

the SW comer of the 2nd floor, corresponding to the closest accelerometers to the shaker, is 

considered as the input in the transfer function calculations. This choice of input acceleration is 

used to identify the modal properties from both ambient- and forced-vibrations data for 

consistency. Due to its proximity to the shaker. The damping ratios are also estimated from the 

computed transfer functions using the half-power bandwidth method [56]. 

Table 3.2 : Cases studied for the NexT-ERA method 

Case Number of Location of Reference Channels Reference Channel 
# Reference Channels Floor Comer Measurement direction( s) 

1 4 10th SW&NE X&Y 
2 2 10th SW X&Y 
3 1 10th SW X 
4 1 10th SW y 

5 1 5th SW y 

6 1 pt SW y 

The frequency-domain method is also employed to estimate the modal frequencies and 

mode shapes of the building at the four damage states from the ambient vibration recordings, as 

well as the force vibrations due to the sine sweep, sine dwell, and sine step excitations. The power 

spectral densities (PSD) of the acceleration measurements are estimated using the Welch method 

and averaged over Hamming windows of 50,000 data points for the ambient- and 8,000 points for 

forced-vibration recordings with 50% window overlap. Transfer functions are also calculated 
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using the Welch method, and the same windowing process as that used to obtain PSDs is employed. 

Depending on the mode of interest, either the acceleration measurement in the X or Y direction at 

the SW comer of the 2nd floor, corresponding to the closest accelerometers to the shaker, is 

considered as the input in the transfer function calculations. This choice of input acceleration is 

used to identify the modal properties from both ambient- and forced-vibrations data for 

consistency. The damping ratios are also estimated from the computed transfer functions using the 

half-power bandwidth method [56]. 

The free-vibration recordings are also down-sampled from 200Hz to 50Hz. The ERA 

algorithm is then applied to the data sets summarized in Table 3 .1, and a block Hankel matrix of 

( 40x200)x(50xsignal duration) is formed for each set. The following identification steps are the 

same as those discussed for the case of the ambient-vibration data in a previous section. 

3.3.3 IDENTIFICATION RESULTS 

The results of the system identification usmg the NExT-ERA method can include 

numerical/spurious modes erroneously identified together with the actual modes of the structure. 

Hence, stabilization diagrams [57] in which the modal frequencies are identified at sequentially 

increasing system orders are used to obtain the modes of the structure. In these diagrams, physical 

modes are identified at almost constant frequencies at different system orders, while the 

frequencies of numerical/spurious modes change. This feature can help identify the modes of a 

structure by focusing on the consistently identified frequencies . The mode shapes at each modal 

frequency are obtained by assessing the match between the shapes estimated at two sequential 

orders until reaching the order at which there is an insignificant change in the mode shape 

compared to the shape estimated at an order before that. The mode shape is then extracted at that 
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order which is also called the identification order. The comparison between the mode shapes is 

performed using the Modal Assurance Criterion (MAC) [58]: 

Equation 3. 7 

where (/Ji and 01 are the mode shape vectors of modes i andj respectively. MACiJ provides a 

value between 0 and 1, with 0 for orthogonal modes and 1 for identical modes. A MAC value 

above 0.95 is considered to represent a match between two mode shapes in this study. 

Figure 3 .10 illustrates the frequency stabilization diagram from the system identification 

performed on a free vibration data set at DS0. It can be seen that five vertical lines at frequencies 

of 2.23 Hz, 3.31 Hz, 4.65 Hz, 6.31 Hz, and 7.35 Hz indicate modes consistently identified at these 

frequencies . The fourth line, at a frequency of 6.31 Hz, is only consistently identified at orders 

between 25 and 40 and it is not identified from other data sets . This frequency is therefore excluded 

from those corresponding to a physical mode. 
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Figure 3.10: Stabilization diagram obtained from a free-vibration data set at DS0 

42 



Figure 3.11 illustrates the identification order for the first four modes of the structure 

plotted against the maximum acceleration recorded among all of the 40 channels during the free

vibration response at DS0. According to the plot, identification orders as low as 10 are sufficient 

to identify the first two modes, while modes 3 and 4 can be identified at orders between 20 and 30. 

It can also be observed in Figure 3.11 that in the case of free vibrations, no relation can be 

established between the identification order and the amplitude of the impulse excitations. 
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Figure 3 .11 : Identification order vs. maximum acceleration of the free-vibration measurements 
in the Y direction at DS0 

Figure 3.12 shows the frequency stabilization diagram obtained from the results of the 

system identification performed on an ambient-vibration data set at DS 1. The reference channel 

used for this analysis is the accelerometer installed at the south-west comer of the 10th floor along 

the X direction (case 3). According to the figure , the first mode at 2.26 Hz is identified at an order 

of 84 which is considerably higher compared to that found from the free-vibration data sets shown 

in Figure 3.10. Also, more spurious modes are identified from the ambient-vibration recordings 

compared to the free-vibration results due to the lower signal-to-noise ratio . 
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Figure 3.12: Frequency stabilization diagram obtained from an ambient-vibration data using a 
reference channel at the SW comer of the 10th floor along the X direction at DS 1 

The identification orders obtained from the ambient-vibration data are also compared to 

the average identification order ofeach mode identified from the free-vibration recordings at DSO, 

as summarized in Figure 3.13 . The identification orders obtained from the ambient-vibration 

measurements are significantly higher than those estimated from the free-vibration recordings in 

all cases of reference channels. Hence in a few cases, the modes are not identified at all using the 

ambient-vibration data. The difficulty in identifying the modes in lower system orders may be 

caused by the assumption that the input is a broadband excitation which is not accurate. The 

unavoidable error in this simplifying assumption along with the low signal-to-noise ratio and the 

computational error added to the system identification because of the signal conversion process 

can increase the identification order and consequently the required computational resources . 
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Figure 3 .13 : Comparison of identification orders between the studied cases summarized in 
Table 3.2 

Figure 3 .13 also demonstrates the importance of the choice of the number and location of 

reference channels in the modal identification using the NExT-ERA method. When four, two, or 

one reference channels at the 10th floor are considered in the cases 1, 2, and 4, respectively, the 

identification order slightly increases as the number ofreference channels decreases. However, the 

computational time needed to run the identification algorithm increases significantly by increasing 

the number of reference channels as the Henkel matrix size is proportional to the number of 

reference channels. Case 5 which considers one reference channel on the fifth floor requires a 

higher identification order than Case 4 that includes one reference channel on the 10th floor. This 

can be attributed to the higher signal-to-noise ratio at the 10th floor compared to that of the 5th floor 

due to the motion amplification at higher stories as observed in Figure 3.2 . 

10thIn Case 3, which considers one reference channel at the floor measunng the 

acceleration in a direction perpendicular to that of Case 4 (X-direction), only mode 2 can be 

identified at DSO. This can also be observed in Table 3.3 which summarizes the identification 
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orders of the considered cases at all damage states. In all damage states, Case 3 identifies modes 

in higher orders than Case 4. As shown in Figure 3.14 which illustrates the mode shapes of the 

structure, the reference channel selected for Case 3 (X-direction in the south-west comer at the 

10th floor) has a relatively small modal component in all modes except for mode 2. Therefore, 

when this channel is used as a reference, the relatively low signal-to-noise ratio increases the 

existence of erroneous modes and decrease the accuracy of the system identification method. Case 

6 which employs a reference accelerometer in the first floor measuring along the direction with 

small modal components, combines the drawbacks of the cases 3 and 5. This results in the highest 

identification orders among all of cases considered here. 

It can also be seen from Table 3.3 that the identified modal frequencies estimated from 

different cases are very close at all damage states. Based on this observation, it can be concluded 

that if a mode is identified using a certain choice of the reference channels; the natural frequencies 

are similar to those identified using a different choice of reference channels despite the different 

identification orders. 
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Table 3.3: Results of the ERA and NExT-ERA system-identification performed on the free- and 
ambient-vibration measurements 

Ambient vibration reference channel case Free Forced 
1 2 3 4 5 6 vibration vibration 

,_ ,_ ,_ ,_ ,_ ,_ ,_<l) >--, >--,..... <l) <l) <l) <l) <l) <l) <l),-.__ ,-.__ ,-.__ ,-.__ ,-.__ ,-.__ u uc<:l "O "O "O "O "O "O "O..... ,_ N ,_ N ,_ N ,_ N ,_ N ,_ N ,_ c:: c::
00 <l) <l) <l)0 :I: 0 :I: 0 :I: 0 :I: 0 :I: 0 :I: 0 
<l) "O ~ 
bJj 0 c:: '--' c:: '--' C '--' c:: '--' C '--' c:: '--' <l) c:: 6- CT>--, >--, 0 >--, >--, 0 >--, >--, bJj 0 <l) ,-.__ <l) ,-.__c<:l .s u .s u ·;:; u .s u ·;:; u .s u~ ..... ..... ..... ..... ~ ·.c <.t:1 N <.t:1 NE c<:l c:: c<:l c:: c<:l c:: c<:l C c<:l c:: c<:l C <l) c<:l
c<:l <l) <l) <l) <l) <l) <l) <l) <l)e; e;u u u u u u u> ~ ,.;: ~ ~ ,.;: ~ ~ bJj bJjCl :5 CT :5 6- ·;:; CT :5 CT ·;:; CT :5 CT ~:E ,_c<:l ,_c<:l..... <l) ..... <l) <l) ..... <l) <l) ..... <l) .....,_ ,_ ,_ ,_ ,_ ,_c:: c:: C c:: C c:: c:: <l) <l) 

<l) µ., <l) µ., <l) µ., <l) µ., <l) µ., <l) µ., <l) > >
"O "O "O "O "O "O ...... ...... ...... ...... ...... ...... ~ ~ ~ 

1 44 2.26 44 2.26 46 2.24 68 2.26 11 2.23 2.23* * * * 
0 2 36 3.34 36 3.34 40 3.31 36 3.34 48 3.35 16 3.31 3.32
ifJ * * 
Cl 3 110 4.69 108 4.69 106 4.68 140 4.69 44 4.65 4.66* * * * 

_______.._______4 36 7.37 36 7.37 36 7.36 30 7.32 66 7.35 33 7.35 NIA * * ...................-------·--·--·--
1 14 2.24 14 2.24 84 2.26 14 2.25 24 2.24 88 2.25 13 2.21 2.23 
2 42 3.33 42 3.33 78 3.30 42 3.32 54 3.34 144 3.33 24 3.26 3.30

ifJ 
Cl 3 42 4.71 44 4.67 76 4.73 42 4.72 56 4.72 80 4.71 35 4.70 4.71 

4 34 7.37 38 7.37 50 7.31 48 7.37 94 7.36 35 7.32 NIA * * ...................----------·--·-- -------·--·--·--
1 22 2.19 22 2.18 22 2.18 24 2.18 88 2.20 21 2.16 2.17* * 

N 2 16 3.25 16 3.25 18 3.25 14 3.25 18 3.25 54 3.25 20 3.20 3.24
ifJ 
Cl 3 8 4.71 8 4.71 54 4.68 6 4.71 14 4.71 90 4.71 30 4.67 4.68 

4 40 7.40 46 7.37 76 7.39 42 7.38 28 7.34 68 7.33 46 7.38 NIA _______.._______ ...................-------·--·--·--
1 48 2.11 48 2.11 146 2.10 40 2.12 56 2.12 22 2.07 2.09* * 

c-r, 2 24 3.10 24 3.10 26 3.10 26 3.10 28 3.11 112 3.11 27 3.05 3.08
ifJ 
Cl 3 6 4.65 6 4.65 6 4.65 6 4.65 6 4.65 6 4.66 19 4.64 4.66 

4 6 7.30 6 7.30 90 7.25 10 7.33 10 7.32 8 7.33 30 7.23 NIA 
* The mode was not identified 

3.4 IDENTIFIED MODE SHAPES, NATURAL FREQUENCIES, AND DAMPING 

RATIOS 

3.4.1 MODE SHAPES 

The mode shape components along the X and Y directions at the NE and SW comers of 

each floor of the 10 stories are used to form 40-component mode-shape vectors, which are 

normalized to unity. The mode shapes of the first five identified modes of the structure estimated 

47 



from the ambient-vibration measurements using the NExT-ERA method at DSO are shown in 

Figure 3 .14. The first and fourth modes are essentially translational as the mode shapes at the two 

comers are similar, involving deformations mainly in the Y direction. The second and third modes 

have components in both the X and Y directions, but the mode-shape components in the Y 

direction have opposite signs at the two comers, while those in the X direction have the same signs 

but different magnitudes. This difference between the same-direction components at the two 

comers indicates a torsional behavior. As shown in Figure 3.15, the pivot point for the roof slab is 

near the middle of the east wall for the second mode and near the middle of the west wall for the 

third mode. The torsional behavior can be attributed to the asymmetry of the structure due to the 

masonry attachment, the staircases, and the exterior RC walls removed from three sides prior to 

the tests . 
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Figure 3.14: Mode shapes at DSO obtained from ambient-vibration, forced-vibration, and free
vibration measurements 
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The mode shapes identified from the data from forced- and free-vibration are also shown 

in Figure 3.14. The shapes are practically identical with those identified using the ambient

vibration data as the lowest MAC value is 0.98. 

(a) mode 2 (b) mode3 

Figure 3 .15 : Roof displacement of the structure at DS0 

The change in the mode shapes of the first three identified modes due to the wall removal 

is investigated by tracking the change ofMAC values between all damage states and DS0 in Figure 

3.16. The MAC values are calculated using the 40x l vectors for the mode shapes estimated from 

data sets yielding modal frequencies equal to the corresponding average modal frequencies. The 

figure indicates minor, if any, changes in mode shapes due to the induced damage as the MAC 

values are above 0.98 for modes 2 and 3. The largest change occurs in the case of mode 1, which 

is translational along the Y direction, with the MAC values of around 0.97 between DS2 and DS3. 

This can be related to the location of the walls removed in DS3 (see Figure 2.6) which could 

provide lateral support in the Y direction and their loss directly affected the overall stiffness in that 

direction, leading to a considerable change to the first mode shape. The change in the shape of this 

mode at all damage states is presented in Figure 3.17. The difference between the modal 

components, especially along the Y -direction, at the two comers of the structure increases after 

each phase of wall removal, indicating more noticeable torsional behavior. 
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Figure 3 .17: Mode-shape change in mode 1 

3.4.2 MODAL FREQUENCIES 

Figure 3 .18 presents the modal frequencies of the four identified modes estimated from the 

analysis of all 175 datasets of ambient-, forced-, and free-vibrations. The identified frequencies for 

mode 1 are not affected by the first phase of the wall removal which involved removing walls in 

50 



the X direction. This is expected since the mode is translational along the Y direction, and therefore 

it is not affected by the removal of walls in the X direction. However, the frequencies drop 

noticeably after the second and third wall-removal phases. The frequency drop is more pronounced 

in all three damage states for the second mode which is torsional. A similar trend can also be seen 

for the third mode despite the larger scatter of the identified frequency values. The scatter is due 

to estimation uncertainty and it is even larger for mode 4. This can also be observed from the 

standard deviations of the estimated frequency of modes 3 and 4, shown in Table 3.4, which 

summarizes the system-identification results for different types of excitations. 

The identified frequencies show that the final step of wall removals, which led to damage 

state, DS3 , had the largest effect on the dynamic properties compared to the previous steps. This 

was intended and it was achieved due to the pre-test FE analyses. It can also be justified by the 

location of the two walls removed in this step, which had the largest distance from the center of 

rigidity. 

One can also note that the frequencies identified from the ambient-vibration data are 

generally higher than those obtained from the forced-vibration data for the first and, especially, 

the second mode, while the free vibrations yield the lowest frequency values. This trend can be 

attributed to the opening of cracks in the concrete members of the building under high-amplitude 

excitations which leads to a drop in the overall structural stiffness and subsequently, the identified 

frequency. Such a trend is less evident in modes 3 and 4 due to the scatter of the identified 

frequency values. The dependence of the identified frequencies on the amplitude of the response 

can also be observed in Figures 3.19 through 3.22. The response amplitude reported in the figures 

is estimated as the average root mean square (RMS) of the acceleration time series computed from 
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the square root of the sum of squares (SRSS) of the accelerations in X and Y directions at the two 

comers of the 10th floor. As shown in the figures , the identified frequencies of mode 1 and mode 

2, estimated from the forced-vibration data, tend to be lower than those obtained from the ambient

vibration measurements at DSO and DS 1. Such a trend is not observed in mode 3 and mode 4. 
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Figure 3.18: Frequency change timeline obtained from ambient-vibration (AV), forced-vibration 

(FV), and free-vibration (Demolition) measurements 
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Figure 3.19: Amplitude dependency of identified frequencies obtained from ambient-vibration 

(AV), forced-vibration (FV), and free-vibration (Demolition) measurements at DSO 
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Figure 3.20 : Amplitude dependency of identified frequencies obtained from ambient-vibration 

(AV), forced-vibration (FV), and free-vibration (Demolition) measurements DS 1 
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Figure 3.21: Amplitude dependency of identified frequencies obtained from ambient-vibration 

(AV), forced-vibration (FV), and free-vibration (Demolition) measurements at DS2 
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Figure 3.22 : Amplitude dependency of identified frequencies obtained from ambient-vibration 

(AV), forced-vibration (FV), and free-vibration (Demolition) measurements at DS3 
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Table 3.4: Summary of the system-identification results 

(1)..... Freero..... Ambient vibration Forced Vibration 
er, (1) Vibration 
(1) "O 
bJ) 0 Frequency D . MAC Frequency D . MAC Frequencyro ampmg~6 Average am~mg (w.r.t AV at Average (w.r.t FV at Averagero ratioratio DS0)Cl (st.d.) (st.d.) DS0) (st.d.) 

ID ID (Hz) (%) (Hz) (%) (Hz) 
1 2.24 (0.009) 1.4 2.22(0.011) 1.5 2.23 (0.006) 

0 
er:, 2 3.34 (0.010) 1.0 3.30 (0.052) 1.1 3.31 (0.010) 
Cl 3 4.70 (0.024) 1.5 4.70 (0.042) 1.7 4.65 (0.008) 

4 7.39 (0.103) 2.6 7.43 (0.102) 2.0 7.35 (0.007) 
1 2.24 (0.006) 1.3 0.993 2.23 (0.006) 1.6 1.000 2.21 (0.010 

,.....; 

er:, 2 3.31 (0.014) 1.1 0.999 3.26 (0.035) 1.0 1.000 3.26(0.011) 
Cl 3 4.73 (0.026) 1.7 0.996 4.69 (0.022) 1.5 1.000 4.70(0.011) 

4 7.40 (0.088) 2.3 0.993 7.48 (0.027) 1.4 1.000 7.32 (0.007) 
1 2.18 (0.014) 1.4 0.996 2.15 (0.035) 1.3 0.996 2.16 (0.009) 

N 2 3.25 (0.016) 1.2 0.999 3.23 (0.010) 1.3 0.998 3.20 (0.008) er:, 
Cl 3 4.70 (0.017) 1.5 0.999 4.67 (0.006) 1.2 0.999 4.67 (0.013) 

4 7.40 (0.033) 2.5 0.993 N/A1 N/A1 N/A1 7.38 (0.063) 
1 2.11 (0.024) 1.4 0.972 2.09 (0.005) 1.2 0.965 2.07 (0.009) 

M 
er:, 2 3.10 (0.020) 1.1 0.983 3.06(0.011) 1.0 0.987 3.05 (0.009) 
Cl 3 4.67 (0.014) 1.4 0.995 4.63 (0.034) 1.2 0.998 4.64 (0.009) 

4 7.30 (0.060) 2.1 0.986 7.28 (0.000) 1.8 0.994 7.23(0.011) 
1: Mode 5 was not identified as the maximum excitation frequency of the tests was 6.0 Hz at DS2. 

3.4.3 DAMPING RATIOS 

The damping ratio ofthe first mode is estimated from i) the ambient-vibration records using 

the NExT-ERA method, ii) the forced-vibrations using the half-power bandwidth method, and iii) 

the free vibrations using the logarithmic decrement method. The results, shown in Figure 3.23, are 

averaged from the available datasets for each type ofexcitation. The damping ratios obtained from 

the forced- and free-vibration tests decrease as the damage increases. The opposite trend is usually 

expected as damage is typically associated with the development of cracks that increase damping 

through friction. However, in this case, the damage is introduced through the wall demolition 

which reduces the friction in the building. The decreasing trend is not evident for the damping 
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ratios obtained from the ambient-vibration data as the damping ratio in DS3 seems to increase. 

However, this may not be accurate as it may be related to the estimation uncertainty and the low 

signal-to-noise ratio. Figure 3.23 also shows that despite the different values of damping obtained 

from different excitation sources, the estimated damping values are in all cases between 1.0 and 

2.6%. 
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Figure 3.23: Change in the damping ratios at different damage states 

3.5 EFFECT OF EXCITATION DIRECTION ON THE RESPONSE 

Figure 3.24 presents the deformed shapes developed during sine sweeps in the X and Y 

directions at DS3 , but also at an angle of 45 degrees between the two directions. These shapes are 

estimated from the frequency-domain analysis of the response of the structure, at a desired forcing 

frequency, in a process similar to that used to estimate the mode shapes. In all three cases, the 

deformed shapes at 4.7 and 5 .1 Hz are shown. At an excitation frequency of 4.7 Hz, which is close 

to the modal frequency of mode 3, the X components of the deformed shape in all three cases are 

similar to those of mode 3, whose mode shape is shown in Figure 3.14. This is also the case for 

the Y components if the excitation is along X or at 45 degrees. However, when the shaker applies 

a force along the Y direction, the Y components do not resemble mode 3 anymore, but they appear 
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to be transitioning to mode 5. Moreover, as the excitation frequency increases to 5.1 Hz, in the Y 

direction, the deformed shape is identical to that of mode 5, which has a natural frequency of 7.4 

Hz. In the case of loading along the X direction, the deformed shape at an excitation frequency of 

5.1 Hz is in transitioning mode but it is still closer to the third mode shape. Hence, for the excitation 

at 45 degrees at this frequency, the operational shape is closer to mode 3 in terms of the X 

components and closer to mode 5 in terms ofthe Y components. This indicates that the deformation 

of the structure is affected by the direction and frequency of the excitation. In fact, the deformation 

almost conforms to a mode shape with a considerably different natural frequency compared to the 

forcing frequency at which the deformed shapes occur. 
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3.6 CONCLUSIONS 

This chapter discusses the results of the dynamic tests performed on the ten-story building. 

During the testing sequence, the natural frequency of the structure decreased while the torsional 

behavior increased due to the induced damage. Also, the identified frequency of the first and 

second modes decreased as the amplitude of the excitation increased. The effect of the excitation 

direction on the deformed shapes of the structure is also investigated. Based on the observations, 

an excitation in a direction which is in favor of a mode excited the mode at forcing frequencies 

significantly different from its natural frequency. Finally, the results of different choices of 

reference channels for the NexT-ERA method indicate that the reference channels from higher 

floors result in lower identification orders and consequently a lower computational cost mainly -

due to the higher signal-to-noise ratio. This rule is not valid for the channels which are located at 

nodal points, a location at which the structure vibrates with zero amplitude at a given mode. 
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CHAPTER4 

FINITE ELEMENT MODELING OF THE TEN-STORY STRUCTURE 

4.1 INTRODUCTION 

This chapter discusses the challenges associated with the development and validation of 

the finite element model of the test structure described in Chapter 2. The model is developed based 

on the geometry and material properties obtained during the tests. The modal properties 

determined by the model are compared with those estimated from the experimental results to assess 

the capability of the model to predict such properties. The validated model is used to further 

investigate the role of different structural and non-structural elements in the dynamic properties of 

the model. The model is also used to evaluate the accuracy ofearthquake-load estimation methods 

found in commonly used codes and standards. 

4.2 MODELING OBJECTIVES AND CONSIDERATIONS 

A preliminary linear model was developed prior to the experiments to provide insight into 

the anticipated modal properties of the structure and assist in determining the loading protocol and 

frequency range of the tests, as well as the wall-demolition sequence. The model, shown in Figure 
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4.1 , was developed using SAP2000 considering only the columns, slabs and perimeter walls [59]. 

The in-situ measurements of the structure are used in the lack ofdrawings. The cross sections were 

defined based on the design details provided in Table 4.1. The columns were modeled using frame 

elements, while the floor slabs and infill walls were modeled using shell elements. The material 

properties assumed for the preliminary model are summarized in Table 4.1. The mass of the 

evacuated structure only involved the self-mass of the modeled members. Components of the 

building, such as the masonry extension, infill walls, staircases, and the column reinforcement 

were not considered in the preliminary model for simplicity. 

(a) mode 1 (b) mode 2 

Figure 4.1: Three-dimensional view of the numerical model of the structure 

The comparison of the modal properties obtained from the system identification study and 

the preliminary model, after updating the material properties with the values obtained from the 

material tests, does not indicate a satisfactory match. For instance, the difference between the 

model and the SID results in terms of the first and second modal frequencies at DS0 is 18% and 

20%, respectively. However, this mismatch is expected considering the unknowns associated with 

developing a detailed FE model for an actual structure, even in the linear regime. These 
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uncertainties include the unknown role of the structural and non-structural components such as the 

masonry extension in the south side of the building, the stairways, and the interior infilled walls, 

on the dynamic properties of the building. For instance, the connection between the RC building 

and the masonry extension in the south, which was constructed after the main building, was unclear 

and could not be determined through visual inspection. Moreover, the visual inspection of the 

masonry partition walls, at the center of the building shown in Figure 2.2, was inconclusive as to 

their contribution to the lateral stiffness and strength. Similarly, the possible bracing effect of the 

two stairways near the SW and NW comers on the observed torsional response was not clear. 

