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ABSTRACT OF THE THESIS 

 

Nonlinear Dynamic Analysis of a Ten-Story Reinforced Concrete Building 

 

by 

 

Carlos Alejandro Garcia Gomez 

 

Master of Science in Civil Engineering 

University of California, Los Angeles, 2020 

Professor John Wright Wallace, Chair 

 

Reinforced concrete (RC) moment frames and shear walls are amongst the most widely used lateral 

force resisting systems in regions of high seismicity in the US and around the world. Hence, 

understanding and accurately capturing the behavior of buildings with these lateral systems via 

nonlinear computer modeling is of great importance for design engineers. In 2018, a 10-story, full-

scale, RC building utilizing these lateral systems was tested on the E-Defense shake table. This 

test provides a unique opportunity to analyze the response of a thoroughly instrumented building 

with special moment frames and special structural walls that are generally compliant with ASCE 

7-16 and ACI 318-19 design requirements. Furthermore, it allows for the experimental verification 

of common nonlinear computer modeling techniques for these lateral systems. The direction of 

this research is to accurately capture the nonlinear global and local behavior of the 10-story test 

specimen subjected to ground shaking using a sophisticated non-linear computer model. Although 
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this experimental test does present some difficulties, specifically the effect of the sliding-base 

foundation, validation studies demonstrate that the nonlinear model can accurately predict overall 

building behavior when subjected to ground excitation. This thesis outlines the experimental 

program of the shake table test and the nonlinear modeling approach used to best capture the 

response of the building. 
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CHAPTER 1. Introduction 

1.1. Background and Motivation 

In recent years, nonlinear modeling of three-dimensional buildings has become increasingly 

common in practice due to commercially available analytical software and increased 

computational efficiency. However, accurately capturing the response of a three-dimensional 

building using nonlinear computer modeling is not a trivial task. A tall building, for example, 

presents many modeling challenges to a design engineer that requires educated assumptions based 

on engineering judgement and experience. It is often the case that these modeling assumptions are 

not adequate in capturing a buildings response when subjected to ground shaking. The 2018 shake 

table test of a 10-story, full scale, RC building at the E-Defense shake table provides a unique 

opportunity to analyze a building’s behavior and to validate modeling assumptions against 

experimental data. 

1.2. Objectives 

The objective of this thesis is two-fold. First, to process and analyze various building responses to 

better understand how the building performed when subjected to earthquake ground shaking. This 

analysis examines common building responses focused on global behavior such as: story drift 

profiles, story shear profiles, base shear, and roof drift history. Local responses such as foundation 

sliding, beam rotations, and vertical wall strains are also included in the analysis. The second 

objective of this research is to accurately capture the global and local responses using a 

sophisticated nonlinear computer model. The results of this comparison will serve to better 

understand and validate current modeling approaches used in practice. 
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1.3. Thesis Organization 

This thesis consists of six chapters and three appendices. Chapter 1 is an introduction that outlines 

the background and objectives of the test. It is followed by a thorough description of the test setup 

and building description in Chapter 2. Chapter 3 shows processed global and local results for both 

the sliding-base test and fixed-base test. Chapter 4 describes the modeling assumptions for the 

nonlinear computer model. Chapter 5 is a comparison of experimental and analytical results. 

Chapter 6 summarizes findings and conclusion from this research. 
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CHAPTER 2. Experimental Test 

2.1. Test Setup 

The 10-story RC building tested in 2018 is the latest in a series of full-scale shake table tests aimed 

at better understanding building behavior during ground shaking and evaluating seismic retrofit 

techniques. The building is tested at the E-Defense shake table, which is the largest three-

dimensional (3D) shake table in the world; built by the National Research Institute for Earth 

Sciences and Disaster Resilience (NIED) in 2005. The shake table measures 20 m x 15 m in the x 

and y directions respectively (Figure 2-1). It has a maximum capacity of 1200 metric tons and can 

generate velocities of up to 2.0 m/s and displacements of up to 1.0 m.  

