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PREFACE 

 
MCEER is a national center of excellence dedicated to the discovery and development of new knowledge, 
tools and technologies that equip communities to become more disaster resilient in the face of 
earthquakes and other extreme events. MCEER accomplishes this through a system of multidisciplinary, 
multi-hazard research, education and outreach initiatives. 
 
Headquartered at the University at Buffalo, State University of New York, MCEER was originally 
established by the National Science Foundation (NSF) in 1986, as the first National Center for Earthquake 
Engineering Research (NCEER). In 1998, it became known as the Multidisciplinary Center for 
Earthquake Engineering Research (MCEER), from which the current name, MCEER, evolved. 
 
Comprising a consortium of researchers and industry partners from numerous disciplines and institutions 
throughout the United States, MCEER’s mission has expanded from its original focus on earthquake 
engineering to one which addresses the technical and socioeconomic impacts of a variety of hazards, both 
natural and man-made, on critical infrastructure, facilities, and society. 
 
MCEER investigators derive support from the State of New York, National Science Foundation, Federal 
Highway Administration, National Institute of Standards and Technology, Department of Homeland 
Security/Federal Emergency Management Agency, other state governments, academic institutions, 
foreign governments and private industry. 
 
This report presents two series of hybrid simulations examining the seismic response of a four-story steel 
moment frame building structure in an effort to realistically capture system-level behavior through 
collapse. In the first series of tests, a half-scale 1½-bay by 1½-story physical sub-structure of a special 
moment resisting frame is considered, while in the second series the physical sub-structure corresponds 
to the gravity framing system with a similar-sized specimen. An objective of this work is to demonstrate 
the efficacy of hybrid simulation with substructuring as a cost-effective alternative to earthquake 
simulators for large-scale system-level testing of structural frame subassemblies. More specifically, the 
performance of a newly-developed substructuring technique and integration method for hybrid simulation 
are evaluated since these can be greatly challenged when employed with large and complex numerical 
sub-structures exhibiting large levels of nonlinear response. The test method was found to be reliable and 
to provide significant insight into experimental behavior of structural subassemblies under realistic 
seismic loading.  
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ABSTRACT 

 

The overarching objective of this study is to advance knowledge on the collapse assessment of frame 

structures under earthquake loading through the development and implementation of an experimental 

framework for improved large-scale system-level testing. In particular, hybrid simulation with 

substructuring was investigated as a cost-effective alternative for large-scale testing of structural 

subassemblies. Through the use of substructuring techniques in hybrid simulation, only key 

subassemblies of a frame structure can be physically tested in a laboratory, while the rest of the frame is 

simulated in a computer model to capture the complete system behavior. Considerable efforts were made 

to implement the substructuring hybrid testing approach to examine frame structures through collapse. 

Such efforts included evaluating the performance of integration methods and substructuring techniques 

for hybrid simulation, which can be greatly challenged when employed with large and complex numerical 

sub-structures exhibiting large levels of nonlinear response. After examining these concerns, the 

experimental framework was implemented to examine the seismic response of two half-scale 

subassemblies of a moment and a gravity frame from the onset of damage through collapse. The physical 

subassemblies spanned one and one-half bays by one and one-half stories of the frame structures. These 

tests were conducted in response to the need for large-scale system-level testing for collapse assessment 

since only a few experimental programs in the past have subjected test specimens to large levels of 

loading near collapse. 

 

The experimental test setup was designed to impose lateral (seismic) as well as vertical (gravity) forces on 

the physical sub-structures. Lateral loading on the physical subassemblies was applied through 

displacement-controlled actuators commanded by the hybrid simulation algorithm. The physical sub-

structures included the composite floor slab and additional dead load at the first elevated story level. The 

axial forces on the columns at the second story, due to gravity loads from upper stories as well as seismic-

induced variations from overturning forces, are applied through force-controlled actuators. The hybrid 

simulations were conducted at the Network for Earthquake Engineering Simulation (NEES) equipment 

site at the State University of New York at Buffalo (UB).  
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SECTION 1  

INTRODUCTION 

 

1.1 Motivation 

 

Over the last decade, several research projects have focused on the development of analytical tools for 

collapse assessment of structural systems subjected to seismic excitations (Elwood and Moehle, 2003, 

Sivaselvan and Reinhorn, 2006, Haselton and Deierlein, 2006, Huang and Foutch, 2009, Lignos and 

Krawinkler, 2012). Although a wealth of knowledge has been gained from these studies, there are only a 

limited number of experimental tests examining the behavior of structures at the system level (e.g., 

Nakashima et al., 2006, Suita et al., 2008). Such experimental data is essential to fully validate and 

improve the analytical tools that generally rely on empirical and mechanical component-level models to 

capture the global system behavior. 

 

In addition, secondary systems such as frames designed as part of the gravity-force-resisting system (or 

simply “gravity frames”) are commonly ignored in seismic performance assessment of structures that 

typically consider only the seismic-force-resisting system. The simple connections used in gravity frames 

are designed to carry gravity loads only and consequently assumed to provide minimal lateral resistance 

to the structure. However, cyclic testing of these connections (e.g., Liu and Astaneh-Asl, 2000b, and 

others) has shown some inherent moment capacity with increasing strength and stiffness at large 

deformations. Despite this, limited research has been conducted to assess the influence of the gravity-

force-resisting system on the seismic response of structures near collapse. 

 

In view of this lack of experimental data for collapse assessment, an experimental framework was 

developed and implemented at the Network for Earthquake Engineering Simulation (NEES) equipment 

site at the State University of New York at Buffalo (UB) to address the gaps in knowledge identified 

above, namely, (a) the need for large-scale system-level testing of structures to collapse, and (b) 

assessment of the contribution of gravity frames to the collapse capacity of structures. The test specimens 

consisted of one and one half bay by one and one half story subassemblies of a special steel moment and 

gravity-resisting frames. In contrast to the large number of traditional quasi-static tests (e.g., SAC Joint 

Venture [www.sacsteel.org]) conducted on cruciform or T-shaped subassemblies of beams and columns 

with idealized boundary conditions to prescribed cyclic loading protocols (component-level tests), the 
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larger subassemblies in this experimental program were subjected to more realistic loading conditions via 

hybrid simulation using similar laboratory equipment. 

 

1.2 Research Objectives and Scope 

 

The overarching objective of this research project is to advance knowledge on collapse assessment of 

structures through the development and implementation of a cost-effective experimental framework for 

improved large-scale system-level testing of frame structures to simulated dynamic earthquake loading. 

Through the use of substructuring in hybrid simulation, large-scale subassemblies of a steel moment 

frame building are tested as a cost-effective alternative to large-scale earthquake simulator testing. The 

experimental program developed in this research project represents an improvement to the traditional 

cyclic tests on cruciform or T-shaped subassemblies of beams and columns with idealized boundary 

conditions. The larger subassemblies tested here allow for the observation of component behavior, 

including their connections and interactions with neighboring members for improved system-level 

simulations. These tests were conducted in response to the need for large-scale testing for collapse 

assessment since only a few experimental programs in the past have subjected test specimens to levels of 

loading near collapse with realistic boundary conditions. This data is needed to better understand the 

behavior of structures near collapse at the system level. 

   

Several challenges were encountered during the implementation of the hybrid testing method to examine 

frame structures through collapse. A major challenge included the stability of the numerical integration 

method to solve the equations of motion during a hybrid simulation. The available integrators, either 

explicit or implicit with fixed number of iterations, are greatly challenged when employed with large and 

complex numerical sub-structures experiencing significant levels of yielding. Another major challenge 

was related to the performance of the substructuring technique for multi-story frame structures with 

simplified boundary conditions to reduce the number of actuators needed to control the boundary degrees 

of freedom of the physical sub-structure at the interface with the numerical sub-structure. These two 

aspects formed the basis for some of the studies presented in this report to advance the state of practice of 

hybrid simulation for collapse assessment. 

 

The objective of the experimental program is to obtain realistic experimental data to better understand the 

seismic behavior of steel moment frame building structures from the onset of damage through collapse. 

The data is also used to assess and improve the capabilities of analytical models to trace the response of 

structures near collapse. 
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The objectives of this research are summarized as follows: 

 

• Evaluate the accuracy and stability of different integration methods used in hybrid simulation for 

tracing structural response through collapse. 

• Assess the accuracy of a newly-developed substructuring technique with simplified boundary 

conditions to evaluate the response of frame structures through collapse.  

• Design and conduct an experimental program to evaluate the seismic behavior of two half-scale 

subassemblies of a moment and gravity frame via hybrid simulation from the onset of damage 

through collapse. 

• Assess the seismic performance of a steel moment and gravity frame subassemblies using the 

results of the experimental program. 

• Assess and improve the capabilities of analytical models to trace the response of a steel moment 

frame system through collapse using the experimental data obtained from the hybrid simulations.  

• Assess the influence of the gravity-force-resisting system on the response of the steel moment 

frame building structure using a seismic fragility framework. 

 

1.3 Report Outline 

 

This report is organized in nine sections, a list of references and two appendices. Section 1 presents the 

motivation as well as objectives and scope of the research studies presented in this report. Section 2 

presents a review of literature focusing on experimental programs examining the behavior of different 

structural systems near collapse, and analytical studies and testing of gravity framing systems. Section 3 

presents an evaluation of integration methods for hybrid simulation preceded by a brief introduction to 

hybrid simulation. Preliminary aspects of the experimental program developed in this research project are 

discussed in Section 4 including objectives and scope, a description of the prototype structure and the 

reduced-scale hybrid models, and the selection of the ground motion and testing protocol. Section 5 

presents the design and construction of the physical sub-structures. Section 6 describes the development 

of the numerical sub-structures as well as the substructuring algorithm. An extensive evaluation of the 

substructuring technique is presented in this section. Section 7 presents the test results of the two series of 

hybrid simulations together with an assessment of the analytical tools employed to simulate the response 

of these systems through collapse. The collapse performance of the steel moment frame building structure 

was further evaluated in Section 8 using the methodology proposed in FEMA P695 (FEMA, 2009). A 

summary and conclusions of the experimental and numerical studies presented in this report are provided 
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in Section 9 followed by a list of references. A complete set of drawings of the two physical test 

specimens are included in Appendix A and Appendix B. 
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SECTION 2  

REVIEW OF LITERATURE 

 

2.1 Overview 

 

This section presents a review of past research conducted in support of collapse assessment of structural 

systems subjected to seismic excitations as well as past studies on frames designed only for gravity loads. 

In Section 2.2, a brief description and major conclusions of studies relevant to this research project are 

presented which highlight the need for more experimental data for collapse assessment of structures. 

Section 2.3 presents a summary of past experimental studies examining the behavior of different 

structural systems through collapse. The experimental framework developed in this research project 

builds on many of these studies including Lignos and Krawinkler (2012), Hashemi et al. (2013), Liu and 

Astaneh-Asl (2000b), Wang et al. (2011), Cortes-Delgado (2013) and Schellenberg et al. (2009). From 

this review, it is clear that there are only a limited number of large-scale experimental tests examining the 

system-level response of realistic structures through collapse. These experiments are essential for a better 

understanding of collapse and to assist in the development and improvement of analytical tools for 

collapse predictions. This is followed by a summary of past studies on gravity framing systems presented 

in Section 2.4, including experimental tests on simple beam-column connections typically used in gravity 

frames. 

 

2.2 Collapse Studies on Structural Systems under Seismic Excitations  

 

Over the last few decades, several research projects have focused on developing methodologies for 

collapse assessment of structural systems. Villaverde (2007) presents a comprehensive review of these 

methods as well as past experimental work of specimens tested to collapse. From this review, Villaverde 

concluded that assessing the collapse capacity of structures subjected to seismic excitations is a 

complicated task that cannot be achieved through simplified methodologies such as those based on single-

DOF models or nonlinear static analysis. Accurate analytical predictions of the collapse capacity are 

possible only through detailed dynamic finite-element analysis. However, Villaverde also pointed out that 

there is a need for experiments of more realistic specimens all the way to collapse. 

  

Advances in nonlinear simulation techniques in recent years have permitted explicit simulation of 

different deterioration modes influencing the collapse response of structures. Lignos and Krawinkler 
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(2012) presented a review of literature of available hysteretic models that incorporate component 

deterioration. They also assembled a database of test results of steel and reinforced concrete frame 

components in order to understand the deterioration of structural components and evaluate the capability 

of analytical tools to simulate all important modes of deterioration. The database assisted in the 

development of relationships (regression equations) for modeling deterioration of plastic-hinge regions of 

steel components. The steel database also helped to judge the adequacy of existing deterioration models 

and to improve the hysteretic model developed by Ibarra et al. (2005). After a review of literature on 

collapse tests, Lignos and Krawinkler concluded that there are only a few experimental studies in which 

the structural system was tested through collapse. These tests are needed to demonstrate that predictions 

of collapse are indeed feasible. In view of this, they conducted two collapse tests of moment frame 

structures described in the next section. 

  

Prior to Lignos and Krawinkler, Haselton and Deierlein (2006) used a database of 255 experimental tests 

of reinforced concrete columns to also develop relationships to predict modeling parameters of the 

hysteretic model of Ibarra et al. for reinforced concrete beam-column elements. The models were shown 

to capture the inelastic flexural response at large deformations associated with collapse of reinforced 

concrete frame building structures. 

  

A Lagrangian approach for structural collapse simulation was proposed by Sivaselvan and Reinhorn 

(2006). In contrast to the widely-used displacement-based formulation used in conjunction with an 

incremental iterative scheme for nonlinear problems, the Lagrangian method provides a generalized 

formulation which separates modeling of components from the numerical solution, which can be 

potentially used for analysis of structural collapse. The advantages of the Lagrangian approach include 

allowing for larger time steps as compared to the conventional incremental iterative approach where the 

tangent matrix may not be positive definite and the Newton iterations may not be globally convergent 

limiting the size of the time step. Phenomenological models of components to simulate collapse can be 

incorporated without having to implement model-specific incremental state determination algorithms. The 

Lagrangian formulation presented by Sivaselvan and Reinhorn accounts for both material and geometric 

nonlinearities. 

 

2.3 Experimental Studies of Collapse Assessment 

 

Kato et al. (1973) conducted one of the first series of collapse tests using the simplified single-DOF 

model shown in Figure 2-1 in which the test specimen consisted of a steel column with a concentrated 
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mass at the top tested through collapse in a shake table. Numerical predictions carried out including P-

Delta effects to reproduce the experimental test results were in good agreement. 

 

Figure 2-1 Experimental test setup used for collapse tests by Kato et al. (1973) 

 

Vian and Bruneau (2001, 2003) carried out a series of shake table tests to assess P-delta effects on the 

response of fifteen collapsing single-DOF structures. Figure 2-2 shows the experimental tests setup and 

the test specimen consisting of a four-column steel frame structure. It was concluded in this study that the 

stability factor, defined as the ratio of axial force to the lateral stiffness of the structure times its height, is 

the most important parameter influencing the collapse behavior of the structures. The experimental 

program of Vian and Bruneau was complemented by Kanvinde (2003) with nineteen similar shake table 

tests. Kanvinde subsequently carried out analytical simulations using OpenSees which closely reproduced 

the shake table test results. 

 

Figure 2-2 Experimental test setup used for collapse tests by Vian and Bruneau (2001) 
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Elwood and Moehle (2003, 2005) examined the behavior of shear-critical reinforced concrete columns 

subjected to seismic excitations leading to gravity load collapse. Two full-scale specimens consisting of a 

three-column reinforced concrete frame structure shown in Figure 2-3 were tested on a shake table. 

Analytical models traced the drift response of the physical specimens up to shear failure. However, the 

response at large deformation after shear failure was not captured.  

 

  

Figure 2-3 Full-scale specimen for gravity load collapse tests (Elwood and Moehle, 2003) 

 

Nakashima et al. (2006) tested a full-scale model of a steel moment frame building with the objective of 

obtaining realistic information about the damage and strength deterioration and to examine the capability 

of analytical models commonly used in seismic design to trace the inelastic behavior to collapse. The 

steel moment frame model shown in Figure 2-4 was tested quasi-statically using a cyclic loading protocol. 

It was reported that the numerical models were able to accurately duplicate the cyclic behavior up to a 

drift ratio of 0.04. After that, the numerical models did not trace the response of the structure where 

serious strength deterioration occurred due to fracture of beams and anchor bolts and column local 

buckling.   
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Figure 2-4 Overview of full-scale steel moment frame model tested by Nakashima et al. (2006) 

 

Rodgers and Mahin (2006) investigated experimentally and analytically the effects of various types of 

hysteretic responses of beam-column connections on the global seismic response of a steel moment frame 

system. Thirty two shake table tests were performed on the 1/3-scale model shown in Figure 2-5 as part of 

the experimental studies at the University of California at Berkeley. It was concluded in these studies that 

severe strength loss due to a combination of connection fracture, undesirable post-fracture hysteretic 

behavior and strong seismic excitations can lead to adverse consequences including collapse. 

 

Figure 2-5 One-third-scale test specimen used by Rodgers and Mahin (2006) 

 

Shirai et al. (2006) and Matsumori et al. (2006) reported a shake table test of a full-scale six-story 

reinforced concrete wall-frame structure at the E-Defense testing facility in Miki, Japan to simulate its 

collapse response. In this unprecedented experimental program, the reinforced concrete building shown in 

Figure 2-6 was designed and constructed according to Japanese standards of 1970s practice and was 

subjected to three-dimensional earthquake loading. The objective of this test was to collect data on the 
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collapse process of a realistic building structure subjected to severe earthquake loading. Based on this 

test, several analytical studies such as Kim et al. (2012) were undertaken to look into several aspects 

associated with numerical modeling. 

 

Figure 2-6 Full-scale six-story reinforced concrete structure tested at E-Defense (Kim et al., 2012) 

 

Schellenberg and Mahin (2006) studied the ability of correctly accounting for second-order effects in 

hybrid simulation of structural collapse. In this study, the numerical simulations were carried out in the 

OpenSees platform and integrated with the laboratory hardware for the hybrid simulation through 

OpenFresco (2008). This new approach was validated with a hybrid test of a portal frame. They 

demonstrated that hybrid simulation of the seismic response of structures up to collapse is viable. 

 

As mentioned earlier, Lignos and Krawinkler (2012) executed in 2007 collapse tests on two 1/8-scale 

aluminum frame models representative of moment frames to validate the capabilities of analytical 

modeling for collapse prediction. Figure 2-7 shows the aluminum frame structure connected to a mass 

simulator, both mounted on the shake table at the University at Buffalo. It was concluded in this study 

that relatively simple analytical models can predict the collapse capacity with a satisfactory level of 

accuracy as long as all important modes of deterioration are adequately represented in the analytical 

models.  
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Figure 2-7 Overview of collapse shake table tests by Lignos and Krawinkler (2012) 

 

A comprehensive experimental program of a full-scale four-story steel moment frame building designed 

according to Japanese standards and shown in Figure 2-8 was conducted at the E-Defense shake table. 

The steel building was subjected to increasing intensities of the three components of the JR Takatori 

earthquake record to evaluate the seismic performance of the building under design-level ground motion 

to safety margin against collapse. This experimental program has motivated numerous studies to assess 

and improve the capabilities of analytical tools for collapse prediction. 

 

 

Figure 2-8 Collapse test of a full-scale four-story steel building at E-Defense 

(picture courtesy of Hyogo Earthquake Engineering Research Center) 
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Wang et al. (2011) performed a geographically distributed online hybrid simulation of the seismic 

response of a two-dimensional half-scale moment-resisting frame system to collapse. The prototype 

structure was based on the full-scale building structure designed according to Japanese standards of 

practice and tested to collapse at the E-Defense shake table laboratory in Japan (Suita et al., 2008) which 

provided a benchmark for comparison. The distributed hybrid simulation included two bare steel physical 

sub-structures located in two laboratories at Kyoto University (KU) in Japan and at University at Buffalo 

(UB) in the U.S. as shown in Figure 2-9. The objective of the test was to investigate the implementation 

of a flexible test scheme with innovative substructuring techniques for hybrid simulation and the 

capability of the distributed hybrid test framework to capture the realistic collapse behavior of a structure. 

It was concluded that although the hybrid tests included several simplifications such as unidirectional 

loading and boundary condition assumptions, a similar response and collapse mechanism was observed in 

the distributed hybrid test. Prior to this test, Wang et al. (2008) conducted similar collapse tests where 

only the plastic-hinge regions at the base of the columns of the same prototype building structure were 

experimentally tested via distributed hybrid simulation.  

 

Figure 2-9 Distributed collapse hybrid simulation: (a) test setup at UB, (b) test setup at KU, (c) 

photograph of test setup at UB and (d) photo of test setup at KU (Wang et al., 2011) 
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Mahmoud et al. (2013) tested via hybrid simulation three full-scale steel subassemblies of beams and 

columns with semi-rigid connections as shown in Figure 2-10 at the NEES equipment site at University 

of Illinois. This experimental program, although not conducted particularly for collapse assessment, is 

relevant to this research project for providing a methodology for assessing the system-level response of 

large-scale steel frames with semi-rigid connections.  