UPDATED MODEL 
4.3 

After the completion of the testing sequence, the model is updated to more accurately 

simulate the behavior of the structure. To achieve this, the influence of the elements not included 

in the preliminary model on the dynamic properties is assessed. Hence, as discussed in a following 

section, models are created with and without the extension masonry building, the stairways, and 

the masonry infill walls. Besides the simulation of elements, the effect of element discretization is 

also investigated. A mesh-sensitivity study is performed to obtain the optimal element size for the 

walls, slabs, and columns by considering the effect of the mesh size on the convergence of the 

numerically-estimated modal frequencies . In the initial model, every wall, column, and slab 

element was modeled with a single element. In the subsequent models, the in-plane dimensions of 

slabs and walls are divided by 2, 4, 8 and 16, and the column elements are discretized such that 

they have a compatible mesh with their neighboring shell elements. Based on the results of the 

analyses, summarized in Table 4.2, the 4x4 discretization scheme is adopted for the final model, 

as for all modes, the modal frequencies obtained from this model are within 3% compared to those 
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obtained from the model with a 16x16 mesh. Hence, the computational cost for a more refined 

model outweighs the gained accuracy. 

Table 4.1: Material properties used in the preliminary and final models 

Concrete Masonry 
Model Modulus of elasticity Density Modulus of elasticity Density 

GPa (ksi) kglm3 (lblft3) kglm3 (lblft3) kglm3 (lblft3) 

Preliminary 24.8 (3604) 2403 (150) Not simulated 
Final See Table 2.4 2278 (142) 19.9 (2884) 1847(115) 

Table 4.2 : Mesh-sensitivity results for the model at DSO 

Shell Mode 1 Difference Mode2 Difference Mode3 Difference Mode4 Difference 
element frequency from lxl frequency from lxl frequency from lxl frequency from lxl 

discretization mesh mesh mesh mesh 
# Hz % Hz % Hz % Hz % 

lxl 2.98 NIA 4.55 NIA 6.39 NIA 8.64 NIA 
2x2 2.21 25.84 3.34 26.59 5.58 12.68 6.69 22.57 
4x4 2.11 29.19 3.21 29.45 5.48 14.24 6.46 25.23 
8x8 2.06 30.87 3.13 31 .21 5.43 15.02 6.35 26.50 

16xl6 2.04 31.54 3.10 31.87 5.41 15.34 6.30 27.08 

4.4 TEST-ANALYSIS CORRELATION 

The eigenvalue analysis of the model resulted in several local modes due to the out-of

plane motion of the shell elements. To validate the FE model with the system identification results, 

the corresponding experimentally identified and numerically computed modes are compared. To 

this end, a criterion considering the frequency difference and MAC values between a numerical 

and an experimental mode is established to find and compare the corresponding modes. This is 

expressed in terms of the matching index, MiJ , which is calculated for all pairs of experimentally 

identified and numerically obtained modes according to Equation 4.1. 

i = l, .. , m j = 1, ... , n Equation 4.1 
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where i indicates the ith out of m experimentally-identified modes,} indicates the jlh out of the first 

n modes obtained from the FE model, MiJ is the matching index between the experimentally 

identified mode i and the computed mode}, MACiJ is the MAC value between modes i and}, dfiJ 

is the difference between the modal frequencies of modes i and j , fi is the frequency of the ith 

experimentally identified mode, w 1 and w 2 are the weight factors governing the contribution of 

the MAC value and normalized frequency difference, respectively. In this process, the first 40 

modes resulted from the FE model are considered, and the best matches with the five 

experimentally identified modes are determined through the minimization of the index MiJ , while 

w1 and w 2 are set equal to 0.8 and 0.2, respectively. 

The modal properties obtained from the system identification study are compared to their 

FE model counterparts for all damage states in Table 4.3. The differences in the natural frequencies 

of the matched modes are less than 6% for modes 1 and 2 throughout the testing sequence except 

for mode 1 at DS3 for which the difference is 8.50%. A bigger deviation, up to 16.1% in some 

cases, is noted for modes 3 and 4 indicating that the model becomes less accurate in predicting the 

modal frequencies at higher modes. The MAC values are over 0.96 except for one case (0.93) 

demonstrating a good agreement between the experimentally estimated and numerically obtained 

mode shapes. This agreement is also illustrated in Figure 4.2. 
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Table 4.3 : Best-matching mode results for the tuned model 

System 
Damage System ID Identified FE matching FE model Frequency

ID MAC M;
state mode # order mode # frequency difference

frequency 
ID # # # Hz Hz % 

1 130 1 2.24 2.11 -5 .8 0.99 0.06 

2 24 2 3.34 3.21 -3 .9 0.97 0.13 
DS0 

3 20 3 4.70 5.48 16.6 0.96 0.20 

4 28 4 7.39 6.46 -12.6 0.93 0.30 
1 80 1 2.24 2.11 -5 .8 0.99 0.06 
2 24 2 3.31 3.19 -3 .6 0.97 0.13

DSl 
3 18 3 4.73 5.47 15.6 0.96 0.20 
4 24 4 7.40 6.46 -12.7 0.96 0.18 
1 48 1 2.18 2.05 -6.0 0.99 0.07 
2 18 2 3.25 3.15 -3 .1 0.98 0.09 

DS2 
3 22 3 4.70 5.45 16.0 0.97 0.16 
4 30 4 7.40 6.45 -12.8 0.96 0.18 
1 108 1 2.11 1.93 -8.5 0.99 0.08 

2 24 2 3.10 2.94 -5 .2 0.98 0.10 
DS3 

3 18 3 4.67 5.42 16.1 0.97 0.15 

4 44 4 7.30 6.30 -13.7 0.97 0.14 
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Figure 4.2 : Mode shapes at DSO obtained from the ambient vibration measurements (AV), 
forced vibration tests (FV), and finite element model (FE) 
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The model is also subjected to harmonic excitations with the same location and loading 

profile as those introduced to the test structure during the forced vibration tests to verify the model 

capability in predicting the dynamic response. Figure 4.3 compares the 10th-floor acceleration 

response to a harmonic excitation, involving sweeping frequencies around the first mode 

frequency, between the test and the finite element model at DSO. With modal damping of 3%, the 

model can fairly accurately simulate the structural response at resonance. Therefore, the model is 

used for further dynamic analyses. 

X 10--l 
- -·- FE 

5 -FY 

0 2 3 4 5 6 7Time (s) 

Figure 4.3 : Comparison between the acceleration response obtained from the forced 
vibration (FV) and finite element model (FE) at the 10th-floor during a sine sweep 

4.5 PARAMETRIC STUDIES 

4.5.1 INFLUENCE OF STRUCTURAL AND NON-STRUCTURAL ELEMENTS 

The final model, which, as Table 4.3 indicates, predicts the shapes and frequencies of the 

four identified modes with good accuracy, is used to investigate the effect of the extension 

building, stairways, and interior infill walls on the dynamic properties of the building. This is 

achieved by the development of FE models in which each of these components is omitted from the 

final model; one at a time. The summary of this parametric study is presented in Table 4.4. As 
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indicated by the comparison of the modal frequencies and MAC values shown in the table, the 

extension building significantly impacts the modal frequencies . For instance, in the model that this 

extension is not included, the frequency of the first mode at DSO decreases by more than 10%, 

while the MAC value for this mode between the final model and the model without the extension 

building drops to 0.92. The reduction in frequency indicates that although the extension building 

had a considerable mass, the additional stiffness it provided was more significant. Figure 4.4 

presents the mode shape changes as a result of the extension building removal. Mode 3 is not 

affected while modes 2 and 4 are altered; although less than mode 1. Moreover, the difference of 

the modal components of mode 1 in the Y direction between the NE and SW comers increases 

when the extension building is removed. This indicates that the masonry extension helped reduce 

the torsion at DSO. The same observation can be made for modes 3 and 4. 
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Figure 4.4: Effect ofremoving extension building (DSO) 

Table 4.4 also presents the effect of the interior infill walls on the modal properties. The 

removal of these few masonry walls does not change the mode shapes noticeably, but reduces the 

frequency by 4% in the direction parallel to the infills . This is indicative of the effect that infills 
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may have on the lateral stiffness and dynamic response of structures if a considerably larger 

number of infill panels is present compared to the test structure. Such structures are the infilled 

RC and steel frames which are commonly found in California and other areas of high seismicity 

around the world. The effect of the staircases, as observed in the table, is not noteworthy as their 

removal results in insignificant frequency changes, and the MAC values between the two models 

are equal to one. Hence, these elements can be omitted from the models of such structures for 

simplicity as opposed to smaller structures in which the staircases can be influential in their 

dynamic properties [43 , 60, 61]. 

Table 4.4: Effect of structural-elements removal from the tuned model 
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Hz Hz Hz Hz % % % 

1 1 2.11 1.89 2.08 2.03 10.43 1.42 3.79 0.92 0.99 1.00 

DS0 2 2 3.21 2.91 3.18 3.22 9.35 0.93 -0.31 0.98 1.00 1.00 

3 3 5.48 5.47 5.50 5.51 0.18 -0.36 -0.55 1.00 1.00 1.00 
1 1 2.11 1.88 2.08 2.03 10.90 1.42 3.79 0.92 1.00 1.00 

DSl 2 2 3.19 2.89 3.15 3.21 9.40 1.25 -0.63 0.99 1.00 1.00 
3 3 5.47 5.47 5.50 5.51 0.00 -0.55 -0.73 1.00 1.00 1.00 
1 1 2.05 1.84 2.02 1.96 10.24 1.46 4.39 0.92 1.00 1.00 

DS2 2 2 3.15 2.83 3.13 3.16 10.16 0.63 -0.32 0.99 1.00 1.00 
3 3 5.45 5.44 5.48 5.48 0.18 -0.55 -0.55 1.00 1.00 1.00 
1 1 1.93 1.77 1.87 1.85 8.29 3.11 4.15 0.91 0.99 1.00 

DS3 2 2 2.94 2.54 2.91 2.94 13.61 1.02 0.00 0.98 1.00 1.00 

3 3 5.42 5.41 5.44 5.45 0 .18 -0. 3 7 -0. 5 5 1.00 1.00 1.00 
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4.5.2 BUILDING-CODE IMPLICATIONS 

Eccentricity 

The validated model of the structure at DS0 is used to evaluate the performance of the 

equivalent static procedure described in ASCE 7-10 to estimate the seismic loads [62]. To achieve 

this, the model is subjected, non-concurrently, to a 3-minute white-noise excitation with an RMS 

of 1.0g in both the X and the Y direction. The story displacements are then obtained from the linear 

time-series analysis for both cases. These are compared to the displacements obtained if static 

forces are introduced at each story level considering the 5% eccentricity according to ASCE 7-10 

[62]. The static forces are scaled uniformly, to maintain their code-prescribed distribution, so that 

the base shear is equal to the maximum base shear estimated from the time series analysis 

performed in each direction. Figure 4.5 compares the deformed shapes obtained from the two 

analyses. The equivalent static force method produces significantly larger story drift ratios 

compared to the linear time history analysis with the differences exceeding 110% at some stories 

when the load is applied along the Y direction. This indicates that the eccentricity of 5% prescribed 

by the code in this case is over conservative in the elastic range of response for this structure. 

However, this may not be the case when damage develops due to the seismic forces. 

Periods and Mode Shapes 

As discussed in a previous section, exterior walls were removed in three stories before the 

tests. A model of the structure prior to those removals is created by adding these walls to the 

validated model, to estimate the modal properties of the building prior to the initiation of the 

demolition phase. This model yields that the first modal frequency of the intact building is 3 .49 
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Hz, i.e. , 56% higher than that of the structure at DSO. This frequency can be compared to the 

fundamental frequency of 1.79 Hz that would be estimated for this building using ASCE 7-10, 

ACSE 41-13 , and FEMA 356 [62-64]. The significant underestimation of the fundamental 

frequency of a structure may or may not be conservative since the estimated period significantly 

affects the magnitude of the seismic forces used in the analysis and design. 
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Figure 4.5 : Comparison of the structural deformation between two analysis methods 

In terms of the mode shapes, the first two modes of the intact building are almost 

translational in the Y and X directions respectively, as illustrated in Figures 4.6 and 4.7. The third 

mode is torsional pivoting around the center of the building as illustrated in Figure 4.6. The change 

ofthe second translational mode to a torsional one in the case ofthe tested condition ofthe structure 
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demonstrates that the damage induced the torsional response. Figure 4.7 also presents the modes 

of the intact building with the extension masonry building removed. As shown in the figure, 

removing the masonry extension from the model of the intact structure causes insignificant 

changes in the mode shapes. This is interesting considering that the influence of the masonry 

extension on the structure at its tested condition is significant. This is evident in Figure 4.4 which 

shows that the masonry structure reduces the torsion as it compensates for the reduced stiffness 

due to the removal of the walls. 

(a) mode 1 (b) mode 2 (c) mode 3 

Figure 4.6 : Modal displacements of the roof of the intact structure 
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4.6 
CONCLUSIONS 

The linear finite element model ofthe structure is discussed in this chapter. The comparison 

between the model-calculated and the experimentally estimated dynamic properties indicates that 

the model can reliably simulate the modes of the structure. The parametric studies on the effect of 

structural and non-structural elements show that the extension building plays an important role in 

the dynamic response of the structure, despite the fact that it was built after the construction of the 

main structure and it was not considered to be structurally connected to the main building. The 

staircases and the interior masonry infills however, did not significantly influence the dynamic 

properties of the building. The consideration of the accuracy of the equivalent static method also 

indicates that this method results in larger drifts compared to those estimated from time series 

analysis method. Also, the fundamental frequency estimated according to the ASCE 7-10, ACSE 

41-13 , and FEMA 356 building codes is significantly lower than the model-predicted frequency 

for the intact structure which may not be a conservative assumption. 
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CHAPTERS 

DYNAMIC TESTS OF A TWO-STORY RC INFILLED STRUCTURE: 

DESCRIPTION OF THE STRUCTURE AND INSTRUMENTATION 

PLAN 

5.1 INTRODUCTION 

This chapter describes the structural details, material properties, instrumentation, and 

testing protocol of a two-story masonry infilled RC frame building which was built in the 1920s 

in El Centro, California. The structure had been damaged due to four major earthquakes in that 

region and it was repaired and retrofitted mainly in the first story in the 1980s. The structure was 

then severely damaged in the second story due to the 2010 Baja California earthquake and it was 

slated for demolition. Additional damage states were introduced to the structure by removing four 

infills in the second story. The mechanical properties of the masonry infills and the concrete used 

in columns, beams, were obtained by testing concrete cylinders and masonry prisms extracted from 

the building. In-situ and laboratory tests were also performed to estimate the stress level due to 

gravity loads, as well as the mechanical properties of the masonry infills. The test structure was 

extensively instrumented using an array of 95 accelerometers, L VDTs, and string pots. Lidar 
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measurements were also performed to obtain the geometry of the test structure and potential test

induced residual deformations. The dynamic tests were conducted using an eccentric-mass shaker 

which was installed on the second-floor slab. A total of 26 forced-vibration tests were performed 

and 120 hours of ambient vibrations were recorded during the testing period. 

5.2 TEST STRUCTURE 

The two-story RC building, shown in Figure 5.1 was built in the 1920s in El Centro, CA 

and it was typical of the construction practice in California in that era. Figure 5.2 includes the plan 

view of the structure at the second floor which was 27.0 m by 32.3 m (88 .6 ft. by 106.0 ft.). The 

story height was 4.57 m (180 in.) while the first floor slab was 1.37 m (54 in.) above the ground 

level. The building had a basement with the same height as the stories above and plan dimensions 

similar to the second story. The plan was rectangular, except for the west exterior frame which 

was curved. The dimensions reported here are based on lidar data which indicates a small 

difference, up to 2%, in the bay lengths on the opposite ends (e.g. bay E-F/1 was 5.6-m (18.4-ft.) 

long, while bay E-F/6 had a length of 5.7 m (18.7 ft.)). The exterior infills on the northern side of 

the first story had a one-bay recess to allow for a pedestrian sidewalk passage as shown in Figure 

5.1 a. On the south, there was a one-story wooden structure attached to the main building as shown 

in Figures 5.lb and 5.2. A 20.3-cm (8-in.) thick RC parapet with an average height of 1.78 m (70 

in.) and an overall opening ratio of 23.4% was located at the roof 

The structural system comprised of six RC frames in the north-south direction connected 

by arch-type joists in the east-west direction as shown in Figures 5. le and 5.2 . All interior columns 

and the columns on the south side of the building were circular with a diameter of 50.8 cm (20 in.) 

in the basement and 40 cm (16 in.) in the first and second floors. The exterior columns on the other 
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three sides had a square cross section of 40 cm by 40 cm (16 in. by 16 in.). The dimensions and 

reinforcement details of the joists, girders, and columns are summarized in Figure 5.3. The plan 

views of the structure at other levels as well as the elevation views can be found in Appendix C. 

(e) second-story panoramic interior view 

Figure 5 .1 : Test Structure (prior to the tests) 
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Figure 5.2 : Second-floor plan view including the typical framing (details are provided in Figure 5.3) 
(units are in m) 

#3 @15.2 cm (6 in.) 7.6 cm (3.0 in.) 
,._a -,, 

~ 
b 

I1J8.9 cm(3.5 in.) • 1 IJXl.3 cm (l /2Xl /2 in.) Square Bar C 
' '{ dR: 24.13 cm (9.5 in.) lxl cm (3/8X3/8 in.) Square Bar 

Section B-BSection A-A 

a cm (in.} c cm (in.} d cm (in.} 
Location / /a

Sec. B-B Sec. C'-C Sec . B-B & C'-C' Sec. B-B & C'-C' 

1st floor slab 101.6 (40) 76.2 (30) 55.9 {22) 50.8 (20) 
b 

i ' 
2nd floor slab 92.7 36.5 67.3 26.5 45 .7 18 41.9 16.5 C 

' Roof slab 72.4 (28.5) 47.0 (18.5) 31.8 (12.5) 38.1 (15) 21.59 (8.5) 
/ / 

d 
Section C-C 

(a) slab and beams details 

D: 0.63 cm (l/4 in.) # of 
Type longitudinal a cm (in.)

l.9Xl.9 cm (3/4X3/4 in.) Sq. · bars 
Square 4 31.8(12.55cm (2 in.) cover 
Circular 4 31.8 (12.5) 

Circuhlf outside* 15 7 6 (3) 
• Cohmms in the first floor on the north 

Square Col. Circular Col. 

(b) columns details 

Figure 5.3: Geometry and reinforcement detailing of the concrete members used in the test 
structure 
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5.3 TIMELINE OF EARTHQUAKE-INDUCED DAMAGE AND RETROFITS 

The sequence of the events occurred during the lifespan of the structure is summarized in 

Figure 5.4. The structure sustained damage during the Imperial Valley earthquakes of 1940 and 

1979, and the 1987 West Westmoreland earthquake. The building was repaired and retrofitted in 

the late 1980s, after the 1987 earthquake. The retrofit focused on strengthening the masonry infills 

along the exterior frames of the first story. As a result, there were three types of infill panels in this 

story level: a) the originally constructed two-wythe masonry infills which were not damaged nor 

retrofitted, b) the moderately damaged infills ofthe first type retrofitted on both sides with concrete 

overlays reinforced with mesh reinforcement (shown in Figure 5.5), and c) thin reinforced concrete 

infills constructed in the 1980s to replace the probably severely damaged initially-built infills. The 

details of the infills in the first story, summarized in Table 5 .1 indicate that the retrofitted infills, 

especially on the north frame, were significantly thicker and therefore, considerably stiffer and 

stronger than the original infills. The exterior frames in the second story had masonry infills of 

two 10-cm (4-in.) thick independent wythes, while the basement had RC walls along the building 

perimeter with openings near the top. 

During the 2010 Baja California Earthquake, the second-story infills and RC members 

along the north, west, and south sides were severely damaged, as shown in Figures 5.6a through 

c, while those along the east side of the second story, shown in Figure 5.6d, and the entire first 

story did not develop any visible damage. Figure 5. 7 illustrates examples of observed damage that 

led to the evacuation of the building. 
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1920s 1987-1989 2014 
Construction of Retrofit of the Shake tests of 

the building 1st story the building 

1940: M 7.l 1979: M 6.4 2010: M 7.2 1987: M 6.7 

)( - > 
Imperial Imperial BajaWest 
Valley Valley California Westmoreland 

Earthquake Eatthquake Eatthquake Earthquake 

Figure 5.4: Timeline of the events occurred to the test structure 

(a) infill A/4-5 in the first story (b) close-up view of the cored infill 

Figure 5 .5 : Core sampling of a retrofitted infill in the first story displaying the depth of the 
concrete layer added to the original masonry infills 

The structure was scheduled to be demolished after the completion of the tests as it could 

not be repaired cost-effectively. As a result, all non-structural elements including the elevator and 

HV AC were removed from the building prior to the tests and only the RC members and infills in 

the perimeter were in place during the tests . 
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Table 5.1 : First-story infill details 

Thickness Rebar mesh spacing Infill wall 
Inside Outside Infills that are assumed to 

location Insider layer Outside layer Vertical Horizontallayer layer be the same
(see Figure 5.2) 

cm (in.) cm (in.) cm (in.) cm (in.) 
B/4-5 Concrete Masonry 30 (12) 20 (8) N/Ml N/Ml B/1-2; B/2-3; B/3-4; B/5-6 
B-C/6 Concrete Concrete 19 (7.5) 0 (0) 47(18.5) 46 (18) 
C-D/6 Masonry Masonry 0 (0) 20 (8) N/A2 N/A2 E-F/6 
D-E/6 Concrete Masonry 11 (4.5) 20 (8) N/Ml N/Ml 
F-G/6 Concrete Concrete 19 (7.5) 0 (0) 49 (19.3) 44(17.3) 
G/1-2 Concrete Masonry 11 (4.5) 10 (4) 41 (16) 50 (19.6) G/2-3; G/3-4; G/4-5; 
G/5-6 Concrete Masonry 11 (4.5) 10 (4) 41 (16) 51 (20) 
D-E/1 Plaster Masonry 1 (0.25) 20 (8) N/A2 N/A2 B-C/1; C-D/1; E-F/1 
F-G/1 Concrete Masonry 10 (4.1) 10 (4) 36 (14.3) 54 (21.3) 

1Not measured due to time or access limitations, 2Not applicable 
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(b) south side 

(c) west side 

Figure 5.6: Damage to the columns and masonry infills in the second story after 2010 Baja 
California Earthquake 
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(a) panel A/3-4 (north) (b) panel C-D/6 (west) 

Figure 5.7: Close-up views of two samples of observed damage in the exterior frames and infills 

5.4 MATERIAL PROPERTIES 

In-situ and laboratory material tests were performed to obtain the mechanical and chemical 

properties of the masonry and concrete elements. 

5.4.1 CONCRETE 

Mechanical Properties 

Cylindrical concrete cores were extracted from the first-story slab, columns, and the infill 

located in bay A/4-5 . The cores were subjected to compressive tests at the University ofCalifornia, 

San Diego Powell Laboratory to obtain their elastic modulus and strength, as well as to split

cylinder tests to obtain their tensile strength. The test results, summarized in Table 5.2, indicate 

that the compressive strength of the concrete in the infills and slabs is within the range typically 

specified for modem construction. However, it is significantly lower in the columns. Furthermore, 

83 



the modulus of elasticity for all of the concrete elements is lower than what current design codes 

such as ACI 318 2014 [65] would yield. 

Samples of the longitudinal reinforcement from beams and columns were also extracted 

from the RC members and tested in the Structural Engineering and Earthquake Simulation 

Laboratory at the University at Buffalo. The results, summarized in Table 5.3 , indicate that the 

modulus of elasticity is similar to the currently used reinforcing bars. However, the yield and 

ultimate stresses are 41 and 61 Ksi respectively, indicating that Grade 40 steel was used at that 

time. 

Table 5.2 : Mechanical material properties of concrete cylinders and masonry prisms 

Number Core Avg. Modulus of Avg. Compressive Tensile Avg. 
Structural Density

of diameter elasticity strength strength Strain at 
Element 

samples Kglm3 (Pct) cm (in) GPa (Ksi) MPa (Psi) MPa (Psi) peak 

Columns 2 2146 (134.0) 10.2 (4) 10.0 (1450) 19.92 (2890) 1.5 (217) 0.0034 
Wall 1 NIA 10.2 (4) 7.4 (1073) 30.8 (4470) NIA 0.0060 
Slab 1 NIA 10.2 (4) 4.1 (590) 29.8 (4320) 3.52(511) 0.0178 

Masonry 
2 1850 (115 .5) NIA 4.2 (611.5) 14.5 (2110) NIA 0.0054

Walls1 

1: Masonry prisms 

Table 5 .3 : Mechanical properties of steel bars 

<+- Sectional Modulus of Ultimate 
o "' Yield stress 

"' 
C/l 

C ~ area elasticity strength Strain at yield 0 i3 Strain at ~ fr--------~--------~--0 ·-= (.)u... I]) 
E g GPa (Ksi) MPa (Ksi) MPa (Ksi) failure 1 

C/l ::l "' cm2 (in2
) 

Z Mean STD Mean STD Mean STD Mean STD 

"@ 
.s 
-0 C/l
::l ... 193 7.3 281 15.4 421 16 5

4 2 · 0.0015 5.0e-5 0.245·5b .2 -54 (0.39) (28000) (1060) (41) (2.2) (61) (2.4)
C 
0 

....:i 

1: strain at failure is obtained from one sample due to instrumentation limitations 
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Chemical Properties 

Chemical tests were performed to identify typical binder/aggregate ratios and cement 

content in the various cementitious materials in the building. The chemical analysis of the concrete 

sampled from a column and a beam in the second story is summarized in Table 5.4. The method 

is based on the use of acid digestion and chemical analysis to identify soluble silica resulting from 

Portland cement hydration. The aggregates-to-binder ratios are close to the range used for 

structural concrete constructed with current practice [ 66]. 

Table 5.4: Results of acid digestion of concrete samples 
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...... i:: >-, <Ll .... (l.) cs:: -0 (l.) ;:::: ..... ;:::: -0 <l)
0 .... ,£) ·-u <l) <l) o_ .... 