2.2. Building Description 

Building plan and elevation dimensions for the 10-story specimen are shown in Figure 2-2 and 

Figure 2-3 respectively. The building weighed 9545 kN, which includes the dead load (structural 

elements) and live loads (stairs, steel jigs, and instrumentation) as shown in Table 2-1. The 

specimen measured 27.4 m tall and plan dimensions were 9.7 m x 15.7 m at the first floor and 9.4 

m x 13.4 m at typical floors. The first story extended 2.8 m while the remaining stories were 2.6 

m, 2.55 m, and 2.5 m – reducing in height every 3 stories. The lateral force resisting system consists 

of an RC moment frame system in one direction and an RC shear wall system extending up to the 

7th floor in the perpendicular direction (Figure 2-3). Section details for columns, beams, and shear 

walls are shown in Table 2-2 thru Table 2-4. Typical column sections were 500 mm x 500 mm and 

typical beam sections were 350 mm x 500 mm; both columns and beams are well-confined at 

member ends. Shear walls were 150 mm thick and reduced to 120 mm at the 7th floor. Stairs extend 

through the center of the building to allow inspection of damage in the upper stories. The structure 

was built in two separately fabricated sections to allow transportation of the specimen inside the 
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test facility - both sections are bolted together at the midpoint of columns and shear walls at the 

6th story (Figure 2-3). The test was carried out in two phases. In phase 1, the building sits on eight 

(8) flat-plate friction sliders allowing the building to dissipate energy (Figure 2-4). In phase 2, the 

building is bolted to the shake table to provide a fixed restraint support condition. 

       

Figure 2-1. Overview of test specimen. 
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Figure 2-2. Plan dimensions for 1st and typical floors. 

 

 

Figure 2-3. Building elevation dimensions. 
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Figure 2-4. Flat-plate bearings used in sliding test phase. 

 

Table 2-1: Building and floor weights 

Floor 
Live load  

(kN) 
Dead load  

(kN) 
Floor Weight 

(kN) 

RF 0 579 579 
10th 57 706 763 
9th 28 639 667 
8th 28 657 685 
7th 29 721 750 
6th 188 870 1058 
5th 28 716 744 
4th 28 732 760 
3rd 28 750 778 
2nd 57 848 905 
1st 29 1827 1856 

  Building Wt. (kN) 9545 
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Table 2-2. Reinforcement details for columns 
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Table 2-3. Reinforcement details for beams 
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Table 2-4. Reinforcement details of shear walls 

 

 

2.3. Ground Motions 

The ground motions recorded at JMA’s Kobe station are used as the input excitation for this test. 

The maximum accelerations for the north-south (NS), east-west (EW), and up-down (UD) 

directions are 8.18 m/s2, 6.17 m/s2, and 3.32 m/s2, respectively. The NS component of the ground 

motion is applied in the frame direction and the EW component is applied in the wall direction. 

Ground motions are scaled by 10%, 25%, 50%, and 100% and applied sequentially in two phases 

of testing. The testing protocol for these two phases is shown in Table 2-5. The first phase of 

testing is the sliding-base condition in which the foundation sits on eight flat-plate friction bearings 

and is free to move in all degrees of freedom. In this phase, four scaled versions of the JMA-Kobe 

ground motion are applied sequentially as shown in Table 2-5. In the second phase of testing, the 

foundation is bolted to the shake table to provide a fixed-base condition. In this phase, six scaled 

versions of the JMA-Kobe ground motion are applied sequentially as shown in Table 2-5. White 

noise excitation is applied before and after each individual ground motion to estimate the first 

mode period of the structure.  
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Table 2-5. Testing protocol 

No. Test Case Input Wave Magnification 

1 

Sliding Base 

JMA-Kobe 

10% 
2 25% 
3 50% 
4 100% 
5 

Fixed Base 

10% 
6 25% 
7 50% 
8 100-1% 
9 100-2% 

10 100-3% 

 

2.4. Instrumentation 

The extensive network of instrumentation allows the unique opportunity to capture building 

response and assess damage at the different stages of loading. Some of the responses captured 

include story displacements and accelerations, joint deformations, member end deformations, wall 

shear strains, and wall vertical strains. This was done with a total of 770 measurement channels 

using a sampling frequency of 1,000 Hz. Floor accelerations were measured using triaxial 

accelerometers attached on the floor slab (Figure 2-5). Story displacements were measured using 

displacement transducers attached to steel frames at every floor level (Figure 2-5). Foundation slip 

and uplift during the sliding-base test was measured using laser displacement sensors and LVDTs 

at locations around the perimeter of the foundation (Figure 2-6). Wall vertical strains were captured 

using LVDTs attached to wall boundaries over the first three stories (Figure 2-7). To capture 

member-end rotations, displacement transducers were installed along beam and column hinging 

regions (Figure 2-8). 
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Figure 2-5. Instrumentation to measure floor accelerations (left) and story displacements (right). 