 

Figure 2-10 Experimental test setup at the NEES equipment site at University of Illinois 

(Mahmoud, 2011) 

 

Hashemi (2013) conducted a series of hybrid simulations at the NEES Equipment site at University at 

Buffalo as part of a research project that focused on the development of substructuring techniques to 

evaluate multi-story frame structures through collapse via hybrid simulation. The substructuring 

technique presented by Hashemi is a refinement of the work of Wang et al. (2011). The prototype 

structure is a 1/8-scale aluminum frame tested previously by Lignos and Krawinkler (2012) on a shake 

table to increasing ground motion intensities to collapse. These tests were reproduced by Hashemi for two 

hybrid models subjected to the same ground motion intensities used in the shake table tests and the 

substructuring technique. Figure 2-11 presents one of the hybrid models. The seismic response of the 

four-story aluminum moment frame model to collapse was examined with physical sub-structures and 

highly detailed numerical sub-structure models.  

 

From the foregoing summary of experimental studies, it is evident that there are only a few experimental 

system-level tests carried out to understand the behavior of structures to collapse, especially of structures 

constructed to U.S. standards of practice. Limitations of the testing facilities in the U.S. have motivated 

several studies to turn to alternative large-scale testing methods such as hybrid simulation. While the 

hybrid test approach cannot match the realism of full-scale earthquake simulator testing, it can provide a 
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cost-effective method for evaluating the seismic performance of buildings at large scales with the 

capabilities available in many laboratories. 

 

 

(a) Hybrid (physical and numerical) model (b) Physical sub-structure 

Figure 2-11 Hybrid simulation of frame structure with substructuring technique 

(adapted from Hashemi, 2013) 

 

2.4 Studies on Gravity Frames 

 

Simple steel connections typically used in gravity frames are defined in AISC (2005) as a connection 

having a rotational stiffness less than 2EI/L (where E is the modulus of elasticity, I is the moment of 

inertia and L is the length of the member). Although these simple connections are commonly idealized as 

pinned for the purpose of structural analysis, cyclic testing has demonstrated some inherent moment 

capacity. However, unlike fully-restrained connections (rotational stiffness greater than 20EI/L ) or 

partially-restrained connections (rotational stiffness ranging between 2EI/L and 20EI/L), there is only a 

limited number of experimental tests examining the behavior of simple connections. This section presents 

a summary of previous tests on simple steel connections together with the most salient analytical studies 

examining the influence of the gravity frames on the global response of building structures. 

 

Astaneh-Asl et al. (1989) conducted a series of tests on simple connections commonly used in 

engineering practice in the U.S. Figure 2-12 shows the experimental test setup where five full-scale beam-

column subassemblies with shear-tab connection details were subjected to monotonic loading. The test 

specimens did not include the concrete floor slab. Considerable shear and bearing yielding of the shear-

tab plate prior to failure was reported (failure was defined as fracture of net area of plate). In this study, 
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limit states were identified for shear-tab connections, namely, plate yielding, fracture of net section of 

plate, bolt fracture, weld fracture, and bearing failure of bolt holes. As a result of this experimental 

program, a design procedure for shear-tab plate connections was recommended.  

 

Figure 2-12 Experimental test setup used by Astaneh-Asl et al. (1989) 

 

In a study of the seismic behavior of ductile steel moment frame structures by Gupta and Krawinkler 

(2000), the contribution of the gravity-force-resisting system (or simply gravity frames) was examined 

through a series of nonlinear static (pushover) as well as response history dynamic analyses conducted on 

the SAC building model structures (Gupta and Krawinkler, 1999). A simplified model of the gravity 

frames was used in this study where the inelastic moment-rotation response of the simple connections was 

simulated using a bilinear model without degradation. Based on judgment and limited experimental data 

(i.e., Astaneh-Asl et al., 1989, and Leon et al., 1998), the positive and negative yield moment of the 

bilinear model was set to 40% and 20% of the plastic moment of the bare beam section. It was concluded 

that the contribution of the gravity frames is a function of the number of gravity frames, the orientation of 

the gravity columns, the support boundary conditions of the columns and the simple beam-column 

connections. However, the contribution of the gravity columns was more pronounced than that of the 

simple connections.  
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As part of the SAC Joint Venture Steel Project (www.sacsteel.org), Liu and Astaneh-Asl (2000b) 

conducted a comprehensive series of cyclic tests on sixteen full-scale cruciform subassemblies of beams 

and columns with different simple connection details using the experimental test setup shown in Figure 

2-13. Eight of those specimens are commonly used in current design practice in the U.S. For the 

remaining eight specimens, improved simple connections, not necessarily used in current practice, were 

developed. By far, this is the most extensive experimental study examining the behavior of simple 

connections in gravity frames. A detailed summary of some of these tests is presented in Section 6. As a 

result of this experimental program, guidelines were developed to predict moment-rotation relationships 

for simple connections.  

 

 

Figure 2-13 Experimental test setup of Liu and Astaneh-Asl (2000a) 

 

Foutch and Yun (2002) conducted studies on the influence of the gravity framing system. A nine-story 

and a twenty-story steel moment frame building structures were designed as part of this study. The 

gravity frames were modeled similar to Gupta and Krawinkler. However, deterioration was included in 

the bilinear models by simulating a drop in strength at given rotations. The yield strength values of the 

bilinear model as well as rotation values at drop in strength were based on the experimental work of Liu 

and Astaneh-Asl (2000b). Foutch and Yun arrived at similar findings of Gupta and Krawinkler (2000) 

including a significant contribution of the gravity framing system and that most of the contribution was 

due to the flexural response of the continuous gravity columns. 
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Ji et al. (2009) investigated analytically the effects of continuous gravity columns on the seismic response 

of a three-story concentrically braced steel frame structure. To this end, the response of beam-column 

connections of gravity frames was not included.  Pinned and fixed support conditions were assumed for 

the gravity columns. It was shown in this study that gravity columns contribute to the mitigation of drift 

concentration. Similar observations were reported by Tagawa et al. (2010) for U.S. steel moment-

resisting frame structures. 

 

Crocker and Chambers (2004) carried out a series of cyclic tests on T-shaped subassemblies to derive the 

rotation capacity of shear-tab connection details with a single line of bolts. To this end, maximum 

deformation demands on bolts in response to rotation demands were derived. Three full-scale test 

specimens were constructed with three, four and six bolts. The test specimens did not include the floor 

slab. The test data assisted in the development of equations to estimate the connection rotation capacity. 

 

Marosi et al. (2011) conducted cyclic tests of eight shear-tab connections to address connection details 

with single, double and triple lines of bolts utilized in elements subjected to tension as a result of 

transferring lateral forces to seismic-resisting frames or catenary action that occurs in floor beams when a 

column is removed. The specimens did not include the floor slab. The test results showed that the multi-

row connections reached strength levels consistent with typical predicted failure modes while maintaining 

similar levels of rotational ductility compared to the commonly used shear-tab connections with a single 

row of bolts. 

   

Although the focus of this research project is on steel frame structures, it is important to point out that 

reinforced concrete gravity frames have been also studied experimentally. Some of these studies include 

the work of Bracci et al. (1992a, 1992b), Aycardi et al. (1992), El-Attar et al. (1991), and Calvi et al. 

(2002). Based on a series of shake table tests conducted at the University at Buffalo, Bracci et al. 

concluded that reinforced concrete frames designed only for gravity loads have some inherent strength for 

resisting seismic forces.  

 

In summary, only a few experimental tests have been conducted on the simple connections that are not 

part of the seismic-force-resisting system commonly used for gravity framing in engineering practice in 

the U.S. Most of the test specimens did not include the concrete floor slab. The most extensive 

experimental program was conducted by Liu and Astaneh-Asl (2000b). Other tests of less relevance 

include the work of Sherman and Ghorbanpoor (2002), Abolmaali et al. (2003) and Gong (2010). 

Sherman and Ghorbanpoor (2002) tested shear-tab connections with extended shear-tab plates to avoid 
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costly details such as coping or flange reductions of framing beams. Abolmaali et al. tested double web 

angle steel connections and Gong tested shear-tab connections of a wide-flange beam to flexible wall 

supports such as HSS column sections. 

 

2.5 Summary 

 

The review of literature presented in this section as well as in others (Villaverde, 2007, Lignos and 

Krawinkler, 2012) have identified that there are only a limited number of large-scale experimental tests 

examining the system-level response of realistic structures in which the test specimens were loaded up to 

collapse. These experiments are key for a better understanding of collapse and essential to assist in the 

development and improvement of analytical tools for collapse predictions. More realistic collapse 

predictions involve the inclusion of the gravity framing system especially since previous research have 

shown an important contribution of the gravity frames in the seismic response of building structures. 
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SECTION 3  

EVALUATION OF INTEGRATION METHODS FOR HYBRID 

SIMULATION 

 

3.1 Introduction 

 

Hybrid simulation, rooted in the pseudo-dynamic testing method (Takanashi, 1975, Takanashi and 

Nakashima, 1987, Mahin et al., 1989, Shing et al., 1996), provides a cost-effective solution for large-

scale testing of structures subjected to seismic excitations by partitioning the structure into numerical and 

physical models. Typically, the physical sub-structures are portions of the structure difficult to model 

numerically and numerical sub-structures represent structural components with more predictable 

behavior. More recent applications of hybrid simulation have focused on large and complex structural 

systems, often including highly nonlinear behavior through collapse in the numerical models that 

challenges the capabilities of integration algorithms suitable for hybrid simulation (Wang et al., 2011, 

Hashemi, 2013). 

 

Several integration methods have been proposed and developed to solve the nonlinear equations of 

motion during a hybrid simulation (Schellenberg et al., 2009, Chen and Ricles, 2008, Ahmadizadeh and 

Mosqueda, 2008, Nakashima et al. 1990, and Shing et al., 1991). Although the accuracy and stability 

properties of the integration methods used in purely numerical simulations can be established for linear 

systems, they cannot be guaranteed for nonlinear systems. Furthermore, experimental errors in hybrid 

tests significantly affect the stability and accuracy properties of the integration methods. 

 

On the other hand, numerical simulation of structural collapse is a highly nonlinear problem that requires 

the use of sophisticated integration methods together with small time steps for convergence, accuracy and 

stability of the results. However, the use of small time steps is typically avoided in hybrid simulation 

since it requires a large number of data communication procedures between the numerical and physical 

sub-structures, a time consuming process that introduces experimental errors into the numerical 

integration algorithms and increases the sensitivity of the system to delay errors. Experience has shown 

that the selection of the integration method and time step is crucial in collapse hybrid simulation.  

 

This section examines the performance of integration methods for hybrid simulation for large and 

complex structural systems in the context of structural collapse due to seismic excitations. The section 
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presents a brief description of the integration methods followed by two study cases. The first case study 

presents a numerical evaluation using energy balance errors as a measure of accuracy, while the second 

case study presents twelve hybrid simulations conducted to evaluate the performance of these integration 

methods. Although the conclusions drawn from these cases studies cannot be generalized, they provide 

insight for the selection of integration algorithms for hybrid simulation of similar structural systems.  

 

3.2 Integration Methods for Hybrid Simulation 

 

In hybrid simulation, the nonlinear equations of motion shown in Equation 3-1 (discretized at the time 

instant ti+1) are expressed for the hybrid (physical and numerical) model and solved for the displacement 

(Ui+1), velocity (Uሶ i+1), and acceleration (Uሷ i+1) vectors using time-stepping integration algorithms. 

  

 MUሷ i+1 + CUሶ i+1 + Pr(Ui+1) = Pi+1 (3-1)

 

While the mass matrix M, damping matrix C, and external force vector Pi+1 are typically part of the 

numerical simulation, the resisting force vector Pr  is composed of forces from both physical and 

numerical models. 

 

Both explicit and implicit integration algorithms have been applied to solve the equations of motion in 

hybrid simulation. Explicit methods compute the response of the structure at the end of the current time 

step (Ui+1, Uሶ i+1, Uሷ i+1) based on the state of the structure at the beginning of the step (Ui, Uሶ i, Uሷ i). This is 

an attractive property for hybrid testing because the actuators are commanded a target displacement 

without knowledge of the specimen properties at the target. However, explicit integration methods are 

either unstable or cannot be applied at all when employed with structural systems presenting a singular 

mass matrix as a result of having massless DOF (Schellenberg et al. 2009). This can be a challenge when 

modeling frame structures in detail including panel zones and beams with concentrated plasticity. 

 

On the other hand, implicit methods require knowledge of the structural response at the target 

displacement in order to compute the response, with iterations required to satisfy both the imposed 

kinematic conditions and the equilibrium conditions at the end of the time step. Iterations provide some 

challenges in the implementation of implicit integration methods in a hybrid simulation with physical 

sub-structures. Physical sub-structures could be erroneously and undesirably damaged in iterative 

schemes when the predicted (trial) displacements overshoot the target displacements, after which the 

physical sub-structure has to be unloaded to the corrected target displacement. Furthermore, implicit 



21 

methods require a tangent stiffness matrix which can be difficult to obtain from physical models 

(Mosqueda and Ahmadizadeh, 2011). Another feature of implicit integration methods incompatible with 

hybrid simulation is the non-uniform displacement increments produced during the equilibrium iterations 

typically performed using the Newton-Raphson algorithm. The displacement increments decrease rapidly 

with each iteration due to the quadratic convergence property of the Newton-Raphson algorithm. In a 

hybrid simulation where the same time interval is typically allocated to the actuator to apply each 

displacement increment, uniform displacement increments are preferred since these produce a continuous 

movement of the actuators instead of a jerky oscillatory movement that could be observed with rapidly 

decreasing displacement increments. Despite these difficulties, implicit integration methods have been 

successfully applied to hybrid simulations in the past to gain the benefits of improved stability and 

accuracy characteristics over explicit integration algorithms with larger integration time steps. 

  

Another earlier approach to overcome the stability limitations associated with explicit methods was 

proposed by Dermitzakis and Mahin (1985). A combined implicit-explicit integration algorithm (Hughes 

and Liu, 1978) was applied for integration of the equation of motion by dividing the degrees of freedom 

(DOF) of a structure into one sub-structure containing physical DOFs and another containing analytical 

DOFs. An explicit method was used for the physical sub-structure and an implicit method was used for 

the analytical sub-structure. The division allowed for the application of unconditionally stable implicit 

algorithms to the analytical sub-structure. 

    

Nakashima et al. (1990) used a predictor-corrector integration scheme (Hughes et al. 1979) in their 

implementation of the operator-splitting method for pseudo-dynamic testing. The numerical procedure is 

similar to the implicit-explicit formulation described above but only the stiffness matrix is divided into 

linear and nonlinear sub-structures. The advantage of using the operator-splitting predictor-corrector 

method is that unconditional stability is guaranteed for nonlinear structures of the softening type. The 

predictor-corrector formulation is non-iterative; hence, this method can be applied with the same 

simplicity of explicit methods. 

  

From the foregoing discussion, two integration methods were selected for evaluation, namely, a modified 

version of the implicit Newmark method presented by Schellenberg et al. (2009) and the operator-

splitting method developed by Nakashima et al. (1990), both with their corresponding versions with 

algorithmic damping as presented in Schellenberg et al. (2009). These two methods are some of the most 

widely used for hybrid simulation and include one with and one without iterations. Explicit integration 

methods were excluded from this evaluation since, as previously mentioned, they cannot be applied to the 
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structural systems analyzed in this study with a singular mass matrix. A brief description of the 

implementation of the integration methods is provided below.  

 

3.2.1 Implicit Newmark Method (INM) 

 

The implicit form of the Newmark method (Newmark, 1959), originally developed for purely numerical 

simulations, is the most popular integration method in structural dynamics. This section presents first this 

method similar to Schellenberg et al. (2009). The following section presents the modified version of the 

implicit Newmark method for hybrid simulation. 

  

The equations of motion previously presented in Equation 3-1 can be written in residual form: 

 

 F(Ui+1) = MUሷ i+1 + CUሶ i+1 + Pr(Ui+1) − Pi+1 = 0 (3-2)

 

The above system of nonlinear equations is solved using the iterative Newton-Raphson procedure: 

 

 J(Ui+1
(k) )·∆U(k) = −F(Ui+1

(k) ) (3-3)

 

In the above system of linear equations, J(Ui+1
(k) ) is the Jacobian matrix (also known as iteration matrix) of 

the system of equations, ∆U(k) is the displacement increment vector, and −F(Ui+1
(k) ) is the negative residual 

vector, both evaluated at iteration k. In structural dynamics, the Jacobian matrix and the negative residual 

vector are known as the effective stiffness matrix and the effective force vector (or unbalanced force 

vector), respectively.  

 

 Keff
(k)·∆U(k) = Peff

(k) (3-4)

 

The above expression can be evaluated using the equations of Newmark presented below, where γ and β 

define the variation of acceleration over a time step and determine the stability and accuracy of the 

integration method.  

 

 Ui+1 = Ui + ∆tUሶ i + ∆t2

2
[(1 − 2β)Uሷ i + 2βUሷ i+1] (3-5)

 Uሶ i+1 = Uሶ i + ∆t[(1 − γ)Uሷ i + γUሷ i+1] (3-6)
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However, since the solution is advanced from time instant i  to time instant i+1  by solving for 

displacement increments as seen in Equation 3-4, the equations of Newmark need to be reformulated as 

follows: 

 

 Uሶ i+1 = γ

∆t	β (Ui+1 − Ui) − (
γ

β
− 1)Uሶ i − ∆t(

γ

2β
− 1)Uሷ i (3-7)

 Uሷ i+1 = 1

∆t2β
(Ui+1 − Ui) − 1

∆t β
Uሶ i − (

1

2β
− 1)Uሷ i (3-8)

 

Expressions for the effective stiffness matrix and the effective force vector can be obtained by 

substituting the above Newmark equations into the residual form of the equations of motion presented in 

Equation 3-2. 

 

 Keff
(k) = c3M + c2C + c1Kt(Ui+1

(k) ) (3-9)

 Peff
(k) = −MUሷ i+1

(k) − CUሶ i+1
(k) − Pr(Ui+1

(k) ) + Pi+1 (3-10)

 

where c1 = 1, c2 = γ (∆t	β)⁄ , and c3 = 1 (∆t2β)⁄ . The implicit Newmark integration method is a predictor-

multi-corrector method. In the predictor phase, Equation 3-11 through Equation 3-13 (predictors) are used 

to calculate initial values of displacement, velocity and acceleration vectors to start the Newton-Raphson 

equilibrium iterations. 

 

 Ui+1
(k=1) = Ui (3-11)

 Uሶ i+1
(k=1) = −(

γ

β
− 1)Uሶ i − ∆t(

γ

2β
− 1)Uሷ i (3-12)

 Uሷ i+1
(k=1) = − 1

∆t β
Uሶ i − (

1

2β
− 1)Uሷ i (3-13)

 

After Equation 3-4 is solved for the displacement increment vector, the initial (predicted) displacement, 

velocity and acceleration vectors are corrected subsequently using Equation 3-14 through Equation 3-16 

until convergence is achieved. 

 

 Ui+1
(k+1) = Ui+1

(k) + c1∆U(k) (3-14)

 Uሶ i+1
(k+1) = Uሶ i+1

(k) + c2∆U(k) (3-15)
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 Uሷ i+1
(k+1) = Uሷ i+1

(k) + c3∆U(k) (3-16)

 

Convergence can be measured using several criteria with a list of tests provided by Schellenberg et al. 

(2009). The implicit Newmark method is stable if: 

 

 ∆t

Tn
≤ (γ− 0.5)ξ+ ට0.5γ− β + (γ− 0.5)2ξ2

(γ − 2β)π
 

(3-17)

 

where ∆t is the size of the time step and Tn is the shortest natural period of the structure. The method is 

unconditionally stable for values of γ and β of 0.50 and 0.25, respectively, for linear systems. The rate of 

convergence of the Newton-Raphson algorithm is quadratic. However, the algorithm is very expensive 

since it requires evaluation of the Jacobian and its inverse at each iteration step. 

 

3.2.2 Modified Implicit Newmark Method for Hybrid Simulation (INM-HS) 

 

Schellenberg et al. (2009) presented a version of the implicit Newmark method modified for hybrid 

simulation. This modified version overcomes the abovementioned problems of implicit integration 

methods by performing a constant number of iterations per integration step. Therefore, the iterative 

process is terminated after the specified number of constant iterations is completed. Consequently, the 

convergence test that terminates the analysis in case of non-convergence is eliminated in this approach. 

However, convergence criteria parameters can still be calculated to provide a measure of convergence. 