<l) <Ll .s ~ .... - cs:: 

.s bl)~ 
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cs:: bl) -0 bl) s bl) 0 E-< 0-~ ~ bl) i:Q > bl) > i:Q bl)"@ cs:: i:: >]- .... g "§! <I'.'. <I'.'. <I'.'. 
cs:: .a .....:IN 

::E :-a 
~ 

VJ u '-' ;:::: 3 3 3.... gram gram grams cm cm cm 
{/J % %

(oz.) (oz.) (oz.) (in. 3) (in.3) (in. 3) 

62.90 7.73 55 .17 12.06 43.05 55 .12
Cl Column C/3 22 78

(2.22) (0.27) (1.95) (0.74) (2 .63) (3 .36) 
54.61 10.53 44.08 16.43 34.40 50.83

C2 Beam B-C/3-4 32 68
(1.93) (0.37) (1.55) (1.00) (2 .10) (3 .10) 

5.4.2 INFILLS 

Mechanical Properties 

Compression tests were performed with flat jacks in accordance with ASTM C1196 

standard [67] to determine the dead load carried by the infill masonry walls. The exact location 

and the test setups can be found in Figures 5.9 and 5.10, respectively. The results, summarized in 

Table 5.5, indicate that the vertical load carried by the infill on the south side of the second story, 

G/3-4, is significantly less than that of the infill on the east side of the same story (E-F/1 ). This 
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can be justified by the direction of the slab joists. The joists transferred the loads along the east

west direction and therefore, the infills along the east and west exterior frames carried more load 

than those along the north and south frames . In the first story, however, the load carried by the 

infill in the G/3-4 bay is considerably larger than that carried by the infill above it despite the same 

joists arrangement in both floor slabs. This additional load is caused by the weight of the infill and 

frames located above the first-story infill on the G/3-4 bay. 

Shear tests at three different heights on a masonry infill in the second story were performed 

to estimate the shear strength ofmasonry bed joints with varying normal stress in accordance with 

ASTM C1531 [68]. The exact test locations and the setup can be found in Figures 5.9 and 5.10, 

respectively. Based on the results, summarized in Table 5 .6 and shown in Figure 5 .10, the angle 

of friction and the cohesion between the mortar and the bricks are estimated to be 29.7 degrees 

and 143.4 kPa (20.8 Psi) respectively. 

Masonry prism samples were also extracted from the infills in the first and second stories 

and tested in the University of California, San Diego Powell Laboratory to obtain their elastic 

modulus and the compressive strength. The results, summarized in Table 5.2, indicate that the 

modulus of elasticity of the prisms is lower than recommended value in MSJC [69] 

The modulus of elasticity of the infills was also estimated using an in-situ test performed 

on a masonry infill in the second story per ASTM Cl 197 [70]. The test setup and location can be 

seen in Figures 5.9 and 5.12 , respectively The modulus of elasticity estimated with this test was 

3.5 GPa (513 Ksi), i.e. 16% lower than the average value obtained from the prism tests reported in 

Table 5.2. 
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Rebound hammer tests were also conducted on the concrete infills, columns, and the mortar 

joints to estimate the surface hardness of various structural elements and the results are 

summarized in Table 5.7. 
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Figure 5.8: Infill in-situ test locations 
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(b) shear test 

Figure 5.9: Test setups of the in-situ tests on the masonry infills 
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Figure 5.10: Results of the shear tests on mortar joints 
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Table 5.5 : Masonry compressive test results 

Masonry height above test location Average compressive stress
Test# Location 

cm (in.) kPa (Psi) 
Cl G/3-4 (2nd story) 300 (118) 34 (5) 
C2 E-F/1 (2nd story) 267 (105) 241 (35) 
C3 G/3-4 (1st story) 254 (100) 689 (100) 

Table 5.6: Masonry shear test results 

Test 
# 

Location 
Masonry height above test 

location 
cm (in.) 

Estimated gravity 
stress 

kPa (Psi) 

Masonry shear 
strength 
kPa (Psi) 

Sl E-F/1 (2nd story) 10 (4) 0 (0)1 152 (22) 
S2 E-F /1 (2nd story) 257 (101) 186 (27) 221 (32) 
S3 E-F/1(2nd story) 345(136) 255(37) 310(45) 
1Three bricks were removed above the location of test S 1 to ensure that the bed joint does not 

carry gravity loads. 

Table 5.7: Hardness-test results 

Rebound number 
Type 

Average Standard Deviation 
Walls 96.28 6.06 

Columns 81.5 2 
Mortar joints 66 

Figure 5.11: Test setup of the masonry modulus test 
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Chemical Properties 

The results of the chemical tests, performed on the extracted mortar samples and 

summarized in Table 5.8, indicate that only a small portion of the mortar and plaster binders 

consisted of Portland cement. 

Table 5.8: Results of chemical analysis for mortar samples 

Volumetric ratio 
Sample Aggregate Soluble 

Sample S 1 # 
ty amp e pe 

Location 
mass 

gram 

mass 

gram 

silica 

gram 

Portland Calcium A
ggregate

cement carbonate 

{oz .l {oz .l {oz.l 

Mortar 
Ml 

M2 

E-F/1 (2nd story) 

G/4-5 (1st story) 

10.00 
(0.35) 
10.00 
(0.35) 

7.03 
(0.25) 
7.36 

(0.26) 

0.14 
(0.0049) 

0.14 
(0.0049) 

1 

1 

5 

4 

9 

9 

Plaster 
Pl 

P2 

D-E/6 (1st story) 

G/5-6 (1st story) 

10.00 
(0.35) 
10.00 
(0.35) 

7.85 
(0.28) 
8.01 

(0.28) 

0.12 
(0.0042) 

0.12 
(0.0042) 

1 

1 

4 

4 

12 

12 

5.5 DAMAGE INTRODUCED DURING TESTING 

Similarly to the building in Utica, the exterior infills were part of the lateral-load resisting 

system and their removal could affect the lateral stiffness and strength of the structure. Five infill 

walls were removed at four stages during the testing sequence. The four levels of additional 

damage, referred to as damage states in this dissertation, were introduced to investigate the effect 

of evolving damage on the dynamic response and assess the ability of system identification 

techniques to capture the resulting change of the dynamic properties. The initial damage state 

(DS0) was the result of the deterioration caused by aging and the earthquake sequence discussed 
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in a previous section. Damage state DS 1 was introduced by the removal of an exterior infill along 

the north side in the A/3-4 bay in the second story. This wall was removed prior to the tests to 

allow the sliding of the shaker inside the building. The second and third damage states (DS2 and 

DS3), were introduced by demolishing the infill walls in bay D-E/6 and E-F/6 in the west side of 

the second story. Finally, the fourth damage state (DS4) was introduced after the demolition of the 

infill panels in bays F-G/6 and G/5-6 in the second story, as shown in Figure 5.12. 

-
-
-

DSI 
DS2 
DS3 
DS4 

(a) view to north-west (a) view to south-west 

Figure 5.12 : Damage states and wall removal sequence 

5.6 DYNAMIC TESTING 

5.6.1 INSTRUMENTATION 

An array of 95 sensors including accelerometers and displacement sensors were installed 

in the building. To measure the accelerations, 60 force-balance accelerometers were installed close 

to the four comers and the center of the first and second-floor slabs and the roof In every location, 

the acceleration in three directions (X, Y and Z) was measured for a total of 15 acceleration 

measurements at each level as shown in Figure 5.14. Based on the convention adopted here, the X 

direction corresponds to the east-west direction with the positive orientation pointing eastward, 
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whereas the Y direction corresponds to the north-south direction with the positive orientation 

pointing northward. This instrumentation scheme provides the ability to record the translational 

and torsional response of the building with significant redundancy. Moreover, two triaxial 

accelerometers were installed at the north-west and south-east comer of the basement, while three 

uniaxial accelerometers were mounted on the extension building at its north and west sides to 

evaluate the unclear structural connection between the extension and main buildings by examining 

the propagation of the induced vibration. Finally, two triaxial accelerometers were placed on the 

ground close to the structure along the north and west sides to record any vibration of the soil due 

to waves generated by the interaction between the soil and the structure. 

String pots and L VDTs were used to measure the relative displacements between the floor 

slabs during the tests. The L VD Ts were mounted at the top of poles near the accelerometers at the 

four comers and the center of the first and second floor. The poles were fixed on the lower slab 

and were 5 cm (2 in.) short from the slab above so that the LVDTs installed at the top of the poles 

could measure the relative displacement of the upper slab with respect to the lower slab in two 

horizontal directions (X, Y) at each location. Figure 5.13 shows on of the wooden poles, which 

were designed based on a vibration study on the resonant frequency considering 12 prototypes 

made from timber, steel, or the combination ofboth. The wooden poles were designed to have low 

mass and high stiffness to ensure their vibration does not interfere with the measurement of the 

inter-story drift [6]. Their first-mode frequency was measured to be 12.3 Hz. This frequency can 

be filtered out from the recorded displacement time-series. 
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Figure 5 .13 : Wooden pole used for mounting the L VD Ts 

The stringpots were installed at the F-G/1 and F-G/6 bays in the first and second floor. 

They were oriented to measure the horizontal, vertical, and diagonal panel deformations as shown 

in Figure 5.15 . More details on the location of the sensors can be found in Appendix D. 

All sensors were connected to a data logger with the data sampling rate of 200Hz. The 

logger could record accelerations between 0.1 mg and 2g. The data sampling rate was 200 Hz and 

all accelerometers were synchronized by GPS timing having accuracy of less than 1 milli-second 

[46, 71]. 
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Figure 5.14: Instrumentation layout 
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Figure 5 .15 : Instrumentation details on the location of the string pots on the east and west sides 

5.6.2 LIDAR DATA COLLECTION 

Lidar scan data was collected, by a team from the University of Nebraska at Lincoln 

(UNL), before and after the test sequence. These scans provided information on the overall 

geometry of the structure, as well as its components. Moreover, the comparison of the scans before 
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and after the tests yields geometric changes in the deformation profiles due to the testing sequence. 

As a result, the deformation profiles at the corners of the structure prior to and after the dynamic 

tests (DS 1 or pretest and DS4 or post-test) are obtained. 

The lidar survey consisted of 14 scans at DSl , as shown in Figure 5.16. However, only a 

total of six scans were obtained at DS4 due to access and time constraints. The post-test data 

collection focused on the north and west walls where the majority of the test-induced damage was 

evidenced. Also due to safety concerns, no roof scanning was performed during the post-test 

survey (Figure 5.17b ). The pre-test scanning process utilized a closed traverse strategy, as the last 

scan significantly overlapped with the first scan, to capture details of all exterior sides of the 

structure to minimize any registration error. Here, registration should be interpreted as the process 

of transforming and aligning two or more lidar scans to a unified coordinate system [72]. The 

scanner offset distance from the building was in all cases less than 10 m (33 ft.) so that sub

centimeter resolution could be achieved. Based on the selected scanner settings and the offset 

distances, the point-to-point spacing is approximated as 6 mm and 3 mm for the point clouds 

obtained before and after the tests, respectively. 

Prt le.st s<:au loc111Uons CJ O 2 4 6 8 10 metcn ...., 

Pos1-tcst sc.an loca1ioos151 N 

Figure 5.16: Scan locations for pre- and post-test lidar setups ( obtained by the UNL team) 
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The registration process employed both paper checkerboard targets and additive 

manufactured retro-reflective spheres. In addition, the cloud-to-cloud optimization process, which 

matches the surfaces of objects and their features between two or more scans, was also performed 

to enhance the registration results. The mean registration error for the pretest point cloud was 1.50 

mm (0.059 in.) . The post-test lidar scans were aligned to the pre-test point cloud to form a uniform 

coordinate system. As a result, a holistic scene of the test structure was created for visualization 

and geometry measurements. However, to facilitate computation of test-induced displacements 

and inter-story drift objectively and eliminate the registration error propagation, the post-test scans 

ofeach comer was also independently registered to the pre-test conditions using the cloud-to-cloud 

optimization of non-transient features in the environment that are not located within the test 

structure ( e.g. sidewalk section). The mean registration error of pretest to post-test scans for each 

north-east, north-west, and south-west comers are 0.75 mm (0.03 in.), 1.27 mm (0.05 in), and 1.39 

mm (0.05 in) respectively, indicating high accuracy in the registration process. The registration 

error is not provided for the south-east comer as no post-test data was available at that comer due 

to access limitations. 

~..,,_,.~> 
~ 

(a) scan results prior to dynamic tests (pretest) (b) scan results after dynamic tests (post-test) 
Figure 5 .17: Northwest isometric views of the registered point cloud sets ( obtained by the UNL 

team) 
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The deformation profiles at the comers of the building are obtained by vertically slicing 

the point cloud, followed by representative point selection (median), and noise filtering. Initially, 

a small offset distance from the comer edge, approximately 8 to 10 cm (3 to 4 in.) is selected to 

minimize the noise primarily induced by the laser beam scatter at the free edge. Then, a vertical 

slice at the offset distance is selected and segmented into 1-cm (0.39 -n.) vertical bins. At each 

vertical bin, the median point of each segment quantifies the representative point for that bin at its 

centroidal elevation. Finally, the one-centimeter spaced points are filtered using the Hampel 

identifier to remove any remaining outliers. Afterward, a low-pass finite impulse response (FIR) 

filter of order 48 and a cutoff frequency of 1 Hz is used to remove surface roughness and create 

salient deformation profiles. The Hampel identifier detects representative outliers based on local 

statistical parameters of the neighborhood. For each point in the profile identified as sample x , the 

function computes the median and standard deviation of the sample ' s neighboring points (Xn)

Then, the logical expression stated in Equation 1 is checked to detect the outliers: 

Ix - median(Xn)I ~ zl-~ X (Jn Equation 5 .1 
2 

where Z1_~ is a reference normal distribution and a is the significance level. When the above 
2 

statement is true, an outlier is detected, and therefore the sample is replaced by the median value 

of its neighborhood [73]. In this study, multiple runs demonstrate that the number of neighboring 

points and the significance level of 4 (a vertical dimension of4 cm or 1.5 in.) and 0.2, respectively, 

resulted in the most accurate noise elimination within the dataset. 
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5.6.3 DESCRIPTION OF SHAKERS 

A series of dynamic tests were performed on the structure to investigate its dynamic 

properties in the quasilinear and nonlinear ranges. The experiments were conducted using two 

mobile shakers owned and operated by NEES@UCLA. Initially, a small linear portable shaker, 

shown in Figure 5 .18, was used to identify the natural frequencies of the building. An eccentric

mass shaker, with approximate dimensions of 4.3 m by 3.0 m by 1.2 m (14 ft. by 10 ft . by 4 ft.) 

and gross weight of 1130 kg (2500 lb.) as shown in Figure 5 .19a, was then bolted to the concrete 

slab on the second floor at the north-west comer. It consisted of two circular shafts which could 

rotate with the same frequency but adjustable phase to produce harmonic excitations in the 

direction of interest. The excitations produced by the shaker were sine sweeps and sine steps 

following the schematic forcing functions shown in Figures 5 .19b and c, respectively. The inertia 

force induced on the building by the shaker can be estimated from Equation 5.2. 

F = 2MR(2rrf) 2 Equation 5 .2 

where f is the forcing frequency of the shaker in Hz, and MR is the product of the rotating mass 

and the distance between the center of rotation and the centroid of the mass inside each shaft. As 

the maximum force the shaker could generate was 444.8 KN (100 kips), the weights inside each 

shaft could be adjusted depending on the desired frequency range for the operation of the shaker. 

In the tests, two weight setups were used: 193.57 kg-m (43 .52 lb.-in.) and 652 .38 kg-m (146.65 

lb.-in.). The first mass could operate in the frequency range of 0-5 .5 Hz, while the second setup 

could operate between 0 and 3 Hz. Here, the former setup is referred to as small mass (SM) and 

the latter setup as large mass (LM). 
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Figure 5 .18: Linear shaker 
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Figure 5.19: Shaker device and its forcing-frequency scheme 

5.7 TESTING PROTOCOL 

The tests, summarized in Table 5.9, were conducted in November 2014. The testing period 

began with in-situ material tests which lasted five days. It was followed by the instrumentation 

phase which lasted 3 days. The accelerometers in the center of each floor were the first sensors to 

be installed so that the ambient vibrations could be recorded before the first infill removal (i.e. 

during DSO) which led to damage state DSl. This infill, located in bay A/3-4 of the second floor 

was removed to allow for the insertion and installation of the shaker inside the second story and 

therefore, no forced-vibration tests were performed prior to DS 1. The tests were performed in 
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damage states DS 1 through DS4 in both X and Y directions. A total of 26 forced-vibration tests 

were performed as summarized in Table 5 .10. During the testing period, the data acquisition 

system was continuously recording. Therefore, 120 hours of ambient vibrations of the structure 

were also recorded besides the forced vibrations. 

Table 5.9: Summary of the testing schedule 

Task Date (in 2014) Comments 
Material tests Nov 4th - Nov 8tl1 Mechanical tests of infills 

Building poles for L VDTs, mounting L VDTs, stringpots and 
Instrumentation Nov 8th - Nov 12th accelerometers-

Shaker installation 
Performed using two shakers: 

Shake tests Nov 15thNov 13th 
- 1: Small shaker on Nov 13th 

2: Main shaker on Nov 14th and Nov 15th 
Wall demolition Nov 11 th -Nov 15tl1 5 walls removed in north-west and south sides 
Core sampling Nov 13th - Nov 14tl1 6 cores extracted from structural members and tested at UCSD 

Instrumentation 
Removal 

Nov 15tl, _ Nov 16th 

Table 5.10: Summary of the test sequence 

Damage Total # Excitation Frequency Range in Hz(# of tests in excitation direction)[shaker setup] 
Q) i:: 
0.. 0 state of tests·-= Q.)c .... -~ ~ Cl) u ....
Q) 

f-, >LI 
~ 

DSl 6 0.0-2.5 (2 in X , 1 in Y) [LM1
] ; 0.0-3 .0 (1 in X) [LM1

] ; 0.0-4.0 (1 in X , 1 in Y) [SM2
] 

i:: fr DS2 3 0.0-3.0 (1 in X , 1 in Y) [LM1
] ; 0.0-4.5 (1 in Y) [SM2

]Q) 

0 
-~ .s 

VJ VJ 
~ 

DS3 1 0.0-4.5 (1 in Y) [SM2
],_ 

> 
~ DS4 5 0.0-4.5 (1 in X , 1 in Y) [SM2] ; 0.0-5 .5 (2 in X , 1 in Y) [SM2

] 

"Cl 0.. DSl 5 1.3-2.5 (1 inX , 1 inY) [LM1]; 2.8-3.4(1 inY)[SM2] ; 3.5-4.01 (1 inX , 1 inY)[SM2] 
Q) Q) 

~ en DS2 3 1.3-2.3 (1 in X , 1 in Y) [LM1
] ; 1.3-2.3 (1 in Y) [SM2

]
0 

µ;... Q) DS3 1 1.3-2.3 (1 in Y) [SM2
].s 

VJ DS4 2 1.3-2.3 (1 in X , 1 in Y) [SM2
] 

DS0 77 
.... i:: 
i:: 0 DSl 379 
Q) · - <i:::.E ~ DS2 20 NIA sJs z 

<i:: > DS3 6 

DS4 19 
1 Large Mass, 2 Small Mass 
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5.8 CONCLUSIONS 

This chapter discusses the layout, material testing, instrumentation, and testing protocol of 

the two-story building. Earthquake-induced damage was observed in the RC frames and infills of 

the second story along the north, south, and west exterior frames , while no visible damage was 

detected in those along the east side of the second story and the entire first story. As a result of the 

retrofit performed in the late 1980s in, significant strengthening of the first-story infills is also 

observed during the core sampling and visual inspection. The compressive strength of the concrete 

in the infills and slabs is within the range typically specified for modem construction, but it is 

significantly lower in the columns. Furthermore, the modulus of elasticity for all of the concrete 

and masonry elements is lower than current design codes. Also, based on the tests performed on 

the samples of the longitudinal reinforcement extracted from the RC members, Grade 40 steel was 

used in the construction of the building. The test structure was equipped with accelerometers and 

displacement sensors and it was dynamically tested using an eccentric mass shaker at different 

induced damage states. During the tests, five infill walls were removed to introduce four damage 

states. The test results obtained from the forced-vibration tests, as well as the ambient-vibration 

recordings, are discussed in the following chapter. 
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CHAPTER6 

DYNAMIC TESTS OF A TWO-STORY RC INFILLED STRUCTURE: 

TEST RESULTS 

INTRODUCTION 
6.1 

This chapter discusses the results obtained from the vibration tests performed on the two

story building introduced in Chapter 5. The forced vibrations pushed the structure into its nonlinear 

range ofresponse. The modal properties of the structure are estimated using the time-domain and 

frequency-domain methods. The dynamic tests in each of the damage states allow the assessment 

of system identification methodologies, and provide insight into the effect of damage on the 

dynamic properties of buildings. Furthermore, the test data provides unique insight into the effect 

of excitation amplitude and orientation on the nonlinear dynamic response of the building. 
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6.2 MODAL PROPERTIES OBTAINED FROM AMBIENT VIBRATIONS 

6.2.1 IDENTIFICATION PROCESS 

The modal properties of the test structure are estimated at each damage state from the 

acceleration response of the structure under ambient- and forced-vibrations. The system 

identification is performed using the frequency-domain (peak picking) and time-domain (NExT

ERA) methods, the details of which are discussed in Chapter 3. 

The ambient-vibration recordings are split into 10- to 15-minute segments resulting in 501 

datasets, as summarized in Table 5 .11. The accelerometers at the north-west comer of the second 

floor measuring along either the X or Y direction, depending on the direction of excitation, are 

selected as the reference due to their proximity to the shaker so that they can be used for the system 

identification of the forced-vibration data as well. The same reference accelerometers were used 

in the system identification using ambient-vibration data to maintain consistency. The recordings 

are filtered using a Finite Impulse Response (FIR) band-pass filter of order 1024 between 0.5 and 

7 Hz. The power spectral densities (PSD) are then estimated using the Welch method which is 

applied to the filtered data and averaged over 40-sec long Hanning windows of with 50% window 

overlap. The frequencies corresponding to the peaks observed in the PSD plots of the reference 

channels are then considered as the modal frequencies. The mode-shape components are estimated 

using the values of the transfer functions at the corresponding estimated frequency. The damping 

ratio of the structure is also estimated using the half-power bandwidth method from the PSD plots 

of the reference channels. 
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The NExT-ERA method is also applied on the ambient-vibration recordings ( conducted by 

a group from Tufts University [74]). Fewer data sets (30 sets for DSl , five sets for DS2, two sets 

for DS3 , and ten sets for DS4) with shorter durations (10 minutes) are analyzed using this method 

because of the higher computational cost compared to that of the peak-picking method. The 

algorithm is applied to 4 7 datasets of filtered data, as it was believed that 4 7 datasets provide 

adequate statistical data for the system identification of the test structure. For each set, the signal 

is divided into four Hamming windows with 50% overlap to compute the cross-power spectral 

density functions between all channels and the reference accelerometer. The accelerometer 

measuring the X-direction on the southwest comer of the roof is chosen as the reference channel. 

This is different from the reference selected for the peak-picking method, which help identify the 

potential effect of selecting different references on the system identification results. The cross

correlation functions , which have the same form as the free vibration response of the building are 

estimated as the inverse Fourier transform of the cross power spectral density functions and are 

fed into the ERA method. The order of ERA is chosen manually for each of the 4 7 sets based on 

the stabilization diagrams. The modal parameters (natural frequencies , damping ratios and mode 

shapes) are then estimated for each data set following the procedure discussed in Chapter 3. 

6.2.2 IDENTIFICATION RESULTS 

The system identification results using ambient-vibration recordings averaged over the 

available datasets at each damage state are summarized in Table 6.1. There is a good agreement 

between the modal frequencies estimated using the NExT-ERA and the peak-picking methods with 

a maximum error of 4% for mode 1 at DS4. The mode shapes of the structure identified in DS 1 

for mode 1 and mode 2 are illustrated in Figures 6.1 and 6.2, respectively. These modes shapes are 

104 



obtained from data sets yielding identified frequencies matching the average frequency values. 

The mode shapes estimated using the two system identification methods indicate a good match as 

the minimum MAC value is 0.97 at DSl , as indicated in Table 6.1. In this case, the mode shapes 

are 30-component unit vectors including five components for each ofthe two orthogonal horizontal 

directions at the four comers and the center of the building at each story. This good agreement 

confirms the ability of the two methods to consistently estimate the natural frequencies and mode 

shapes for this structure. 

Table 6.1: Summary of system-identification results : Frequencies and MAC values 

<l) MAC between NExT-ERA and 
~ 
~ 

Mode 1 frequency (Hz) Mode 2 frequency (Hz) 
peak picking 

<l) 
bl) 
ro s 
ro 
Q 

~ 

ro<l) 

~ 

bl) 
i:: 

·-~ 

-~ 
0. 

I 

~ ;;i 
~~ 

~ 

ro<l) 

~ 

bl) 
i:: 
·-~ -~ 
0. 