 

  

Figure 2-6. Instrumentation to measure foundation uplift (left) and sliding (right). 
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Figure 2-7. Instrumentation to measure wall vertical strains. 

 

 

Figure 2-8. Instrumentation to measure beam rotations. 
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CHAPTER 3. Experimental Results 

3.1. Sliding-base Results 

Observations from the sliding-base test show that the building remained in the linear-elastic range 

for lower levels of shaking, namely JMA-Kobe 10% and JMA-Kobe 25%, but experienced minor 

levels of nonlinearity during the JMA-Kobe 50% and JMA-Kobe 100% tests. The frame direction 

experienced larger drift demands of about 1% compared to 0.4% in the wall direction for JMA-

Kobe 100% shaking (Figure 3-3). Larger story drifts in the frame direction are explained by both 

the stronger NS component of the JMA-Kobe ground motion in the frame direction and the lower 

stiffness of moment frame systems when compared to structural walls. Figure 3-1 and Figure 3-2 

present building base shear versus roof drift, calculated at the building geometric center, in the 

wall and frame directions. These figures demonstrate linear-elastic behavior for 10% and 25% 

excitation tests, and minor levels of nonlinearity for 50% and 100% excitation tests. Nonlinearity 

can also be seen in the elongation of the natural period of the building in Table 3-1 (Kang, et al., 

2020). For example, the initial building period in the wall direction was 0.449 seconds and 

increased to 0.780 seconds after the 100% excitation test. Similarly, the period in the frame 

direction increased from 0.578 seconds to 1.173 seconds after the 100% excitation test.  

The building also experienced significant sliding and uplift of the foundation during both 

the 50% and 100% excitation tests. For the 50% excitation test, residual displacements of about 2 

inches and 3 inches were measured at the foundation level for the wall and frame directions 

respectively (Figure 3-5). The 100% excitation test experienced larger shifting of the foundation 

of about 7 inches and 6 inches in the wall and frame directions respectively (Figure 3-5). Vertical 

uplift was about 1.5 inches for the 50% excitation test and 2.5 inches for the 100% excitation test 
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(Figure 3-6). After realigning the structure via large hydraulic jacks, the foundation was fixed to 

the shake table to continue phase 2 of the test. 

Table 3-1. Natural period for sliding-base test 

 

 

  

Figure 3-1. Base shear vs. roof drift for sliding-base test in wall direction. 

No. JMA-Kobe Scaled GM
Frame dir.

(s)
Wall dir.

(s)

Initial - 0.578 0.449
1 10% 0.612 0.5
2 25% 0.743 0.575
3 50% 0.939 0.65
4 100% 1.173 0.78
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Figure 3-2. Base shear vs. roof drift for sliding-base test in frame direction. 

  

Figure 3-3. Story drift profile for sliding-base test wall (left) and frame (right) directions. 
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Figure 3-4. Story shears for sliding-base test wall (left) and frame (right) directions. 

 

 

Figure 3-5. Building orientation after 50% and 100% excitation test. 
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Figure 3-6. Foundation vertical uplift for 50% and 100% excitation of sliding-base test. 

 

3.2. Fixed-base Results 

For the fixed-base test, the building was subjected to two more JMA-Kobe 100% excitation tests 

than the sliding-base test. Observations for the fixed-base test show that the building experienced 

significant nonlinearity in both principal directions as is evident in the hysteretic behavior shown 

in Figure 3-7 and Figure 3-8. One key feature about these results is that in the first and second 100% 

excitation tests the building experienced similar story drift demands in each respective direction 

(Figure 3-9). For this reason, the NS (frame) and EW (wall) ground motion components for the 

third JMA-Kobe 100% test were swapped. Since the maximum acceleration in the NS ground 

motion is larger than in the EW direction, the third JMA-Kobe 100% test observed larger story 

drifts in the wall direction and smaller story drifts in the frame direction. Overall, the frame 

direction was more ductile and experienced larger story drift demands of about 2.5% compared to 
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1.5% in the wall direction (Figure 3-9). The natural period of the building after each excitation test 

is shown in Table 3-2 (Kang, et al., 2020).  