This approach is illustrated in Figure 3-1. As seen in the figure, the trial displacements (denoted as Ui+1
(2)

, 

Ui+1
(3)

, and Ui+1
(k+1)

 in Figure 3-1) produced at each iteration are not directly used to update the state of the 

model (or to generate displacement commands to the physical sub-structure in a hybrid simulation) but 

instead these displacements are reduced using interpolation functions.  
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Figure 3-1 Illustration of the modified implicit Newmark method for hybrid simulation (adapted 

from Zhong, 2005) 

 

The reduced displacements are interpolated between previous converged solutions (Ui,	Uiି1, etc.) and the 

current trial displacement at time i+1 using Lagrange polynomials. Therefore, the corrector equations 

previously provided in Equation 3-14 through Equation 6-16 are re-written as follows: 

 

 Ui+1
(k+1) = Ui+1

(k) + c1∆Uscaled
(k)  (3-18)

 Uሶ i+1
(k+1) = Uሶ i+1

(k) + c2∆Uscaled
(k)  (3-19)

 Uሷ i+1
(k+1) = Uሷ i+1

(k) + c3∆Uscaled
(k)  (3-20)

 

The scaled displacement increments shown above are calculated using the following expression provided 

by Schellenberg et al. (2009). 

 

 ∆Uscaled
(k) (x) = −Ui+1

(kି1) + ෍ Uj

i+1

j=i+1ିn

Ln,	j(x) (3-21)

 

where Ui+1
(kି1) are the trial displacement at the previous iterations, Uj are the committed displacement at the 

previous time steps and the trial displacement of the current iteration, Ln,	j(x) are the Lagrange functions 

of order n, and x = k kmax⁄  is the location of the interpolation (kmax is the maximum number of iterations 

performed at each integration step).  
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The resulting integration method produces uniform and monotonic displacements increments and 

therefore is compatible with hybrid simulation. More details of this integration method can be found in 

the original document (Schellenberg et al., 2009). This approach was first introduced by Dorka and 

Heiland (1991) and Shing et al. (1991) with later refinements by Zhong (2005).  

 

3.2.3 Implicit Generalized-Alpha Method for Hybrid Simulation (IGα-HS) 

 

The family of alpha-methods refers to those integration methods that introduce high-frequency numerical 

dissipation to damp out spurious high-frequency response. This high-frequency algorithmic damping is a 

desirable characteristic of an integration method in a hybrid simulation since it damps out high-frequency 

response due to experimental errors. The implicit generalized-alpha method developed by Chung and 

Hulbert (1993) introduces this desired characteristic that is missing in the implicit Newmark method. 

Chung and Hulbert reported that the high-frequency numerical dissipation improves the convergence of 

iterative integration methods and that the overshoot phenomenon is no longer exhibited.  

 

In this section, the presentation of Schellenberg et al. (2009) of the implicit generalized-alpha method 

with the modification for constant number of iterations is adopted here and briefly presented.  

 

To introduce algorithmic damping, the weighted equations of motion are formulated between time steps ti 

and ti+1 using the weighing parameters ߙm and ߙf. 

    

 MUሷ i+ఈm
+ CUሶ i+ఈf

+ Pr,i+ఈf
= Pi+ఈf

 (3-22)

 

The acceleration and velocity between time steps are written using the weighting parameters as follows: 

 

 Uሷ i+ఈm
= (1 − m)Uሷߙ i + mUሷߙ i+1 (3-23)

 Uሶ i+ఈf
= (1 − f)Uሶߙ i + fUሶߙ i+1 (3-24)

 

The internal resisting force and external force vectors are expressed using the generalized trapezoidal 

rule: 

 

 Pr,i+ఈf
= (1 − f)Pr(Ui)ߙ + fߙ Pr(Ui+1) (3-25)

 Pi+ఈf
= (1 − f)Piߙ + fߙ Pi+1 (3-26)
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Substitution of Equation 3-23 through Equation 3-26 into the weighted equation of motion presented in 

Equation 3-22 yields a systems of nonlinear equations that can be written in residual form as follows: 

 

 
F(Ui+1) = (1 − m)MUሷߙ i + mMUሷߙ i+1 + (1 − f)CUሶߙ i + fCUሶߙ i+1 +[(1 − f)Pr(Ui)ߙ + fߙ Pr(Ui+1)] − [(1 − f)Piߙ + fߙ Pi+1] = 0 

(3-27)

 

Similar to the implicit Newmark method (Section 3.2.1), the iterative Newton-Raphson procedure is used 

to solve the above system of nonlinear equations: 

 

 J(Ui+1
(k) )·∆U(k) = −F(Ui+1

(k) ) (3-28)

 

As mentioned earlier in Section 3.2.1, the Jacobian matrix of the system of equations J(Ui+1
(k) ) and the 

negative residual vector −F(Ui+1
(k) ) are known in structural dynamics as the effective stiffness matrix and 

the effective force vector (or unbalanced force vector), respectively. 

  

 Keff
(k)·∆U(k) = Peff

(k) (3-29)

 

Substituting the Newmark equations previously presented in Section 3.2.1, namely, Equation 3-8 and 

Equation 3-9, into Equation 3-27 yields expressions for the effective stiffness matrix and effective 

unbalanced force vector: 

 

 Keff
(k) = mc3Mߙ + +c2C	fߙ fߙ c1Kt(Ui+1

(k) ) (3-30)

 Peff
(k) = Pi+1 − M[(1 − m)Uሷߙ i + mUሷߙ i+1] − C[(1 − f)Uሶߙ i + fUሶߙ i+1] − Pr,i+ఈf

(Ui+1
(k) ) (3-31)

 

where c1 = 1, c2 = γ (∆t	β)⁄ , and c3 = 1 (∆t2β)⁄ . This predictor-multi-corrector method uses Equation 3-

32 through Equation 3-34 to calculate the initial values of the displacement, velocity and acceleration 

vectors in the prediction phase. 

 

 Ui+1
(k=1) = Ui (3-32)

 Uሶ i+1
(k=1) = −(

γ

β
− 1)Uሶ i − ∆t(

γ

2β
− 1)Uሷ i (3-33)
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 Uሷ i+1
(k=1) = − 1

∆t β
Uሶ i − (

1

2β
− 1)Uሷ i (3-34)

 

After solving Equation 3-28 for the displacement increments, such increments are scaled using Equation 

3-21 previously presented in Section 3.2.2 and the correctors are written as follows: 

 Ui+1
(k+1) = Ui+1

(k) + c1∆Uscaled
(k)  (3-35)

 Uሶ i+1
(k+1) = Uሶ i+1

(k) + c2∆Uscaled
(k)  (3-36)

 Uሷ i+1
(k+1) = Uሷ i+1

(k) + c3∆Uscaled
(k)  (3-36)

 

The iterations are repeated until the specified fixed number of iterations is reached. This generalized alpha 

method controls the amount of algorithmic damping with one parameter (ρ). Chung and Hulbert (1993) 

derived the following relationship to maximize high-frequency dissipation: 

 

mߙ  = 2 − ρ
1 + ρ ∈ [2.0,  0.5] (3-38)

fߙ  = 1

1 + ρ ∈ [1.0,  0.5] (3-39)

 β = 1

(1 + ρ)2 ∈ [1.0,  0.25] (3-40)

 γ = 0.5 + mߙ − fߙ ∈ [1.5,  0.5] (3-41)

 

3.2.4 Operator-Splitting Method (OS) 

 

The operator-splitting method presented by Nakashima et al. (1990) comprises 2 phases, namely, a 

predictor and a corrector phase. In the predictor phase, the Newmark equations (Equation 3-42 and 

Equation 3-43) are used to predict the displacements (U෩ i+1) and velocities (Uሶ෩ i+1) at time step i+1 using 

the displacements, velocities and acceleration at the previous time step (Ui, Uሶ i, Uሷ i).  
 

 Ui+1 = Ui + ∆tUሶ i + ∆t2

2
(1 − 2β)Uሷ i + ∆t2βUሷ i+1 = U෩ i+1 + ∆t2βUሷ i+1 (3-42)

 Uሶ i+1 = Uሶ i + ∆t(1 − γ)Uሷ i + ∆tγUሷ i+1 = Uሶ෩ i+1 + ∆tγUሷ i+1 (3-43)
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In the operator-splitting method, the vector of internal resisting forces at time step i+1 is approximated as 

follows: 

 

 Pr(Ui+1) ≅ KiUi+1 − KiU෩ i+1 + Pr(U෩ i+1) (3-44)

 

This approximation is based on the assumption that the difference between the elastic and nonlinear 

forces at the predictor displacements U෩ i+1 is approximately equal to the difference between the elastic and 

the nonlinear resisting forces at the new displacements Ui+1 as illustrated in Figure 3-2.  

 

Figure 3-2 Approximation of nonlinear resisting forces in OS method (after Schellenberg et al., 

2009) 

 

Substituting the predictor equations (Equation 3-42 and Equation 3-43) and Equation 3-44 of the 

approximate internal resisting force vector into the equation of motion (Equation 3-1) yields: 

 

 Keff·∆U = Peff (3-45)

 

In the previous equation, ∆U  is the displacement increment vector between the predicted and new 

displacements. The effective stiffness matrix and the effective force vector are given by the following 

expressions: 

 

 Keff = c3M + c2C + c1K1 (3-46)

 Peff = Pi+1 − CUሶ෩ i+1 − Pr(U෩ i+1) (3-47)

Ui Ui+1Ui+1

Pr,i

Pr(Ui+1)

Pr(U)

U

Pr,i + Ki(Ui+1 – Ui)

Pr,i + Ki(Ui+1 – Ui)

Pr,i + Ki(Ui+1 – Ui) – Pr(Ui+1)

Pr,i + Ki(Ui+1 – Ui) – Pr(Ui+1)

Ki

1
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where c1 = 1, c2 = γ (∆t	β)⁄ , and c3 = 1 (∆t2β)⁄ . Once Equation 3-45 is solved for the displacement 

increment vector, the response quantities such as displacements, velocities and accelerations are corrected 

with Equation 3-48 through Equation 3-50: 

 

 Ui+1 = U෩ i+1 + c1∆U (3-48)

 Uሶ i+1 = Uሶ෩ i+1 + c2∆U (3-49)

 Uሷ i+1 = c3∆U (3-50)

 

The operator-splitting integration method presents many advantages from a hybrid simulation point of 

view. Given that the method is a predictor-one-corrector, only one force acquisition from the physical 

sub-structure is necessary per integration step. The OS method was originally developed by Nakashima et 

al. (1990) using the initial stiffness matrix throughout the full length of the simulation. This represents an 

advantage since the tangent stiffness matrix of the physical sub-structure is not typically available in a 

hybrid simulation. 

 

3.2.5 Generalized Alpha-OS Method (Gα-OS) 

 

Schellenberg et al. (2009) presented the generalized alpha-OS integration method that is a combination of 

the operator-splitting method presented in the previous section and the generalized alpha methods 

developed by Chung and Hulbert (1993).  

 

Similar to the implicit generalized alpha method, the derivation of the method starts by writing the 

weighting equations of motion that are repeated here for convenience. 

  

 MUሷ i+ఈm
+ CUሶ i+ఈf

+ Pr,i+ఈf
= Pi+ఈf

 (3-51)

 Ui+1 = Ui + ∆tUሶ i + ∆t2

2
(1 − 2β)Uሷ i + ∆t2βUሷ i+1 = U෩ i+1 + ∆t2βUሷ i+1 (3-52)

 Uሶ i+1 = Uሶ i + ∆t(1 − γ)Uሷ i + ∆tγUሷ i+1 = Uሶ෩ i+1 + ∆tγUሷ i+1 (3-53)

 

The nonlinear internal resisting force vector on the left hand side of the equation is approximated as 

follows: 

 

 Pr,i+ఈf
≅ KiUi+ఈf

− (KiU෩ i+ఈf
− P෩r,i+ఈf

) (3-54)
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Substituting the approximate resisting force vector given by Equation 3-54 into the weighted equation of 

motion in Equation 3-51 yields the following equation: 

 

 MUሷ i+ఈm
+ CUሶ i+ఈf

+ Ki(Ui+ఈf
− U෩ i+ఈf

) + P෩r,i+ఈf
= Pi+ఈf

 (3-55)

 

In the above equation, the acceleration, velocities, and displacement in between time steps are expressed 

by the following weighted equations: 

 

 Uሷ i+ఈm
= (1 − m)Uሷߙ i + mUሷߙ i+1 (3-56)

 Uሶ i+ఈf
= (1 − f)Uሶߙ i + fUሶߙ i+1 (3-57)

 Ui+ఈf
= (1 − f)Uiߙ + fUi+1 (3-58)ߙ

 U෩ i+ఈf
= (1 − f)U෩ߙ i + fU෩ߙ i+1 (3-59)

 

Similar to the implicit generalized alpha method previously presented, the resisting forces at the predictor 

displacements and the external forces are expressed as follows: 

 

 P෩r,i+ఈf
= (1 − f)Pr(U෩ߙ i) + fߙ Pr(U෩ i+1) (3-60)

 Pi+ఈf
= (1 − f)Piߙ + fߙ Pi+1 (3-61)

 

The velocities and accelerations at ti+1 are expressed in terms of the predictor displacement. 

 

 Uሶ i+1 = γ

∆t β
(Ui+1 − U෩ i+1) + Uሶ 1 + ∆t(1 − γ)Uሷ i (3-62)

 Uሷ i+1 = 1

∆t2β
(Ui+1 − U෩ i+1)  (3-63)

 

The substituting of Equation 3-62 and Equation 3-63 into Equation 3-55 produces the system of linear 

equations that need to be solved for the displacement increments between the predicted and new 

displacements: 

 

 Keff·∆U = Peff (3-64)
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In the above system of equations, the effective stiffness matrix and the effective force vector take the 

following form: 

 

 Keff = mc3Mߙ + fߙ c2C + fߙ c1Ki (3-65)

 
Peff = Pi+ఈf

− M(1 − m)Uሷߙ i − C[(1 − f)Uሶߙ i + fUሶ෩ߙ i+1] −[P෩r,i+ఈf
+ Ki(1 − f)(Uiߙ − U෩ i)] 																					 (3-66)

 

where c1 = 1, c2 = γ (∆t	β)⁄ , and c3 = 1 (∆t2β)⁄ . Once Equation 3-64 is solved for the displacement 

increments, the response quantities such as displacements, velocities and accelerations are corrected with 

Equation 3-67 through Equation 3-69: 

 

 Ui+1 = U෩ i+1 + c1∆U (3-67)

 Uሶ i+1 = Uሶ෩ i+1 + c2∆U (3-68)

 Uሷ i+1 = c3∆U (3-69)

 

Similar to the implicit generalized alpha method, the generalized alpha OS method adjusts the amount of 

algorithmic damping with one parameter (ρ) using Equation 3-38 through Equation 3-41. 

  

3.3 Case Study I: Numerical Evaluation of Integration Methods  

 

The accuracy and stability properties of the integration methods described in Section 3.2 are numerically 

evaluated in this section by means of energy balance calculations. To this end, a numerical model of the 

two-dimensional (2D) steel moment-resisting frame shown in Figure 3-3(a) was developed in Matlab 

(MathWorks, 2011) where the different integration methods and energy balance calculations were 

implemented. A concentrated plasticity approach was adopted to model the inelastic response of the 2D 

frame. The beams and columns of the 2D frame consisted of two nonlinear rotational spring elements 

attached at the ends of a linear elastic frame element. The smooth hysteretic model developed by 

Sivaselvan and Reinhorn (2000) and shown in Figure 3-3(b) was assigned to the nonlinear rotational 

spring elements to reproduce the cyclic response of the plastic hinges. The centerline model of the frame 

structure does not account for joint deformation. Geometric nonlinearities were included in the model 

using a simplified P-Delta formulation. Rayleigh damping was used with a damping ratio of 0.5% 

anchored at the first two natural frequencies. Rigid diaphragms were assigned to all three story levels. All 

columns are axially rigid. The hysteretic model assigned to the rotational spring elements did not account 
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for axial force and bending moment (P-M) interaction. The first three natural periods of vibration of the 

2D frame model are 0.85, 0.30, and 0.15 sec., respectively.  

 

 

(a) 2D frame structure (b) Sivaselvan-Reinhorn smooth hysteretic model 

Figure 3-3 Numerical model of the 2D frame structure and smooth hysteretic model 

 

The numerical model of the 2D frame was subjected to the Canoga Park earthquake record scaled by a 

factor 3.0 to produce a highly nonlinear response of the structure and consequently challenge the 

performance of the integration methods. Figure 3-4 shows an example of the level of inelastic response 

experienced by two plastic hinges at a girder located at the first story.  

 

Figure 3-4 Moment-rotation relationships for two plastic hinges at a girder at the first story 
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Figure 3-5 presents the response of the 2D frame obtained using the integration methods described in 

Section 3.2, namely, the implicit Newmark method (INM), the modified implicit Newmark method for 

hybrid simulation (INM-HS), the implicit generalized-alpha method for hybrid simulation (IGα-HS), the 

operator-splitting method (OS), and the generalized-alpha operator-splitting method (Gα-OS).  

 

Each plot presented in Figure 3-5 corresponds to an integration method using various time steps. The term 

roof drift ratio in Figure 3-5 is defined as the lateral displacement of the building roof divided by the 

height of the building. The results produced by the INM method, although not an integration method used 

in hybrid simulation, were included in Figure 3-5 as the reference solution. Ten iterations per integration 

step were used for the iterative INM-HS and IGα-HS methods and a value of ρ of 0.90 was used in the 

IGα-HS and Gα-OS methods with algorithmic damping. 

 

It can be observed in the close-up views provided in Figure 3-5 that the five integration methods converge 

to the same solution as the size of the time step decreases. However, the results produced by the OS and 

Gα-OS methods clearly diverge from the converged solution for the two largest time steps used, namely, 

0.005 and 0.010 sec. This can be also observed in Figure 3-6 where peak roof drift errors are presented for 

all the simulation cases presented in Figure 3-5. The results produced by the INM method with a time step 

of 0.001 sec. and a very stringent tolerance for the convergence test were used as the assumed exact 

solution for the peak roof drift error calculations. The superior accuracy of the iterative INM-HS and IGα-

HS methods over the OS and Gα-OS methods is evidenced in Figure 3-6. 
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Figure 3-5 Global results of the 2D frame using various direct integration methods 
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Figure 3-6 Peak roof drift error for direct integration methods 

 

A more rational measure of the accuracy of the results is provided by means of energy balance 

calculations (Filiatrault et al., 1992). The energy balance error (EBE), defined as the absolute difference 

between the input energy and the internal energy of the system (kinetic energy, viscous damping energy, 

and hysteretic energy) normalized by the input energy, was calculated for each simulation case previously 

presented in Figure 3-5. Maximum energy balance errors are plotted in logarithmic scale in Figure 3-7 for 

all integration methods except for the INM method since it presents negligible energy balance errors in 

the order of 1.0×10–12 and it is not an integration method used in hybrid simulation. Some observations 

are made from the results presented in Figure 3-7. As expected, the accuracy of all the integration 

methods, as measured by the energy balance error, improves as the size of the time step decreases. 

However, the iterative INM-HS and IGα-HS methods (predictor-multi-corrector methods) provide 

significantly smaller energy balance errors than the OS and Gα-OS methods (predictor-one-corrector 

methods). This superior accuracy can be explained by the fact that while the internal resisting force vector 

is updated a constant number of times per integration step in the iterative INM-HS and IGα-HS methods, 

this is updated only once per integration step in the OS and Gα-OS methods. Therefore, a more fair 

comparison of the integration methods requires comparing, for instance, the INM-HS method with a time 

step of 0.010 sec. and 10 constant iterations versus the OS method with a time step of 0.001 sec., where 

both cases present the same number of internal resisting force vector updates. In this comparison, the 

INM-HS method presents lower values of energy balance error than the OS method indicating that the 

INM-HS method is more accurate than the OS method for the same number of model state updates.  
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Figure 3-7 Energy balance error for direct integration methods 

 

The effects of algorithmic damping on the accuracy of the integration methods can be observed by 

comparing the energy balance errors of the INM-HS and OS methods, methods without algorithmic 

damping, versus those of their corresponding integration methods with algorithmic damping, namely, the 

IGα-HS and Gα-OS methods, respectively. This comparison indicates that while the use of algorithmic 

damping in the Gα-OS method mildly increases the energy balance errors, significant increments are 

observed in the IGα-HS method. These observations on the accuracy of the integration methods using 

energy balance calculations are consistent with those obtained by visual inspection of the global response 

of the 2D frame presented in Figure 3-5. 

  

To further assess the accuracy of the INM-HS method for different combinations of time steps and 

number of iterations, Figure 3-8 shows first the number of iterations per integration step required for 

convergence (using a tolerance value of 1.0×10–8 for the “norm of unbalanced force vector” convergence 

test) by the original implicit Newmark method (INM) in two simulations with different time steps. It can 

be seen that the average number of Newton-Raphson iterations oscillate approximately around 4 or 5 per 

integration step and the number of iterations are well under 10 for most integration steps. This suggests 

that practically 10 iterations are required at most. Similar observations were made by Zhong (2005) using 

a similar version of the INM-HS method. 
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(a) INM (∆t = 0.010 sec.) (b) INM (∆t = 0.001 sec.) 