I 

~ ;;i 
~~ 

Mode 1 Mode2 

DSl 2.24 2.26 3.32 3.37 0.97 0.97 
DS2 2.17 2.14 3.03 3.07 1.00 1.00 
DS3 2.12 2.06 3.00 2.96 1.00 1.00 
DS4 2.05 1.96 2.81 2.72 1.00 1.00 

The first mode mainly involves translation along the X (east-west) direction. However, it 

also includes non-zero components along the Y (north-south) direction on the west side of the 

structure. As a result, the fundamental mode is torsional. The second mode is also torsional with 

the center of rotation close to the north-east side of the building. This is a result of the shift of the 

center of rigidity towards the east side of the building because of the damaged solid infills along 

the western exterior frames as described in a previous section. Also, there was a stairway shaft 

located close to the north-east comer of the building surrounded by RC walls which added a source 

of stiffness irregularity. The elevator shaft along the height of the structure imposed insignificant 

stiffness irregularity as it was symmetrically located with respect to the plan view. 
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Figures 6.1 and 6.2 also illustrate that the amplitude of the modal components 

corresponding to the first story is negligible compared to those estimated for the second story in 

both modes. This is attributed to the retrofit of the exterior infills of the first story which made the 

first story considerably stiffer than the second story. The stiffness and strength irregularity along 

the height resulted in the severely damaged second story during the 2010 Baja California 

earthquake. In fact, the first story acted as rigid block transferring the ground motion to the weaker 

second story. This type and level of damage may have been limited if both stories had been 

retrofitted and/or the structure had fewer in-plan irregularities. 
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Figure 6.1: Mode shapes for mode 1 at DS 1 

The identified frequencies for the first two modes during the entire testing period of 5 days 

are shown in Figure 6.3. The modal frequencies identified from the ambient vibration recordings 

decrease for both modes due to the damage induced by the removal of the infills. The drop varies 

for different damage states as the location of the removed infills and their prior level of damage 

affects their influence on the overall stiffness. The first infill was removed from the bay A/3-4 
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along the north side (X-direction) of the second story. Therefore, a drop in the frequency of mode 

1, which includes considerable translation in the X direction, is observed between DS0 and DS 1. 

However, such drop is not evident in mode 2 indicating that the removed wall did not affect the 

torsional behavior represented by this mode. This is expected as the un-damaged infills along the 

east side of the structure and the staircase shaft were the major sources of rigidity in this mode. 

The frequency drop between DS2 and DS3 is less than that between DSl and DS2. The 

infills located in bays D-E/6 and E-F/6 were removed to introduce DS2 and DS3 , respectively. The 

infills had the same geometry, but resulted in different frequency drops. The difference indicates 

that the E-F/6 infill had a smaller contribution to the lateral stiffness compared to the D-E/6 infill 

as it had sustained more damage during the 2010 earthquake. 
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Figure 6.2 : Mode shapes for mode 2 at DSl 

Figure 6.4 illustrates the deformed shapes of the structure at the roof level for both modes 

at DSl and DS4, obtained from the mode shape vectors which were normalized to unity. The 
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companson of modes between these damage states indicates that after the infill removal the 

structure tended to sway 9.4% more in the Y direction for mode 1 and 10.0% more in the X 

direction in mode 2. The changes were estimated by averaging the difference between the modal 

components at four comers of the roof This is anticipated since the demolition process involved 

the removal of infills resisting motion in both directions. However, the change in the mode shapes 

due to the infill removal and the dynamic tests is not drastic. 
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Figure 6.3 : Identified natural-frequency change of the structure during the testing period 
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Figure 6.4: The deformed shape of the roof 

6 3 · oYNAMIC RESPONSE OF THE STRUCTURE TO SHAKER EXCITATIONS 

6.3.1 INTRODUCTION 

As discussed in Chapter 5, the structure was subjected to a series of forced-vibrations at all 

damage states. Figure 6.5 shows the schematic forcing functions introduced to the structure, 

namely the sine-sweep and sine-step excitations. The sine-sweeps were performed to obtain the 

transient response of the structure under variying excitation characteristics and different levels of 

structural deterioration. The sine-steps were conducted to study the steady-state response of the 

structure at frequencies close to the resonant frequencies identified during sine-sweep excitations. 

This section describes the response of the structure to these excitations. The structural response is 

presented using two types of plots, namely the acceleration-vs.-drift ratio plots and the 

configuration plots. The former type presents the acceleration response recorded at a certain 

location and the inter-story drift ratio response measured from the LVDT mounted on a pole at the 

same location. The configuration plots represent the movement of the structure, in the horizontal 

plane, recorded by either the accelerometers or L VDTs during the forced vibrations at a certain 

location. 
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Figure 6.5: Forced-vibration types introduced to the structure 

6.3.2 TRANSIENT RESPONSE 

Resonant Zones 

Figure 6.6a presents the acceleration-vs.-drift ratio response of the structure in the second 

story at the south-west comer caused by a sine-sweep excitation between 0 Hz and 2.5 Hz at DS 1. 

The color of the curves indicates the excitation frequency. Although the force applied on the 

structure is proportional to the frequency, it can be noted that the displacement of the structure 

does not increase monotonically as the excitation frequency, and thus the force, increase. 

Furthermore, it can be observed that at some frequencies the structure develops hysteretic 

behavior, while at others the displacement is not significant, despite the higher force . Figure 6.6b 

illustrates the same information along with the variation of the forcing frequency. Two resonance 

zones are evidenced at shaker frequencies ranging between 1.63 to 1.70 Hz and 2.14 to 2.25 Hz, 

respectively. A range of frequencies is provided instead of specific values of the resonance 

frequency since the sine-sweep excitations did not allow the development of the steady-state 

response. Hence, the peaks estimated from the PSD of the acceleration response at different 

locations occur at slightly different frequencies . 
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The hysteretic behavior, observed at two resonant frequencies, initiates when the cohesion 

along the existing cracks is overcome due to the forced vibrations and there is sliding and opening 

along the cracks. Since the shaker force is proportional to its operating frequency, the applied 

shaker force between 1.7 Hz to 2.1 Hz is higher than that applied during the 1st resonance zone. 

However, the building does not displace noticeably as indicated by the lack ofhysteretic behavior. 

In fact, outside the resonant zones, the displacement is less significant and the structure exhibits 

only minor non-linearity. Once the excitation frequency becomes close to the second resonance 

frequency band, the plot demonstrates significant non-linear behavior. The yielding force and the 

post yield slope are considerably higher in the second resonant zone compared to the first one. 

--0.80 H:,: to 1.55 H:,: 
~----~-

0.02 Ist resonance 
----..----- --. - 1.55 II:,: to 1.80 II:,: 

-1.80 Hz to 1.90 H:,: 
@ 1.70 Hz - 1.90 Hz to2 .10 Hz 2nd resonance @ 2.21 Hz 

on 0.01 ---d 
.9..... 

~ 1st resonance @ 1.70 Hz 
o::I 

63 
0 

~ 
() 
() 

<i:: -0.01 

0 
-0.02 2 

Shaker Fr 1.5 -0.02 0 0.02 
equency (l-Iz) 0.5

Drift ratio (%) 

(a) acceleration-vs.-drift raio (b) acceleration-vs.-drift raio-vs.-forcing frequency 

Figure 6.6 : Response of the structure to a sine-sweep excitation along the Y direction recorded at 
the south-west comer of the second story along the Y direction 

Effect of Excitation Amplitude 

As discussed in Chapter 5, the shaker mass could be modified to change the forcing 

amplitude. Two mass setups, referred to as small and large mass, were used in the tests to 

investigate the influence of the excitation amplitude. Figure 6.7 presents the relation between the 
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forcing frequency and the forcing amplitudes produced by the shaker. Operating with the large

mass setup, the shaker could produce 3.4 times larger forces at every forcing frequency compared 

to those produced with the small-mass setup. 

The acceleration-vs.-drift ratio responses during two sine-sweep excitations along the X 

(east-west) direction at DSl are shown in Figure 6.8. Both forced-vibrations had similar forcing 

frequency profiles while one test was performed with the small mass and the other using the large 

mass setup. The first resonant frequency dropped by 12% due to the increase in the amplitude of 

the excitation. One can also note from the plot that the displacement reached by the structure at 

resonance was considerably larger when the force increased due to the larger mass, although 

resonance occurred at a lower frequency. This can be justified as the increase in the shaker force 

led to the activation ofmore cracks in the structural elements resulting in the decrease in the overall 

resistance of the structure. This comparison establishes a dependency between the force level and 

the response of the damaged structure in terms of its stiffness and frequency that can be important 

when structures behave nonlinearly under seismic loads. 
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Figure 6.7: Force produced by the MK15 shaker using different mass setups 

112 



Shaker config. : Large mass 
0.0 - Shaker con fig. : Small mass1 Shaker config . : Large mass 

- Shaker config. : Small mass 

';o ---';;' 0.01 
0 

-~ 0 

0048 -0.01 \ - ~ 
u Ist resonance @ 1.69 Hz O02 ~ -;:.,--<-0.01 0 · O 

2 , ~~ 

1.5Shaker p I -0.04-0.02 <y◊~<; 
reqtJency (Hz)-0.02 -0.01 0 0.01 0.02 0 

Drift ratio(% ) 

(a) acceleration-vs.-drift ratio (b) acceleration-vs.-drift ratio-vs.-forcing frequency 

Figure 6.8: Response of the structure to sine-sweep excitations between Oto 2.5 Hz along the X 
direction at DSl recorded at the south-west comer of the second story along the X direction 

The response of the structure to two sine-sweep excitations along the Y (north-south) 

direction, which was performed with the small- and large-mass setups at DSO, is presented in 

Figure 6.9. The first and second resonant frequencies of the structure dropped by 8% and 10%, 

respectively, when the large mass was used and the shaker force was larger for the same excitation 

frequency. The smaller frequency reductions in this loading direction can be attributed to infill 

walls on the east bays which were not damaged and resisted the motion in this direction. 
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Figure 6.9: Response of the structure to sine-sweep excitations between Oto 2.5 Hz along the Y 

direction at DS 1 recorded at the north-west comer of the second story along the Y direction 
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Figures 6.8a and 6.9a also show the difference in the maximum acceleration between the 

responses recorded during the forced vibrations with different shaker mass setups. Although the 

shaker mass, and subsequently the force were increased 3.4 times, the maximum acceleration 

increased only 2.3 tims at the first and 1.6 at the second resonant frequency, respectively. Since 

the acceleration response represents the imposed force in the corresponding story, this indicates 

that the story shear force did not proportionally increase with the shaker force, due to the 

nonlinearity of the response, which resulted in larger hysteretic cycles. 

Effect of Excitation Direction 

As discussed in a previous section, the forced-vibrations in the X and Y directions, shown 

in Figures 6.8 and 6.9, indicate different frequency drops due to different excitation directions. To 

further investigate the effect of the excitation direction, the response of the structure during sine

sweep excitations in the X ( east-west) and Y (north-south) directions is compared, as shown in 

Figure 6.10. Both excitations swept the frequencies between O Hz and 2.5 Hz at DSl while the 

shaker was operating with the large mass setup. The recorded responses along both horizontal 

directions indicate that the first resonant frequency under the excitation along the X direction is 

5% lower than that under excitation along the Y direction. The opposite trend can be observed in 

the second resonant zone where the resonant frequency under excitation in the Y direction is 7% 

lower than that occurred under the excitation in the X direction. Also, at both resonant zones, the 

amplitude of acceleration and drift-ratio responses are larger for the excitation cases that resulted 

in lower resonant frequencies . 

Considering the dependence of the shaker force on the frequency, this finding is 

counterintuitive as a lower excitation frequency corresponds to a lower force. At the first resonant 
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frequency, the maximum amplitude of the drift ratio resulted from the excitation along the X 

direction, measured along the X direction, is 53% higher than that resulted from the excitation 

along the Y direction. On the contrary, the maximum drift-ratio response under the excitation along 

the Y direction at the second resonant frequency, measured along the X direction, is 35% higher 

than that measured during the excitations along the X direction. These observations indicate that 

the drop in the resonant frequency at each resonant zone occurred due to the larger deformation of 

the structure and therefore, activation of more cracks in the structural elements of the building 

which resulted in the drop of the overall stiffness of the structure. The change in the deformations 

at each resonance zone can be explained by considering the agreement between the excitation 

direction and the major deformation components ofmode shapes of the structure. This is discussed 

further in the steady-state response section (Section 6.4). 

Effect of induced damage 

The response of the structure to two sine-sweep excitations, performed at DS 1 and DS2, 

between OHz to 3.0 Hz is shown in Figure 6.11. The forced-vibration tests were performed prior 

to and after the removal of the infill in the bay D-E/6. As indicated in the figure, the first and 

second resonant frequencies dropped by 3.6% and 4.3% respectively. A drop in resonant 

frequencies can be expected due to the stiffness reduction caused by the infill removal and the 

additional damage induced by the shaker excitations. However, the frequency drop corresponding 

to each source cannot be isolated from this comparison. 
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Figure 6.10: Response of the structure to sine-sweep excitations along the X and Y directions 
between Oto 2.5Hz recorded at the south-west comer 

To further investigate the source of damage, the response of the structure to two 

consecutive sine-sweep excitations between O Hz and 5.5Hz at DS4, shown in Figure 6.12, is 

considered. The first and second resonant frequencies dropped by 1.8% and 2.2% between the two 

forced vibrations respectively, indicating that measureable damage was induced by the force

vibrations. However, the prevailing source of damage is the demolition of the infill walls. The 
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decreasing trend of the modal frequencies at each damage state, which are estimated from the 

ambient-vibration measurements after each test and shown in Figure 6.3 , also confirms that the 

masonry panel removal caused most of the stiffness reduction; however, the dynamic tests 

contributed to that as well. 
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Figure 6.11: Comparison of the response of the structure between DSl and DS2 under sine
sweep excitations between Oto 3.0 Hz along the X direction recorded at the south-west comer of 

the second story along the X direction 

Effect of initial conditions 

The response of the structure in the second story during a sine-sweep excitation from O Hz 

to 2.5 Hz is shown in Figure 6.13. The figure includes both the branch of increasing frequencies 

(forward sweep), as well as the branch of decreasing frequencies (backward sweep), shown by red 

and grey lines respectively. During the decreasing frequency branch, the first resonant frequency 

occurs at 13.6% lower frequency, while the drop for the second resonance frequency is 6%. 

Considering that the effect of the damage induced by the shaker was observed to be around 2%, as 
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discussed in the previous section, this frequency reduction is mainly caused by the different initial 

conditions between sweeping forward and sweeping backward. 
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Figure 6.12 : Comparison of the response of the structure under two consecutive sine-sweep 
excitations between O Hz to 2.5 Hz at DS4 recorded at the south-west comer of the second story 

along the X direction 
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Figure 6.13 : Acceleration-vs.-drift ratio-vs.-forcing frequency response during a sine-sweep 
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6.3.3 STEADY-STATE RESPONSE: CONFIGURATION PLOTS 

The steady-state response of the structure was obtained from sine-step excitations after 

approximately two seconds of the shaker operation at each target frequency and it continued for 7 

to 11 seconds. The horizontal acceleration and deformation responses of the structure, referred to 

as configuration plots, under a sine-step excitation between 1.4 to 2.3 Hz with increments of 0.1 

Hz in the Y direction at DS 1 are presented in Figure 6.14 for two comers of the roof The response 

presented in the figure was recorded in the north-west and south-west comers respectively. Each 

color presents the steady-state acceleration response of the structure being excited at a specific 

frequency. 

One can compare the deformed shape of the structure during the steady-state response, 

represented by the configuration plots, to the mode shapes obtained from the ambient-vibration 

recordings. To do that, the modal lines obtained from the ambient-vibration data using the NExT

ERA method are also shown in Figure 6.14. The slope of each modal line is calculated by finding 

the inverse tangent of the ratio between the values of the modal components in the Y and X 

directions at each location. Figure 6.15 illustrates an example ofconstructing the modal lines from 

the mode shapes of the structure at the south-west comer of the roof In this case, the modal 

components have the same signs in mode 1 and opposite signs in mode 2, resulting in positive and 

negative slopes for those modes respectively. The positive slope indicates an in-phase motion, 

while the negative slope indicates an out-of-phase one. The modal lines are then plotted over the 

configuration plots by drawing rays which pass through the origin and have slopes equal to the 

values found for each mode, as illustrated in Figure 6.15c. 
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If the modes of the building are translational, the modal lines have the same orientation in 

all comers. Since both modes include torsion, the orientation ofthe modal lines changes at different 

locations. The configuration plots resemble ellipses due to modal interactions, the eccentricity and 

orientation of the induced force , and the nonlinearity of the structure. The orientation of each 

ellipse changes as the excitation frequency changes and the modal contribution to the structural 

response changes. It can be seen that the cycles corresponding to the resonance frequencies at 1.7 

Hz and 2.2 Hz have axes coinciding with the modal lines. 
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Figure 6.14: Acceleration configuration plots during a sine-step excitation in the Y direction at 
DS 1 measured on the roof slab 

The same observations can be made if the steady-state acceleration or drift-ratio response 

at the other comers is considered as shown in Figure 6.16 for the drift ratios at the north-west and 

south-west comers. Since no other resonant frequency is observed in the forced vibrations up to 4 

Hz, the frequency below which both modes are identified from the ambient-vibration data, the 

response of the structure at resonance indicates that the deformed shapes during the forced

vibration tests correspond to the modal response of the structure. 
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Figure 6.15 : Example of constructing modal lines ( south-west comer of the roof) 
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Figure 6.16: Displacement configuration plots during a sine-step excitation along the Y 
direction at DS 1 measured on the roof 

The steady-state response ofthe structure under a sine-step excitation along the Y direction, 

measured at all comers and the center of the building, at DS4 is shown in Figure 6.17. Although 

the shaker was configured to the small mass setup, the response cycles developed during the 

excitation have similar shapes, but different amplitudes, when compared to those developed under 

the excitation performed using the large mass shaker setup, shown in Figure 6.14. Furthurmore, in 
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all cases, the slopes of the major axes of the cycles at resonance are close to those of the modal 

lines, indicating that the operational deformed shapes at the resonant frequencies follow the mode 

shapes of the structure at both excitation levels. 

Effect of the excitation direction 

The steady-state response of the building due to a sine-step excitation between 1 .4 Hz and 

2.3 Hz in the X direction at DS 1 is shown in Figure 6.18 as recorded at two comers of the roof 

The major axis of the ellipse-shaped response developed during the first resonant frequency at 1.6 

Hz has a similar slope to that of the first modal line. However, at the second resonant frequency, 

identified at 2.2 Hz, the shape of the phase plot is between an ellipse and a parallelogram. The long 

axis of the ellipse, although not precisely aligned, is close to the second modal line. It is interesting 

to note the change of the orientation of the main axis of the ellipse as the only parameter of the test 

that changes is the excitation frequency. Hence, the structure tends to oscillate according to its 

mode shapes once the excitation frequency coincides with its natural frequencies . In between these 

frequencies , the steady-state response of the structure is a combination of the two modes and it is 

also influenced by the point of application and direction of the excitation force which favors mode 

1 and not mode 2. The similarity between the mode shapes and the operational deformed shapes 

at significantly different excitation frequencies from the modal frequencies was also observed in 

the dynamic response of a 10-story building discussed in Chapter 3. 
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Figure 6.18: Roof acceleration configuration plots during a sine-step excitation in the X 
direction at DSO 

The change of the slope of the response is also evident in the steady-state response of the 

second floor shown in Figure 6.19. Figure 6.19b only shows the cycles corresponding to the second 

resonant frequency. In this case, the shaker was acting on the slab from which the responses are 

measured; hence, there was a strong interaction between the modal deformations and the shaker

induced forces. Since the shaker was acting along the first mode, the axis of the ellipse and the 

modal line were aligned during the first resonant frequency. However, in the case of the second 

mode, the shaker affected the shape of the response introducing negative slopes. In between the 

two resonant frequencies, the configuration plots change due to the frequency change, but the 

envelope does not change as drastically, as in the case of the roof slab due to the dominance of the 

shaker force. 
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Figure 6.19: Second-floor slab acceleration configuration plots during a sine-step excitation in the 
X direction at DSO 

Response of the First Story and the Basement 

A sample of the acceleration and drift-ratio responses of the structure during a sine-step 

excitation in the Y direction is shown in Figure 6.20. It is evident that the first story displaces 

significantly less compared to the second story in terms of acceleration and drift. This difference, 

which is also observed in the mode shapes identified from the ambient-vibration recordings shown 

in Figures 6.1 and 6.2, is caused by the strengthening of the first story in the 1980s, which resulted 

in significant stiffness discontinuity between the stories, as discussed in a previous section. 

The steady-state response of the north-west comer of the basement under a sine-step 

excitation along the Y direction between 1.4 Hz and 2.3 Hz is shown in Figure 6.21a. The 

accelerometers considered here were attached on the basement walls as the basement was flooded 

and not accessible. The figure indicates that as the shaker frequency increased, the cycles do not 
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rotate similarly to the second-story slab shown in Figure 6.18. This difference can be attributed to 

the confinement provided by the surrounding soil at the basement level. Due to the surrounding 

soil, the basement could not move as the slabs above. 

Figure 6.21 b presents the accelerations recorded at the ground level outside the north side 

of the structure. It is evident that the motions recorded in the basement and the ground are similar, 

with the motion in the ground being smaller. The approximate excitation attenuation between the 

basement and ground is 80% as estimated by the ratio between the maximum acceleration 

amplitudes, recorded along the Y direction at the second resonant frequency (2.2 Hz). This 

indicates that a significant amount of the energy input to the building by the shaker was transferred 

to the ground through radiation damping. 
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Figure 6.20: Structure response during a sine-step excitation in the Y direction 
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Figure 6.21 : Acceleration configuration plots during a sine-step excitation in the Y direction at 
DSl 

6.4 COMPARISON OF THE MODAL PROPERTIES 

The operational deformed shapes of the structure during the forced-vibration excitations 

are also estimated using the peak-picking method. The same procedure and reference channels as 

in the case of the ambient-vibration data are employed. The results are compared to those identified 

from the ambient-vibration measurements. The mode shapes, shown in Figures 6.1 and 6.2, 

indicate a good agreement with a minimum MAC value of0.96, as reported in Table 6.2. However, 

the identified frequencies are significantly lower compared to those estimated from the ambient

vibration recordings. For instance, at DS 1 the drop is 23% for mode 1 and 34% for mode 2, 

respectively. The difference in the modal frequencies estimated from the ambient- and forced

vibration excitations is consistently observed at all damage states, for both modes, as seen in Table 

6.2.The reduction in the natural frequency due to an increase in the amplitude of the excitation is 

expected as the higher forces result in the activation of more cracks that increase the flexibility of 

the structure. The effect of the excitation amplitude can also be observed from the modal 

frequencies estimated from the measurements during the infill-demolition process, as shown in 

Figure 6.3. The equipment used for the wall demolition could impose impulse excitations with 
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higher amplitudes than those of the ambient vibrations and therefore, resulted in the frequency 

drop in both modes. The frequency drop was also observed in the dynamic response of the 10-

story building as discussed in Chapter 3. However, the drop is more significant in the case of the 

building in El Centro due to the deteriorated condition of the structure and the opening of the 

cracks in masonry and concrete elements under high-amplitude excitations. 

Table 6.2: Comparison of the modal properties identified from the ambient- and forced-vibration 
excitations using the peak-picking method 

E MAC between the ambient-
Mode 1 frequency (Hz) Mode 2 frequency (Hz) .s and forced- vibration shapes VJ 

(].) 
bl) 
ro 
E 
ro 

Ambient 
vibration 

Forced 
vibration 

Difference 
Ambient 
vibration 

Forced 
vibration 

Difference Mode 1 Mode2 
Q 

DSl 2.24 1.73 22.8% 3.32 2.19 34.0% 0.98 0.96 
DS2 2.17 1.64 24.4% 3.03 2.25 25 .7% 1.00 0.99 
DS3 2.12 1.61 24.1% 3.00 2.17 27.7% 0.96 0.98 
DS4 2.05 1.61 21.5% 2.81 2.15 23 .5% 1.00 1.00 

The excitation direction also affected the identified frequencies as shown in Figure 6.3. 

The resonant frequencies during the excitations along the X direction were in general lower than 

those measured during the excitations along the Y direction at the same damage state and with the 

same shaker mass. This can be also observed from the transient response of the structure shown in 

Figure 6.10. The first mode of the structure involves translation in the X direction and an excitation 

along that direction can transfer more energy to the structure compared to an excitation in the Y 

direction. Therefore, it can activate more cracks and result in a drop in the natural frequency as 

discussed in a previous section. The modal-frequency change due to the excitation direction and 

amplitude, discussed in a previous section, indicates that the modal properties identified using 

ambient-vibration recordings do not represent the dynamic properties ofnonlinear structures under 
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earthquake loads. Hence, the effect of excitation amplitude and directions should also be 

considered in the seismic assessment and design of structures. 

6.5 DAMPING RA TIO 

The transfer functions between the reference channels (input) on the second floor and 

channels on the roof at the north-west comer are chosen to estimate the damping ratio by applying 

the half-bandwidth method on the ambient- and forced-vibration data. An example of the damping 

ratio estimation from a transfer function obtained during a sine-step excitation in the X direction 

between 1.4 Hz and 2.3 Hz is shown in Figure 6.22. The damping ratios are also estimated using 

the NExT-ERA method from the ambient-vibration recordings. Table 6.3 summarizes the damping 

ratios estimated from both methods. The difference between the estimated values from the NExT

ERA and peak-picking methods is likely due to the difference in the estimation uncertainty sources 

of the methods. Despite the scatter, the values are within 1.3-2.4 % with a mean value of 1.8 % for 

mode 1. The estimated damping coefficient is slightly higher, between 2.0 and 3.1% with an 

average of 2.5%, for mode 2. The damping values identified during the forced vibrations are 

significantly larger and reach almost 7% for mode 1 and exceed 8% for mode 2 for the tests with 

the large mass. 