Table 3-2. Natural periods for fixed-base test 

 

 

 

Figure 3-7. Base shear vs. roof drift for fixed-base test in wall direction. 

No. JMA-Kobe Scaled GM
Frame dir.

(s)
Wall dir.

(s)

Initial - 1.17 0.72
1 10% 1.19 0.734
2 25% 1.22 0.762
3 50% 1.32 0.855
4 100% - 1 1.69 1.05
5 100% - 2 1.93 1.16
6 100% - 3 1.97 1.25
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Figure 3-8. Base shear vs. roof drift for fixed-base test in frame direction. 
 

   

Figure 3-9. Story drift profile for fixed-base test wall (left) and frame (right) directions. 
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Figure 3-10. Story shears for fixed-base test wall (left) and frame (right) directions. 

 

CHAPTER 4.  Nonlinear Model 

4.1. General 

This section outlines the modeling approach and assumptions for generation of the nonlinear three-

dimensional computer model. The initial model geometry was built in ETABS 17 using centerline 

dimensions (Figure 4-1). The ETABS model was then converted to the open-sourced platform 

OpenSees using the Convert ETABS to OpenSees (CEO) computer program (CEO, 2020). The 

foundation fixity was modeled assuming a fixed support condition where column and wall base 

nodes were restrained in all degrees of freedom. 
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Figure 4-1. 3-D view of ETABS model. Shear walls shown in red. 

 

4.2. Gravity Loading and Mass Assignment 

Gravity loading is applied as distributed line loads on columns and beams, and as point loads on 

shear walls at every level. Horizontal and vertical masses are applied at every node at each floor 

level. Mass and gravity loads include the self-weight of all structural elements and permanent loads 

including instrumentation. P-delta was considered for all columns to account for second order 

effects. Due to the relatively low tributary loading of wall web elements, p-delta effects were 

neglected for these elements.  
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4.3. Material Properties 

Concrete and steel material properties used in the nonlinear model are shown in Table 4-1 and 

Table 4-2. Concrete compressive strengths varied throughout the height of the building. The 

foundation to the second floor used 6.09 ksi, from the 3rd floor to the 6th floor 4.79 ksi was used, 

and from the 7th floor to the roof 3.92 ksi was used. 

 

Table 4-1. Reinforcing steel properties 

 

 

Table 4-2. Concrete material properties 

 

Rebar
fy 

(N/mm2)

fy 

(ksi)

D19 392 57
D22 389 56

D13 (wall) 354 51
D10 (wall) 384 56

D13 361 52
D10 408 59
S10 931 135
D16 408 59

Floor
f'c 

(N/mm2)

f'c 

(ksi)
RF 27 3.92
10 27 3.92
9 27 3.92
8 27 3.92
7 27 3.92
6 33 4.79
5 33 4.79
4 33 4.79
3 33 4.79
2 42 6.09
1 42 6.09
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4.4. Beam and Column Modeling 

Beams and columns are modeled nonlinearly using displacement-based elements, 

“dispBeamColumn” in OpenSees, with rigid end zones. These elements include a fiber cross-

section to capture biaxial axial-flexural interaction and a shear layer to capture shear and torsional 

behavior. Shear and torsional behavior are modeled linearly-elastic with no stiffness reduction and 

are uncoupled from axial and flexural behavior. Three integration points are used along each 

element length and a total of 107 fiber sections are defined to account for various beam sizes, 

longitudinal reinforcement, stirrup spacing, and material properties (Figure 4-4). Each fiber cross 

section is composed of concrete and steel fibers defined by the uniaxial material models described 

below.  

Stress-strain behavior of concrete fibers is modeled using the ‘Concrete02’ material model 

(Figure 4-2) which accounts for strength and stiffness degradation in compression, and linear 

tension softening after tensile cracking in concrete (Yassin, 1994). Confined and unconfined 

concrete stress-strain relationships are fitted to the model developed by Saatcioglu-Razvi (1992) 

and modified based on a geometric regularization approach proposed by Coleman and Spacone 

(2001). A total of 23 concrete stress-strain curves are defined to account for various beam sizes, 

stirrup spacing, and material properties. 