Figure 3-8 Number of iterations per integration step using the INM method 

 

Figure 3-9 presents peak energy balance errors for several simulation cases using the INM-HS method 

with different combinations of time steps (0.010, 0.005, 0.002, and 0.001 sec.) and number of iterations 

(10, 8, 6 and 4 iterations). Figure 3-9(a) presents the energy balance errors versus the number of 

iterations; however, as mentioned earlier, a more fair comparison requires presenting the energy balance 

error versus the ratio of time step to number of iterations shown in Figure 3-9(b). The energy balance 

errors are presented in logarithmic scale in both plots. 

  

It can be seen in Figure 3-9(a) that, as expected, the accuracy of the INM-HS method, as measured by the 

energy balance error, increases as the size of time step decreases and the number of iterations increases. 

Also Figure 3-9(b) shows that when comparing simulations presenting the same time step to number of 

iterations ratio, the simulation with smaller time steps is more accurate in all cases. This suggests that the 

accuracy of the INM-HS method is more sensitive to the time step than to the number of iterations. 

 

Another important aspect associated with integration methods for hybrid simulation is the computational 

time they require to execute a simulation. Figure 3-10 presents execution times of the different integration 

methods presented in Figure 3-5. As seen in the figure, the OS and Gα-OS methods require significantly 

less execution time than the iterative INM-HS and IGα-HS methods. This is due to the fact that the OS 

methods, unlike iterative methods, do not require the effective stiffness matrix be inverted at every 

integration step. Figure 3-10 shows that the execution time increases exponentially as the time step 

decreases. 
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(a) Maximum EBE versus number of iteration (k)  (b) Maximum energy balance error vs ∆t/k ratio 

Figure 3-9 Maximum energy balance error for the INM-HS integration method 

 

While some of the integration methods evaluated in this section are more accurate than others for the 2D 

frame, none of them became unstable nor presented spurious high-frequency oscillations for the range of 

time steps used in the simulations where the smallest time step size used (0.010 sec.) was limited to the 

resolution of the ground motion record. However, for larger and more complex structural systems, such as 

the ones analyzed in subsequent sections, instability problems were frequently encountered.  

 

Figure 3-10 Total execution time for direct integration methods  
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The observations made in this section about the accuracy of the integration methods, where the 2D frame 

was subjected to the Canoga park record scaled by a factor of 3.0 resulting in a highly nonlinear response 

of the 2D frame, are similar to those obtained with a scale factor of 4.10 that produced sidesway collapse 

of the 2D frame. However, the accuracy of the integration methods improved significantly for lesser 

intensities of loading using ground motion scale factors less than 3.0.  

 

3.3.1 Summary and Conclusions 

 

The accuracy and stability properties of four integration methods for hybrid simulation, namely, INM-HS, 

IGα-HS, OS, and Gα-OS, were numerically evaluated using a 2D frame structure. Energy balance errors 

were computed as a measure of the accuracy of the results produced by these integration methods. The 

conclusions drawn and presented below are strictly valid for the model of 2D frame structure.  

 

• The iterative INM-HS and IGα-HS methods are more accurate than the OS and Gα-OS methods 

as indicated by energy balance errors. However, these iterative methods are more expensive 

computationally than the OS and Gα-OS methods.   

• The accuracy of the INM-HS method is more sensitive to the size of the time step than to the 

number of constant iterations. This was concluded by comparing simulations with different 

combinations of time step and number of constant iterations but presenting the same ratio of time 

step to number of iterations. In this comparison, the simulations with smaller time steps always 

yielded more accurate results.    

• As expected, the use of algorithmic damping increased energy balance errors; however, these 

increments were more pronounced in the iterative IGα-HS method than in the Gα-OS method. 

 

3.4 Case Study II: Experimental Evaluation of Integration Methods 

 

In this case study, the results of twelve hybrid simulations, conducted in the single degree of freedom 

(SDOF) experimental test setup at the Structural and Earthquake Engineering Simulation Laboratory 

(SEESL) at University at Buffalo, were used to evaluate the performance of the integration methods 

described in Section 3.2. The hybrid simulations were conducted utilizing the Open Source Framework 

for Experimental Setup and Control (OpenFresco) and the Open System for Earthquake Engineering 

Simulation (OpenSees). Numerical simulations are presented at the end of this section to supplement the 

experimental evaluation.  
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3.4.1 Hybrid Model 

 

The 2D frame structure previously presented in Section 3.3 served as the prototype structure for the 

hybrid simulations presented in this section. The selected numerical and physical sub-structures are 

indicated in Figure 3-11. A hinge was assumed at the top of the first-story column on the right to facilitate 

substructuring of the 2D frame.  

 

Figure 3-11 Numerical and physical sub-structures of frame structure used in Case Study I 

 

The physical sub-structure consists of a steel column connected to a horizontal actuator at the top and to a 

clevis connection at the bottom where sacrificial steel coupons are inserted, providing repeatable low-cost 

nonlinear hybrid simulations. While the steel column remained elastic during the tests, the steel coupons 

in the clevis were designed to yield and provide different types of hysteretic response. A stable ductile 

hysteretic response was obtained using a pair of steel coupons with a circular cross section 1/2 in. in 

diameter. The steel column with this clevis connection is referred to as the ductile physical sub-structure. 

A second type of hysteretic response that exhibits a sudden drop of strength and stiffness was developed 

using the same pair of coupons, but one of them was notched 2.0 mm. all around to induce fracture of the 

coupon. The steel column with this clevis connection, referred to as the brittle physical sub-structure, 

exhibits a highly nonlinear response that could potentially challenge the ability of the numerical 

integration methods to produce accurate and reliable results. This hysteretic response is typically observed 

in fractured connections, such as the pre-Northridge beam-column connections. 

  

The numerical sub-structure shown in Figure 3-11 was modeled in OpenSees. Similar to the Matlab 

model of the 2D frame described in Section 3.3, the inelastic response of the numerical sub-structure was 

concentrated at rotational spring elements (zero-length elements) attached at the ends of elastic beam-
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column elements. The hysteretic model developed by Ibarra et al. (2005) and modified by Lignos and 

Krawinkler (2011, 2012) was assigned to the rotational spring elements. Gravity loads were applied on a 

leaning column to account for P-Delta effects. Panel zones were not modeled. Rayleigh damping was 

assigned to the model using a 2.0% damping coefficient anchored at the first two natural frequencies. 

Geometric nonlinearities were included using the P-Delta transformation option in OpenSees.  

 

3.4.2 Coupled Simulations 

 

Prior to conducting the hybrid simulations using the physical sub-structures assembled in the laboratory, 

coupled simulations were performed to verify the adequacy of data exchange between the numerical and 

physical sub-structures and to assist in the selection of the time steps and other relevant parameters used 

by the integration methods in the hybrid simulations. 

  

In the coupled simulations presented here, the two sub-structures shown in Figure 3-11 were modeled in 

two separate OpenSees scripts called the master and slave scripts as illustrated in Figure 3-12. As seen in 

the figure, OpenFresco is the middleware that connects these two sub-structures (or more sub-structures) 

via interface degrees-of-freedom. The master OpenSees script models part of the structure and solves the 

equations of motion of the full system. At every integration step during an analysis, the master OpenSees 

script sends a vector of displacements to the slave OpenSees script (similar to the displacement command 

in a hybrid test) through OpenFresco. The slave OpenSees script imposes these displacement boundary 

conditions using a penalty-based algorithm and returns a vector of internal resisting forces to the master 

OpenSees script (similar to the force feedback in a hybrid test). This communication is given through the 

use of a generic super element in the master OpenSees script and an adapter element in the slave 

OpenSees script. More details about the theory of coupling of finite element software using OpenFresco 

can be found in Schellenberg et al. (2008). 
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Figure 3-12 Master and slave OpenSees scripts of the 2D frame  

 

The horizontal force-displacement response at the top of the column in the slave OpenSees script was 

modeled using the Bouc-Wen hysteretic model (Bouc 1967; Wen 1976) calibrated with data from cyclic 

experiments conducted on the ductile physical sub-structure prior to the hybrid simulations. The Bouc-

Wen model reproduces very closely the cyclic response of the ductile physical sub-structure. The vertical 

DOF at the interface node in the master OpenSees script was restrained to prevent any unrealistic 

response as a result of the column removal for substructuring purposes. 

 

The 2D frame model was subjected to the Canoga Park earthquake record scaled by a factor of 5.0 to 

induce sidesway collapse. The coupled simulations were stopped when a 15% inter-story drift was 

exceeded at any story. Figure 3-13 presents global response results, namely, relative roof displacement, 

velocity and acceleration of a conventional complete simulation (simulation using one single OpenSees 

script) and two coupled simulations using different integration methods used in hybrid simulation, 

namely, the INM-HS method presented in Section 3.2.2 with a time step of 0.002 sec. and 10 iterations 

per integration step and the Gα-OS method described in Section 3.2.3 with a time step of 0.001 sec. and a 

spectral radius (ρ) of 1.0, therefore, no algorithmic damping was included. The integration methods used 

in the coupled simulations utilized the initial stiffness matrix of the sub-structure modeled in the slave 

OpenSees script (similar to a hybrid test where the tangent stiffness matrix of the physical sub-structure is 

typically not available). The complete simulation, included for reference and assumed as the exact 

solution, was obtained using the INM method for purely numerical simulations with a very small time 

step and a stringent tolerance for the relative energy convergence test. It can be seen in Figure 3-13 that 
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the response of the two coupled simulations are in excellent agreement with the results of the complete 

simulation. This validates the correctness of the coupled simulations of the 2D frame.  

 

Figure 3-13 Comparison of complete versus coupled simulations 

 

The accuracy and stability of the INM-HS method for increasing time step sizes and a constant number of 

10 iterations is further evaluated in Figure 3-14 where global response results are presented. Figure 3-14 

indicates that the INM-HS method remains accurate and stable for all time steps selected including the 

smallest time step of 0.010 sec. that is the resolution of the ground motion record. Additional coupled 

simulations (not presented here) showed that the INM-HS method remains accurate even for smaller 

number of iterations as low as 4. 
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However, the Gα-OS method produced results that visibly diverged from the converged solution for the 

two largest time steps used in the simulation (0.010 and 0.005 sec.) as shown in Figure 3-15 where the 

relative roof displacement, velocity and acceleration are presented. In the coupled simulation with a time 

step of 0.005 sec., the 15% inter-story drift was not exceeded and therefore the simulation continued until 

the end of the ground motion.  

 

Figure 3-14 Results of coupled simulations using the INM-HS method 

 

Since some effects of a hybrid test are numerically reproduced in a coupled simulation (including data 

communication between physical and numerical sub-structures), coupled simulations can be used to 

assess the accuracy and stability of the integration methods prior to conducting a hybrid test. 
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Figure 3-15 Results of coupled simulations using the Gα-OS method 

 

3.4.3 Hybrid Simulations  
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physical sub-structures. The coupled simulations presented in the previous section assisted in the 
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in Table 3-1 through Table 3-3.  
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0.002, and 0.005 sec.). The Gα-OS integration method, available in OpenSees, was used with a spectral 

radius (ρ) equal to 1.0 and therefore, this integration method is similar to the OS method where no 

algorithmic damping is included. The second test series, consisting of four tests summarized in Table 3-2, 

challenged the ability of the INM-HS and Gα-OS methods to produce accurate results using the highly 

nonlinear brittle physical sub-structure described in Section 3.4.1.  

 

Table 3-1 Test Schedule: Test Series I 

Test ID 
Integration 

Method 
Time Step, ∆t 

[sec.] 
Number of 

Iterations [k] 
Physical  

Sub-Structure 

HS01 INM-HS 0.002 10 Ductile 

HS02 INM-HS 0.010 10 Ductile 

HS03 INM-HS 0.010 5 Ductile 

HS04 Gα-OS 0.001 NA Ductile 

HS05 Gα-OS 0.002 NA Ductile 

HS06 Gα-OS 0.005 NA Ductile 

 

Table 3-2 Test Schedule: Test Series II 

Test ID 
Integration 

Method 
Time Step, ∆t 

[sec.] 
Number of 

Iterations [k] 
Physical  

Sub-Structure 

HS07 INM-HS 0.010 10 Brittle 

HS08 INM-HS 0.010 5 Brittle 

HS09 Gα-OS 0.002 NA Brittle 

HS10 Gα-OS 0.005 NA Brittle 

 

Table 3-3 Test Schedule: Test Series III 

Test ID 
Integration 

Method 
Time Step, ∆t 

[sec.] 
Number of 

Iterations [k] 
Physical  

Sub-Structure 

HS11 ENM 0.0020 NA Ductile 

HS12 ENM 0.0005 NA Ductile 

 

Finally, for the third test series, consisting of two tests summarized in Table 3-3, a simple approach that 

enables the use of explicit integration methods on structural systems having a singular mass matrix (such 

as the prototype model used in this section) is presented. As mentioned earlier, the explicit integration 

methods are typically unstable or cannot be applied at all when employed in systems with a singular mass 

matrix. This approach is explained in detail later in this section. Similar to the coupled simulations, all 

hybrid simulations were stopped when a 15% inter-story drift ratio was reached at any story or when the 

stroke capacity of the actuator was reached. 
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Figure 3-16 presents global response results of tests HS01 through HS03 using the INM-HS method. It 

can be seen that the global results of these three hybrid simulations are in very good agreement, indicating 

that the INM-HS method not only remained stable but produced accurate results for the time steps and 

number of iterations used. Only small differences in the results are observed at the end of the 

displacement response (see Figure 3-16(a)). 

 

 

Figure 3-16 Results of hybrid simulations HS01 through HS03 
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However, as predicted by coupled simulations, the global response results of hybrid simulations HS04 

through HS06 using the Gα-OS method and presented in Figure 3-17 progressively diverge as the size of 

the time step increases.  

 

 

Figure 3-17 Results of hybrid simulations HS04 through HS06 

 

Figure 3-18 shows the hysteretic response of the ductile physical sub-structures (tests HS01 through 
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(a) Hybrid Simulations HS01 through HS03 (INM-HS) (b) Hybrid Simulations HS04 through HS06 (Gα-OS)  

Figure 3-18 Force-displacement relationships for ductile physical sub-structures 

 

After the execution of the first test series (tests HS01 through HS06), the parameters of the Bouc-Wen 

model were recalibrated using the hysteretic responses presented in Figure 3-18. Then, the results of each 

hybrid simulation were compared with their corresponding calibrated numerical simulations and 

presented in Figure 3-19. It can be seen that the numerical simulations predict very closely the global 

response results of the hybrid simulations except for test HS06 shown in Figure 3-19(f), where as seen 

before, the solution obtained in the hybrid simulation diverged due to the use of a large time step. This 

very good agreement was expected since the cyclic response of the physical sub-structure used in the 

hybrid simulation can be reproduced very well. Also, the contribution of the physical sub-structure to the 

global response of the prototype 2D frame is small (for instance, the lateral strength of the physical sub-

structure is approximately 20% of the lateral strength of the first story of the prototype 2D frame). 

Finally, there is practically no noise in force feedback that could contaminate the solution. 

   

As mentioned earlier, the highly nonlinear response of the brittle physical sub-structure used in the second 

test series (tests HS07 through HS10) exhibits a discontinuous non-smooth hysteretic response as a result 

of fracture of a steel coupon. This can challenge the accuracy and stability of the integration methods, 

specially of the iterative INM-HS method since the Newton-Raphson algorithm used to perform 

equilibrium iterations is recommended for smooth functions (in our case, smooth hysteretic models). 

Figure 3-20 and Figure 3-21 presents global response results for hybrid simulations HS07 and HS08 

(using the INM-HS method) and HS09 and HS10 (using the Gα-OS method), respectively. It can be seen 

that although the physical sub-structure of both tests presents a highly nonlinear behavior (sudden drop of 
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strength and stiffness), the INM-HS and Gα-OS methods remained stable and converged to the same 

solution.  

 

 

 

Figure 3-19 Comparison of hybrid versus numerical simulation for HS01 through HS06 
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Figure 3-20 Results of hybrid simulations HS07 and HS08 
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Figure 3-21 Global response results of hybrid simulations HS09 and HS10 
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To observe the effects of coupon fracture on the global response of the 2D frame, Figure 3-22 compares 

the global response of the first story of hybrid simulation HS02, a test without coupon fracture, against 

that of hybrid simulation HS07, a test with coupon fracture. In both simulations, the INM-HS method was 

used with a time step of 0.010 sec. and 10 fixed iterations. Fracture in the physical sub-structure occurred 

at the time instant of 3.79 seconds as indicated in Figure 3-22. It can be seen that up to the point of 

fracture, the response of 2D frame very similar in both simulations. After fracture, a divergence in the 

response is observed in all global responses. 

 

 

Figure 3-22 Results of hybrid simulations HS09 and HS10 
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The hysteretic response of the brittle physical sub-structure used in hybrid simulations HS07 through 

HS10 is presented in Figure 3-23 where the point of coupon fracture is indicated on the hysteretic 

response followed by a sudden drop in strength and stiffness.    

 

(a) Hybrid Simulations HS07 and HS08 (INM-HS) (b) Hybrid Simulations HS09 and HS10 (Gα-OS)  

Figure 3-23 Force-displacement relationships for brittle physical sub-structures 

 

The mass matrix of the 2D frame model shown in Figure 3-11 is singular, given that no mass was 
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which require the mass matrix be inverted cannot be applied. For this reason, explicit integration methods 

were excluded from the evaluation presented in the previous sections. However, for the third test series, a 

simple approach that enables the use of explicit integration methods using coupled simulations is 

presented. In this approach, the numerical sub-structure (see for reference Figure 3-12) is encapsulated in 

a slave OpenSees script as illustrated in Figure 3-24 leaving only 3 nodes in the master OpenSees script, 

each one with one horizontal translational DOF (the other DOFs are restrained). Then, since the master 

OpenSees script solves the equations of motion, the inertial mass of each floor is assigned to the 3 nodes 

in the master OpenSees script. The resulting system of equations has a 3×3 non-singular mass matrix that 

can be solved with any explicit integration method.  
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Figure 3-24 Master and slave OpenSees Script and physical sub-structure 

 

This approach was first verified analytically using a coupled model where the physical sub-structure 

shown in Figure 3-24 was modeled in a second slave OpenSees script. It was observed that the results of 

these coupled simulations slightly diverged from the assumed exact solution provided by complete 

simulations (as mentioned earlier, a complete simulation is a conventional simulation without using 

coupling of FE codes) due to the different (mass and stiffness proportional) damping matrices used. While 

a 3×3 damping matrix is assembled in simulations following the approach illustrated in Figure 3-24, an 

N×N damping matrix is used in all the other simulations (N equals approximately 60 for the complete 

simulations).  

 

Two hybrid simulations were conducted using the approach illustrated in Figure 3-24. The explicit 

Newmark Method (ENM) was used in both hybrid simulations. Figure 3-25 presents the results of tests 

HS11 and HS12 using two time steps. The results of HS01 (test conducted with the INM-HS method with 

∆t = 0.002 and k = 10) is included for comparison purposes.  

 

It can be seen in Figure 3-25 that the proposed approach produces similar results as the hybrid simulation 

HS01. As previously mentioned, the differences observed in the results of tests HS11 and HS12 with 

those of test HS01 (assumed exact solution) are due to the different Rayleigh damping matrix used.  
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Figure 3-25 Results of hybrid simulations HS11 and HS12 and comparison with HS01 

 

3.4.4 Summary and Conclusions 

 

Twelve collapse hybrid simulations were conducted to evaluate the performance of the INM-HS and Gα-

OS methods. Also, a simple approach that enables the use of explicit integration methods systems with a 

singular mass matrix was proposed. The conclusions listed below are strictly valid for the hybrid 

simulations of the 2D frame structure presented in this section.  

 

• In general, the hybrid simulations conducted in this study showed that the INM-HS and Gα-OS 

methods produced response results with similar levels of accuracy as compared with purely 

numerical simulations. Both integration methods remained accurate and stable for the range of 
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time steps selected (the smallest time step was limited to the time step of the ground motion 

record equal to 0.010 sec.). 

• The use of physical sub-structures with a highly nonlinear response characterized by a sudden 

drop in strength and stiffness did not affect the accuracy or stability of the integration methods. 

However, it must be recognized that: (a) the contribution of the physical sub-structure to the 

global response of the prototype 2D frame was small, and (b) the numerical model of the 

prototype 2D frame was fairly simple. Larger and more complex numerical models such as those 

described in Section 6 posed a challenge on the performance of these integration methods. It was 

observed that simulations with the INM-HS method became unstable for large levels of nonlinear 

response. 