The effect of the amplitude of excitation on the damping ratio can also be noted by 

comparing the values estimated from two consecutive tests at DS2 with the same test protocols 

except for the shaker mass setups. As indicated in Table 6.3 , the damping ratios are higher using 

the large mass compared to the small-mass setup for both modes. The increased level of damping 

is caused by the increased friction along the cracks in the masonry and concrete elements of the 

structure that get activated as the excitation level increases. 
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Figure 6.22 : Damping-ratio estimation using the transfer function between the acceleration 
measurements at the north-west comer of the second floor and the roof slab under a sine-step 

excitation along the X direction 

Table 6.3: Summary of system-identification results: Damping ratio 

Mode 1 Damping Ratio (%) Mode 2 Damping Ratio(%) 

,-__ ,-__E s= s= s=.s 
ff) 

Transfer function (Forced vibration) .: 0 Transfer function (Forced vibration) .9 .g 
..... ro -~0 ·-~ 0) u .... u ....bl) ~ s= ~ Excitation direction ~ .: ~ Excitation direction ro >LI 

I <2 ·;:: >LI 
I ~->s f-, .... ..... X y f-, ......... X yro 

X ~ s= X ~ s=Ci 0)V,>LI Cl)-~ Large Small Large Small >LI Large Small Large Small 
ell~z s= ~ z .: ·-

~ s mass mass mass mass .... s mass mass mass mass 
f-, <t:: E- ::S 

'-' 

DSl 1.5 1.7 6.46 NIA1 5.31 NIA1 2.5 3.1 NIA1 NIA1 8.29 NIA1 
DS2 1.3 2.2 4.46 NIA1 6.68 5.47 2.6 2.1 NIA1 NIA1 8.30 5.30 

DS3 1.9 2.4 NIA 1 NIA1 NIA1 6.78 2.0 2.5 NIA1 NIA1 NIA1 5.41 
DS4 1.6 1.4 NIA 1 3.67 NIA1 4.29 2.8 2.5 NIA1 NIA1 NIA1 6.51 
1The forced vibration excitation did not excite the mode at that certain damage state. 

6.6 CONCLUSIONS 

The results of the nonlinear dynamic tests on the two-story RC building are discussed in 

this chapter. During the forced-vibration tests, the building exhibited significant nonlinear 

behavior, mainly in the second story. The source of non-linearity is the opening of cracks due to 
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the high-amplitude shaker excitations. The nonlinearity intensified when the building resonated 

with the induced excitation. Torsional behavior was observed in the mode shapes, as well as the 

structural responses under the forced-vibrations due to stiffness irregularities caused by masonry 

infills with different damage levels and stiffness in the second floor. The infill panels, although 

not designed to resist loads, significantly influence the dynamic response of the structure. 

The resonance under the forced-vibrations corresponds to the modal response of the 

structure despite the significant difference between the forced-vibrations resonant frequencies and 

those obtained from the ambient-vibration measurements. This difference is a result of the 

nonlinear behavior of the damaged structure under high-excitation amplitudes. This observation is 

essential for existing deteriorated buildings. Lower modal frequencies were also observed between 

the four damage states. Such a trend can be expected as the stiffness was reduced due to the 

removal of the infills and the dynamic tests. The excitation direction also affected the modal 

frequency of the structure. Forced vibrations in the direction of a specific mode led to structural 

resonance in significantly lower frequencies compared to those resulted from forced vibrations 

perpendicular to that mode. The initial conditions can also affect the resonant frequency of the 

structure in the nonlinear regime of response. These observations point out the possible effects of 

the structural deterioration and excitation characteristics on the system-level dynamic behavior of 

structures during seismic excitations. 
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CHAPTER7 

NONLINEAR MODELING OF INFILLED RC FRAMES: MATERIAL 

LAW AND VALIDATION 

INTRODUCTION 
7.1 

This chapter describes the development and validation of a novel material law proposed to 

simulate the hysteretic behavior of masonry-infilled RC frames. The proposed law utilizes a 

recently proposed framework that estimates the backbone curve describing the lateral force-vs.

displacement behavior of an infilled RC frame. Developed based on an extensive set of 

experimental data, the rule can simulate the combined cyclic behavior ofthe infill and the bounding 

frame, as well as the structural stiffness and strength degradation. The proposed model, 

implemented in OpenSees, requires the calibration of few parameters to predict the nonlinear 

behavior of infilled frames. The material law is validated with the test results of experimentally 

tested infilled RC frames. 
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7.2 OBSERVED CAPACITY CHANGE TREND 

The relationship between the displacement experienced by an infilled frame and its in

plane lateral capacity is investigated by considering the data from quasi-static cyclic tests on 

single-bay single-story RC frames infilled with solid masonry panels [75-80]. Figures 7. la and b 

show one of these specimens which was tested in the SEESL laboratory at UB [76]. Figure 7.lc 

illustrates the in-plane base-shear -vs.-drift ratio response obtained from the tests . The test was 

displacement controlled with increasing target displacements in both directions. Each target 

displacement was repeated in a second cycle to study the possible strength degradation. The cycles 

shown with dotted lines in Figure 7. lc are examples of two cycles with the same target drift ratio . 

It can be observed that the strength and the stiffness of the specimen dropped when a cycle was 

repeated. The drop in stiffness and strength is caused by the damage induced to the frame or the 

infill . The following cycle with the higher target drift ratio exhibits an insignificant strength 

decrease at the drift ratio reached in the second cycle of the previous target drift ratio. This 

observation, which can be consistently made for all drift levels, indicates that the maximum drift 

reached prior to the beginning of a loading cycle plays a major role in strength and stiffness 

degradation of infilled RC frames. Similar patterns can be observed in other experiments on single

story single-bay infilled frames , the results of which are shown in Figures 7.12 through 7.26. 

Based on these observations, the in-plane strength and stiffness degradation of an infilled 

frame may be related to the maximum drift ratio that the infilled frame has experienced. In order 

to quantify this observation, the change in the loading and unloading stiffness is tracked in each 

cycle for loading in both positive and negative directions. As illustrated in Figure 7.2, in order to 

estimate the stiffness values, each cycle has been idealized with a linear or bilinear loading path 

(solid lines), and a linear unloading path (dotted lines). There is a significant stiffness decrease 
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between the first cycle and the second cycle. This reduction is more evident for the loading 

stiffnesses compared to the unloading stiffness. 

direction 

(a) test specimen prior to the tests (b) test specimen after the tests 
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Figure 7.1 : An RC frame infilled with solid masonry bricks [76] 
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Figure 7.2 : cycles extracted from the force-vs.-drift-ratio response shown in Figure 7.1 and 
estimated slopes 
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7.3 MATHEMATICAL RELATION 

The slopes of the loading and unloading parts ofeach cycle are estimated for all specimens. 

Then, the change in the lateral stiffness is plotted against the maximum drift-ratio that occurred in 

the prior cycles. The lateral stiffness and drift ratio values for each infilled frame are normalized 

by the initial stiffness and the drift ratio at yield, respectively. The latter values are obtained 

according to the analytical relations used to estimate the backbone strength curve of infilled frames 

which are discussed in a following section. Figure 7.3 summarizes the normalized stiffness change 

as a function of the normalized drift ratio for the test specimen shown in Figure 7 .1. The stiffness 

drops significantly as the imposed drift ratio increases. As shown in the figure, a power function 

can be used to describe the observed trend with sufficient accuracy. The values of the parameters 

defining the power function, namely the scaling factor a and power factor ~' are relatively close 

for loading and unloading in both directions. 

The same analyses are repeated on the experimentally-obtained force-.vs .-drift ratio 

response of 15 single-bay single-story infilled RC frames with various frame and infill designs and 

a similar trend in the stiffness variation is observed. The estimated power function parameters for 

each study are summarized in Table 7.1. The values shown in the table are averages of the values 

estimated from the loading along positive and negative directions, which are distinguished with 

subscripts 1 and 2, respectively. As shown in the figure , despite the differences in the geometry, 

design details, material properties, and loading conditions, the estimated power function values are 

relatively consistent as indicated by the low standard deviation. This is important as these average 

values can be used for actual structures where the test data is not available. 
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Figure 7.3: Stiffness change due to the increase in the displacement demand 
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Table 7.1: Summary of the estimated power-function parameters 

Gravity Loading Parameters Un-loading Parameters 
Specimen Study Load H/L 

(Kips) al /31 az /32 
UB-1 Gao [76] 76 0.66 0.94 -1.10 0.97 -0.78 

M3 Pires [79] 45 0.81 1.01 -1.19 1.38 -0.81 

M2 Pires [79] 45 0.81 1.13 -1.17 1.15 -0.85 

M6 Pires [79] 45 0.81 1.19 -1.19 0.94 -0.81 

SI Kutas [78] 80 0.80 1.10 -1.11 0.98 -0.70 

CUI Stavridis [77] 70 0.61 0.95 -1.09 1.27 -0.85 

SP4 Mehrabi [75] 66 0.71 0.97 -1.08 0.97 -0.90 

SP5 Mehrabi [75] 66 0.71 1.01 -1.14 0.93 -0.60 

SIA-I Cavaleri [80] 45 0.80 0.90 -1.08 0.89 -0.86 

SIA-2 Cavaleri [80] 45 0.80 0.95 -1.11 0.94 -0.86 

SIB-I Cavaleri [80] 45 0.80 1.03 -1.06 0.97 -0.83 

SIB-2 Cavaleri [80] 45 0.80 0.93 -1.08 0.98 -0.86 

SIC-I Cavaleri [80] 45 0.80 0.81 -1.17 0.81 -0.72 

SIC-2 Cavaleri [80] 45 0.80 0.89 -1.03 0.87 -0.86 

SIC-3 Cavaleri [80] 45 0.80 0.99 -1.00 0.98 -0.86 

SIC-4 Cavaleri [80] 45 0.80 0.98 -0.99 0.97 -0.86 

Mean 0.99 -1.10 1.00 -0.81 
Standard Deviation 0.09 0.06 0.14 0.08 

7.4 MATERIAL MODEL 

The trend observed from the experimental data can be used to quantify the strength and 

stiffness degradation of infilled RC frames by relating the drift history to the loading and unloading 

stiffness. This relation is implemented in a new hysteretic material law to simulate the cyclic 

response of these structures. The material law is utilized to represent the infill in a simplified 

model. The modeling process includes two components; a backbone envelope curve and the 

hysteretic rule. The former defines the monotonic pushover behavior of an infilled frame and the 

latter governs the stiffness and strength degradation of the infilled frame under cyclic loading. 
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7.4.1 STRENGTH ENVELOPE 

The monotonic force-vs.-drift behavior proposed by Martin and Stavridis [81] and adopted 

by ACSE41-17 [ 63] is selected here for the estimation of the backbone (envelope) curve. The 

method classifies the infilled frames based on the anticipated failure mechanism of the frame and 

the infill so that a quadrilinear backbone curve can be estimated. To this end, four categories are 

identified: weak infill with ductile frame, weak infill with non-ductile frame, strong infill with 

ductile frame, and strong infill with non-ductile frame. The main properties needed to define the 

backbone curve using this method are the wall thickness, the cross-sectional details of the beam 

and columns, the mechanical properties of the masonry and concrete including the compressive 

strength, modulus of elasticity, and the cohesion and friction coefficient of mortar joints. 

Figure 7.4 shows the backbone curve developed for the test specimen shown in Figure 7 .1. 

The curve is defined by points a, b, and c. Point a defines the yield point, which occurs at the 

displacement ~ Y, and the initial stiffness, Ko. These values are used to normalize the stiffness 

reduction and the drift, as explained in a previous section. Point b defines the peak strength, while 

point c defines the onset of the residual strength, which is considered constant beyond this point. 

It should be noted that the backbone curve method adopted in this dissertation accounts for the in

plane lateral resistance provided by the infill and the RC frame and hence, the backbone curve 

represents the combined lateral resistance. 

It should also be noted that although the abovementioned method is adopted for the 

development of the force-deformation response of the infilled RC frames , any other analytical, 

experimental, or numerical method can be used to define the envelope curve. The backbone curve 

selected here provides accurate results based on simple analytical calculations. However, it is 
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based on conservative assumptions to account for its simplification of the actual behavior. Hence, 

it can be adjusted in the presence of experimental data to provide higher strength and deformation 

capacities. 
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Figure 7.4: Example of a backbone curve for specimen UB 1 

7.4.2 HYSTERETIC RULE 

The evolution of the envelope curve is governed by a relation between the overall in-plane 

stiffness and the displacement history of the infilled. This process is illustrated in Figure 7.5 , which 

schematically shows the 6 States that define the model. States 1 and 2 correspond to the backbone 

curve defined in the previous section and States 3 through 6 provide the hysteretic behavior. The 

slopes of the hysteretic cycles are governed by: 

(7.1) 

where Ki corresponds to the stiffness at the ith analysis cycle, K0 is the initial loading and 

unloading stiffness calculated based on the envelope curve, 11y (i.e. da) is the drift at yield, a and 

/3 are the parameters controlling the evolution of the stiffness, j indicates the loading or unloading 
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slopes denoted by 1 and 2, respectively, and t:.hist. is the absolute maximum drift experienced in 

the corresponding loading direction. 
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t 

(de, fc) 

(- de, - fc)

• 
t 

(- db, - tb) 

Figure 7.5. Force-deformation response of the material law 

The slope for each State is calculated once the State initiates. During loading in the positive 

direction, the material follows the State 1 path until the deformation reaches the previously

reached maximum deformation. At this point the material transitions to State 2. This is essentially 

the backbone curve which is scaled with a reduction factor equal to the ratio between the strength 

reached at the previously achieved maximum displacement and the initial strength of the backbone 

curve at that displacement level. During unloading, the path of State 3 is defined by the slope 

estimated based on Equation 7.1 and the hysteretic values similar to those summarized in Table 

7.1. This path is followed until the resistance drops to zero. The displacement at which this happens 

is the initial point of the loading path in the negative direction, indicated as State 4 in Figure 7.5. 

Beyond this point, the same rules apply to loading in the negative direction along States 4, 5, and 

6. Parameters a1 and {31 are used to define the slope of the loading path in States 1 and 4 in the 
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positive and negative direction, while parameters a 2 and {32 are used to define the slope of the 

unloading path in States 3 and 6. If a sequence of cycles is considered, the hysteretic behavior 

would look like the one illustrated in Figure 7.6. Figure 7.7 illustrates a flowchart summarizing 

the algorithm used to define the material model. 

Figure 7.6. Schematic evolution of the material law 
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Figure 7.7. Material-model algorithm 
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7.5 MATERIAL-MODEL IMPLEMENTATION IN OPENSEES 

The proposed material law, which is named InfillHysOJ, represents a uniaxial force

deformation ( or stress-strain) relation and therefore falls into to the UniaxialMaterial class. The 

script is implemented in OpenSees [82] using C++ programming language [83]. The inputs for 

this material include 6 parameters to define the backbone curve, and 4 parameters to define the 

hysteretic rule. The command used to construct the uniaxial material in OpenSees is as follows: 

uniaxialMaterial InfillHysOl $matTag $fa $<la $fb $db $fc $de $alphal $alpha2 $betal $beta2 

$matTag integer tag identifying material 

$fa $fb $fc Values of the force for the points defining the backbone curve (see Figure 7.5) 

$<la $db $de Values of the deformation for the points defining the backbone curve (see Figure 7.5) 

$alphal $betal Values controlling the reloading stiffness degradation 

$alpha2 $beta2 Values controlling the unloading stiffness degradation 

The script contains several public functions (methods) inherited from the Material and 

UniaxialMaterial classes along with private methods defining the states discussed in a previous 

section. It should be noted that, as recommended by OpenSees material development tutorials, the 

available source codes in the OpenSees database for similar functions are used to develop the 

functions for the proposed material law. This includes the scripts developed by Mitra [82] to define 

the Pinching4 uniaxial material which, among the publically-available uniaxial material laws in 

OpenSees, represents the closest hysteretic behavior to what is proposed and developed in this 

dissertation. Table 7.2 summarizes the key methods used in the material class. 
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Table 7.2: Main methods used/defined to develop the material law in C++ 

Method 
Inquiries 

Public: getStrain() 

Public: getStress() 

Public: getTangent() 

Material-specific Methods 

Public: setTrialStrain( ..) 

Private: posEnvlpStress( .. ) 
Private: negEnvlpStress( .. ) 

Private: posEnvlpTangent( .. ) 
Private: negEnvlpTangent( .. ) 

Private:positivelncrement( ..) 
Private :negativelncrement( ..) 

Private: commitState() 

Private: revertT oLastCommit() 

Private: revertToStart() 

7.6 MATERIAL-MODEL VALIDATION 

Description 

Returns the current converged deformation of 
the material 

Returns the current converged force of the 
material 

Returns the current converged tangent of the 
material 

Sets the trial values of stress and deformation 
and also the state of the material based on the 

deformation demand and the history of 
deformation 

Returns the positive or negative envelope force 
based on the deformation history (state 2 or 5). 

Returns the positive or negative envelope 
tangent based on the deformation history ( state 2 

or 5). 
Calculates the damage parameters and Returns 

the positive or negative force and tangent related 
to states 1, 3, 4, or 6. 

Commits the variables of the material after 
convergence. 

Change the value of the variables back to the last 
committed state in the case of analysis failure . 

Sets the initial value of the variables . 

7.6.1 RESPONSE SIMULATION OF A TESTED INFILLED RC FRAME 

The proposed law is used to simulate the cyclic behavior of the single-story single-bay RC 

infilled frames of Table 7.1 . The geometry, reinforcement detailing of the columns and the beam, 

and the material properties of the concrete, steel, and masonry of specimen UBI [76] , discussed 

earlier in this chapter, are shown in Figure 7.8 and Tables 7.3 and 7.4, respectively. 
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Figure 7.8: Frame geometry and reinforcement details [84] 

A simplified model is developed using OpenSees to simulate the experiment. As discussed 

in a previous section, the backbone curve accounts for the combined resistance of the RC frame 

and infill behavior. Therefore, the numerical model is simplified to a uniaxial element which is 

assigned the proposed material law. The element is fixed at one end and loaded on the other end 

using the displacement-controlled loading protocol used in the experiment which is illustrated in 

Figure 7.9 for specimen UBI [84]. 
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Table 7.3 Infilled-frames geometry and reinforcement detailing used to define backbone curves 

Study 

UBI Gao [84] 

M3 Pires [79] 

M2 Pires [79] 

M6 Pires [79] 

S 1 Kutas [78] 

CUI Stavridis [77] 

SP4 Mehrabi [75] 

SP5 Mehrabi [75] 

SlA-1 Cavaleri [80] 

S lA-2 Cavaleri [80] 

S lB-1 Cavaleri [80] 

S lB-2 Cavaleri [80] 

S 1 C-1 Cavaleri [80] 

S 1 C-2 Cavaleri [80] 

S 1 C-3 Cavaleri [80] 

S 1 C-4 Cavaleri [80] 

er, 
er, 
(1) 

.Q 
(.) 

~ 

cm cm cm cm cm 
(in.) (in.) (in.) (in.) (in.) 

259 X 394 28.0 X 28.0 36.8 X 27.9 19.0 3.871 0.322 28 
102 X 155 11 X 11 14.5 X 11 7.5 0.600 0.050 11 
182 X 225 15.2 X 15.2 20.3 X 15.2 15.0 1.510 0.122 5 

(71_8 X 88.6) (6 X 6) (8 X 6) (5.9) (0.234) (0.019) (2) 
182 X 225 15.2 X 15.2 20.3 X 15_2 15.0 1.510 0.122 10 

(71_8 X 88.6) (6 X 6) (8 X 6) (5.9) (0.234) (0.019) (4) 
182 X 225 15.2 X 15.2 20.3 X 15_2 15.0 1.510 0.122 5 

71.8 X 88.6 6 X6 8 X6 5.9 0.234 0.019 2 

200 X 250 22.9 X 17.0 33.0 X 17.0 10.9 3.387 0.122 5 
(78.7 X98_4) (9 X 6.7) (13 X 6.7) (4.3) (0.525) (0.019) (2) 

224 X 366 28.0 X 28.0 36.8 X 27.9 19.0 2.710 0.322 28 
(88 X 144) (11 X 11) (14.5 X 11) (7.5) (0.420) (0.050) (11) 
165 X 231 17.8 X 17.8 22.9 X 15_2 9.1 3.871 0.322 8 
(65 X 91) (7 X 7) (9 X 6) (3.6) (0.600) (0.050) (3) 
165 X 231 17.8 X 17.8 22.9 X 15.2 9.1 3.871 0.322 8 
(65 X 91) (7 X 7) (9 X 6) (3.6) (0.600) (0.050) (3) 
160 X 200 20.0 X 20.0 40.0 X 20.0 21.0 1.568 0.284 10 

(63 X 78.7) (7.87 X 7.87) (15.7 X 7.87) (8.3) (0.243) (0.044) (4) 
160 X 200 20.0 X 20.0 40.0 X 20.0 21.0 1.568 0.284 10 

(63 X 78.7) (7.87 X 7.87) (15.7 X 7.87) (8.3) (0.243) (0.044) (4) 
160 X 200 20.0 X 20.0 40.0 X 20.0 15.0 1.568 0.284 10 
63 X 78.7) 7.87 X 7.87 15.7 X 7.87 5.9 0.243 0.044 4 
160 X 200 20.0 X 20.0 40.0 X 20.0 15.0 1.568 0.284 8 

(63 X 78.7) (7.87 X 7.87) (15.7 X 7.87) (5.9) (0.243) (0.044) (3) 
160 X 200 30.0 X 30 40.0 X 30.0 30.0 2.258 0.284 10 

(63 X 78.7) (11.81 X 11.81) (15.7 X 11.81) (11.8) (0.350) (0.044) (4) 
160 X 200 30.0 X 30 40.0 X 30.0 30.0 2.258 0.284 10 
63 X 78.7) 11.81 X 11.81) 15.7 X 11.81) 11.8 0.350 0.044 4 
160 X 200 30.0 X 30 40.0 X 30.0 30.0 2.258 0.284 10 

(63 X 78.7) (11.81 X 11.81) (15.7 X 11.81) (11.8) (0.350) (0.044) (4) 
160 X 200 30.0 X 30 40.0 X 30.0 30.0 2.258 0.284 10 

(63 X 78.7) (11.81 X 11.81) (15.7 X 11.81) (11.8) (0.350) (0.044) (4) 
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Table 7.4: Mechanical properties and gravity load values used to define backbone curves 

Compressive Modulus of 
Mortar joints Steel bars 

strength Elasticity $-. 
ell"O 

ell ,,......._ ,,......._ ,,......._ ,,......._ ..i:::1 en Coefficient en
0 en

\.) en-1:: (/)
(I) 

.z ,....., (I)
i::: ->, ~ kl i::: of friction en 
(I) ..... '.S '--' '--' J >, ..§ 1:: (I) .b

'--' $-.>, 
(I) .s ..... ,,......._ en6 "O ·;;;: >, ..... .....(I) >, ~ 0 (...:, en ,---... (µ) (I),,......._en ;:,.,$-. (I)(I)ell (I) $-. ~ ::8 '--' (.) ~·u .a $-. i::: $-. $-. i::: ..i:::1 '--' ..... 

(I) ell(/) 0 (.) (.) ell - :9:S 6 '--' 0., 0 en 0 0 - ;::I (I)i::: i::: en ::8 u -~ "O ·.;::;(/) ell .....0 0 ell ·;;; ~::8 u u ::8 :s (I) 5 
$-. 

kN MPa MPa GPa GPa GPa MPa MPa MPa 
(kips) (Ksi) (Ksi) (Ksi) (Ksi) (Ksi) (Ksi) (Ksi) (Ksi) 
338.1 15.17 30.34 24.13 24.13 9.65 0.62 483 752

UBI Gao [84] 1.00 0.90
(76.0) (2.20) (4.40) (3500) (3500) (1400) (0.09) (70) (109) 

Pires 200.2 2.07 33 .16 27.25 1.47 0.59 0.21 434 524
M3 0.90 0.70

[79] (45 .0) (0.30) (4.81) (3953) (213) (86) (0.03) (63) (76) 
Pires 200.2 2.07 28 .27 25.17 1.47 0.59 0.28 434 524

M2 0.90 0.70
[79] (45 .0) (0.30) (4.10) (3651) (213) (86) (0.04) (63) (76) 
Pires 200.2 2.28 35 .16 28.07 1.61 1.00 0.41 434 524

M6 1.00 0.70
[79] (45 .0) (0.33) (5 .10) (4072) (233) (145) (0.06) (63) (76) 

Kutas 244.65 5.10 28 .00 25.04 3.55 1.62 0.28 496 621 1 

Sl 1.00 0.80
[78] (55 .0) (0.74) ( 4.06) (3632) (515) (235) (0.04) (72) (901

) 

CUI Stavridis 400.34 24.34 30.06 25.95 7.30 3.20 0.90 414 621 1 

1.00 0.90
77 90.0 3.53 4.36 3764) 1059 464) 0.13 60 901

) 

Mehrabi 293 .58 10.62 26.82 17.23 4.60 2.02 0.21 421 662
SP4 0.65 0.55

[75] (66.0) (1.54) (3 .89) (2500) (667) (293) (0.03) (61) (96) 
Mehrabi 293 .58 13.86 20.89 18.06 8.95 3.92 0.69 421 662

SP5 1.00 0.60
[75] (66.0) (2.01) (3.03) (2620) (1298) (569) (0.10) (61) (96) 

S1A- l Cavaleri 200.2 2.69 25 .03 25.50 3.93 1.34 0.34 448 662 1 

1.00 0.90
80 45 .0 0.39 3.63 3698) 570 195) 0.05 65 961

) 

SlA-2 Cavaleri 200.2 2.69 25 .03 25.50 3.93 1.34 0.34 448 662 1 

1.00 0.90
[80] (45 .0) (0.39) (3.63) (3698) (570) (195) (0.05) (65) (961

) 

S1B- l Cavaleri 200.2 8.69 25 .03 25.50 6.40 2.54 0.34 448 662 1 

1.00 0.90
[80] (45 .0) (1.26) (3.63) (3698) (928) (369) (0.05) (65) (961

) 

SlB-2 Cavaleri 200.2 8.69 25 .03 25.50 6.40 2.54 0.34 448 662 1 

1.00 0.90
80 45 .0 1.26 3.63 3698) 928 369) 0.05 65 961

) 

S1C- l Cavaleri 200.2 1.72 25 .03 25.50 4.56 2.04 0.34 448 662 1 

1.00 0.90
[80] (45 .0) (0.25) (3.63) (3698) (662) (296) (0.05) (65) (961

) 

S1C-2 Cavaleri 200.2 1.72 25 .03 25.50 4.56 2.04 0.34 448 662 1 

1.00 0.90
[80] (45 .0) (0.25) (3.63) (3698) (662) (296) (0.05) (65) (961

) 

S1C-3 Cavaleri 200.2 1.72 25 .03 25.50 4.56 2.04 0.34 448 662 1 

1.00 0.90
[80] (45 .0) (0.25) (3.63) (3698) (662) (296) (0.05) (65) (961

) 

S1C-4 Cavaleri 200.2 1.72 25 .03 25.50 4.56 2.04 0.34 448 662 1 

1.00 0.90
[80] (45 .0) (0.25) (3.63) (3698) (662) (296) (0.05) (65) (961

) 

1 Values are assumed due to lack of test data. 
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Figure 7.9: Drift-ratio profile experienced by specimen UBI 

The backbone curve shown in Figure 7 .10 is obtained following the procedure proposed 

by Martin and Stavridis [81]. It should be noted that the values of the cohesion and coefficient of 

friction of mortar joints presented in Table 7.4 are higher than those obtained from the tests. For 

instance, the cohesion value obtained from the triplet tests conducted on the samples from 

specimen UBI is 0.50 MPa (0.073 Ksi), which is 18.9% lower than the value assumed for the 

curves [76]. This is done to adjust the strength of the backbone curve, which is developed to 

estimate the envelope of the cyclic behavior, to better represent the monotonic behavior of infilled 

frames , since the strength degradation is controlled by the hysteretic rule in this study. Therefore, 

as shown in Figure 7 .10, the envelope curve path results in higher strength compared to the cyclic 

behavior. 