  Steel stress-strain behavior is modeled using the ‘SteelMPF’ uniaxial material model 

(Figure 4-3), which is based on the model developed by Menegotto-Pinto (1973) and extended by 

Filippou et al. (1983). The ‘SteelMPF’ model accounts for partial unloading and reloading effects 

caused by dynamic loading, which have been shown to overestimate stresses in reinforcing steel 

(Filippou, Popov, & Bertero, 1983). 
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Figure 4-2. Sample uniaxial material stress-strain curve for concrete. 

 

 

Figure 4-3. Sample hysteretic behavior for steel material. 
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Figure 4-4. Beam and column fiber sections defined for each unique cross section shown in 
color. 

 

4.5. Shear Wall Modeling 

Shear walls are modeled using a combination of column fiber elements for the wall boundary 

regions and a macroscopic multiple-vertical line element model for the web region. These elements 

are rigidly connected by a linear-elastic frame element to ensure plane section behavior (Figure 

4-5). Modeling of concrete and steel fibers utilize the same approach described in section 4.4 for 

beams and columns. The web region of the shear walls is modeled using a 4-node three 

dimensional multiple-vertical line element model, “MVLEM-3D” in OpenSees (Kolozvari, 
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Kalbasi, Orakcal, & Wallace, (in review)). The web element is discretized into 12 fibers of equal 

length and thickness consistent with as-built properties. Shear behavior in the MVLEM model is 

uncoupled from flexural behavior and is modeled with a linear-elastic spring with 50% reduction 

in stiffness. The linear-elastic spring is located at 0.4 of the element height as recommended by 

previous studies (Vulcano, Bertero, & Colotti, 1988) (Orakcal, Wallace, & Conte, May-June 2004). 

Out-of-plane bending stiffness is reduced by 25% of gross stiffness (LATBSDC, 2020). 

 

 

Figure 4-5. Shear wall boundary and web modeling approach. 
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4.6. Diaphragm Modeling 

The diaphragm at all levels is modeled as semi-rigid using linear elastic area elements, 

“ShellMITC4” in OpenSees. The effect of slab cracking is captured by using 10% of gross stiffness 

for out-of-plane bending and 50% of gross stiffness for in-plane shear.  

4.7. Damping 

The nonlinear model utilizes a Rayleigh damping approach with 7.5% of critical damping at 

periods of 0.1T1 and 1.5T2 for the sliding-base test. For the fixed-base test, 2.5% of critical 

damping is defined at periods of 0.1T1 and 1.5T2. The larger damping coefficient for the sliding-

base test accounts for the added damping effect of the friction sliding foundation which was not 

modeled explicitly. Sensitivity studies performed demonstrated a better correlation between model 

and test results when 7.5% was used for the sliding-base test.  

 

 

Figure 4-6. Modeling summary for beams, columns, walls, and slab. 
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CHAPTER 5. Analysis Results and Comparison 

This chapter compares results from the nonlinear time-history analysis with results from the 

experimental excitation tests. Initial periods and mode shapes for the nonlinear model are shown 

in Figure 5-1. In the frame direction the model period is 0.55 seconds versus 0.578 seconds in the 

test specimen. In the wall direction, the model is slightly stiffer with a period of 0.39 seconds 

versus 0.449 seconds in the test specimen. Throughout the testing sequence, the model is slightly 

stiffer in the wall direction. Each section below will examine global and local responses for both 

the sliding-base and fixed-base tests. 

 

Figure 5-1. Periods and mode shapes from modal analysis. 
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5.1. Sliding-base Test: Wall Direction 

Overall, the analytical model was able to reasonably capture global and local responses for the 

wall direction in the sliding-base test. The comparison of global hysteretic behavior in terms of 

base shear and roof drift in Figure 5-2 shows that overall stiffness and capacity is predicted well 

for the 10%, 25%, and 50% scaled ground motions. The model overestimates demand in the wall 

direction for the 100% scaled ground motion. One explanation for this behavior is the large amount 

of sliding experienced during the 100% excitation test which was not explicitly modeled in the 

nonlinear model. A similar correlation between model and test results is also seen in the 

comparison of roof drift and base shear time histories as shown in Figure 5-3 and Figure 5-4. 

Overestimation of model response in the 100% ground motion can also be seen in story drift 

profiles shown in Figure 5-5.  