• The calibrated numerical simulations performed after hybrid testing reproduced very closely the 

results of the hybrid simulations. This is due to several reasons: (a) the cyclic response of the 

physical sub-structure was faithfully reproduced using the Bouc-Wen model and (b) there was 

practically no noise in the load cell of the actuator that could contaminate the solution. 

• The INM-HS method remained accurate for large time steps (as large as 0.010 sec.) and small 

number of constant iterations (as low as 5 iterations). However, the Gα-OS method lost accuracy 

when using a time step of 0.005 seconds. Therefore, the INM-HS method is more accurate than 

the Gα-OS method for the same time step size or even for the same number of data 

communication procedures between the numerical and physical sub-structures.  
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SECTION 4  

EXPERIMENTAL PROGRAM: PRELIMINARIES 

 

4.1 Introduction 

 

An experimental framework for collapse assessment was developed and implemented in this research 

project in response to the need for more realistic experimental information on the behavior of structures 

through collapse identified in the review of literature in Section 2 as well as in others (Villaverde, 2007, 

Lignos and Krawinkler, 2012). Hybrid simulation with substructuring was investigated as a cost-effective 

alternative for large-scale testing of structures to simulated dynamic earthquake loads. Through the use of 

substructuring techniques in hybrid simulation, only key subassemblies of a frame structure can be 

physically tested in a laboratory while the rest of the frame is simulated in a computer model to capture 

the complete system behavior. Considerable efforts were made to implement the substructuring hybrid 

testing approach to examine frame structures through collapse. Such efforts included evaluating the 

performance of integration methods and substructuring techniques for hybrid simulation which were 

greatly challenged when employed with large and complex numerical sub-structures exhibiting large 

levels of nonlinear response. 

  

In contrast to the large number of traditional quasi-static tests conducted as part of the SAC Joint Venture 

(www.sacsteel.org) on cruciform or T-shaped subassemblies of beams and columns with idealized 

boundary conditions to prescribed cyclic loading protocols (component-level tests), larger subassemblies 

were subjected to more realistic loading conditions via hybrid simulation using similar laboratory 

equipment. Preliminary aspects of the experimental program are discussed in this section, including the 

objectives and scope of the experiments, descriptions of the prototype structure and reduced-scale hybrid 

models, and the selection of the ground motion and testing protocol. 

  

4.2 Objectives and Scope of Experimental Program 

 

The main objective of the experimental program is to obtain realistic data of the seismic response of steel 

moment and gravity frame subassemblies from the onset of damage through collapse. This data is 

valuable to assess the performance of the frame subassemblies and to investigate the capabilities of 

analytical models to trace the response of these frame systems through collapse. A secondary objective of 
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the experimental program is to evaluate a newly developed substructuring technique used for hybrid 

simulation of multi-story frame structures.  

 

The experimental program comprises two series of hybrid simulations. In the first series, referred to 

hereafter as Hybrid Simulation #1, the focus is on the seismic behavior of a special steel moment-resisting 

frame. To this end, a hybrid model of a moment frame, hereafter referred to as Hybrid Model #1, was 

subjected to four increasing intensities of a ground motion through collapse. The physical sub-structure of 

this hybrid model consists of one and one-half story by one and one-half bay subassembly of a moment 

frame which was tested in the laboratory while the rest of the frame was simulated computationally. For 

the second series of hybrid simulations, referred to hereafter as Hybrid Simulation #2, the focus is shifted 

to the seismic behavior of the gravity framing system. In this case, a computational model of a moment 

frame was coupled with a hybrid model of a gravity frame. The physical sub-structure of the gravity 

frame is of similar overall dimensions as the previously-mentioned physical sub-structure. The hybrid 

model of the gravity frame coupled with the fully numerical model of the moment frame is referred to as 

Hybrid Model #2 in the following sections. 

 

The experimental test setup was designed to impose lateral (seismic) as well as vertical (gravity) forces on 

the physical sub-structures. Lateral loading on the physical subassemblies was applied through 

displacement-controlled actuators commanded by the hybrid simulation algorithm. The physical sub-

structures included the composite floor slab and additional dead load at the first elevated story level. The 

axial forces on the columns at the second story due to gravity loads of upper stories as well as seismic-

induced variations from overturning forces are applied through force-controlled vertical actuators. The 

hybrid simulations were conducted at the Network for Earthquake Engineering Simulation (NEES) 

equipment site at the State University of New York at Buffalo (UB). The numerical sub-structures were 

developed in the Open System for Earthquake Engineering Simulation (OpenSees, 2012) platform and 

integrated with the physical sub-structures and laboratory hardware through the Open Source Framework 

for Experimental Setup and Control (OpenFresco, 2008). The physical and numerical sub-structures, 

briefly presented in this section, are extensively described in Section 5 and Section 6, respectively. 
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4.3 Prototype Building 

 

The four-story office building designed and evaluated by Lignos and Krawinkler (2012) served as the 

prototype building for the experimental program. This building, assumed to be located in Los Angeles, 

CA, was designed according to U.S. codes/standards of practice, namely, IBC (2003), AISC (2005), and 

SEI/ASCE-02 (ASCE, 2002). Some of the column design requirements have changed in the current AISC 

specification (AISC, 2010b). Therefore, this building would not be exactly the same if it were designed 

according to current practice. The structure was classified as Category II (importance factor equal to 1.0). 

The building was assumed to be located on Soil Type D. The maximum considered earthquake (MCE) 

spectral response accelerations are SS=1.5g, S1=0.90g and the design spectral response accelerations are 

SDS=1.5g, SD1= 0.60g. The seismic-force-resisting system of the prototype building consists of special 

steel moment-resisting frames (located around the perimeter of the building) with fully-restrained reduced 

beam sections (RBS) in both principal loading directions as seen in Figure 4-1. The location of the 

moment-resisting connections in Figure 4-1 is indicated by the “►” symbol. The inter-story heights of the 

four-story structure were interpreted as slab-to-slab dimensions in this study.  

 

 

 (a) Plan view of prototype building (b) Elevation of moment frame selected for testing 

Figure 4-1 Prototype building and special steel moment frame selected for hybrid testing 

 

Table 4-1 summarizes the dimensions and plastic modulus of the reduced beam sections and the thickness 

of the doubler plates provided at panel zones of the prototype moment frame selected for testing. The 

design of the doubler plates was performed as part of this research. 
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Table 4-1 Summary of dimensions and plastic modulus of reduced beam sections and thickness of 

doubler plates provided at panel zones of prototype frame structure selected for testing 

Location 
Girder  
Section 

Dimensions and Plastic Modulus of RBS  Thickness of Doubler Plates 

a 
 [in.] 

b 
 [in.] 

c 
 [in.] 

ZRBS 
[in.3] 

Exterior 
Panel Zone 

Interior 
Panel Zone 

Roof  W21×93 6.28 18.17 1.88 144 1/4" 3/4" 

4th Floor W21×93 6.28 18.17 1.88 144 1/4" 3/4" 

3rd Floor W27×102 7.50 22.50 2.25 199 – 5/8" 

2nd Floor  W27×102 7.50 22.50 2.25 199 – 5/8" 

 

 

4.3.1 Design of Gravity-Force-Resisting System  

 

The design of the gravity-force-resisting system of the prototype building, not addressed in Lignos and 

Krawinkler (2012), was performed herein in consultation with practitioner engineers from the west coast 

of the U.S. The gravity framing system is typically designed to carry gravity loads only. The 

specifications of the design of the beams and columns of the gravity framing system are summarized in 

Table 4-2.  

Table 4-2 Summary of structural members of gravity frames of prototype building  

Structural Element Section 

Columns @ 1st and 2nd Story W12×79 

Columns @ 3rd and 4th Story W12×53 

Beams @ 2nd, 3rd, and 4th Floors W24×68 

Beams @ Roof  W24×55 

Joists @ 2nd, 3rd, and 4th Floors W18×35 

Joists @ Roof  W16×26 

 

 

The beams and columns of the gravity frames are typically connected through simple connections. The 

simple shear-tab connection detail is typically used in the west coast of the U.S. The symbol “●” in Figure 

4-1(a) indicates the location such type of connections. Figure 4-2 shows a typical shear-tab connection 

detail which was designed for the prototype building.  
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Figure 4-2 Typical shear-tab connection detail for gravity framing system of prototype building 

 

The design of the shear-tab connection was performed according to AISC Steel Construction Manual 

(AISC, 2010b) and the recommendation of Astaneh-Asl (Steel Tips, 2005). The following limit states 

were checked in the shear-tab connection: (a) shear yielding of shear-tab plate, (b) bolt bearing of shear-

tab plate and beam web, (c) fracture of net area of shear-tab plate, (d) bolt fracture, and (e) weld fracture. 

Yielding of shear-tab plate in shear was the controlling limit state.  

 

4.4 Reduced-Scale Hybrid Models   

 

4.4.1 Selection of Scale Factors for Hybrid Simulation  

 

This section discusses the selection of the independent scale factors for the three fundamental dimensions, 

namely, mass, length and time, used in the hybrid simulations. The other scale factors can be expressed in 

terms of these independent scale factors following principles of dimensional analysis.  

 

In hybrid simulation, if the physical sub-structure is scaled, the equations of motion can be solved for the 

prototype or the scaled model (Kumar et al., 1997). If the equations of motion are solved at the prototype 

scale, the displacement command vector sent to the model needs to be scaled down by the corresponding 

length scale factor and the associated force feedback vector scaled up by the force scale factor. However, 

if the equations of motion are solved for the scaled model, no scaling of displacements or forces need to 

be applied but the time of the ground motion needs to be scaled by the time scale factor. In both cases, the 
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different physical and numerical sub-structures can be scaled in size using different length scale factors 

(S) as long as the displacement command and force feedback vectors are scaled accordingly. Therefore, 

the displacement and force scale factors are of primary importance in hybrid simulation. 

  

For the two series of hybrid simulations conducted in this experimental program, the physical sub-

structures were scaled down in size by the length scale factor of S = 0.50 due to cost and space limitations 

of the testing facility. Although a different scale factor could be used for the numerical sub-structures, the 

same length scale factor of 0.50 was selected for all numerical sub-structures due to the scale and size 

effects of the rotational capacity of the beams and columns of moment frames (as it is later explained in 

Section 6.2.2). Since the gravity loads on the physical sub-structures are simulated with additional 

weights, the arbitrary mass and time scale factors of S2 = 0.25 and S1/2 = 0.707, respectively, can be 

chosen so as to provide a force scale factor of S2 = 0.25. Therefore, the time of the ground motion was 

scaled down by the time scale factor of S1/2 = 0.707.  

 

4.4.2 Scaling of Wide-Flange Sections 

 

The wide-flange sections for girders and columns of the moment and gravity frames of the prototype 

building presented in Figure 4-1(b) and Table 4-2, respectively, were scaled down in size as follows: the 

wide-flange sections for the girders and columns of the half-scaled moment and gravity frames were 

selected to match some relevant target section properties such as moment of inertia (Ix), cross-sectional 

area (A), plastic modulus (Zx) and compactness ratios (bf 2tf⁄  and h tw⁄ ). The compactness ratios (bf 2tf⁄  

and h tw⁄ ) are very influential parameters to model cyclic deterioration in strength and stiffness of 

commonly-used wide-flange sections (Lignos and Krawinkler, 2011). Table 4-3 and Table 4-4 present the 

selected wide-flange sections of the half-scale moment and gravity frame members, respectively. The 

difference between the section properties of the half-scale sections and corresponding target (scaled) 

values are also presented where a negative value indicates that the section property of the scaled section is 

below its target value.  
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Table 4-3 Wide-flange sections for girders and columns of half-scale moment frame  

Structural Member 
Original 
Section 

Scaled 
Section 

Difference in Section Property [%] 

Ix A Zx bf 2tf⁄  h tw⁄  

Girder @ 2nd & 3rd Floor W27×102 W14×26 8.3 2.5 5.4 -0.8 2.1 

Girder @ 4th Floor & Roof W21×93 W12×22 20.6 -5.1 6.1 4.6 29.4 

Column @ 1st & 2nd Story W24×117 W12×30 7.6 2.2 5.4 -1.6 6.6 

Column @ 3rd & 4th Story W24×76 W12×19 -1.0 -0.5 -1.2 -13.5 -5.7 

 

 

Table 4-4 Wide-flange sections for beams and columns of half-scale gravity frame 

Structural Member 
Original 
Section 

Scaled 
Section 

Difference in Section Property [%] 

Ix A Zx bf 2tf⁄  h tw⁄  

Beam @ 2nd, 3rd & 4th F. W24×68 W12×16 -9.9 -6.3 -9.2 -1.7 -5.0 

Beam @ Roof W24×55 W12×14 5.0 2.7 3.9 27.1 -0.5 

Column @ 1st & 2nd Story W12×79 W6×20 0.1 1.2 0.8 0.4 -9.7 

Column @ 3rd & 4th Story W12×53 W6×12 -16.8 -9.0 -14.8 -17.8 -23.1 

 

 

4.4.3 Scaling of RBS Moment Connections 

 

The RBS dimensions presented in Table 4-1 of the prototype moment frame were not simply scaled down 

by the length scale factor of 0.50. Instead, RBS moment connections were designed for the girders and 

columns shown in Table 4-3 of the half-scale moment frame as follows: while the upper limits of AISC 

(2010a) were selected for dimensions a and b, dimension c was calculated such as to match the target 

(scaled) value of the plastic modulus at center of the RBS (ZRBS). Subsequently, typical design checks 

were performed on the resulting half-scale RBS moment connection to verify compliance with 

codes/standards of practice. Such design checks include: (a) check that the maximum probable moment at 

the face of the column does not exceed the plastic moment of the girder based on expected yield stress, 

(b) girder shear strength check, (c) panel zone check, and (d) column-girder moment ratio check. Table 

4-5 summarizes the RBS dimensions and plastic modulus of the half-scale moment frame.  
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Table 4-5 Dimensions and plastic modulus of half-scale reduced beam sections 

 Section 
a 

[in.] 
b 

[in.] 
c 

[in.] 
ZRBS 
[in.3] 

Roof  W12×22 3.00 10.50 1.12 17.9 

4th Floor W12×22 3.00 10.50 1.12 17.9 

3rd Floor W14×26 3.75 11.25 0.32 25.3 

2nd Floor  W14×26 3.75 11.25 0.32 25.3 

 

 

4.4.4 Scaling of Shear-Tab Connections 

 

Figure 4-3 presents a typical shear-tab connection detail designed for the gravity framing system of the 

half-scale building. This shear-tab connection was designed for the scaled gravity loading demands and 

checked for the actual loading demands of the test specimen. Most of the dimensions of the half-scale 

shear-tab connection, such as thickness of the shear-tab plate, bolt spacing, bolt edge distance, size of 

fillet weld, and gap between beam and column, are one-half of the full-scale connection shown in Figure 

4-2. The bolts however, are not exactly half scale.  

 

Figure 4-3 Typical shear-tab connection detail for half-scale gravity frame 

 

4.4.5 Hybrid Model #1 (Moment Frame) 

 

Figure 4-4 shows a schematic representation of the moment frame hybrid model used in the first series of 

hybrid simulations. This model is referred to hereafter as Hybrid Model #1. As seen in Figure 4-4, the 

physical sub-structure includes exterior and interior one-and-one-half story columns, and one-and-one-
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half bay girders, and therefore, exterior and interior panel zones. The physical sub-structure was 

constructed so as to retain many of the features of the prototype structure including the composite floor 

slab. Details of the physical sub-structure are presented in Section 5.2. 

 

The numerical sub-structure, modeled in OpenSees, was coupled with the physical sub-structure through 

OpenFresco using a newly developed substructuring technique (Hashemi, 2013). In the substructuring 

technique, there is an overlapping domain between the physical and numerical sub-structures not shown 

in the schematic representation of Figure 4-4. In this hybrid model, a leaning column, which is not shown 

in Figure 4-4, was modeled to account for P-Delta effects. A detailed description of the numerical model, 

as well as the substructuring technique, is presented in Section 6.2 and Section 6.4, respectively.  

 

Figure 4-4 Schematic representation of Hybrid Model #1 

 

 

4.4.6 Hybrid Model #2 (Moment Frame + Gravity Frame) 

 

Figure 4-5 presents a schematic representation of the hybrid model used in the second series of hybrid 

simulations. This hybrid model is referred hereafter as Hybrid Model #2. It can be seen in Figure 4-5 that 

Hybrid Model #2 consists of a hybrid model of a gravity frame which is coupled in parallel via 

OpenFresco to a fully numerical model of the moment frame. To account for the actual ratio of number of 

moment to gravity frames in the direction of loading (2 moment frames and 3 gravity frames), the 

moment frame was encapsulated in a separate OpenSees script and treated as a second numerical sub-

structure via OpenFresco so that the force feedback vector returned from this numerical sub-structure to 
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the integration algorithm (located at the OpenSees script of the numerical sub-structure of the gravity 

frame) is modified by a factor of 2/3. 

  

The hybrid model of the gravity frame shown in Figure 4-5 was developed assuming that all wide-flange 

sections of the gravity columns are of the same size and oriented in the strong axis. Although the 

contribution of the gravity frames is a function of the orientation of the gravity columns, the hybrid 

simulations were conducted mainly to obtain experimental information on the response of the gravity 

frame physical subassembly rather than assessing the contribution of the gravity framing system. This 

experimental information is subsequently used to calibrate the numerical model of the gravity frames to 

assess their contribution on the collapse capacity of the building structure. 

 

A detailed description of the physical sub-structure of the gravity frame shown in Figure 4-5 is presented 

in Section 5.3. This test specimen is of similar overall dimensions as the physical sub-structure of the 

moment frame. The development of the numerical sub-structure for the gravity frame is presented in 

Section 6.3. Unlike Hybrid Model #1, a leaning column was not required in Hybrid Model #2 since the 

gravity frame was explicitly modeled.     

 

Figure 4-5 Schematic representation of Hybrid Model #2 

 

4.5 Ground Motion Selection and Testing Program 

 

An effort was made to find historical earthquake records whose response spectra match approximately the 

design response spectra of the prototype building with the potential to induce sidesway collapse of the 

moment frame without the use of large amplitude scale factors. In addition, only ground motions with 

short duration were considered for the hybrid simulations due to the following time constraint. A fixed 
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the displacement command vector to the physical sub-structure, load the specimen and to obtain the 

corresponding force feedback vector. This coupled with the constraint that the hybrid simulation needs to 

be carried out within the eight hours of daily operation of the laboratory, yield a limit on the number of 

communication steps and therefore a limit on the duration of the ground motion. For this reason, the 1989 

Loma Prieta earthquake recorded at Los Gatos Presentation Center (LGPC) was selected for the hybrid 

simulations. The duration of this ground motion is 25 seconds. However, before scaling down the ground 

motion by the time scale factor (S1/2 = 0.707) for similitude, the original LGPC ground motion was 

shortened in length from 25.0 to 21.5 sec. due to the aforementioned time constraints by eliminating the 

initial 3.0 and final 0.5 sec. of the ground motion where small amplitude motion is observed. On the other 

hand, frequencies above 20 Hz. were filtered out from the ground motion to help convergence of the 

numerical integration method. Several spikes were observed in the original ground motion record, which 

increased the number of iterations required for convergence, since such spikes in acceleration produce 

large unbalanced forces. Figure 4-6 presents the acceleration response spectrum for the original ground 

motion and the modified ground motion (shortened and filtered) as well as the design spectrum.  

 

Figure 4-6 Acceleration response spectrum of 1989 Loma Prieta ground motion recorded at Los 

Gatos Presentation Center station and design spectrum of prototype building 

 

The two hybrid models presented in Section 4.4.5 and Section 4.4.6 were subjected to increasing 

intensities of the LGPC ground motion shown in Table 4-6 to obtain information on the elastic response 
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response to the next test in both physical and numerical sub-structures. These intensities were chosen 

based on pre-test numerical predictions so that the frame structures respond elastically (25% LGPC), with 

moderate levels of yielding (100% LGPC), severe levels of yielding (160% LGPC), and to collapse 

(200% LGPC). Sidesway collapse was predicted and observed in the first series of hybrid simulations at 

200% of the LGPC. However, for the second series of hybrid simulation, collapse was prevented due to 

the addition of the gravity frames. 

  

The 100% LGPC ground motion represents a maximum considered earthquake (MCE) ground motion. A 

design level earthquake (60% LGPC) ground motion intensity was not included in the testing program 

due to the aforementioned time constraints and because it was predicted that this ground motion intensity 

induced only mild levels of yielding. Various preliminary tests were conducted with the physical sub-

structures prior to the two series of hybrid simulations to verify the hybrid simulation software and 

laboratory equipment and to identify the elastic properties of the physical test specimens. A detailed 

summary of all these preliminary tests is presented in Section 7. 

 

Table 4-6 Ground motion intensities used in testing protocol of hybrid simulations 

Intensity Test Description  

25% LGPC 
Elastic hybrid simulation at 25% of the unscaled LGPC earthquake 
record (Service Level Earthquake). 