The hysteretic behavior is defined based on the parameters obtained from the 

corresponding test results, summarized in Table 7.1. The average values for the hysteretic 

parameters, obtained from the 15 specimens and included in Table 7 .1, are also considered in a 

separate analysis to assess the ability of the model to predict the cyclic behavior of the infilled 

frame in the absence of test data. 
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Figure 7.10: Comparison between the backbone curves obtained for specimen UBI and the 
experimental cyclic-test results 

The model developed for specimen UB 1 is subjected to a static displacement-controlled 

analysis for each case of the hysteretic parameters. The model-predicted force- .vs .-drift-ratio 

results are presented in Figure 7.11 . The model with the case-specific hysteretic parameters can 

predict the peak strength in each cycle accurately. Moreover, the loading part of the hysteretic 

behavior is also predicted with both sets of hysteretic values. The loading slopes represent the 

stiffness of the damaged frame. However, the unloading branch of the hysteretic loops obtained 

from the model does not resemble closely the test data. This is expected since the material law 

simplifies the unloading behavior by averaging the initial and secondary un-loading slopes 

observed in the experimental results. The goal of this material model is to represent the nonlinear 

behavior and capture the strength and stiffness of infilled frames using the least number of input 

parameters possible. Defining two unloading slopes requires a definition of an inflection point 

which increases the complexity of the law while the benefit of the added accuracy is unclear. 
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The force-vs.-drift ratio response obtained using the average hysteretic values is also shown 

in Figure 7 .11. The average values predict the strength and stiffness with good accuracy. However, 

the unloading stiffness difference between the experimental results and the model is larger than 

that obtained using the case-specific hysteretic values extracted from the test results. This 

observation indicates that the average hysteretic values can provide a good estimation for modeling 

the hysteretic behavior of the infilled frames and can facilitate the model calibration process. 

The experimental and analytical results are compared for the other 15 test specimens listed 

in Table 7 .1. The drift-ratio values applied to these frames is available in Appendix E. The results, 

shown in Figures 7.12 through 7.26 indicate a good match between the model and experimental 

results in terms of the strength and stiffness. However, in some cases, the model-predicted strength 

of the infilled frames deviates from the test results in cycles with drift ratio demand higher than 

1%. This deviation is more pronounced when the average hysteretic values are used. Although this 

deviation is not desirable, it should be noted that the conventional masonry-infilled RC frames are 

considered brittle. Therefore, they are assumed to be highly damaged or collapsed at drift ratios 

higher than 1 % and simulating their cyclic response at high drift ratios is ofless concern compared 

to that occurring under low drift-ratio demands. 
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Figure 7.11: Force-vs.-drift-ratio response comparison for specimen UB-1 
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Figure 7.12 : Force-vs.-drift-ratio response comparison for specimen M3 
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Figure 7.13 : Force-vs.-drift-ratio response comparison for specimen M2 
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Figure 7.14: Force-vs.-drift-ratio response comparison for specimen M6 
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Figure 7.15 : Force-vs.-drift-ratio response comparison for specimen Sl 
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Figure 7.16: Force-vs.-drift-ratio response comparison for specimen CUI 
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Figure 7.17: Force-vs.-drift-ratio response comparison for specimen SP4 
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Figure 7.18: Force-vs.-drift-ratio response comparison for specimen SP5 
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Figure 7.19: Force-vs.-drift-ratio response comparison for specimen SlA-1 
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Figure 7.20: Force-vs.-drift-ratio response comparison for specimen SlA-2 
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Figure 7.21: Force-vs.-drift-ratio response comparison for specimen SlB-1 
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Figure 7.22: Force-vs.-drift-ratio response comparison for specimen SlB-2 
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Figure 7.23: Force-vs.-drift-ratio response comparison for specimen SlC-1 
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Figure 7.24: Force-vs.-drift-ratio response comparison for specimen SlC-2 
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Figure 7.25: Force-vs.-drift-ratio response comparison for specimen SlC-3 
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Figure 7.26: Force-vs.-drift-ratio response comparison for specimen SlC-4 

7.6.2 RESPONSE SIMULATION OF A THREE-STORY TWO-BAY INFILLED RC 

FRAME 

The ability of the model to simulate the cyclic behavior of a more complex structure under 

dynamic loading scenarios is assessed here. The test structure, shown in Figure 7.27, was a three

story two-bay RC frame infilled with double-wythe clay masonry walls designed based on the 

practice in the 1920s in California and tested on a shake table at the University of California San 

Diego (UCSD). Each story includes one bay infilled with a solid infill and one bay with an infill 

having an opening. The test structure was subjected to 13 table motions with increasing intensities 

to assess its performance at different demand levels. More information about the test structure can 

be found in [77]. The information required for the calculation of the envelope curves for each of 

the six infills of the test structure is provided Tables7.5 and 7.6. 
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Figure 7.27 : Three-story two-bay test specimen [77] 

Table 7.5 : Properties used to define the backbone curves 

Bays Openings Columnsr Beamsr Wall 
Story height Span length Height Length Width Depth Width Depth thickness 

cm cm cm cm cm cm cm cm cm 
(in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) (in.) 
14.00 7.29 98 .04 75.95 27.94 27.94 27.94 36.83 20.32 
(5 .51) (2.87) (38 .60) (29.90) (11.00) (11 .00) (11.00) (14.50) (8.00) 

1: Details on reinforcement details can be found in [77]. 

Table 7.6: Material properties used to define the backbone curves 

Gravity Compressive Modulus of 
Mortar joints Steel bars 

load strength Elasticity 
Coefficient Yield Ultimate 

>-. Concrete Masonry Concrete Masonry Cohesion of friction stress strength 
..... 
i-.. 
0 (fd) (f/n) (Ee) (Em) (c) (µ)

er:, ([y) lfu)kN 
(Kips) MPa MPa GPa GPa MPa --~ -

..§ 
ell 

..... .;;; MPa MPa
(Ksi) (Ksi) (Ksi) (Ksi) (Ksi) :s (I) (Ksi) (Ksi)i-.. 

295 .81 38.00 19.78 15.13 5.45 0.59 472.29 751.53pt 1 0.9 
(66.5) (5.51) (2.87) (2195) (790) (0 .085) (68.5) (109.0) 
175 .70 41.92 23.65 17.43 6.82 0.59 476.43 756.35 2nd 1 0.9 
(39.5) (6.08) (3.43) (2528) (990) (0 .085) (69.1) (109.7) 
55 .60 39.16 22.82 16.98 6.55 0.59 496.42 764.63 3rd 1 0.9 
(12 .5) (5.68) (3.31) (2463) (950) (0 .085) (72.00) (110.9) 
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Simplified model 

The numerical model of the three-story test structure includes 12 nodes connected with 15 

frame and 12 truss elements. The frame elements are used to model the RC beams and columns 

according to the as-built drawings. This is done by defining a displacement-based element, which 

accounts for plasticity along the element, combined with fiber sections. The truss elements are 

used to model the infills inside each bay of the structure. As shown in Figure 7.28, two struts with 

similar properties are defined for each bay of the structure. 

The mass of the structure is estimated to be 144.93 Kips in the first two stories and 73.76 

Kips in the third story. The masses are assigned to the nodes of the structure considering their 

tributary areas. The gravity loads are also calculated from the masses and assigned to the 

corresponding nodes of the structure. 

Figure 7.28: Cartoon of the three-story frame model developed in OpenSees 
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Model Calibration: Envelope Curve and Hysteretic Parameters 

The built-in uniaxial material for cyclic analysis, developed by Filippou [82] , known as 

concrete02 material law, is assigned to the cross section of the concrete frame elements. All of the 

input parameters for this material are defined based on the material properties extracted during the 

tests. Therefore, no further calibration is considered for the frame elements. 

In order to calibrate the struts which represent the infill in the model, six types of simplified 

backbone curves are defined according to the frame and infill properties as well as the gravity load 

level applied on them, as shown in Figure 7.28. As stated before, the backbone-curve calculation 

method adopted in this dissertation combines the resistance provided by the frame as well as the 

infill. Since the frame is defined separately in the model, its lateral resistance contribution should 

be subtracted from the backbone curve when calibrating the struts. In other words, the struts are 

calibrated so that when added to the RC frame , the resistance reaches the envelope curve. The 

strength which should be provided by the struts is shown as the hatched area in Figure 7.29a. 

- Envelope Curve 
- - - Bare frame 

C 
0 

u 
"' ~ 

-
f ' 

I 

" ' 
Drift ratio 

(a) strength provided by frame and struts (b) cartoon of a single frame used for calibration 

Figure 7.29: Strut calibration process 
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To estimate the lateral resistance provided by the struts, a numerical model of a single

story single-bay infilled frame is developed. The model, schematically shown in Figure 7.29b, 

consists of four nodes, two of which are fully fixed at the base, three displacement-based frame 

elements defined according to the as-built drawings, and two identical strut elements with a unit 

cross-sectional area. Concrete02 material is assigned to the frame elements and the proposed 

uniaxial material law is assigned to the cross-section of the struts. 

The model is then subjected to a monotonic pushover analysis and the envelope parameters 

of the material law assigned to struts are calibrated such that the monotonic force-vs.-deformation 

of the infilled frame at points a, b, and c follows the analytically calculated backbone curve. This 

iterative process is conducted for all of the six types of the bays, shown in Figure 7.28, in the 

numerical model of the test structure. This calibration method for struts is adopted from a 

numerical study on masonry-infilled RC frames conducted by Bose and Stavridis [43]. The 

backbone curves resulted from the pushover analysis of the calibrated struts in the first story are 

presented in Figure 7.30. The pushover results of the calibrated infilled frames are similar to their 

analytically calculated counterparts until the third calibration point, which controls the residual 

strength of the infilled frame. However, the pushover analysis indicates higher capacity beyond 

the residual drift compared to the backbone curve due to the lateral resistance provided by the RC 

frame, shown by the dotted lines. Although this undesirable increase overestimates the capacity of 

the infilled frame, the structures are considered severely damaged or collapsed beyond the residual 

capacity and their response is of less concern compared to that occurs at lower drift ratios. 
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Figure 7.30: Calibrated struts for the first-story frames 

Comparison of the Test and Model Results 

Figure 7 .31 a shows the in-plane lateral base shear resistance of the first story obtained by 

adding the resistance of the simplified backbone curves of the two infilled frames in the first story. 

The resultant curve is plotted against the base shear-.vs .-first-story drift-ratio response of the test 

structure obtained from the experiments and is shown in Figure 7.3 lb. The values of cohesion and 

friction coefficient, shown in Table 7.6 are selected such that the backbone curve matches the peak 

and residual strength (i.e. 60% and 52% increase in the cohesion and friction coefficient, 

respectively compared to the triplet test results) . However, due to the conservative assumptions in 

the backbone-curve estimation framework, the strength prior to the peak is underestimated as 

shown in Figure 7.31. 

Then, the parameters defining the hysteretic response of the infills are defined. Since the 

case-specific hysteretic parameters of the infills are not available, the average hysteretic values 

obtained from the study of the behavior of the infilled frames, summarized in Table 7 .1, are 

assigned to all of the six types of struts. 
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Figure 7.31 : Envelope-curve calibration 

The model of the structure is subjected to the sequence of the six strongest motions 

introduced to the test structure by the shake table . The acceleration time series recorded on the 

shake table are shown in Figure 7.32. The motions are applied at the base of the model and a 

nonlinear time series analysis is then performed to obtain the response of the structure. 

2.------------.---------.-------~-----,----------,-------, 

-2 
0 20 -10 60 80 100 120 

Time (s) 

Figure 7.32 : Acceleration time series of six table motions introduced to the model 

The model-estimated base shear-vs.-first-story drift-ratio response is shown in Figure 7.33. 

The result indicates similar behavior compared to the tests in terms of the overall response. The 

residual strength of the frame is also predicted with reasonable accuracy in both the positive and 
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negative directions. However, the model underestimates the strength ofthe frame during the cycles 

with drift ratios smaller than 0.25% in the positive direction. This is due to the conservative 

estimation of the envelope curve discussed in a previous section. Also the model-predicted 

maximum and minimum drift ratios are 13% less and 11 % more than the experimentally obtained 

results. 

Figure 7.34 shows the comparison between the results of the model and experiment in 

terms of the base-reaction and drift-ratio time series during the last table motion. There is a good 

match between the simulated and actual base shear. In terms of drift ratio-response, there is also a 

good match between the response, although some peaks are missed. 
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Figure 7.33: Comparison between the test results and the time-series analysis results 
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Figure 7.34: comparison of the response obtained from the analysis and experiments 

7.7 CONCLUSIONS 

In this chapter, a material law is proposed and validated for modeling the cyclic behavior 

of RC frames with masonry panels. The hysteretic rule is defined based on the observed stiffness 

change trends from available experimental studies. The performance of the material model in 

simulating the cyclic behavior of infilled frames is then investigated by developing models of 

infilled frame specimens and comparing their response to that of the experiments. The numerical 

results for indicate a good match with their experimental counterparts in terms of force and 

deformation responses. This indicates that the proposed material law can be used to model the 

cyclic response of infilled RC frames . 
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CHAPTERS 

FINITE ELEMENT MODELING OF THE TWO-STORY STRUCTURE 

INTRODUCTION 
8.1 

This chapter discusses the modeling process and the simulation results of the two-story 

structure tested in El Centro, CA. Initially, a linear model is developed and the model-predicted 

and experimentally-estimated modal properties are compared. Moreover, the advantages and 

limitations of the validated linear model are discussed. Then, a non-linear model of the structure 

is developed to simulate the seismic response of the test structure. The infills are modeled using 

truss elements and the material law, proposed and validated in Chapter 7, is assigned to the 

elements. The model is subjected to the same ground motions as that experienced by the test 

structure during the 2010 Baja California earthquake and the dynamic properties of the model are 

compared to those obtained from the experiments at different damage states. The forced-vibration 

excitations introduced to the test structure are also simulated using the numerical model and the 

results of the model-predicted and the experimentally obtained responses are compared. A study 

is also conducted to obtain the best choice of acceleration measurements which leads to a reliable 

estimation of the story shear force. 
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8.2 LINEAR MODELING 

A linear finite element model of the structure is developed using SAP2000 VI 7 structural 

analysis software [59]. In lack of drawings, the geometry of the model is developed based on the 

lidar measurements to closely represent the structural state (DS 1) at the beginning of the dynamic 

tests. The material properties obtained from the testing of extracted concrete and masonry 

specimens are used as inputs to define materials assigned to each type of structural elements. Table 

8.1 summarizes the values used for material definition in SAP 2000. More information about the 

lidar measurements and the specimens extracted from the test structure can be found in Chapter 5. 

Table 8.1 : Material properties used in the finite element modeling of the two-story structure 

Avg. Modulus Avg. Compressive Tensile 
Structural Element 

Density 

Kglm3 (Pcf) 

of elasticity 

GPa (Ksi) 

strength 

MPa (Psi) 

strength 

MPa (Psi) 

Avg. Strain 
at peak 

Columns 2146 (134.0) 10.0 (1450) 19.92 (2890) 1.5(217) 0.0034 
Wall NIA 7.4 (1073) 30.8 (4470) NIA 0.0060 
Slab NIA 4.1 (590) 29.8 (4320) 3.52 (511) 0.0178 

Masonry Walls 1850 (115.5) 4.2 (611.5) 14.5 (2110) NIA 0.0054 

8.2.1 MODELING PROCEDURE 

As discussed in Chapter 5, the building included a basement having the same height as the 

stories above it, and the first story slab was 54 inches (1.37 meters) above the ground level. The 

portion of the basement below the ground level was surrounded by concrete abutments and 

therefore its horizontal translational motion was restrained. In light ofthis restraint, only the above

ground portion of the basement columns are included in the modeled . As a result , four elevation 

levels are defined in the model, namely the ground level, the first-floor slab, the second-floor slab, 

and roof slab. Each level consists of 42 nodes resulting in 168 nodes for the entire structure. The 
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nodes at the ground level are only fixed at the translational degrees of freedom to account for the 

rotational flexibility of the portion of the basement columns not included in the model. 

The model consists of continuous beam elements and thin shell elements. The former type 

is used to define the main beams and columns and the latter to define the floor slabs and infill 

walls. The reinforcement is not explicitly modeled since the analysis is linear. A four-by-four shell 

element discretization is selected for walls and slabs based on a mesh sensitivity study summarized 

in Table 8.2 which investigates the effect of the mesh size on the convergence ofcalculated natural 

frequencies. The results indicate an error of less than 2% between the frequencies estimated using 

the four-by-four mesh and those estimated from the finest mesh discretization (32-by-32) which is 

deemed acceptable. The beam elements are discretized to be compatible with the shell element 

discretization. The mass source of the structure is calculated from the self-mass of the elements as 

well as the mass of nonstructural elements available in the structure at the time of testing. The 

latter group includes : the RC parapets having a thickness of20 cm (8 in), an average height of 178 

cm (70 in), and an opening ratio of 23%; a 13 cm (5 in) Bituminous-based insulation layer over 

the roof having a surface load of 103 N/m2 (2.165 psf); and the elevator machine room over the 

roof slab weighing 71 kN (16.00 kips). 

Table 8.2 : Model mesh sensitivity at DSO 

Shell elements Mode 1 frequency Diff. from Mode 2 frequency Diff. from finest 
discretization finest mesh (32x32) mesh 

# Hz % Hz % 
2x2 2.28 3.0% 3.40 4.1% 
4x4 2.25 1.5% 3.32 1.7% 
8x8 2.23 0.5% 3.29 0.7% 

16xl6 2.22 0.2% 3.27 0.2% 
32x32 2.22 0.0% 3.26 0.0% 
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As discussed in Chapter 5, the test structure was damaged mainly along the exterior frames 

and infills. Therefore, the stiffness of the elements cannot be considered equal to what is assumed 

for intact elements. In addition, some ofthe infills had openings which affected the overall stiffness 

of the element. To quantify this, a stiffness reduction factor is defined for each member as: 

0 = 0.4 X (a X /3) for infills 

Equation 8 .1 
0 = 0.4 X a for frame elements and slabs 

where the 0.4 reduction factor corresponds to the stiffness reduction of cracked concrete sections 

subjected to shear actions assumed in ATC 40 [85] (which is also adopted here for the stiffness 

reduction of the cracked infills in lack of a more accurate recommendation), and a is the stiffness 

loss due to the estimated existing damage for each member which is a value between O and 1, with 

1 corresponding to healthy and Oto totally damaged walls, respectively. The assigned values are 

limited to five choices within the mentioned range: 0.1 , 0.3 , 0.5 , 0.8, or 1. Since a is estimated 

based on visual inspection and engineering judgment, finer discretization of its values and 

therefore finer categorization of damage is deemed not practical using this inspection method. The 

parameter /3 is the stiffness reduction due to opening( s) in the infill estimated from the formula 

proposed by Stavridis [77] for masonry infills : 

/3 = (1 - 2.0 X Aopening) Equation 8 .2 
Atotal 

where, Aopening is the ratio of the opening area to the gross area of the infill. The reduction factors 
Atotal 

are then applied to the stiffness parameters of the model for each element. 
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---------------------------- --------------------

The estimated values for a and /3 are presented in Tables 8.3 and 8.4 for infills and 

columns respectively. It should be noted that the values for the infills and columns along the east 

side of the building, all of the columns in the first story, and all of the slabs are equal to one as no 

damage could be observed in those elements and the infills did not have openings along that side. 

Table 8.3: Values of a and~ for the infills along the north, south, and west sides of the structure 

1--< 
<l)..... 
<l) N M "T If) \0 N M "T If) \0 \0 \0 \0 \0 \0 \0 

I I I I I I I I I I 

Frame 8 ..... N M "T If) ..... N M "T If) --p:) --u --Cl --µ,l --i:.... --0 ro I I I I I I 
1--< --< --< --< --< --< --0 --0 0-- 0-- 0-- p:) u Cl µ,l i:....ro < 
0.. 

a 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
First story 

~ Q:}~ 0.31 0.0 0.16 0.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.13 1.0 0.11 1.0 
a 0.8 0.1 0.1 0.3 0.8 0.5 0.5 0.50 0.0 0.30 0.8 0.1 0.1 0.3 0.3 0.5 

Second story 
~ 0.35 0.37 0.38 0.37 0.18 1.0 1.0 1.0 1.0 1.0 1.0 0.71 0.70 1.0 0.71 0.71 

Table 8.4: Values of a for the exterior columns along the north, south, and west sides of the 
structure 

Frame All A/2 A/3 A/4 A/5 A/6 B/6 C/6 D/6 E/6 F/6 G/6 G/5 G/4 G/2 G/1 
Second story 1.0 1.0 1.0 1.0 1.0 0.5 0.5 0.1 0.1 0.1 0.3 0.8 1.0 1.0 1.0 1.0 

8.2.2 COMPARISON BETWEEN THE MODEL AND TEST RESULTS 

Table 8.5 includes the modal properties obtained from the linear FE model. There is an 

excellent match between the natural frequencies of the model and those estimated from NExT

ERA method at DS 1 with the maximum difference of 1.5% for mode 2. Table 8.5 also indicates a 

good match between the model-predicted frequency reduction rates and their experimentally 

estimated counterparts for mode 2 between the damage states. 

Figures 8.1 and 8.2 include the mode shapes of the FE model. The model and the system 

identification results show good agreement in all damage states with an average MAC value of 
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0.94 for mode 1 and 0.91 for mode 2. This comparison indicates although the stiffness of infills is 

estimated based on the visual inspection, the linear model can predict the linear dynamic properties 

of the structure at various damage levels if the geometry and material properties of the structure 

are known. 

Table 8.5 : Summary oftest-model correlation 

(I) Mode 1 Frequency (Hz) Mode 2 Frequency (Hz) ..... 
ell..... 

[/)_ 

(I) 
bJ) 
ell a 
ell 
Q 

bJ) 
~ i:::ell . ...... 
(I)~ 

~ -~ 
~ 

AV1 FV2 

~ 
µ,l 

I 

f:-, 
X 

µ,l 

z 

~ 
µ,l
µ;.., 

bJ) 
~ i:::ell . ...... 
(!)~ 

~ -~ 
~ 

AV1 FV2 

~ 
µ,l 

I 

f:-, 
X 

µ,l 

z 

~ 
µ,l
µ;.., 

MAC Between NExT-
ERA and FEM 

Mode 1 Mode2 

DSl 2.24 1.73 2.26 2.25 3.32 2.19 3.37 3.32 0.94 0.91 

DS2 2.17 1.64 2.14 2.24 3.03 2.25 3.08 3.16 0.91 0.88 

DS3 2.12 1.61 2.07 2.22 3.00 2.17 2.96 2.99 0.92 0.91 
DS4 2.05 1.61 1.97 2.16 2.81 2.15 2.72 2.67 0.95 0.96 
1: Ambient vibration 
2: Forced vibration 

Although there is a good match between the numerical and the experimental results in terms of the 

modal properties at the ambient vibration level, the linear model has a number of drawbacks. 

Firstly, the stiffness calibration of infill panels is based on visual inspection which can be 

subjective. For instance, the discretization of the reduction factor (a) may result in a different 

number of cases compared to the 5 cases considered in this study. Moreover, based on the results 

of the dynamic tests, the structure response to the forced-vibration excitations is highly nonlinear. 

This makes it impossible for a linear model to simulate such response. According to the test results 

discussed in Chapter 6, the nonlinear behavior of the structure is significantly different from its 

linear counterpart in terms of the dynamic properties. Therefore, the numerical models of such 

structures should be able to simulate the nonlinear behavior. To address this, the following sections 
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will discuss the development of a nonlinear model of the two-story structure in the OpenSees 

software [82]. 
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Figure 8.1: Mode-shape results for model at DSl 
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Figure 8.2: Mode-shape results formode2 at DSl 
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8.3 
NONLINEAR MODELING CONSIDERATIONS 

8.3.1 NODES AND BOUNDARY CONDITIONS 

The geometry and node arrangement of the nonlinear model is adopted from the linear 

model discussed in a previous section with the exception of the basement columns. Since the 

nonlinear model is expected to simulate the response of the structure under motions applied to the 

base of the structure, the whole height of the basement columns is considered in the nonlinear 

model. Therefore, the nonlinear model has an additional elevation level at the base of the structure 

compared to the linear model. Both translational and rotational degrees of freedom of the nodes at 

the base level are fixed as shown in Figure 8.3. To account for the lateral support provided by the 

soil surrounding the structure, the nodes along the exterior frames at the ground level are fixed at 

the translational degrees of freedom perpendicular to the plane of the frames. The nodes on the 

four comers at this height are fixed at both horizontal translational degrees of freedom. 