 

Figure 5-2. Base shear vs. roof drift comparison for sliding-base test in wall direction. 
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Figure 5-3. Roof drift history comparison for sliding-base test in wall direction. 

 

Figure 5-4. Base shear history comparison for sliding-base test in wall direction. 
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Figure 5-5. Story drift profile comparison for sliding-base test in wall direction. 

 

For the sliding-base test, the model’s ability to accurately capture local responses such as 

wall vertical strains and beam rotations proved challenging. An example of this is shown in the 

wall vertical strain results for the north and south boundary regions of the east wall as shown in 

Figure 5-6 and Figure 5-7. The vertical strain profile is shown on the left while the vertical strain 

history of the lowest LVDT sensor is shown on the right side. Overall, the analytical model 

underestimates strains for the 10%, 25%, and 50% scaled ground motions, but overpredicts strains 

for the 100% ground motions. Rotations for beams located on gridlines 1 and 2 are shown in Figure 

5-8 and Figure 5-9 respectively. Although beam rotations are not well predicted on a time history 

basis, maximum beam rotations show a good correlation between the test specimen and the 

nonlinear model. 
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Figure 5-6. Wall vertical strain comparison for sliding-base test. Strain profile (left) and strain 
history of lowest LVDT (right) for north boundary of wall. 

 

 

Figure 5-7. Wall vertical strain comparison for sliding-base test. Strain profile (left) and strain 
history of lowest LVDT (right) for south boundary of wall. 
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Figure 5-8. Beam rotation comparison for beam on gridline 1. 

 

 

Figure 5-9. Beam rotation comparison for beam on gridline 2. 
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5.2. Sliding-base Test: Frame Direction 

The analytical model was able to accurately capture global and local responses in the frame 

direction for the sliding-base test. Building stiffness and capacity are well predicted for all scaled 

ground motions as shown in the hysteretic behavior of base shear versus roof drift in Figure 5-10. 

The model is also able to accurately capture time histories of roof drift and base shear as shown in 

Figure 5-11 and Figure 5-12 respectively. A comparison of story drift profiles (Figure 5-13) shows 

an overall good correlation between model and test results. 

 

 

Figure 5-10. Base shear vs. roof drift comparison for sliding-base test in frame direction. 
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Figure 5-11. Roof drift history comparison for sliding-base test in frame direction. 

 

 

Figure 5-12. Base shear history comparison for sliding-base test in frame direction. 
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Figure 5-13. Story drift profile comparison for sliding-base test in frame direction. 

 

Beam rotations in the frame direction were more accurately captured than in the wall 

direction. Rotations for beams located on gridlines A and B are shown in Figure 5-14 and Figure 

5-15 respectively. Good correlation between the analytical model and test results can be seen on 

both a time history basis and when comparing maximum beam rotation values.  
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Figure 5-14. Beam rotation comparison for beam on gridline A. 

 

 

Figure 5-15. Beam rotation comparison for beam on gridline B. 
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5.3. Fixed-base Test: Wall Direction 

Overall, the model more accurately captures global and local responses in the wall direction for 

the fixed-base test than in the sliding-base test. The comparison of global hysteretic behavior in 

terms of base shear and roof drift in Figure 5-16 shows that overall stiffness and capacity is 

predicted well for all scaled ground motions. Roof drift and base shear history are accurately 

captured for all ground motion intensities as shown in Figure 5-17 and Figure 5-18 respectively. 

Story drift profiles are also well predicted by the model as shown in Figure 5-19. 

 

 

Figure 5-16. Base shear vs. roof drift comparison for fixed-base test in wall direction. 



 39

 

Figure 5-17. Roof drift history comparison for fixed-base test in wall direction. 

 

Figure 5-18. Base shear history comparison for fixed-base test in wall direction. 
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Figure 5-19. Story drift profile comparison for fixed-base test in wall direction. 

 

For the fixed-base test, the model was able to capture local responses for vertical wall 

strains and beam rotations with reasonable accuracy. Wall vertical strains for the north and south 

boundary elements of the east wall are shown in Figure 5-20 and Figure 5-21 respectively. For 

both wall boundaries, the analytical model does not capture the time-history response well, but 

still provides a good estimation of maximum values. Rotations for beams located on gridlines 1 

and 2 are shown in Figure 5-22 and Figure 5-23 respectively. Beam rotations are generally 

predicted well by the model for most levels of ground shaking. Additionally, rotations for beams 

located on the south end are better predicted by the model than beams located on the north end. 
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Figure 5-20. Wall vertical strain comparison for fixed-base test. Strain profile (left) and strain 
history of lowest LVDT (right) for north boundary of wall. 