100% LGPC 
Inelastic hybrid simulation at 100% of the unscaled LGPC 
earthquake record (Maxicum Considered Earthquake). 

160% LGPC 
Inelastic hybrid simulation at 160% of the unscaled LGPC 
earthquake record (Near Collapse Level Earthquake). 

200% LGPC 
Inelastic hybrid simulation at 200% of the unscaled LGPC 
earthquake record (Collapse Level Eartquake). 
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SECTION 5  

DESIGN AND CONSTRUCTION OF PHYSICAL SUB-STRUCTURES 

 

5.1 Overview 

 

This section presents a detailed description of the physical sub-structures selected for the two series of 

hybrid simulations briefly introduced in Section 4. As mentioned before, the physical sub-structures 

consisted of one and one-half bay by one and one-half story subassemblies of a moment and gravity 

frames. This section discusses the design, construction and instrumentation of the physical sub-structures 

as well as details of the experimental test setup used for the collapse hybrid simulations. At the end of this 

section, a gravity load analysis of the physical sub-structures is provided.  

 

5.2 Physical Sub-Structure #1: Subassembly of Special Steel Moment Frame 

 

5.2.1 Description 

 

A physical subassembly of a special steel moment frame was tested in the first series of hybrid 

simulations as briefly described in Section 4. Figure 5-1 presents an elevation and a cross section of the 

physical sub-structure referred to hereafter as Physical Sub-Structure #1 or Test Specimen #1. Although 

the moment frames are located around the perimeter of the prototype building, the composite floor slab of 

the physical model shown in Figure 5-1 was constructed at both sides of the girder to maintain symmetry 

and minimize any potential out-of-plane response of the test specimen. The composite floor slab was 

constructed such that the ribs of the metal deck were oriented parallel to the girder. 

 

The W8×10 floor beams or joists shown in Figure 5-1 were also included in the Physical Sub-Structure #1 

to support the weight of the concrete floor slab and steel plates used to simulated gravity loads on the test 

specimen. The HSS6×6×½ loading beam shown in Figure 5-1 was provided as part of the experimental 

test setup to transfer the loads from a horizontal actuator to the test specimen. This HSS6×6×½ loading 

beam is further described in the subsequent sections.  
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Figure 5-1 Physical Sub-Structure #1: subassembly of special steel moment frame  

 

 

Figure 5-2 and Figure 5-3 show details of the RBS moment connections at the east and west joints of the 

test specimen, respectively. As mentioned before, the RBS moment connections were detailed following 

the recommendation of the AISC 358-10 Standard (AISC, 2010a). The doubler plate provided at the west 

joint was attached to the web of the column through four 3/4"-diameter plug welds and welded around the 

perimeter, which consisted of 3/16" fillet welds at the top and bottom sides and groove welds at the lateral 

sides. The material of all wide-flange sections and steel plates (continuity plates, shear-tab plates, doubler 

plates, etc.) was A572 Grade 50 steel.  

 

A cross section of the composite floor slab is shown in Figure 5-4. Lightweight concrete with a specified 

concrete strength of 3000 psi at 28 days and a maximum aggregate size of ½" was used for the composite 

floor slab. A 20-gage type B steel deck manufactured by Vulcraft was selected. A standard 6×6-

W1.4×W1.4 welded wire mesh was placed over the entire area of the floor slab. Also, as seen in Figure 

5-1, #3 reinforcing bars spaced at 12 in. were provided across the W14×26 girder for crack control due to 

gravity loading. Shear studs with a diameter of 3/8" and a length of 2-½" were provided along the girder 

(at 6 in. on center) and floor beams (at each metal deck rib). A complete set of drawings of the test 

specimen is provided in Appendix A.     
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Figure 5-2 Details of RBS moment connection at east joint of Physical Sub-Structure #1 
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Figure 5-3 Details of RBS moment connections at the west joint of Physical Sub-Structure #1 

 

 

Figure 5-4 Cross section of composite floor slab of Physical Sub-Structure #1  
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5.2.2 Construction 

 

The physical specimen was fully fabricated at K&E Fabricating Co. Inc. and subsequently transported to 

the laboratory for testing. Figure 5-5(a) and Figure 5-5(b) show respectively a photograph of the physical 

specimen and connection details of the east joint during construction and prior to installation of the 

composite floor slab. It can be seen in Figure 5-5(a) that temporary bracing was provided to avoid 

undesired deformations of the test specimen during construction. The closure plate provided for pouring 

of concrete can be seen in Figure 5-5(a) and Figure 5-5(b). Details of the composite floor slab prior to 

pouring of concrete are shown in Figure 5-5(c) including metal deck, shear studs, welded wire mesh and 

reinforcing steel bars. It can be seen in this figure that the #3 reinforcing bars were welded to the shear 

studs to be held in place before pouring of concrete. The physical specimen was mounted on the strong 

floor of the testing facility and attached through the use of two 9'×5'×1½" base plates provided at the 

interface of the physical specimen and the strong floor as shown in Figure 5-5(d) for the west column. 

The base plates of the columns of the physical specimen were attached to the interface 9'×5'×1½" base 

plates as seen in the structural drawings provided in Appendix A. The interface base plates were anchored 

to the strong floor using ten 1½" anchor bolts per plate. One of these anchor bolts is detailed in Figure 

5-5(d). Base on conservative simple hand calculations, the 9'×5'×1½" base plates connected to the strong 

floor (selected based on available material in the laboratory) were verified to be sufficiently strong to 

allow for the development of the full plastic moment capacity of the columns of the special steel moment 

frame test specimen.  However, the 9'×5'×1½" base plates connected to the strong floor provided some 

flexibility at the base of the columns of the physical test specimen, which was subsequently measured 

using the instrumentation system presented in the next section. Experimental data on the flexibility at the 

base of the columns of the test specimen is presented afterward in Section 7.2.1. 
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(a) Overview of specimen at construction site (b) East joint of test specimen 

(c) Metal deck, WWM, shear studs and rebars (d) Interface 9'×5'×1½" plate at west column 

Figure 5-5 Selected photographs during construction and installation of Physical Sub-Structure #1 

 

A total of four steel coupons were tested for each structural component, namely, W12×30 column and 

W14×26 girder (two coupons from web and two from flange). Figure 5-6 presents stress-strain 

relationships for all steel coupons of the W12×30 column and W14×26 girder sections. Table 5-1 

summarizes the yield (Fy) and ultimate (Fu) stresses for each steel coupon. While the four steel coupons 

for the W14×26 girder exhibit approximately the same yield stress of 50 ksi, the steel coupons for the 

W12×30 section presents two distinct yield stress values for the web and flanges of 58 and 52 ksi, 

respectively. 
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Figure 5-6 Stress-strain relationships for the W14×26 girder and W12×30 column sections of 

Physical Sub-Structure #1 

 

Table 5-1 Material properties for steel coupons of Physical Sub-Structure #1 

Coupon # Location 
W14×26 Girder W12×60 Column 

Fy [ksi] Fu [ksi] Fy [ksi] Fu [ksi] 

1 Web 50.1 65.9 58.8 73.9 

2 Web 51.4 67.2 57.6 73.6 

3 Flange 48.4 67.9 52.1 71.0 

4  Flange 49.7 68.7 51.5 70.9 

 

 

Similarly, Table 5-2 summarizes the results of standard concrete cylinder tests. A total of four concrete 

cylinders were tested for the physical test specimen. The compressive strength values shown in Table 5-2 

are for individual tests. Two concrete cylinders were tested at 28 days and the remaining two on the day 

of the hybrid testing (at 70 days). It can be seen in Table 5-2 that the minimum specified concrete strength 

was not reached at 28 days. However, on the day of hybrid testing, the concrete strength reached an 

average value of approximately 3500 psi. All concrete cylinders were instrumented with 4 linear 

potentiometers as shown in Figure 5-7(a) to obtain stress-strain relationships for the material. However, 

reliable results were obtained only for 2 concrete cylinders. These results are presented in Figure 5-7(b) 

where maximum stress values are indicated. The modulus of elasticity of the concrete obtained from 

Figure 5-7(b) is approximately 2000 ksi. This measured value is comparatively smaller than the value 

predicted by ACI 318-08 (ACI, 2008) equal to 2566 ksi.                          
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Table 5-2 Compressive strength of standard cylinders for concrete slab of Physical Sub-Structure 

#1 

 Concrete Cylinder # 
Age of Concrete  
Cylinder [days] 

Compressive Strength  
[psi] 

1  28 2395 

2 28 2379 

3  70 3632 

4  70 3510 

 

 

(a) Standard cylinder test (b) Stress-strain relationship for selected concrete cylinders 

Figure 5-7 Stress-strain relationships for selected lightweight concrete cylinders of 

Physical Sub-Structure #1 

 
5.2.3 Instrumentation 

 

The instrumentation system of the test specimen was designed to measure key response parameters 

including bending moments, chord rotation of girders and columns at plastic-hinge regions, panel zone 

shear distortions and deformation of the west column base plate (3D deformation). A description of the 

instrumentation systems is provided below. 

 
5.2.3.1 Uniaxial Strain Gages 

 

A total of thirty nine uniaxial strain gages were strategically attached to the steel components of Physical 

Sub-Structure #1 as shown in Figure 5-8(a) to indirectly obtain the distribution of bending moments and 
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axial forces along girders and columns. The strain gages were grouped at different plane cross sections of 

girders and columns as shown in Figure 5-8(b). These groups were identified by one or two letters 

followed by a number, which denotes the steel member (EC: east column, WC: west column, or G: 

girder) and the location of the strain gage group along the member (cross section 1, 2 or 3), respectively. 

All these groups of strain gages were installed at regions of elastic response of steel components so that 

the stress distribution at a cross section could be derived from the engineering strain measurements using 

linear-elastic relationships from engineering mechanics principles. From the derived stress distribution at 

a cross section, bending moments and axial forces could then be obtained. However, due to the highly 

nonlinear response of the concrete at the composite floor slab, the derived bending moments and axial 

forces at girders sections were still of approximate nature.  

 

(a) Location of strain gages installed on Physical Sub-Structure #1 

 

(b) Location of strain gages at a girder and column cross section of Physical Sub-Structure #1 

Figure 5-8 Location of groups of uniaxial strain gages on Physical Sub-Structure #1  
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5.2.3.2 String and Linear Displacement Potentiometers 

 

Eighteen string displacement potentiometers (string pots) and four linear displacement potentiometers 

(linear pots) were installed on Physical Sub-Structure #1 as shown in Figure 5-9 to measure chord 

rotations at plastic-hinge regions of columns and girders and panel zone distortions, respectively. Chord 

rotations were measured over a chord length of 26" for columns and 30" for girders as shown in Figure 

5-9. A V-shaped arrangement of two linear pots was provided at each panel zone since the W8×10 joists, 

framing perpendicular to the panel zone, precluded the use of the classical X-shaped arrangement. Four 

additional string pots, not shown in Figure 5-9, were used to measure the out-of-plane response of the test 

specimen (one string pot was attached at each joint of the test specimen) and the relative displacement of 

the two horizontal actuators with respect to the ground floor (one string pot was placed at the head of each 

horizontal actuator). The string pots placed at the horizontal actuators helped synchronize the data from 

the different instrumentation systems.  

 

Figure 5-9 String and linear displacement potentiometers installed on Physical Sub-Structure #1 

  

5.2.3.3 Krypton Coordinate Tracking System 

 

A total of twenty-seven LEDs were attached at different locations around the east column of Physical 

Sub-Structure #1 as shown in Figure 5-10. The Krypton Coordinate Tracking System (or simply Krypton 

System) is a measuring device that tracks the three-dimensional position of infrared LEDs with a system 

of cameras. Due to limitations of the field of view of the camera system, LEDs could not be placed 
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around the entire physical test specimen. The arrangement of LEDs shown in Figure 5-10 permitted 

obtaining the following response parameters: chord rotations at the plastic-hinge regions of the west 

column and the girder near the west column, distortions of the east panel zone and rotation and vertical 

and horizontal displacement of the east column base plate. These response parameters were also obtained 

using the string and linear pots presented in the previous section. However, the chord rotations measured 

with the Krypton System were obtained over a chord length of approximately 18" for the top plastic-hinge 

region of the first-story column, 13" for the bottom plastic-hinge region of the first-story column, and 24" 

for the plastic-hinge region of the girder near the west column as shown in Figure 5-10, which were 

different from those of the arrangement of string pots.  

 

(a) Approximate location of LEDs at east col. (b) Photograph of east column with LEDs 

Figure 5-10 Physical Sub-Structure #1 instrumented with Krypton system  

 

A total of eight digital video cameras were used to document the progress of damage of the physical test 

specimen. The videos are available at the NEES central repository (nees.org/warehouse/welcome). 
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5.3 Physical Sub-Structure #2: Subassembly of Gravity Frame   

 

5.3.1 Description 

 

The physical sub-structure in the second series of hybrid simulations consisted of a gravity frame 

subassembly. Figure 5-11 presents an elevation and a cross section of the physical test model hereafter 

referred to as Physical Sub-Structure #2 or Test Specimen #2. It can be seen that the gravity frame 

subassembly shown in Figure 5-11 was constructed assuming that all columns of the three-bay gravity 

frames in the direction of loading had the same member size and were oriented in the strong axis. 

However, the exterior columns of these three-bay gravity frames were part of the moment frames in the 

orthogonal direction, as shown in the plan view of the prototype building in Figure 4-1. 

 

Figure 5-11 Physical Sub-Structure #2: subassembly of gravity frame  

  

Similar to the previous physical test specimen, the gravity frame test specimen was constructed with a 

composite floor slab (see Figure 5-4 for reference). Floor joists (W8×10) were included to support the 

weight of the concrete floor slab as well as the steel plates used to simulate gravity loads on the elevated 

floor of the test specimen. As mentioned earlier, the HSS6×6×½ loading beam shown in Figure 5-11 was 

provided as part of the experimental test setup to transfer the loads from a horizontal actuator to the test 

specimen. This HSS6×6×½ loading beam is further described in subsequent sections. 

 

Details of the shear-tab connection of the half-scale gravity frame physical subassembly are shown in 

Figure 5-12. As indicated before, dimensions of the connection, such as thickness of the shear-tab plate, 

bolt spacing, bolt edge distance, size of fillet weld, and gap distance between beam and column were 
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exactly half of those of the full-scale connection, except for the ½" bolts. A complete set of drawings is 

provided in Appendix B. 

 

Figure 5-12 Typical shear-tab connection detail for Physical Sub-Structure #2 

 

5.3.2 Construction 

 

Similar to the previous physical model, the gravity frame test specimen was entirely constructed at K&E 

Fabricating Co. Inc. and subsequently transported to the testing facility. Figure 5-13(a) shows a 

photograph of the metal deck of the test specimen near the east column before the pouring of concrete. 

The HSS6×6×½ loading beam shown in Figure 5-13(a) was welded to the column of the test specimen 

and connected to the composite floor slab using four threaded rods embedded in the concrete slab, as 

shown in Figure 5-13(a). Details of the connection of the HSS6×6×½ loading beam to the test specimen 

can be found in Appendix B (structural drawings S2.06 and S2.07). The threaded rods were placed at a 

distance of 12" from the centerline of the beam to avoid strengthening the simple connection. Liu and 

Astaneh-Asl (2000b) reported that additional reinforcement placed near a simple connection did not 

significantly increase the resistance of the test subassembly. To avoid cracking of the concrete slab of the 

test specimen (which was more slender than the previous physical model) during transportation to the 

laboratory, a temporary bracing system was provided as shown in Figure 5-13(b). The temporary framing 

system consisted of braces and struts underpinning the cantilever beam and joists. The bracing system 

was removed before placement of the test specimen on the strong floor. Figure 5-13(d) shows a 

photograph of the test specimen during installation on the strong floor. The test specimen was connected 

to the strong floor using two 9'×5'×1½" interface plates similar to the previous test specimen. Typical 

simple connection details (see Appendix B, structural drawing S2.09) were provided at the base of the 

columns of the gravity frame physical subassembly. Although these simple connections are commonly 
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assumed as pinned, such connections provide some level of flexibility at the base of the columns that was 

measured with the Krypton System. 

 

(a) HSS6×6×½ loading beam and threaded rods (b) Physical Sub-Structure #2 at NEES Site at UB 

 

(c) West joint of gravity frame test specimen  (d) Placement of Physical Sub-Structure #2 

Figure 5-13 Selected photographs during construction and installation of Physical Sub-Structure #2 

  

Except for the A36 steel 3/16" shear-tab plate used in the simple connections (see Figure 5-12), all wide-

flange sections and other plates are A572 Grade 50 steel. Similar to the previous test specimen, four steel 

coupons were tested for the W12×16 girder, W6×12 column and 3/16" shear-tab plate. Figure 5-14 

presents stress-strain relationships for the steel coupons. Table 5-3 summarizes the yield (Fy) and ultimate 

(Fu) stresses of all steel coupons. The values shown in Table 5-3 are for individual tests. The average 

yield stress values for the W12×16 and W6×20 coupons are 49 and 53 ksi, respectively. However, the 

engineering stress-strain relationship for the A36 steel plate does not present a well-defined yield stress 

point. Therefore, Table 5-3 reports the yield stress of the A36 steel plate at an offset strain of 0.2%. Four 

concrete cylinders were tested. Two concrete cylinders were tested at 28 days and the remaining 2 
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cylinders on the day of hybrid testing (at 52 days). Table 5-4 summarizes the results of the standard 

concrete cylinder tests. The compressive strength of cylinder #4 was not recorded due to a malfunction of 

the instrumentation equipment. Although all concrete cylinders were instrumented with 4 linear pots as 

mentioned before, no reliable data were obtained to plot strain-stress relationships for the material. 

 

 

 

 

 

Figure 5-14 Stress-strain relationships for W12×16 beam, W6×20 column and A36 shear-tab plate 

of Physical Sub-Structure #2    
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Table 5-3 Material properties for steel coupons of Physical Sub-Structure #2 

Coupon # Location 
W12×16 Beam W6×20 Column A36 Steel Plate 

Fy [ksi] Fu [ksi] Fy [ksi] Fu [ksi] Fy [ksi] Fu [ksi] 

1 Web 50.1 63.1 52.8 65.5 59.9 67.3 

2 Web 48.8 61.8 54.6 65.7 60.3 67.5 

3 Flange 47.6 61.6 52.4 65.2 – – 

4  Flange 48.4 61.9 53.0 65.1 – – 

 

 

Table 5-4 Compressive strength of standard cylinders for concrete of Physical Sub-Structure #2 

Concrete Cylinder # 
Age of Concrete  
Cylinder [days] 

Compressive Strength  
[psi] 

1  28 NA 

2 28 3270 

3  51 3672 

4  51 3757 

 

5.3.3 Instrumentation 

 

The instrumentation plan for Physical Sub-Structure #2 is similar to that of the previous test specimen. A 

brief description of the instrumentation, highlighting the differences with the instrumentation system of 

Physical Sub-Structure #1, is presented in the following sections. 

 

5.3.3.1 Uniaxial Strain Gages 

 

A total of forty-three uniaxial strain gages were employed in the second series of hybrid simulations. 

Thirty nine of them were attached to the test specimen similar to the previous test specimen. Figure 5-15 

shows the strain gages on the Physical Sub-Structure #2. Bending moments and axial forces were 

obtained with the measurements of the strain gages as explained earlier in Section 5.2.3.1. 

  

The remaining four strain gages were placed on a vertical link member which was part of the 

experimental test setup (described later in Section 5.4). The vertical link member was provided to 

underpin the girder in cantilever. Axial forces on this vertical link member were obtained using the strain 

gage measurements. These axial forces were subsequently used to derive bending moments along the 

girder in cantilever. The vertical link member was not instrumented for the first series of hybrid 

simulations.   
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(a) Location of strain gages installed on Physical Sub-Structure #2 

(b) Location of strain gages at a beam and column cross section of Physical Sub-Structure #2 

Figure 5-15 Location of groups of uniaxial strain gages on Physical Sub-Structure #2 

 

5.3.3.2 String and Linear Displacement Potentiometers 

 

Eighteen string pots and six linear pots were installed on Physical Sub-Structure #2 as shown in Figure 

5-9 to measure chord rotations at plastic-hinge regions within a chord length of 26" for columns and 30" 

for beams. Unlike the previous test specimen where the linear pots were used to obtain panel zone 

distortions, the aforementioned six linear pots were employed to obtain rotations of the three shear-tab 

connections (2 linear pots per connection).  
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Figure 5-16 String and linear displacement potentiometers installed on Physical Sub-Structure #2  

 

Four additional string pots, not shown in Figure 5-9, were used to measure the out-of-plane response of 

the test specimen (one string pot was attached at each joint of the test specimen) and the relative 

displacement of the two horizontal actuators with respect to the ground floor (one string pot was placed at 

the head of each horizontal actuator).   