Roof slab 

Second story slab 

Ground level 

Figure 8.3 : 3D view of the bare frame of the two-story building modeled in OpenSees (view to 
the north west) 
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8.3.2 MASSES AND LOADS 

The mass of the structure is calculated from the mass of the structural elements as well 

those of the nonstructural elements (similar to what used in the linear model) and assigned to the 

nodes ofthe nonlinear for practical purposes. The gravity loads are then calculated from the masses 

and are assigned to the nodes as a one-step static force-controlled analysis . 

8.3.3 FRAME ELEMENTS 

The RC elements of the model are defined usmg displacement-based elements 

(dispBeamColumn) which allow plasticity along the element. Fiber sections are defined to model 

the girders along the north-south direction and all of the columns, according to the actual cross 

sections of the elements. Equivalent rectangular fiber sections having the same moment capacity 

as the joists along the east-west direction are also defined to model those members. The built-in 

concerere02 and stee/02 uniaxial materials developed by Filippou [82] , which are capable of 

capturing the cyclic behavior of the concrete and steel respectively, are assigned to the frame cross 

sections. The materials are defined using the measured properties summarized in Tables 8.1 and 

8.6. The hysteretic parameters of concrete and steel materials are selected based on the 

recommendations provided along with the material descriptions in OpenSees. For concrete02 the 

ratio between the unloading slope and initial slope is assumed equal to 0.4. The values for the 

parameters R0 , CR1 , and CR 2 which control the transition from elastic to plastic branches of the 

stee/02 material are selected as 18, 0.925 , and 0.15 respectively. 
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Table 8.6: Mechanical properties of steel bars used in the nonlinear modeling of the two-story 
building 

Cross-sectional Modulus of 
Yield stress Ultimate strength Strain at 

___a_r_e_a_____e_la_s_11_·c_ity________________ Strain at yield failure 
cm2 (in2

) GPa (Ksi) MPa (Ksi) MPa (Ksi) 

2.54 (0.39) 193 (28000) 281 (41) 421 (61) 0.0015 0.245 

8.3.4 INFILL ELEMENTS 

Each infill is modeled using two identical diagonal truss elements the cyclic behavior of 

which is defined based on the frame dimensions, infill type, gravity load level, and opening ratio. 

As a result, 14 types oftruss elements are developed as shown in Figure 8.4. The uniaxial hysteretic 

material law, proposed in Chapter 7, is assigned to the truss elements. In order to calibrate the 

resistance of struts, envelope backbone curves for each type of the struts are estimated according 

to the analytical method proposed by Martin and Stavridis [81]. Hence, 14 sets of envelope curves 

are developed. As discussed in Chapter 7, the envelope curve accounts for the lateral resistance 

provided by the frame as well as the infill. Since the frame is defined separately in the model, its 

contribution to the lateral resistance should be subtracted from the envelope curve. In other words, 

the struts should be calibrated such that they provide the difference between the resistance of the 

envelope curve and that provided by the frame. Strut calibration is a trial and error process which 

includes a series ofpushover analyses on each type of the infilled frames similar to that performed 

for the three-story infilled RC frame and discussed in Chapter 7.The calibrated infilled frame for 

infill type 1 is shown in Figure 8.5. As shown in the figure, the calibrated struts along with the 

infilled frame can follow the path of the backbone curve under a pushover analysis. The calibrated 

plots for the other infill types are shown in Appendix F. The damage introduced to the infilled 
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frames during the 2010 Baja California Earthquake is not considered in the calibration since the 

model is intended to simulate the building condition prior to that event. 
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Figure 8.4: Infill types selected for the two-story building model 

- Pushover Analysis 
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Drift% 

Figure 8.5 : Strut calibration for infill Type 1 

8.3.5 SLAB MODELING 

Figure 8.6 illustrates the deformed shape of the roof slab during the resonance at 2.1 Hz 

under a forced-vibration test in the Y direction at DS0. The shape is constructed from the 
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acceleration values recorded at four comers of the slab and magnified for illustration purposes. 

The deformed shape indicates that the slab shape is distorted from its undeformed shape. This 

observation indicates that the slab cannot be assumed rigid under excitations with amplitudes 

beyond the ambient vibrations. Therefore, the slabs are not assumed to be rigid in the nonlinear 

model. 

r -------------------------, 
' ' ' ' --Undeformed shape 
' ' -◄-· Deformed shape ' ' ' ' ' ' ' ' ' ' 
' ' ' ' ' ' ' ' ' ' ' ' ' ' 
' ' ' ' ' ' i' 
' 

• 
' 
' 

Orth' ' 
-- ------------------------ --• 

Figure 8.6: The deformed shape of the structure at the rooflevel obtained from the acceleration 
measurements at the comers 

The in-plane stiffness of each slab panel is estimated based on the assumption that the slab 

behaves similarly to a cantilever column. Therefore, the stiffness can be found according to 

Equation 8.3. 

1 
Kslab = 1 1 Equation 8.3 

Xii + ~ 

where Kfl and Ksh are the flexural and shear stiffness of the slab respectively which can 

be found according to: 

Equation 8.4a 
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Asl Gsl 
Ksh = (l )3

span Equation 8.4b 

where £51 is the modulus of elasticity of concrete, / is the moment of inertia of the 

section, lspan is the span length of each bay, A 51 is the area of the slab section, and G51 is the 

shear modulus of the slab. 

Calculations for a typical slab panel resulted in the in-plane stiffness equal to 800 Kip/in. 

In order to model the slab, linear strut elements are defined for each panel as shown in Figure 8.7 

which illustrates the roof slab. The elements are calibrated so that they provide the same in-plane 

stiffness at each panel as the estimated value. The same struts are used for all of the slabs since 

according to the inspections prior to the tests, no difference was observed between the floor slabs. 

Figure 8.7: The roof plan view of the model showing the slab braces 

8.3.6 MODAL ANALYSIS 

The results of the modal analysis obtained prior to introducing the 2010 Baja California 

ground motion to the model, are shown in Figures 8.8 and 8.9 for the mode 1 and mode 2 
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respectively. The mode shapes are extracted at the locations where the accelerometers were 

installed in the test structure for comparison purposes. The mode shapes obtained from the 

ambient-vibration measurements are also shown in the figures. There is a weak correlation 

between the mode shapes obtained from the model and that of the experiments with MAC values 

of 0.88 and 0.65 for the mode 1 and mode 2 respectively. This is expected since the numerically 

obtained mode shapes represent the condition of the structure prior to the Baja 2010 earthquake 

while their experimentally estimated counterparts are obtained from in situ measurements after 

this event. According to the discussions in Chapter 5, the structure had been severally damaged 

due to that earthquake. The modal frequencies obtained from the model, summarized in Table 8.7, 

are also considerably higher than those estimated from the forced-vibration data with a difference 

of 125% for mode 1 and 140% mode 2. 
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Figure 8.8: Mode-shape comparison between the model (prior to the earthquake) and experiment 
( after the earthquake) for mode 1 
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Figure 8.9: Mode-shape comparison between the model (prior to the earthquake) and experiment 
( after the earthquake) for mode 2 

8.3.7 TIME-SERIES ANALYSIS: 2010 BAJA CALIFORNIA GROUND MOTION 

The numerical model is then subjected to the 2010 Baja California ground motion recorded 

at the Imperial and Ross seismic recording station, which is located 1.3 miles south-west of the 

test structure as shown in Figure 8.10 [86]. The horizontal components of the ground motion are 

shown in Figure 8.11 . The recordings along the north-south and east-west directions are applied 

to the model without scaling or filtering due to the proximity of the recording station to the 

building. The model is then subjected to nonlinear time-series dynamic analysis while 2% inherent 

damping is used. 
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Figure 8.10: Location of the seismic recording station and the test structure (courtesy of Google 

Maps [44]) 
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Figure 8.11: Time series of the horizontal components of the 2010 Baja California ground 
motion introduced to the model 
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Analysis Results: Dynamic Response 

The acceleration response of the model under the mentioned ground motion, obtained from 

the nodes at the center of the roof and the second-floor slabs is shown in Figure 8.12 . The absolute 

acceleration is plotted in the figures . The results indicate that the second story experienced a larger 

amplitude of acceleration compared to the first story. Also, the maximum acceleration response 

compared to the peak ground acceleration shows amplification of 1.5 times for the first story and 

2.4 times for the second story. 

Figure 8.13 illustrates the drift-ratio time-series response obtained from the nodes at the 

center of the first and second story during the same event. The second story exhibits considerably 

larger amplitudes ofdrift ratio compared to the first story. This difference is due to the considerably 

stronger infills in the first story than those in the second story. As discussed in Chapter 5, the first 

story retrofit, conducted in the 1980s, focused on strengthening the infills and therefore, the lateral 

stiffness and load resistance capacity ofthis story significantly increased. As a result, the first story 

appears more rigid than the second story. The numerically obtained drift-ratio results also conform 

to the condition of the test structure which seemed undamaged in the first story and severely 

damaged in the second story. It can also be observed from the figure that the maximum drift ratio 

obtained from the analysis is approximately 1 % in both directions. Although this drift ratio is 

considered small for ductile RC structures designed with the current codes, it can result in severe 

damage in the case of non-ductile infilled RC frames . 
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Figure 8.12: Acceleration-response time series obtained from the model 
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Figure 8.13: Drift-ratio response time series obtained from the model 

Analysis Results: Dynamic Properties 

The numerical mode shapes obtained after subjecting the model to the 2010 Baja California 

ground motion, are shown in Figures 8.14 and 8.15 for mode 1 and mode 2 at DS0 respectively. 

There is an excellent match between the model-predicted and experimentally estimated results 

with MAC values of 0.98 and 0.95 for mode 1 and mode 2 respectively. Also, the torsional 

behavior is observed in both modes as opposed to the mode shape results obtained prior to the 

earthquake, shown in Figures 8.8 and 8.9, which indicated translational behavior for both modes. 
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Table 8.7 summarizes the modal frequencies obtained from the model and experiments at 

different damage states. The latter includes the frequencies identified from the ambient-vibration 

as well as the forced-vibration measurements. The model-predicted natural frequencies are closer 

to those estimated from the forced-vibrations. This can be justified by considering the damaged 

condition of the structure and the relation between the modal frequencies and the overall stiffness. 

As discussed in Chapter 6, the modal frequencies of the test structure significantly dropped under 

excitations higher than ambient-level excitations. This drop occurred due to the change in the 

stiffness of frame and infill elements as a result of crack opening. The intensity of the frequency 

drop and the amplitude of excitation at which the drop occurs can be related to the extent of the 

cracks in the members of a structure. In the case of the two-story test structure, extensive cracks 

in the columns and infills of the building, observed prior to the tests, along with the results from 

the forced-vibration tests suggest that the frequencies identified from ambient-vibrations are only 

valid for excitations with low amplitudes. This means the identified frequencies estimated from 

the forced-vibration measurements can better represent the overall stiffness of the damaged 

structure under high-amplitude excitations compared to those obtained from the ambient-vibration 

recordings. On the other hand, the hysteretic law defined for the infilled frames relates the damage 

to the stiffness reduction of the infilled frames and only provides one value for the stiffness of the 

damaged frame, as discussed in Chapter 7. Therefore, the model is unable to account for the 

variation of the modal frequencies as a function ofexcitation amplitude. As a result, the agreement 

between the modal frequencies obtained from the model and forced-vibrations indicates the 

numerical model is more suitable for response simulation of high-amplitude excitation than low

amplitude ones. 
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The truss elements corresponding to the infills demolished during the testing period are 

removed from the model in the same sequence as the physical infill removal discussed in Chapter 

5. The model is then subjected to linear modal analysis after each element removal to track the 

changes in dynamic properties. The results, summarized in Table 8.7, indicate a good match 

between the numerically obtained and the experimentally estimated mode shapes at all damage 

states with the minimum MAC value of 0.92. The model-predicted modal frequencies also drop 

as the damage state increases. However, the rate of decrease in the natural frequency predicted 

from the model is higher compared to that estimated from the forced-vibration tests. 
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Figure 8.14: Mode-shape comparison between the model (after the earthquake) and experiment for 
mode 1 
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Figure 8 .15 : Mode-shape comparison between the model ( after the earthquake) and experiment 
for mode 2 

Table 8.7: Summary of the comparison between the experimental and numerical dynamic 
properties 

<l) Mode 1 Frequency (Hz) Mode 2 Frequency (Hz) MAC Between 
bl) <l)ro ,._. Experiment and 
8 E Experiment Experimentro r:/J OpenSees OpenSees OpenSees
Cl AV1 FV2 AV1 FV2 Mode 1 Mode 2 

PE3 3.89 4.85 

DSl 2.24 1.73 1.68 3.32 2.02 2.07 0.98 0.95 

DS2 2.17 1.64 1.60 3.03 2.25 2.05 0.97 0.94 

DS3 2.12 1.61 1.55 3.00 2.17 1.94 0.97 0.93 

DS4 2.05 1.61 1.43 2.81 2.15 1.68 0.96 0.92 
1: Ambient vibration 
2: Forced vibration 
3: Prior to applying the ground motion (2010 Baja California) 
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8.3.8 TIME-SERIES ANALYSIS: FORCED-VIBRATION SIMULATION 

The response of the model under harmonic excitations similar to those produced by the 

eccentric mass shaker, discussed in Chapter 5, is simulated and compared to the experimental 

results to assess the performance of the model in predicting the dynamic behavior under high

amplitude excitations. The harmonic-force excitations are applied to two nodes corresponding to 

the locations between which the shaker was located in the test structure. Figure 8.16 shows an 

example of an input excitation along with its forcing frequency content, reproduced based on a 

sine-sweep forced-vibration test between O Hz and 2.5 Hz. The model is then subjected to time

series dynamic analyses. The dynamic response of the structure, obtained from sine-sweep and 

sine-step excitations, is discussed in the following sections. 
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Figure 8 .16: Input sine-sweep forcing function 

Sine-Sweep Excitations 

Loading Direction: North-South (Y) 

The model is subjected to a sine-sweep forced-vibration, the forcing profile of which is 

shown in Figure 8.16. The acceleration-vs.-drift ratio response of the model at the north-west 
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corner of the second story in the north-south (Y) direction is shown in Figure 8.17a along with the 

corresponding experimental results. Figure 8.17b presents the same acceleration-vs.-drift ratio 

response along with the variation of the forcing frequency plotted as the third axis. As shown in 

the figure, the model can simulate the resonance zones observed from the experimental results. 

However, the area enclosed by each cycle in the force-vs.-drift ratio response obtained from the 

model is smaller than that observed from the experimental results . This can be attributed to the 

unloading branch of the hysteretic law assigned to the struts. The single-slope unloading branch 

of the proposed hysteretic law is defined so that it accounts for the average of the slope-varying 

unloading branch observed from the experimental results . Therefore, as discussed in Chapter 7, 

the model-predicted enclosed area in each cycle is usually smaller than that obtained from the 

experiments. Although smaller hysteretic loops can be interpreted as lower energy dissipation 

capacity, it is important to note that the nonlinear behavior of the test structure was observed at 

small drift ratios and the total energy dissipated by the hysteretic behavior is not considerable. 

Therefore, smaller hysteretics do not significantly affect the force and drift ratio as shown in Figure 

8.17. 

The experimentally observed effect of the initial conditions on the resonance zones of the 

response, which is discussed in Chapter 6, is also investigated numerically. A sine-sweep 

excitation, sweeping forward from OHz to 2.5 (loading) Hz and back to OHz (unloading), as shown 

in Figure 8.18, is applied to the model along the north-south (Y) direction. The acceleration-vs.

drift-ratio response of the model at the north-west corner of the second story along with the forcing 

frequency as the third axis is shown in Figure 8.19. The second resonance zone developed during 

the sweep back extends to frequencies lower than those of the resonance zone occurred during 

loading. This change in the resonance zones, which is due to the difference in the initial conditions 
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of motion between the sweep forward and back, conforms to the observations from the 

experimental results discussed in Chapter 6. 
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Figure 8.17: Response of the model under a sine-sweep excitation in the Y direction obtained 
from the north-west comer of the second floor along the Y direction 
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Figure 8.18: Sine-sweep forcing function from O Hz to 2.5 Hz and back to O Hz 
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Figure 8.19: Response of the model during a sine-sweep excitation sweeping from O Hz to 2.5 
Hz (loading) and back to O Hz (unloading) obtained from the north-west comer of the second 
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Loading Direction: East-West (X) 

The same sine-sweep excitation, the forcing profile of which is shown in Figure 8.16, is 

applied to the model along the east-west (X) direction. The acceleration-vs.-drift ratio response 

obtained from the north-west comer of the building model along the excitation direction (X) is 

shown in Figure 8.20 along with the corresponding experimental data. Although the model

predicted resonance zones are close to those obtained from the experiments in terms of the 

frequency content, the estimated drift ratios are not similar between the model and the experiments. 

This difference, which might be caused by the difference in the strength of infills between the 

model and the test structure, the difference in the initial conditions ofmotion, the transient response 

amplification, or the combination of the above, will be further investigated through the steady

state response of the model. 
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Figure 8.20: Response of the model under a sine-sweep excitation in the east-west (X) direction 
obtained from the north-west comer of the second floor along the X direction 
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Sine-Step Excitations 

The numerical model is subjected to sine-step excitations to obtain its steady-state response 

at the resonance zones. Figure 8.21 presents the input forcing profile applied to the model along 

the north-south (Y) direction. Figure 8.22 shows the acceleration-vs.-drift ratio response obtained 

at the north-west comer of the building model in the second story during the simulation of the 

aforementioned forced-vibration. The predicted acceleration-vs.-drift ratio response along the Y 

direction, shown in Figure 8.22a and b, indicates a good match to the experimentally obtained 

forces and drift ratios. However, the model-predicted response along the X direction indicates 

lower drift ratios compared to the experimental results. 
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Figure 8.21 : Input sine-step forcing function 

Figure 8.23 compares the acceleration-vs.-drift ratio response obtained from the model and 

the experiment during a forced-vibration with a forcing profile shown in Figure 8.16 which is 

applied along the X direction. Although the numerically predicted maximum and minimum drift 

ratios match those of the experimental results, the predicted acceleration exhibits smaller values 

compared to the test. Also, the model-predicted hysteretic loops are smaller than their experimental 

counterparts in terms of the area inside each cycle. As the roof acceleration response can be the 
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measure of the force experienced at the second story, the lower acceleration amplitude indicates 

that the strut elements along the X direction are weaker than the infills in the actual structure and 

therefore, they can sustain less loads at the same displacement. 
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Figure 8.22 : Comparison of the force-vs .-drift-ratio response obtained from the north-west 
comer of the second story during a sine-step excitation along the north-south (Y) direction 
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Figure 8.23 : Comparison of acceleration-vs.-drift-ratio response obtained at the north-west 
comer along the X direction in the second story during a sine-step along the X direction 

Story Shear Force Estimation from Acceleration Response 

Figure 8.24 presents the roof acceleration response under a sine-sweep excitation along the 

Y direction recorded at all comers and the center of the model. The amplitude of the response 

significantly varies at different locations of the slab mainly due to the flexibility of the slab. This 

variation was also observed in the acceleration response of the test structure at different locations 

of the roof slab under force-vibration excitations as shown in Figure 6.17. The story shear force is 

estimated by multiplying the story mass by the acceleration response of the story. According to 

the figure, story shear force responses obtained from the acceleration responses of different 

locations will be significantly different. Therefore, choosing a location for which acceleration 

response leads to a reliable estimation of the story shear force response is a challenging task. 

To address this challenge, the acceleration responses are first multiplied by the mass of the 

second story to obtain the story shear force. This is done for the acceleration responses obtained 

at each location, as well as the average acceleration responses calculated from all of the five 

acceleration responses at the roof level. The results are shown in Figure 8.25. The story shear 

191 



response of the second story is also directly extracted from the reaction forces developed in the 

columns and braces in the second story of the model and compared to those obtained from the 

acceleration responses as shown in Figures 8.26 and 8.27. According to the comparison, the story 

shear responses estimated from the average acceleration response and that recorded in the center 

of the slab match well with their directly calculated counterparts. Therefore, depending on the 

instrumentation, either the average acceleration response or the response at the center of the plan 

can be used to estimate the base shear. 
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Figure 8 .24: Acceleration response of the roof slab under a sine-sweep excitation in the Y 
direction 
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Figure 8.25: Story shear-force response of the roof slab under a sine-sweep excitation in the Y 
direction estimated from the acceleration responses 
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Figure 8.26: Story shear-force response of the roof slab under a sine-sweep excitation in the Y 
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Figure 8.27: Comparison between the second story shear force directly obtained from the 
reactions and indirectly estimated from the acceleration responses 

8.4 CONCLUSIONS 

This chapter discusses the linear and nonlinear modeling process and response simulation 

of the two-story test structure explained in Chapter 5. The linear model is calibrated based on the 

damage observed during the visual inspection. There is a good correlation between the 

experimental and numerical results in terms of the dynamic properties. However, the linear model 

cannot simulate the nonlinear behavior observed from the tests . The non-linear model of the 
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structure is developed according to its condition prior to the last major earthquake which hit the 

test structure in 2010. The model is subjected to the same ground motions as those experienced by 

the test structure during the 2010 Baja California earthquake, and the dynamic properties of the 

model are compared to those obtained from the experiments at different damage states. There is 

an excellent match between the model and experiment in terms of the mode shapes obtained after 

the earthquake. The modal frequencies obtained from the model also match well with those 

obtained from the forced-vibrations. The forced-vibration excitations introduced to the building 

are also simulated using the numerical model. The results of the model-predicted and the 

experimentally obtained responses show a good match in terms of maximum and minimum drift 

values while some deviations are observed in the maximum and minimum values of acceleration 

responses between the results obtained from the model and experiments. A study is also performed 

to estimate the story shear force from the acceleration measurements. The results indicate that the 

acceleration response at the center of the structure and also the average of acceleration responses 

recorded at five locations match well with the story shear force directly measured from the resisting 

element. 
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CHAPTER9 

SUMMARY, CONCLUSIONS, AND POTENTIAL FUTURE RESEARCH 

SUMMARY 
9.1 

This dissertation presents experimental and numerical studies which address the need for 

better understanding of the linear and nonlinear system-level dynamic behavior of existing non

ductile RC buildings under varying excitation characteristics. Two actual RC buildings, a ten-story 

building located in Utica, NY and a two-story building in El Centro, CA, were subjected to 

dynamic tests using portable eccentric-mass shakers. Both structures were deteriorated prior to the 

tests; the building in Utica, due to the severe weathers in upstate NY, and the building in El Centro 

due to a series of earthquakes. Hence, they were both demolished after the tests, which allowed 

the introduction of damage incrementally during the tests. The data collected during the tests is 

used to investigate the changes in their dynamic behavior, the parameters that influence such 

changes, and the ability of the available system identification tools to quantify those changes. 

Moreover, the data obtained from the tests of the two buildings is used to validate linear and non

linear numerical models. These include a novel material law for the non-linear cyclic behavior of 

infilled RC frames which is developed and implemented is OpenSees. 
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9.2 CONCLUSIONS 

There are a number of conclusions that can be drawn from the experimental and numerical 

studies discussed in this dissertation. These are briefly presented in the section. The highlight of 

the experimental campaign was the significant nonlinearity observed in the response of the two

story building. The source of non-linearity is the opening of cracks due to the high-amplitude 

excitation induced by the shaker. The nonlinearity intensified when the building resonated with 

the induced excitation. This nonlinearity affected the resonant frequency of the structure that 

decreased by over 30% compared to the frequency identified during the ambient vibrations. 

Torsional behavior was also observed in the mode shapes as well as the dynamic response 

of both test structures under forced-vibration excitations. In the case of the ten-story structure, the 

irregularity was caused mainly by the asymmetric removal of the infill panels which were 

demolished to facilitate the implosion of the building. In the case of the two-story structure, the 

asymmetry was introduced by the different damage levels of the infills in the perimeter. 

An important observation from the tests is that the modal frequencies, estimated form the 

forced- , ambient-, and free-vibration data, decrease as the damage increases for both structures 

when infills are demolished. This demonstrates that the infills, even when built after the bounding 

frame, participate in the lateral-load resisting system. Reduction of the modal frequencies is also 

observed due to the shaker-induced damage in the two-story structure. However, the mode shapes, 

in both buildings, did not significantly change as a result ofthe infill removal or the shaker-induced 

damage. 

The modal frequencies of both structures also dropped as the excitation amplitude 

increased. The frequency drop is around 3% for the ten-story building, but reaches 34% in the case 
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of the two-story building under high-amplitude excitations. Based on these observations, it is 

important to consider the dependence of the modal frequency on the excitation amplitude in the 

structural design and assessment. This consideration becomes more crucial in the case ofdamaged 

structures where the modal frequencies estimated using ambient-vibration recordings may 

significantly deviate from those identified under high-amplitude excitations such as earthquakes. 

The comparison of the mode shapes obtained from the ambient-vibration measurements 

and the operational deformed shapes during forced-vibrations in both structures, indicates that an 

excitation directed in favor of a mode can excite the mode at a forcing frequency significantly 

different from its natural frequency. There is also a significant change ofresponse if the excitation 

frequency changes, although the force point of application and direction is not changed, as the 

contribution of various modes to the response changes. 