 

 

Figure 5-21. Wall vertical strain comparison for fixed-base test. Strain profile (left) and strain 
history of lowest LVDT (right) for south boundary of wall. 
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Figure 5-22. Beam rotation comparison for beam on gridline 1. 

 

 

Figure 5-23. Beam rotation comparison for beam on gridline 2. 
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5.4. Fixed-base Test: Frame Direction 

In the frame direction, a comparison of hysteretic behavior in terms of base shear and roof drift 

(Figure 5-24) shows good correlation between the analytical model and the test specimen. While 

the model is not able to match responses on a time-history basis, maximum values for roof drifts 

are well predicted for most scaled ground motions as shown in Figure 5-25. Base shear history is 

accurately captured for all ground motions as shown in Figure 5-26. Story drift profiles in the 

frame direction are generally well predicted by the model (Figure 5-27). 

 

 

Figure 5-24. Base shear vs. roof drift comparison for fixed-base test in frame direction. 
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Figure 5-25. Roof drift history comparison for fixed-base test in frame direction. 

 

Figure 5-26. Base shear history comparison for fixed-base test in frame direction. 
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Figure 5-27. Story drift profile comparison for fixed-base test in frame direction. 

 

Beam rotations for beams located on gridlines A and B are shown in Figure 5-28 and Figure 

5-29 respectively. It is apparent that model results do not match time-history behavior well but do 

provide a reasonable prediction of maximum values for beam rotations. Furthermore, beam 

rotations at the west end of the beams are better predicted than the east end. 
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Figure 5-28. Beam rotation comparison for beam on gridline A. 

 

 

Figure 5-29. Beam rotation comparison for beam on gridline B. 
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CHAPTER 6.  Conclusions and Recommendations for Future Studies 

Provided that special moment frames and special structural walls are effective and widely used 

structural elements for resisting seismic forces, exploration into the behavior of buildings using 

these lateral force resisting systems is of great importance. The aim of this research is to accurately 

capture the nonlinear global and local behavior of the 10-story test specimen subjected to ground 

shaking using a sophisticated non-linear computer model. To that end, the following observations 

were made: 

 For the sliding-base test in the wall direction, the building response at the 10%, 25%, and 

50% levels is accurately captured by the nonlinear model. This is expected as the building 

remained linear-elastic and no sliding at the foundation occurred in the 10% and 25% tests 

and only minimal sliding occurred in the 50% test. At 100% shaking, the base shear 

demands and drifts in the walls are overestimated by the model. This can be attributed to 

the impact that foundation uplift and sliding had on building response during the 

experiment – something which was not included in the model.  

 Similarly, for the sliding-base test in the frame direction, building response for story drifts 

and base shear are better predicted for 10%, 25%, and 50% excitation levels when 

compared to the 100% excitation test. This degree of accuracy can also be seen in local 

results. 

 For the fixed-base test in the wall direction, maximum story drifts and base shear were 

better predicted when compared to the sliding base test. At the local level, beam rotations 

were better predicted for the beam end connected to the wall. 

The ability of the nonlinear model to accurately capture the response of the test specimen provided 

insight into the following areas of study:   
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 An area of future study will focus on explicitly modeling the friction-plate sliders to better 

capture the contribution of damping effects to building behavior. This will also serve to 

improve the results of the fixed-base test by better capturing the response of the preceding 

sliding-base test. 

 The current model does not account for nonlinearity in beam-column connections as these 

are modeled using rigid linear elastic elements. The building was significantly damaged 

during the fixed-base test, and an investigation into including nonlinearity in the modeling 

of beam-column connections could further improve results in the frame direction.  

 The three-dimensional analytical model for this study utilized linear-elastic shell elements 

for modeling the building diaphragm. Further studies could investigate the effects of 

nonlinearity in the diaphragm using finite element shell elements to better capture building 

response.  

Overall, the modeling approach used in this study shows that a detailed and sophisticated nonlinear 

computer model is capable of accurately predicting global and local responses with a reasonable 

degree of accuracy for an RC building subjected to ground excitation.  
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