 

5.3.3.3 Krypton Coordinate Tracking System 

 

A total of 25 LEDs were attached around the east column of Physical Sub-Structure #2 to obtain chord 

rotations of columns at plastic-hinge regions, rotations of shear-tab connections, and displacement and 

rotation of the east column base plate. Note that the column chord rotations were measured over a length 

of approximately 12", which is different from the chord lengths measured by the string pots. LEDs could 

not be attached at the corners of a potential panel zone, given its small dimensions. However, 2 LEDs 

were placed at the free edge of the flanges near the corner of the panel zone.   

 

A total of eight digital video cameras were used to document the progress of damage of the physical test 

specimen. The videos are available at the NEES central repository (nees.org/warehouse/welcome). 
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(a) Approximate location of LEDs at east col. (b) Photograph of east column with LEDs 

Figure 5-17 Physical Sub-Structure #2 instrumented with Krypton system 

 

5.4 Experimental Test Setup for Hybrid Simulation  

 

The experimental test setup was designed to permit the application of lateral (seismic) as well as vertical 

(gravity) forces on the test specimens. Figure 5-18(a) and Figure 5-18(b) show an elevation and cross 

section, respectively, of the experimental test setup. Photographs of different views of the experimental 

test setup are shown in Figure 5-19. As mentioned earlier, the test specimens were anchored to the strong 

floor through two interface 9'×5'×1½" base plates. The end of the cantilever girder of the test specimen 

was supported (underpinned) with a vertical link member. A supporting frame surrounds the test 

specimens and provided out-of-plane support. The different elements of the supporting frame were 

connected through clevises so that the supporting frame sways and guides the test specimen in the 

direction of loading, as seen in Figure 5-18(c), providing minimal lateral resistance to the test specimen.   

  

The two horizontal actuators shown in Figure 5-18 controlled the horizontal DOFs at the first and mid-

second stories of the test specimens. The HSS6×6×½ loading beam shown in Figure 5-18 and Figure 5-19 

was utilized to transfer the lateral forces from the bottom horizontal actuator to the test specimens. Details 

of the connection of the HSS6×6×½ loading beam to the test specimens can be found in Appendix A and 

Appendix B of this report. The horizontal DOFs at the top of the columns of the physical sub-structures 
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were coupled with a horizontal link member as seen in Figure 5-18(a). Two vertical force-controlled 

actuators imposed axial forces on the columns of the test specimen due to gravity loads of the stories 

above as well as earthquake-induced force variations from overturning forces. A reaction frame for these 

vertical actuators was mounted on the support frame. The gravity load at the elevated floor of the test 

specimens was simulated using steel plates of 8.5 kips of weight. While two steel plates were placed on 

the moment frame physical specimen as seen in Figure 5-19(b), four plates were used for the gravity 

frame physical specimen as seen in Figure 5-19(c), since the gravity load tributary area for a gravity 

frame is twice that of a moment frame, as can be seen in the plan view of the building structure in Figure 

4-1(a). The reaction frame for the vertical actuators and the horizontal link member were connected 

through a vertical guide connection consisting of a steel pipe sliding inside another to uncouple the 

vertical connection and thus provide only horizontal connection.     

 

Figure 5-18 Experimental test setup for collapse hybrid simulation  
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(a) Panoramic south view of experimental test setup and Physical Sub-Structure #2 

 

(b) North-east view of test setup and  
Physical Sub-Structure #1 

(c) West-north view of test setup and  
Physical Sub-Structure #2 

Figure 5-19 Photographs of experimental test setup for collapse hybrid simulation  
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Figure 5-20 shows additional details of the experimental test setup. Figure 5-20(a) shows a roller that was 

provided at the interface of the physical specimens with each one of the four long columns of the 

supporting frame to minimize friction during lateral loading. The supporting frame with the four rollers 

provided out-of-plane support to the physical specimens. However, it did not restrain the girder of the 

Physical Sub-Structure #1 for lateral-torsion bucking, as is discussed later in Section 7. Figure 5-20(b) 

shows the clevis provided between the girder in cantilever of the test specimens and the vertical link 

member.  

 

(a) Roller between supporting frame and  
test specimens 

(b) Clevis between test specimens and vertical  
link member 

Figure 5-20 Selected photographs of experimental test setup for collapse hybrid simulation  

 

In the experimental test setup shown in Figure 5-18 and Figure 5-19, the degrees of freedom (DOFs) of 

the physical sub-structures at the interface with the numerical sub-structures (boundary DOFs) were 

simplified. For instance, the rotational DOFs at the top of the columns and at the end of the cantilever 

girder of the physical sub-structures were not controlled. Also, the vertical DOF at the end of the 

cantilever girder was constrained with the vertical link member. Hybrid simulation with these simplified 

boundary conditions were addressed in the substructuring technique developed for multi-story frame 

structures. This substructuring technique is described in detail in Section 6.4.  

 

5.5 Gravity Load Analysis of Physical Sub-Structures 

 

Prior to conducting the series of hybrid simulations with the physical model of the gravity frame 

(Physical Sub-Structure #2), it was necessary to verify that the shear-tab connections of the test specimen 

were subjected to realistic values of shear forces and rotation demands induced by gravity loading since 
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the seismic behavior of these simple connections are significantly influenced by these two response 

parameters (see Astaneh-Asl et al., 1989, and Liu and Astaneh-Asl, 2000b). To this end, two simple 

elastic models were prepared in SAP2000 (CSI, 2012) including: (a) a reference model of the entire 

gravity frame subjected to the assumed gravity loads (DL = 90 psf and 25% LL = 25×50 psf), which 

served as the assumed realistic condition, and (b) a model of Physical Sub-Structure #2 including the 

horizontal and vertical link members which were subjected to the actual gravity loading conditions of the 

test specimen in the laboratory (four steel plates of 8.5 kips). The flexibility of the simple connections 

was modeled using linear elastic rotational spring elements with an elastic stiffness of 35000 kip-in/rad. 

This value was obtained following the recommendations of Liu and Astaneh-Asl (2000b, 2004). Table 

5-5 compares the shear force and bending moment diagrams of these two simple models. Bending 

moment diagrams were included to calculate the rotation demands of the shear-tab connections. It can be 

seen that the shear-tab connections of the model of Physical Sub-Structure #2 are subjected to shear 

forces that are, at most, 25% larger than those of the complete gravity frame, which was assumed to be 

the realistic case. The rotation demands (calculated by dividing the bending moments by the spring elastic 

stiffness of 35,000 kip-in/rad.) of the left and right shear-tab connections of the full span of the Physical 

Sub-Structure #2 are 15% and 5% larger than those of the realistic case, respectively. However, the shear-

tab connection of the half span is approximately 55% smaller than the assumed realistic value. The lack of 

rotation demand on this shear-tab connection was compensated similar to Liu and Astaneh-Asl (2000b) 

by providing a vertical link member 0.25" shorter so as to lower the tip of the cantilever girder enough to 

compensate for the absent rotation.  

 

Although the influence of these two response parameters (shear force and rotation demand) on the seismic 

response of moment-resisting connections is less critical, the same comparison is provided in Table 5-6 

for the physical model of the moment frame (Physical Sub-Structure #1) for the sake of completeness. 

The shear forces and rotation demands on the moment connections of Physical Sub-Structure #1 are on 

average 40% and 25% larger, respectively, than those of the referential model.  
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Table 5-5  Comparison of bending-moment and shear-force diagrams for complete gravity frame 

model and Physical Sub-Structure #2 model subjected to gravity loads 

a) Complete Gravity Frame b) Physical Sub-Structure #2 

a.1) SAP2000 Model and Gravity Loading b.1) SAP2000 Model and Gravity Loading 

 

a.2) Shear Force Diagram  b.2) Shear Force Diagram 

a.3) Bending Moment Diagram b.3) Bending Moment Diagram 
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Table 5-6 Comparison of bending-moment and shear-force diagrams for complete moment frame 

model and Physical Sub-Structure #1 subjected to gravity loads 

a) Complete Moment Frame b) Physical Sub-Structure #1 

a.1) SAP2000 Model and Gravity Loading b.1) SAP2000 Model and Gravity Loading 

a.2) Shear Force Diagram  b.2) Shear Force Diagram 

 

a.3) Bending Moment Diagram b.3) Bending Moment Diagram 
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SECTION 6  

NUMERICAL SUB-STRUCTURES AND SUBSTRUCTURING 

TECHNIQUE 

 

6.1 Overview 

 

This section presents a detailed description of the numerical models and substructuring technique used in 

the series of hybrid simulations. Section 6.2 and Section 6.3 describe the numerical models of the moment 

and gravity frames, respectively. A study conducted to improve the stability of the hybrid simulations is 

included in Section 6.2. Finite element studies of shear-tab connections are presented in Section 6.3. 

Section 6.4 presents the substructuring technique used to partition the frame structures into physical and 

numerical sub-structures as described in Section 4. An extensive evaluation of the substructuring 

technique is provided in Section 6.4. The selection of the integration method, time steps and number of 

iterations for the two series of hybrid simulations is discussed in Section 6.6. Finally, a description of the 

procedure followed to apply gravity loads on the hybrid models is presented in Section 6.7.  

 

6.2 Numerical Model of Special Steel Moment Frame   

 

6.2.1 General Description of Numerical Model 

 

Figure 6-1 illustrates the two-dimensional OpenSees model of the moment-resisting frame. A 

concentrated plasticity approach was adopted herein to reproduce the inelastic behavior of the frame 

structure. The flexural response of girders and columns of the moment frame was modeled using two 

rotational springs (zero-length elements in OpenSees) attached at both ends of an elastic beam-column 

element as seen in Figure 6-1. A phenomenological hysteretic model was assigned to the rotational 

springs to reproduce the inelastic flexural response of girders and columns. Such an ensemble of elements 

in series is known as the one-component model (Giberson, 1967). 

 

The rotational springs (zero-length elements) of the one-component model have a finite initial elastic 

stiffness in OpenSees, unlike the rigid-plastic rotational springs used in other structural analysis software 

(e.g., SAP2000). Similar to Ibarra and Krawinkler (2005), the elastic stiffness of these rotational springs 

is selected to be n times the rotational stiffness of the beam-column element located in between the 
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rotational springs. Therefore, the elastic stiffness of such elastic beam-column element needs to be 

increased by n + 1 so that the rotational stiffness at the ends of the one-component model produces the 

same stiffness of the original elastic element. The value of n = 10 used in previous studies (e.g., Ibarra 

and Krawinkler, 2005, Medina, 2002) was preliminarily selected for the OpenSees model. Afterward, this 

value was refined based on studies presented in Section 6.2.5.  

 

Figure 6-1 Schematic representation of OpenSees model of moment-resisting frame 

 

Inherent damping in the frame structure was modeled using the Rayleigh damping model with 

modifications proposed by Zareian and Medina (2010). A damping ratio of 2.0% was anchored at the first 

two natural frequencies. In this modified version, the stiffness-proportional component of the damping 

matrix was assembled only from elastic elements (such as elastic beam-column elements, truss elements, 

etc.). Consequently, zero stiffness-proportional damping was assigned to all inelastic elements (such as 

zero-length elements at girders, columns, panel zones, etc.). Therefore, the stiffness-proportional damping 

multiplier was increased to compensate for the contribution of the nonlinear elements to the damping 

matrix. This approach was suggested to overcome some of the limitations of the classical Rayleigh 

damping model associated with unrealistic damping forces when used with the one-component model 

described above. Zareian and Medina found that such unrealistic damping forces have a significant 

influence on the collapse capacity of a system. A discussion about modeling of damping in nonlinear 

structures can be found in Ray et al. (2013). 
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The panel zones were explicitly modeled following the recommendations of the FEMA 355F report 

(FEMA, 2000) as shown in Figure 6-2. The inelastic behavior of the panel zone was captured using a tri-

linear hysteretic model assigned to the rotational spring (zero-length element) located at the upper-left 

corner of the panel zone. The rigid links shown in Figure 6-2 consisted of elastic beam-column elements 

with a moment of inertia (Ix) and cross-sectional area (A) of the second-floor girder section, both 

amplified by a factor of 1000 (stiffness multiplier). 

 

Figure 6-2 Schematic representation of panel zone model in OpenSees 

 

Geometric nonlinearities were captured using the corotational transformation in OpenSees. Afterwards, 

the P-Delta transformation was selected given that its simple formulation provides improvements in the 

stability of the simulation (see Section 6.2.5). A leaning column was included in the absence of the 

gravity framing system to account for P-Delta effects of the gravity loads acting on such frames. As 

shown in Figure 6-1, the leaning column was connected to the moment frame through truss elements, 

which have a cross-sectional area equal to that of the first-story column section amplified by 1000 

(stiffness multiplier). The aforementioned modeling assumptions have been widely adopted in the past 

and implemented in other structural analysis software such as DRAIN-2D (Prakash et al., 1994, Kanaan 

and Powell, 1973) and IDARC (Reinhorn et al., 2009). 

 

The seismic weight of the prototype as well as the half-scale frame structure is summarized in Table 6-1. 

Since only one out of the two moment frames is modeled, only half of the seismic weight of the building 

structure is listed in Table 6-1. The seismic weights were scaled down by the weight scale factor of 0.502 

= 0.25. The gravity loading of the prototype building consisted of a dead load of 90 psf and 25% of the 

code-specified live load of 50 psf, both uniformly distributed on the full floor area. 
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Table 6-1 Seismic weight of prototype and half-scale moment frame structures 

Level 
Seismic Weight of  

Prototype [kip] 
Seismic Weight of  

Half-Scale Model [kip] 

Roof 1181 295 

4th Floor 1054 264 

3rd Floor 1054 264 

2nd Floor 1064 264 

Total 4349 1086 

 

 

6.2.2 Modified Ibarra-Medina-Krawinkler (IMK) Model  

 

The one-dimensional hysteretic model developed by Ibarra et al. (2005) and subsequently modified by 

Lignos and Krawinkler (2011, 2012) was used to simulate the inelastic flexural response of girders and 

columns of the moment frame. This model, hereafter referred as the modified-IMK model, is capable of 

simulating the basic modes of strength and stiffness deterioration observed in steel members. Figure 

6-3(a) shows the parameters which characterize the backbone curve of the modified-IMK model 

including i) three strength parameters: effective yield moment (My), capping moment strength (Mc) and 

the residual moment (Mr) (defined by the κ factor), and ii) four deformation parameters: yield rotation 

(θy) (defined by the elastic stiffness, Ke), pre-capping plastic rotation (θp), post-capping plastic rotation 

(θpc) and ultimate rotation capacity (θu). A reference cumulative rotational capacity (Λ) defines the rate of 

cyclic deterioration illustrated in Figure 6-3(b).  

 

Figure 6-3 Modified-IMK model: (a) monotonic curve, (b) basic modes of cyclic deterioration and 

associated definitions (Lignos and Krawinkler, 2011) 
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The parameters of the modified-IMK model were calibrated by Lignos and Krawinkler (2011, 2012) 

using an extensive database of structural steel components (available from the following link: dimitrios-

lignos.research.mcgill.ca/databases/). As a result of such calibration studies, regression equations were 

provided to estimate the pre- and post-capping plastic rotations and the reference cumulative rotation 

capacity (Λ) of beams with RBS and beams-other-than-RBS. Table 6-2 and Table 6-3 summarize these 

parameters for the girder and column sections of the prototype and half-scale moment frame, respectively. 

Although the regression equations were calibrated for beams, these equations provide the best estimates 

for columns until more experimental data become available (Lignos and Krawinkler, 2012). The yield 

moment strength was increased to an effective value to account for, on average, the effect of isotropic 

hardening. This was done because the modified IMK model is not able to simulate the effect of cyclic 

hardening on the hysteretic response of a steel component. Therefore, the predicted yield strength 

(defined as the plastic section modulus times the measured yield strength obtained from coupon testing) 

of girders and columns was increased by the 1.06 and 1.17 factors, respectively, as recommended in 

Lignos and Krawinkler (2011). The modified-IMK model, as currently implemented in OpenSees, does 

not account for axial force-bending moment (P-M) interaction. The use of this one-dimensional hysteretic 

model to simulate the response of the columns represents a reasonable assumption for low-rise structures 

where the level of column axial forces is low. This has been validated through collapse simulations of 

recent small and full-scale collapse tests (see Lignos et al., 2011a, Suita et al., 2008, and Lignos et al., 

2013). 

 

Table 6-2 Modeling parameters for sections of prototype moment-resisting frame 

Structural Member 
Original 
Section 

θp 

[rad.] 

θpc 

[rad.] 
Λ 

Girder @ 2nd & 3rd Floor W27×102 0.023 0.183 1.043 

Girder @ 4th Floor & Roof W21×93 0.032 0.280 1.860 

Column @ 1st Story W24×117 0.021 0.135 1.091 

Column @ 2nd Story W24×117 0.019 0.135 1.091 

Column @ 3rd & 4th Story W24×76 0.019 0.133 0.874 

 

A comparison of the plastic rotation capacities presented in Table 6-2 and Table 6-3 indicates that, 

although non-dimensional magnitudes, the rotational capacity of girders and columns of the half-scale 

moment frame are larger than those of the prototype for most cases. This is attributed to the smaller h tw⁄  

slenderness ratios of the W14×26 and W12×30 sections compared to the W24 sections that are used as 

part of the design of the prototype building.  
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Table 6-3 Modeling parameters for sections of half-scale moment-resisting frame 

Structural Member 
Scaled 
Section 

θp 

[rad.] 

θpc 

[rad.] 
Λ 

Girder @ 2nd & 3rd Floor W14×26 0.038 0.183 1.025 

Girder @ 4th Floor & Roof W12×22 0.043 0.234 1.325 

Column @ 1st Story W12×30 0.033 0.153 0.977 

Column @ 2nd Story W12×30 0.030 0.153 0.977 

Column @ 3rd & 4th Story W12×19 0.030 0.179 0.996 

 

 

6.2.3 Effects of Composite Floor Slab 

 

Previous studies have shown that the composite action of the floor slab has a significant influence on the 

seismic behavior of moment frame structures (Lee and Lu, 1989, Leon et al., 1998). Some of the effects 

of the composite floor slab were accounted for in the OpenSees model as described below. 

 

6.2.3.1 Girder Stiffness 

 

Experimental studies have confirmed that the composite action of the floor slab increases the elastic 

stiffness of composite girders. Lee (1987) reported that the experimental elastic stiffness under negative 

moment of two composite beams was 13.6% and 10.3% higher than the theoretical values calculated for 

the composite section. However, under positive moment, the experimental stiffness reached values of 

74% and 85% of the theoretical stiffness for the composite section (or 106% and 135% of the theoretical 

stiffness calculated for the bare steel section). Also, Nam and Kasai (2012) found experimentally that the 

ratio of moment of inertia of composite beam to that of bare steel beam varied from 2.0 to 3.0 for the 

collapse test at E-Defense (Suita et al., 2008). 

  

In view of this, the flexural elastic stiffness of the girder of the half-scale moment frame OpenSees is 

increased to account for composite action. The theoretical moment of inertia under positive and negative 

bending for the composite W14×26 girder is 235% and 147% higher than the moment of inertia of the 

bare steel girder. However, since experimental data (Lee, 1987) suggests smaller increments of 135% 

under positive bending and, given that such elastic stiffness deteriorates near the joint upon cyclic 

loading, the flexural elastic stiffness of the one-component model for the girders in OpenSees was 

modified by increasing the moment of inertial (Ix) by a factor of 1.20 to account for composite action. 
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6.2.3.2 Girder Plastic Hinges 

Some of the modeling parameters of the modified-IMK model were modified following the 

recommendation of Lignos et al. (2011b) to account for the effects of composite action of the floor slab as 

shown in Table 6-4.  

 

Table 6-4 Modeling parameters for composite girders of half-scale moment-resisting frame 

Scaled  
Section 

My
	+	= 

1.25My
	bare

 [kip-in.] 

My
	–	= 

1.15My
	bare 

 [kip-in.] 

θp
+ = 

2.0 θp
 bare 

[rad.] 

θp
– = 

0.9 θp
 bare 

[rad.] 

θpc
+ = 

1.5 θp
 bare 

[rad.] 

θpc
– 	= 

1.0 θp
 bare 

[rad.] 

D+ D	– 

W14×26 1678.7 1544.4 0.0756 0.0340 0.2742 0.1828 0.85 1.00 

W12×22 1192.2 1096.8 0.0862 0.0388 0.3509 0.2339 0.85 1.00 

 

Such recommendations were based on a series of observations made on experimental data of steel 

composite beam-to-column subassemblies. The “bare” superscript used in Table 6-4 denotes the modeling 

parameters of the bare steel section previously presented in Table 6-3. It can be seen that the yield 

moment is increased for positive and negative bending. Also, the rotational capacity parameters (θp, θpc) 

are also modified. The asymmetric hysteretic response of the composite girder is simulated with the 

parameter D that defines the decrease in rate of cyclic deterioration under positive or negative moment. 