The sensitivity study on the system identification results of the ten-story building using the 

N exT-ERA method highlights the role of the location and quantity of reference channels in the 

identification order of the modes. Increasing the number of the reference channels does not 

significantly affect the identification order, but it increases the computational cost. In general, 

reference channels located on the higher floors result in lower identification orders and 

consequently, a lower computational cost due to the higher signal-to-noise ratio . Another study on 

the effect of the excitation amplitude on the system identification results indicates consistently 

lower identification orders when using the free-vibration data rather than the ambient-vibration 

counterpart at all modes and in all damage states. This is mainly due to the higher signal-to-noise 

ratio of free-vibration responses compared to that of ambient-vibration recordings. The study also 

suggests that if a mode is identified using different reference channels, the estimated mode shapes 

and modal frequencies do not change despite the different identification orders. 
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The parametric studies on the validated linear model of the ten-story building show that 

the interior masonry infill panels and staircases do not noticeably alter the dynamic properties of 

the structure as the stiffness provided by these elements are insignificant compared to other 

structural elements in the case of this structure. Such elements can be omitted in the modeling of 

similar structures. 

In terms ofcode implications, it is found that the deformation of the building due to seismic 

loads predicted by the equivalent static method considering 5% eccentricity, as recommended by 

ASCE 7-10, in the application of the loads is conservative. Finally, the fundamental frequency of 

the intact building is estimated to be up to 95% higher than the period calculated by applying the 

codes used to assess new and existing buildings (ASCE 7-10, ASCE 41-13 , and FEMA 356) which 

may be unconservative when the seismic loads on actual buildings are estimated. 

The proposed material law relating the stiffness degradation and the history of the 

deformation of an infilled frame, implemented in an analysis software, shows promising results 

when validated with experimental data. This law, which is combined with the recently proposed 

ASCE 41-17 guidelines, requires a small number of parameters for its calibration, and it can 

reliably predict the seismic performance of infilled RC frames. Moreover, the dynamic properties 

obtained from the nonlinear model of the two-story structure, which is developed using the 

proposed material law, are in good agreement with their experimentally estimated counterparts. 

Also, the simulated dynamic response of the structure matches well with the experimentally 

measured behavior. These observations indicate that the proposed nonlinear modeling strategy 

provides reliable models. 
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9.3 POTENTIAL FUTURE RESEARCH 

The experimental and numerical work discussed in this dissertation is aimed at improving 

the understanding of the system-level dynamic behavior of existing deteriorated structures. The 

following studies can enhance this research field. 

- Dynamic shaker excitations on existing infilled RC structures until collapse. The present 

study forced the building in El Centro into its nonlinear range of response. Although it was still 

possible to observe significant changes in the modal frequencies , the tests did not introduce 

significant deterioration. Further damaging buildings and bringing them to the verge of collapse 

will provide data necessary to understand the collapse mechanisms and to develop numerical tools 

able to simulate structural collapse. 

- The proposed material law for infilled RC frames can be further validated with data from 

additional tests on specimens of different geometries and material properties. It can also be 

expanded to account for openings, but also for the interaction of in- and out-of-plane seismic 

actions. The latter would require an extensive experimental campaign, as data from tests 

considering simultaneously the in-plan and out-of-plane dynamic forces is lacking. 

- The reduction of the natural periods of the building in El Centro under the shaker 

excitations indicates that the elastic period of the structure, that is traditionally used in earthquake 

engineering, may not be appropriate in the case of inelastic systems. Further study of this change 

of frequency is needed so that an effective period as a function of the excitation can be estimated, 

or inelastic response spectra can be developed. 
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- Further study is needed to develop tools for the meaningful quantification of damage and 

reliable estimation of the remaining strength of an existing structure. To this end, accurate damage 

identification techniques need to be combined with validated numerical or analytical tools. The 

damage assessment tools can rely on machine or deep learning and use vibration data and/or 

pictures, while the numerical/analytical methods need to be efficient so that the damage and its 

effect can be quantified in real time. 
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APPENDIXA 

Plan and Elevation Views of the Ten-Story Test Structure 

The following drawings are developed based on the measurement prior to the test. 
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APPENDIXB 

Instrumentation Details of the Ten-Story Test Structure 

The following drawings show the exact location of the sensors used for instrumentation at 

each floor slab along with the position of the shaker on the second floor slab. 
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APPENDIXC 

Plan and Elevation Views of the Two-Story Test Structure 

The following drawings are developed based on the hand and LIDAR measurement prior 

to the test. 

227 



16 ,51 A 1,4, 13 ' ' f 1 (I 

® ~ }- 1;H· ~ +-- m.o-· - m.o· ----lm.r,• --,le-- m.o·· 
r--- ,·-,----r ---,~,,...,.,.,-r-7-,-r ,'777-- -..,_- 77.----,---r,- ~r ,, - - r - -~,,r-, 

. lofill ,,II I °"''""' (¢J i· f ::.~7··-·- ·~-·-----·----·------·-"--~--] r 0· 
14b.l"F1rst floor slab ~ / I Column~~-

~ 
t ~ 

Wooden mezzanine ,,[ N II A+-
7\ Ground level 122.3"~ -42" 

Concrete wa ll ~Er- '"' 7 tr,
19.5 ' 
~ 164.0· ----I-,, 

2~~.J" 212.3" 

~I 
194,6' --Ji ;o.o 

Section A-A ~ 
1 · r~p•

124 .3" __,., ~ 
2~2.3" 212Jt'r r 

Elevator 1]9,0" 130.5 

,._ rri-- ,.,, 7 l l;j124.0''/1~ l t··<,_ lJ ~ -IJI" 
~22.Q" 22'.J" 

[i::!] 
~ ft- ,,.,. ---n ~ It 1 

KEY 
EZ ,/ .,.,.. ✓ 2.:::,:>' ·) Concrete wall 

223,3" 
l ':::.'-:i, ,:::::,,,-se;;.,~ ·~"-"- ! C'oncrett d,cp beam 

Opening 

224.Stt 

7_77777:,f]l \A 22< Zt? zJ LZn ;zz ·tr? c,l L,zz z, >t,zz; I L ,;,z,z, zz; zzz ,[ L,c,z/z // •zaJ:l l-¼)
lnterior partition "'~II 

0 Circulm- column D=20" 157.51' _J 

w~ 

Squa re column l6"Xl6" 

I I Wooden mezzanine 

Ground 

□ 

:,i 

~I Do1~ Dt:~c.rlp tioi-11l " Drown SYEl Centro lnfilled RC Frame Building 
Ch€i:.l,-edUniversity at Buffalo 

~ J/2 1/2015 Api:-rDve,J _______ Dot"l _

Basement Plan View Title _______ Job Class_ 

Figure C.1: Plan view of the basement slab 

228 



0 

,-~--

~~ 

KEY 
I·/ •- 7 /r t. , G· t::7-1 Infill w,11 • 

Interior \Hloden/dry wall 

Opening 

Circular column D~I6" 

Square column 16"Xl6'' □ 

• Details ,m the materials of each 1>a ll are pru1·idedin t,hle I 

'!} -"~I D.:it ';:! I Oescr1plio 1; j!!. 
University at Buffalo 

3,121/2015 

$ ~ ·~, }' q)
+-- 150_1~ ----+---- ~22.U" '.2!.ll" T 2,2.n• ~ ,10.11··-----.r---

M-------,'U,I ,~·
152.0" 189.8"-

Ho.I"

L1WE==~=====tt=~~~ t;i i 

~22.411 ;22)" 

~=.:::::bk:=== =~~ ~,1t, " 44.J" ~ 1 -< Cr, ·1I, 
·150.0"7l~"221.J" 2n.3

so.o· ----1_i ~ "- l!I T· be== 
l- 194.6" -,1 

56.1 ' i1 136.9''~
l==:--=---== r::=..-:.-= 1======== c-1.Q) 

u1,-- 120' 

n}J~ 22D'1 

IJ9.0"JJO.S rI,.._ 191.6" 7 
l ~-~ I 
r I t,,._- 124.0" - n ---=ir====:=~-:=---

~ 148" u 
~n.3'12n_9~ 

,..__ 174. 1" 7 n 
lL.c---=--==l=I========~ t· 

123.J"~~4.8" 

,g L~LuJLuJl d l 1
,;,s j ==v,,m =uzzzan,,, 

One Story h rensionBuilding 278.0'' 

.._ 988.1" -------------j'f j 
Or-:rnn 'S',El Centro lnfilled RC Frame Building 
C'ht>ck~d 

Apr,1 ov.: J _ _ _____ D•ll~ __

First Floor Plan View n·le _______ Job Ckiss_ 

Figure C.2: Plan view of the first-floor slab 

229 



!- 1so.1" l-- ,22.0· ---l-- m.o•· ----+-Tl_ 2,1.0" ---l-- 2!6.0" Ir 
15,r:c::=· r@ 

l•b.l" 

IL r
.4 1122~ fr= cc !22.Y 

Chimney~ rJ- ,.... _, 
+ ---, (

455" 7 ~~ 
50.0" -·1 I~--

122.J" ,--- 222.3~ 

noT t~·- 194.6" 71 
........ 

c.'::::= 

r 
1,..- 124.3 11 

-7 

222.3" 222.Y 

139.0" 
>l-- 191.6' 7 +111~ I 

1~ 124.0" tf 
~ +227" 

212.Y112.9" 

~ 1;4_)" 7 
•...··~ tB 

lt>~ l i r 
22l3" 

Totallv d r md panel 

2~-U" 

KEY 7 
Masoruy wall c01lllist of2wythes 

Interior masonry Wllll LJ l57.5' j r
Opening 218.0' 

0 Cin:ular column D=l6" ,.______________ 988. 1' _____________...., 

□ Square column J6"Xl6" j 
,; 

V, 

[ "i Dote Descr •p~ion 
DroWJ1El Centro fnfillcd RC Frame Building 
(hed,e,;IUniversity at Buffalo 

SY 

" 3/21/,015 Approveo _______ Date- _

Second Floor Plan View Title _______ Job ClassI 

Figure C.3: Plan view of the second-floor slab 

230 



t- 31 ,51 
~23,or 210-0''150 1" ---+-- 2'2.0'' 

t - t---- :wr 

1
l 
.f1 

__f1 7 

IA.,rr 1•6.1" r j , n 

~2~.4'' 2n.3·,1$, +-l-06' 
Chimney

7 --if 
~~ 

~2~.31• 222J11 

D 

,-- 12.!.J" -,, ~ 
1 =c----

l . 

~22.J'' / 11!3"r 
1!0.S" "levator 1)9.0" 

l / ."' ~ - ,1!) 
,,_ 12.;._o.. -,, \ 

Ro,,f 1J<:,cess ~ 
shaft 222J11

212.'J" 

fr 
221.311 

224.R" 

/ LI LG<1f) 
~ 

KEY 

I 8-in. thick RC parapetI 
- , -

I 
-., 

~ ~ Oat~ Oescrip lior 
$1 

,,., 
DrownUniversity at Buffalo El Centro lnfilled RC Frame Building

~ Checked 

2 3/21/2015, IApproved Date_ ,, Roof Plan View n,1~ Job (.:lass 

Figure C.4: Plan view of the roof slab 

231 



R~iriforced Concrete Pa rapet 

(1 ) {2 I (4 l , 6 1 

i r I I 1 
35.5'' 28.8" 

,(813"r .. ,.. ~.8" ,,_ ..,.... ,., ----,,_L,,7 
57.3" 

20.0" 
Level 3 ,.____ 3.0'' 

24.0" 

19.5" 
179.0" Wind!1'.I 975'' 

117"i82" 

Level 2 380" 
24 0" 
35.0" 

179.0" loading L{IBdi:lg LDlldil'!g PEn11ancc 
0",96" Door Door Door 120.0"

lU0",1,.124" ]!1)"'110" 120'\l2ff' 

LC\'Cll l48.0' ==-======J }--- 12.0'' 
(}p.'.n!ng II I I I ,( I 0pe,;, g 4X.0") '-'----~;1-=~===u____J_L____l_L__ _JJLJj '> 

Ground Level ,' 1 -.'rl'T?'--

~_j 1' [ 168.0" 

-·163" _j 24.4" 7.4'' 

] 
12.0" _,, 
[ 205.8" 

16.3" 16.3" 

206.8'' 

16.3" 

120.0" , ,. ,. 

39.7" 46.0" J I [ 
122.0" 1 

20.7" L 13.4'' 

16.3" 

KEY 
I12i'i'i'2*~ I Infi ll wall• 

~ Honeycomb decorationI 
• Derailson the materials ofeach infill wall are provided in table 1 

:'J
"' " 1Dat e I Descrip tion I" ~ 
:r 

El Centro Infilled RC Frame Building Drawn ~.y
D 

Clwd.edu, University at Buffalo 
2, 3/21/2015 Approved _________ Date __North Elevationf j 

Till e Job Closs_ 

Figure C.5: Elevation view of the north side 

232 

7 



Reinforced Concrete Parapet 

( 6 ) (s 14 I (3 .I (] ) 

T T 1 T r T 
28.5" ~ 35.5'' 35.5" 35.5" 35.5" _______._C 39.6''

L l18.o" / 187.0'' ,, C 1s7.o" \ I, 187.0" •' r: 166.0" 

~ \ __.--;f lnrnrior Wy1hes " 48.5''78.5'' 
Level3 Q--QQ-Q--QJ K.fQ3...l-~_J-v-o-<?;J l__1--"l =-- ~ """X ..J-V1I 13--8 ---fQ--Q-v-Q-3-BI 11-{8--8---8---&3-BI 

-- 3.0" 24.0" ...,,,.-- I..-
., 

I ~ F- ' ' I '' 
"'...I ~179.0" I 135..0" 

I 
Level 2 j 

... 

I 

l 
~ - - T 52.0" 

r 
'\. 

~I ExtmionBuilding 
l79.0" E,lenor wylhes r 

\99.0" 
Level 1 I -

~8.0" -;3 I 

l 

[X I 
Ground Level 1 

KEY 
1,:,:,:,: :,:,:,:,1 Infill wall'I 
mm I Honeycomb decomtion 

* Details on the materials of ,-a:h infill wall are prol'ided in !able 1 

21ifl 

(I) 
::r ;,- Dote Desc.rip11on

7 [Jrawn SY~: El Centro lnfilled RC Frame Buildinga 

Checked 

,:, 

O'l University at Buffalo 
3/21/2015 Approved Dote_ 

,:;:; South Elevation 
Title Jc,b Class_ 

Figure C.6: Elevation view of the south side 

233 



·

Reinforced Concrete Parapet 

485' __ I (r T \ 'I f ¼·· ,I~ '"'" } ,
1 

~"'' 
\ 26.3" 35.7" 35 3" i ~ 35 8" 352'' \ I::o.o" ~- ~ 1s10" _____,,_c 187.0'' ~ C 1s10·· ,._[,_ 1810" 1. 1810" , ,,_ 98 0" _,,___.L, 83.3" , 

i.• , f{}Ou;:><.X>-<.cll lHrUP .xY.r. 1 lx BE-= '°1 k xRr K.H ~ I '1:~ R = I lX ~ , I 
24.0" _., · · · 

155.0" 1790" 

Exren<1on Building 'Tt , , , IN~ 

Gff , ~ff 

I Grounci L~vd 

c ~ 206.3" ~0~.3" ~06.3" 206.3" • 130.1 " ou· 
16.0 [ 16.0" [ 16.0'' [ 16.5'' [ 16.0" C16.o· L 16.0" 

KEY 
,,:,:,:,: :,:,:,:,1 I lnlill wall* 

Hooevt<>mbdecoration~ I 
• Details on thematerialsof ~acb infill •all arc pro, idcd in table I 

~ v) 
::r 

" Do le Des (1ipl1 u11'" en 
? 
z El Centro Infilled RC Frame Building Dn1wn S'r 

Chadeed 

a 
..J University at Buffalo 

3/21 /~015 Approved Da le_EastElevationJ',..) 
Titl e Job Ckrns _ 

Figure C.7: Elevation view of the east side 

234 



Reinforced Ce>ncret.e Parapet 

(A (Bl (D i ,]:, \1 r'G, 
j T T12.0" 29.5'" r lnfill;d windc,w 

J?l" \ I; ' l T 35.l" T 35.1" I 26.l"35.3" 3~?"1 
____,__j~.. L 98.o" J,...L__ 181.0" _ - 187.0" 1. ... 187.0'', , [ , 187.O" ,,__ 187 .O'' _______,._( 

- 48.5" 

I 
./l" 44.6'' 44.6" 

,,_...,,83.3" ,:J____,._ 117 O'' ___,_C,, . 20.0"B--Bi3)--q [B-8-BhJ3jQ--jJ1 I ' ' ' • ' ' ' ' ' ' ' ' ' • p-QQ-Q-Q-Q--P3Jl ------ 3.0'' 
24.0" 

16.5'' 
'""II Window PI 52.5"m I IT',41" 16':c179.0" t 

86.0" 
Level 2 ,..- 24.0" = 

9.5"1 
,. Extension Bui ldin~ 

1455
J7Q.0" 

Level I lITJ 
48.0'' - --- ...,, 7-IJ" /-- 48.0' 1" ~ 

Ground Le~ l30.l" "[ 206.3" ?O" 1"Y--- 206.3" y-- 206.3'' "[ 206.3" 
16.0"

16_0.. T 16.0" L 16.0" L 16.011 16.o" 
T:: -,._L 

KEY 
I I: I: I: I: ': I: I:,: ii Infill wnll'I 
~ Honeycomb decorationI 

• Details on the materials of each infill wall are provided in tnh le l 

:'.l\/l 

•1> $ 1Date I Desl;r 1p Lio•~ I 
7 Drawn~ 

::,

El Centro lnfi!Jed RC Frame Building Sr
0 

Cht:..:l<"ed 

£. 

co University at Buffalo 
3/21/::'015 Approved _________ Date __

West Elevation Tit le __________ ,lob Class_ 

Figure C.8: Elevation view of the west side 

235 



APPENDIXD 

Instrumentation Details of the Two-Story Test Structure 

The following drawings show the exact location of the sensors used for instrumentation at 

each floor slab along with the position of the shaker on the second floor slab. 
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APPENDIXE 

Studied Infilled Frames: Drift-ratio Profiles 

The following table presents the drift-ratio profiles which were generated from the quasi

static force-displacement response of infilled-frame test specimens described in Chapter 7. The 

profiles were introduced to the corresponding infilled-frame models to simulate their cyclic 

response. 
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Table E.1 Drift-ratios experienced by the infilled frames 

Q- Drift ratio (%) 
~ 
(!) 

s..... Cycle # 
(.) 
(!) 

0.. 
Vl 

1 2 3 4 5 6 7 8 
Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. 

SlA - 1 0.106 0.119 0.004 0.004 0.184 0.202 0.422 0.465 0.623 0.628 0.773 0.780 0.928 0.943 1.084 1.095 
SlA-2 0.054 0.023 0.004 0.004 0.106 0.075 0.193 0.149 0.352 0.354 0.619 0.605 1.206 1.208 1.831 1.842 
SlB - 1 0.128 0.121 0.003 0.003 0.277 0.307 0.442 0.480 0.613 0.633 0.786 0.797 0.950 0.944 1.085 1.075 
SlB- 2 0.069 0.094 0.003 0.003 0.160 0.153 0.262 0.281 0.424 0.444 0.615 0.635 0.763 0.787 0.912 0.956 
SlC - 1 0.043 0.064 0.003 0.003 0.092 0.099 0.268 0.216 0.399 0.306 0.469 0.440 0.503 0.540 0.684 0.693 
SlC - 2 0.085 0.089 0.003 0.003 0.144 0.146 0.270 0.245 0.467 0.457 0.608 0.623 0.778 0.770 0.924 0.930 
SlC- 3 0.143 0.162 0.003 0.003 0.302 0.329 0.426 0.447 0.611 0.633 0.773 0.792 0.939 0.935 1.085 1.094 
SlC- 4 0.107 0.109 0.003 0.003 0.151 0.177 0.312 0.309 0.415 0.482 0.601 0.600 0.765 0.797 0.908 0.944 

UBl 0.147 0.157 0.147 0.157 0.228 0.235 0.228 0.235 0.343 0.358 0.343 0.358 0.465 0.471 0.465 0.471 
CUl 0.013 0.013 0.060 0.059 0.064 0.059 0.126 0.124 0.125 0.119 0.246 0.264 0.246 0.244 0.366 0.370 
SP4 0.011 0.018 0.035 0.033 0.055 0.051 0.092 0.097 0.069 0.157 0.068 0.209 0.068 0.215 0.264 0.425 
SP5 0.064 0.012 0.093 0.044 0.065 0.055 0.093 0.059 0.101 0.061 0.321 0.273 0.335 0.289 0.548 0.499 
M2 0.145 0.120 0.270 0.239 0.560 0.533 0.768 0.752 0.746 0.760 1.052 1.073 1.112 1.126 1.710 1.574 
M3 0.123 0.074 0.329 0.349 0.320 0.353 0.535 0.538 0.757 0.776 0.745 0.774 1.098 1.115 1.084 1.113 
M6 0.061 0.018 0.134 0.050 0.345 0.281 0.368 0.331 0.593 0.530 0.857 0.832 0.875 0.844 1.253 1.080 
Sl 0.109 0.107 0.242 0.239 0.423 0.408 0.660 0.643 0.908 0.865 
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Table E.1 Drift-ratios experienced by the infilled frames ( continued) 

Cl..... Drift ratio (%) 
~ 
(l) 

s...... Cycle # 
u 
(l) 

0.. 
(/). 

9 10 11 12 13 14 15 16 
Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. 

SlA - 1 1.253 1.267 1.559 1.573 1.870 1.889 2.186 2.202 2.498 2.520 
SlA-2 2.496 2.251 3.099 2.912 
SlB - 1 1.230 1.252 1.714 1.679 1.858 1.885 2.192 2.207 2.493 2.491 
SlB - 2 1.075 1.107 1.233 1.271 1.550 1.579 1.862 1.886 2.165 2.204 2.502 2.535 
SlC- 1 0.888 0.878 1.061 1.061 1.245 1.260 1.563 1.553 1.878 1.886 2.194 2.208 2.530 2.541 
SlC- 2 1.236 1.245 1.558 1.562 1.894 1.878 2.163 2.161 2.503 2.491 
SlC - 3 1.244 1.237 1.549 1.563 1.870 1.863 2.181 2.175 2.505 2.521 
SlC - 4 1.070 1.087 1.239 1.241 1.528 1.561 1.885 1.943 

UBl 0.587 0.595 0.587 0.595 0.844 0.819 0.844 0.819 
CUl 0.370 0.373 0.491 0.492 0.493 0.491 0.738 0.735 0.762 0.768 0.980 0.973 1.226 1.227 
SP4 0.270 0.431 0.495 0.438 0.501 0.649 0.729 0.891 0.745 0.901 0.963 1.061 1.046 1.068 1.271 1.284 
SP5 0.563 0.504 0.797 0.703 0.803 0.712 1.052 0.933 1.050 0.931 1.286 1.164 1.289 1.185 1.504 1.410 
M2 2.335 2.287 2.908 2.883 4.109 4.018 5.862 5.731 0.000 
M3 1.684 1.741 2.292 2.343 2.770 2.907 4.067 4.121 5.857 5.848 
M6 1.326 1.161 1.702 1.695 2.311 2.330 2.894 2.896 4.099 4.063 5.507 
S1 
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Table E.1 Drift-ratios experienced by the infilled frames ( continued) 

Cl..... Drift ratio (%) 
~ 
(l) 

s...... Cycle # 
u 
(l) 

0.. 
(/). 

17 18 19 20 21 22 23 24 
Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. 

SlA - 1 
SlA-2 
SlB - 1 
SlB - 2 
SlC- 1 
SlC- 2 
SlC - 3 
SlC - 4 

UBl 
CUl 
SP4 1.283 1.303 1.523 1.516 1.514 1.520 1.737 1.743 1.757 1.725 1.971 1.966 1.958 1.965 2.189 2.180 
SP5 1.510 1.420 1.732 1.646 1.745 1.640 1.945 1.829 1.975 1.863 
M2 
M3 
M6 
S1 

Table E.1 Drift-ratios experienced by the infilled frames ( continued) 
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Cl Drift ratio (%) ..... 
~ 
(l) 

s Cycle # ...... 
u 
(l) 

(/). 
0... 25 26 

Pos. Neg. Pos. Neg. 
SlA- 1 
SlA-2 
SlB - 1 
SlB - 2 
SlC - 1 
SlC-2 
SlC - 3 
SlC - 4 

UBl 
CUl 
SP4 2.194 2.183 2.434 2.434 
SP5 
M2 
M3 
M6 
S1 
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APPENDIXF 

Two-story Nonlinear Modeling: Calibrated Struts 

The envelope strength curves ofthe strut elements, which are used to model the infill panels 

in the two-story building, are calibrated based on the previously proposed model by Tempestti and 

Stavridis [81] as explained in Chapter 8. The results of the strut calibrations for all types of the 

infill panels, the location of which are shown in Figure F .1 , are presented here. 

Tl T2 T9 TlO 

TB T3 

T14 

n1{ Tll 

T7 T4 n2 { 

n1 { 

T14 T12 

TS T13 T12 

Figure F .1 : Infill types selected for the two-story building model 
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Figure F.2 : Strut calibration for infill Type 1 
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Figure F.3 : Strut calibration for infill Type 2 
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Figure F.4: Strut calibration for infill Type 3 
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Figure F.5: Strut calibration for infill Type 4 
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Figure F.6: Strut calibration for infill Type 5 
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Figure F.7: Strut calibration for infill Type 5 
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Figure F.8 : Strut calibration for infill Type 7 
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Figure F.9: Strut calibration for infill Type 8 
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Figure F.10: Strut calibration for infill Type 9 
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Figure F.11: Strut calibration for infill Type 10 
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Figure F.12: Strut calibration for infill Type 11 
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Figure F.13 : Strut calibration for infill Type 12 
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Figure F.14: Strut calibration for infill Type 13 
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Figure F.15 : Strut calibration for infill Type 14 
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