For a bare steel section, the value of D is 1.0. Figure 6-4 illustrates the moment-rotation relationships of 

the modified-IMK model for the bare and composite W27×102 and W21×93 girder sections.  

 

Figure 6-4 Moment-rotation relationships for bare and composite half-scale reduced beam sections 

obtained with modified-IMK model 
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6.2.3.3 Response of Panel Zones 

Experimental studies have shown that the composite floor slab increases the stiffness and strength of 

panel zones due to the enlargement of the panel zone dimensions (Lee and Lu, 1989). However, only 

limited experimental data of panel zones is available to refine the analytical models used to capture the 

cyclic behavior (Kim and Engelhardt, 2002). For this reason and for simplicity, the panel zones were not 

modified to account for slab effects. 

 

Finally, a rigid diaphragm effect produced by the floor slab was also accounted for by assigning a rigid 

diaphragm to each floor level. 

 

6.2.4 Comparison of Numerical Models of Prototype and Half-Scale Moment Frame   

 

Since the plastic rotation of girders and columns of the half-scale moment frame are larger than that of the 

prototype (see Section 6.2.2), this section presents a comparison of the global response of the OpenSees 

model of the prototype and half-scale moment frame. To provide unbiased comparisons, the yield stress 

for all steel members was set to 50 ksi in both OpenSees models instead of using the available measured 

values presented in Section 4.  

  

Table 6-5 presents the first four natural periods of the prototype and half-scale model of the moment 

frame. The natural periods of the half-scale model are compared with corresponding target scaled values 

which are defined and shown in Table 6-5. The natural periods of the half-scale OpenSees model are 

smaller than the target scaled values. This observation is consistent with the differences observed in the 

moment of inertia of the half-scale and original wide-flanged sections presented in Table 4-3 where the 

positive values indicate that the moment of inertia of the half-scale sections is greater than the target 

scaled values. In all cases, the differences in period are below 6%. 

 

Table 6-5 Comparison of natural periods of OpenSees model of prototype and half-scale structures 

Mode 

Natural Period of 
Prototype Frame 

Natural Period of 
Scaled Frame 

Target Scaled 
Period 

Period  
Difference 

Tn
	p 

[sec.] 
Tn

m 
[sec.] 

Tn
t=√0.5 Tn

p 
[sec.] 

100×
|Tn

	s	-	Tn
t |

Tn
	t % 

1 0.996 0.673 0.704 4.4 

2 0.318 0.212 0.225 5.7 

3 0.155 0.105 0.110 4.2 

4 0.092 0.062 0.065 4.7 
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Figure 6-5 presents pushover curves for the prototype and half-scale OpenSees model of the moment 

frame. A code-based inverse-triangular lateral force distribution was used for the pushover analysis. The 

term roof drift ratio in Figure 6-5 (and Figure 6-6) is defined as the lateral displacement at the roof level 

divided by the roof height. The lateral forces were normalized by the corresponding seismic weight of the 

steel moment frame. Normalization of lateral displacements and forces in Figure 6-5 permits a direct 

comparison of the two pushover plots. Although the peak normalized lateral strength of both OpenSees 

models are similar as expected, plastic deformation capacity of the half-scale model is higher than that of 

the prototype as predicted by the nonlinear static analysis. Since the dimensions of the RBS of the half-

scale moment frame were scaled down to match exactly the target scaled plastic modulus of the prototype 

RBS connection (and therefore the target yield strength of the RBS moment connection), a reasonably 

good comparison of the peak lateral strength is observed. The larger deformation capacity of the half-

scale model is a result of the aforementioned differences in rotation capacity of girders and columns of 

the prototype and half-scale model. 

 

Figure 6-5 Comparison of pushover curves of OpenSees model of prototype and half-scale moment-

resisting frames  

  

Figure 6-6 compares the dynamic response of the prototype and half-scale OpenSees models subjected 

sequentially to increasing intensities of the LGPC ground motion, namely, 25%, 100%, 160%, and 200%, 

which are the same intensity levels used for the two series of hybrid simulations conducted in the 

experimental program. In order to compare the response history of the two OpenSees models in the same 
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plot, two different axes are provided for the time of the prototype and half-scale model. These two axes 

are related by the time scale factor of 0.707 selected in Section 4.4.1. Some observations can be made 

with respect to the results presented in Figure 6-6. 

 

• The comparison of the elastic response of the two OpenSees models shown in Figure 6-6(a) 

shows a significant difference in the amplitude of the motion after the first oscillations. The 

different periods of vibration, previously shown by the eigenvalue analysis, are also observed in 

Figure 6-6(a). 

• The response of the two OpenSees models under moderate and severe levels of yielding shown in 

Figure 6-6(b) and Figure 6-6(c), respectively, shows a better comparison. This could be attributed 

to the fact the yielding capacity of the half-scale OpenSees model matches very closely its target 

scaled value. However, a noticeable difference in residual drifts is observed at the end of the 

160% ground motion, as shown in Figure 6-6(c).    

• Although the last analysis cases started with different residual drifts, both OpenSees models 

presented similar roof drift response at collapse, as shown in Figure 6-6(d).  

 

In summary, the global response of the OpenSees model of the half-scale frame structure compares very 

well with that of the prototype. The pushover analysis demonstrated a slightly larger deformation capacity 

than the half-scale model. However, the dynamic response of both OpenSees models was very similar 

when subjected to the same ground motion intensities used for the two series of hybrid simulations, as 

shown in Table 4-6. The largest differences were observed for the elastic response.  
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(a) Comparison of Roof Drift Ratio Response for 25% LGPC 

(b) Comparison of Roof Drift Ratio Response for 100% LGPC 

(c) Comparison of Roof Drift Ratio Response for 160% LGPC 

(d) Comparison of Roof Drift Ratio Response for 200% LGPC 

Figure 6-6 Comparison of dynamic response of OpenSees model of prototype and half-scale 

moment-resisting frame subjected to increasing intensities of the LGPC ground motion 
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6.2.5 Evaluation of Robustness of the Numerical Model 

 

Through a series of response history analyses carried out using the INM-HS algorithm (described in 

Section 3.2.2) to integrate the equations of motion of the OpenSees model, stability problems were 

frequently encountered due to the complexity of the analytical model, the high levels of nonlinear 

response, and the use of large time steps which are typically preferred in hybrid simulation. Upon further 

investigation, it was noticed that an analysis became unstable whenever spikes in the values of 

unbalanced forces were observed. Similar observations were reported by Hashemi (2013). Therefore, this 

section investigates some modifications made to the OpenSees model which could potentially lead to 

reductions in the magnitude of such unbalanced forces and consequently improve the stability of the 

analysis and robustness of the OpenSees model.  

 

The modifications included softening the elastic stiffness of rigid links in the panel zones and leaning 

column. The stiffness multiplier used for the elastic beam-column and truss elements was reduced from 

1000 to 100. Also, the elastic stiffness of the rotational springs (zero-length elements) at columns and 

girders, which is defined by the parameter n, was softened using a value of n = 1 instead of n = 10. 

Another modification to the model is the use of the HHT integration method with algorithmic damping 

modified for hybrid simulation available in OpenFresco as the HHT-HS integration method. The HHT 

integration method is known to improve the stability of the simulation and eliminate spurious high-

frequency vibrations. Also, the use of the P-Delta instead of the corotational formulation was 

investigated. All these changes were implemented in six OpenSees models which are summarized in 

Table 6-6. All OpenSees models in Table 6-6 were subjected to 200% of the LGPC ground motion, which 

resulted in a highly nonlinear response of the frame structure. 

 

Figure 6-7 presents the maximum norm of the unbalanced force vector recorded for the different 

OpenSees models using several time steps and number of iterations for the integration methods. The 

vertical axis used for the unbalanced forces is in logarithmic scale. Each data point in Figure 6-7 

corresponds to an analysis case. The data points circled in back indicate that the analysis became unstable. 

The time step and number of iterations used in each analysis is indicated next to the data point where Δt is 

the scaled time step of the ground motion equal to 0.0035 sec. (0.51/2×0.005 sec.).  
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Table 6-6 Summary of different OpenSees models used in robustness studies 

Model # Model Description 

1 Original model as described in Section 6.2.1 through Section 6.2.3.  

2 

The following changes were made to the original model (Model #1): 
(a) The stiffness muliplier for rigid links in panel zones was changed from 1000 to 100. 
(b) The stiffness multiplier for rigid links connecting the momenr frame to the 
      leaning column was changed from 1000 to 100. 

3 
In addition to the changes made in Model #2, the HHT-HS integration method with alg
orithmic damping modified for hybrid simulation was selected instead of the INM-HS i
ntegration method used in all previous models.  

4 
In addition to the changes made in Model #3, the elastic stiffness of the zero-length 
elements (rotational springs) was softened using a value of n = 1 instead of n = 10. 

5 
In addition to the changes made in Model #4, the P-Delta transformation was used 
instead of the corotational transformation used in all the previous models.  

6 

The following changes were made to the original model (Model #1): 
(a) The stiffness muliplier for rigid links in panel zones and leaning column was 
      changed from 1000 to 100. 
(b) The INM-HS Integration method was selected.  
(c) The elastic stiffness of the rotational springs at girders and columns was softened  
      using n = 1 instead of n = 10. 
(d) The P-Delta transformation was selected instead of the corotational 
      transformation.  

 

 

Some observations are made from Figure 6-7.  

 

• All of the analysis cases presented for Model #1 (original model as described in Section 6.2.1 

through Section 6.2.3) became unstable for the time steps and number of iterations shown in 

Figure 6-7.  

• Softening the elastic stiffness of highly-stiff elements (rigid links) in Model #2 did not prevent 

instability of any of the analysis cases.   

• In Model #3, although it was observed that the use of the HHT-HS integration method with 

algorithmic damping eliminated some of the spurious high-frequency oscillations, it did not 

improve the stability of the simulations.  

• The use of n = 1 instead of n = 10 in Model #4, which softened the elastic stiffness of the 

rotational springs at beams and columns, decreased significantly the maximum norm of the 

unbalanced force vector for the smallest time steps used (1 4⁄ Δt).   

• The use of the P-Delta formulation in Model #5 significantly reduced the magnitude of the 

unbalanced forces and consistently improved the instability of the analysis cases, even for the 
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largest time step (∆t) used. The complexity of the corotational formulation, although it produces 

slightly different results than the P-Delta formulation near collapse, requires smaller time steps 

and a larger number of iterations for convergence. 

• The norms of the unbalanced force vector shown for Model #6, which is similar to Model #5 

except for the selection of the integration method, indicates that the INM-HS integration method 

presents lower values of unbalanced forces as compared to the HHT-HS algorithm.  

 

In summary, the selection of the P-Delta formulation and the use of n = 1 instead of n = 10 to define the 

elastic stiffness of the rotational springs at girders and columns resulted in the largest reductions in the 

norm of the unbalanced force vector and therefore the best improvements to the stability of the numerical 

simulation and robustness of the OpenSees model. The use of the HHT-HS integration method did not 

provide better results than the INM-HS method as measured by the unbalanced forces. Note that these 

observations are valid only for the OpenSees model presented in this section. Extrapolation of such 

observations to other cases requires further studies. In view of this, the followings modifications were 

permanently implemented in all the subsequent OpenSees models of the moment frame: (a) the use of the 

P-Delta formulation instead of the corotational, (b) the use of n = 1 to define the elastic stiffness of the 

rotational springs at girders and columns, (c) the use of the INM-HS integration method to solve the 

equations of motion and (d) the use of a stiffness multiplier of 100 to soften the elastic stiffness of rigid 

links.   
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Figure 6-7 Maximum norm of unbalanced force vector for different OpenSees models 
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6.3 Numerical Model of Gravity-Resisting Frame   

 

6.3.1 General Description of Numerical Model 

 

Figure 6-8 illustrates the two-dimensional OpenSees model of a gravity-resisting frame of the building 

structure. Note that the building structure presents a total of three gravity frames in the direction of 

loading (see Figure 4-1). In this model, the columns were oriented in the strong axis for consistency with 

the gravity frame physical sub-structure previously presented in Section 5.3. A concentrated plasticity 

model of the gravity frame was developed similar to the OpenSees model of the moment frame presented 

in Section 6.2. It can be seen in Figure 6-8 that the gravity columns were assumed pinned at the base. 

However, flexible support boundary conditions were subsequently considered based on experimental data 

on the physical sub-structure. This is discussed in detail in Section 7.3. The joints of the gravity frame 

were modeled using a panel zone model (FEMA, 2000) to account for joint deformation since some panel 

zone yielding of gravity frame subassemblies was reported by Liu and Astaneh-Asl (2000b) due to 

binding of beam flanges on the column flange at large rotations.  

 

Figure 6-8 Schematic representation of OpenSees model of gravity frame 

 

The one-dimensional hysteretic model developed by Lowes and Altoontash (2003) and subsequently 

modified by Mitra (2007) was used to reproduce the inelastic moment-rotation response of the shear-tab 

connections. This hysteretic model, available in OpenSees as the Pinching4 material model, is capable of 

reproducing the main characteristics of the cyclic response of a shear-tab connection including pinching, 

 1", typ.

Pin Support,
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deterioration of both strength and stiffness and stiffening at large deformations. However, limited 

experimental data on shear-tab connections is available to calibrate such phenomenological model. By 

far, the most extensive experimental program was conducted by Liu and Astaneh-Asl (2000b) where 

sixteen full-scale simple connections were tested under cyclic loading. Finite element studies were 

conducted and presented in the next section in an attempt to supplement the limited experimental data and 

assist in the calibration of the Pinching4 model. Similar to the moment frame OpenSees model, the 

modified-IMK model was utilized to capture any inelastic action in the columns of the gravity frame.   

The OpenSees model of the gravity frame described above was coupled with the OpenSees model of the 

moment frame via OpenFresco as shown in Figure 6-9. The concept of coupling finite element codes with 

OpenFresco was previously introduced in Section 3.4.2 (for reference, see Schellenberg et al., 2008). In 

the coupled model of Figure 6-9, the gravity and moment frames are modeled in two separate OpenSees 

scripts referred as the master and slave OpenSees scripts. Only 2/3 of the internal resisting force vector of 

the moment frame is returned to the master OpenSees script to account for the actual ratio of number of 

moment to gravity frames. Since only one gravity frame is modeled, the mass of the coupled model in 

Figure 6-9 is one third of the total mass of the half-scale building structure. The response of the moment 

frame together with the gravity frames was simulated using the coupled modeled shown in Figure 6-9 

since a conventional numerical simulation (without coupling of finite element codes) would require 

modeling two moment frames together with three gravity frames in a single OpenSees script, resulting in 

a very computationally expensive numerical model.    

 

Figure 6-9 Coupled model used to simulate the response of moment and gravity frames   

 

6.3.2 Finite Element Modeling of Shear-Tab Connections 

 

Finite element studies were conducted to assess the ability of simple finite element models to predict 

some of the main characteristics of the moment-rotation response of shear-tab connections and to 

subsequently predict the response of the shear-tab connections of the half-scale gravity frame previously 

Master OpenSees Script (Gravity Frame)
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presented in Figure 5-12. Due to the complex behavior of this type of connection, preliminary results 

showed deficiencies of the finite element models’ ability to trace the cyclic response of these connections, 

especially when including the composite floor slab. Based on these results, further studies such as 

refinement of finite element models and mesh sensitivity studies were not pursued in this report. 

However, these studies are documented and presented in this section. In these studies, the experimental 

response of two specimens with shear-tab connections tested by Liu and Astaneh-Asl (2000b) were 

simulated using a general-purpose finite element code. While both specimens consisted of a steel 

subassembly of beams and columns with shear-tab connection details, the second specimen included a 

concrete floor slab.  

 

6.3.2.1 Description of Specimens 2A and 6A of Liu and Astaneh-Asl 

Liu and Astaneh-Asl tested a total of sixteen cruciform gravity frame subassemblies with several simple 

connection details as shown in Figure 6-10. Two of these test specimens, namely, Specimen 2A and 

Specimen 6A, were constructed with shear-tab connection details typical of the west coast of the U.S. as 

shown in Figure 6-11. Specimen 6A is identical to Specimen 2A but included a floor slab. 

  

As seen in Figure 6-11, both test specimens consisted of W24×55 beams connected to a W14×90 column 

face through shear-tab connections. The shear-tab connection detail consisted of a 3/8 in. steel plate (A36 

steel) attached to the column flange with a 1/4 in. fillet weld provided at both sides of the plate. This 

plate, referred to as the shear-tab plate, was connected to the beam web through six equally spaced 

A325N tension-control bolts of 7/8 in. of diameter. The material of all wide-flanged sections was A572 

grade 50 steel. The floor slab of Specimen 6A consisted of lightweight concrete poured over a 20-gage 

W3-36 metal deck manufactured by Verco Decking, Inc. The overall depth of the floor slab was 6-1/4 in., 

the depth of the metal deck ribs was 3 in. and the width of the concrete slab was 8.0 ft. The nominal 

strength of the lightweight concrete was 3000 psi. The concrete slab was reinforced with a 6×6-

W1.4×W1.4 welded wire mesh for temperature and shrinkage control and #3 reinforcing bars spaced at 

12 in. across the W24×55 beams for crack control. 

 

The two gravity load actuators shown in Figure 6-10(b) were located at 5.0 ft. and 6.0 in. away from the 

centerline of the column and imposed a vertical downward force of 50.0 and 40.0 kips to Specimen 2A 

and Specimen 6A, respectively. Before the application of the gravity load, an initial downward deflection 

of 0.375 in. was applied at the free end of the beams supported by struts in both specimens. The 

application of the gravity forces at the specified distance and the girder-end downward deflections 

provided realistic combinations of shear forces and rotations on the shear-tab connections.  
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(a) Test specimen with floor slab 

(b) Experimental test setup 

Figure 6-10 Experimental program of Liu and Astaneh-Asl (2000a) 
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(a) Specimen 2A 

 

(b) Specimen 6A 

Figure 6-11 Connection details of Specimen 2A and Specimen 6A of Liu and Astaneh-Asl (2000a) 

 

6.3.2.2 Finite Element Model of Specimen 2A 

Figure 6-12(a) shows a three-dimensional ABAQUS (DS Simulia, 2010) model used to simulate the 

response of Specimen 2A. Due to limitation in computational time, only the beam at one side of the 

column (and therefore one shear-tab connection) was modeled instead of the full cruciform subassembly. 

The simple shear-tab connections of Specimen 2A (and Specimen 6A) lacked symmetry since although 

the centerlines of beams and column were aligned, the shear-tab plate was provided only at one side of 

the beam web. Because of this lack of symmetry, the finite element model shown in Figure 6-12(c) 

included the entire geometry of one shear-tab connection. The cyclic response of Specimen 2A was 

primarily governed by (a) slippage between shear-tab plate and girder web and (b) yielding of the shear-

tab plate, especially around the bolt holes (elongation of bolt holes) as reported by Liu and Astaneh-Asl. 

Due to these observations, the finite element model of Specimen 2A focused on modeling these two 

phenomena as closely as possible. All other mechanisms, such as fracture of shear-tab plate, were 

simplified or not included at all.  
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(a) Three-dimensional ABAQUS model (b) Loads and boundary conditions 

  

(c) Close-up of shear-tab connection   (d) Mesh of 3/8" shear-tab plate 

 

(e) Close-up of 3/8" shear-tab plate  (f) Mesh of 7/8" bolt and nut 

Figure 6-12 ABAQUS model used to simulate the response of Specimen 2A of Liu and Astaneh-Asl 

(2000a) 
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Figure 6-12(b) shows the loads and boundary conditions of the ABAQUS model. The vertical loads 

applied by the gravity load actuators and the girder-end deflections described in the previous section were 

also simulated in the ABAQUS model. A roller support condition was modeled at the bottom of the 

column and at the free end of the beam. The lateral displacement protocol was applied at the top of the 

column as in the actual test. An elastic material model with a high modulus of elasticity was assigned to 

the elements in the vicinity of the boundary conditions and point of application of the lateral load to avoid 

stress concentration. Some nodes on the web of the beam and column were restrained in the out-of-plane 

direction as shown in Figure 6-12(b) to prevent excessive out-of-plane response of the ABAQUS model.  

 

The classical metal plasticity model with kinematic hardening available in ABAQUS was selected for the 

steel components. This simple model considers a linear hardening and is used for cyclic loading. 

Measured material properties reported by Liu and Astaneh-Asl were used for the plasticity model. The 

modulus of elasticity of all steel material models was set to 29000 ksi. Three-dimensional solid elements 

with reduced integration (C3D8R) were utilized.  

 

The ABAQUS model shown in Figure 6-12(a) was composed of several parts, namely, W24×55 beam, 

W14×90 column, shear-tab plate and bolt-and-nut parts. The interaction between these parts was captured 

using the general contact formulation in ABAQUS. The general contact formulation permits tangential 

and normal contact between all surfaces. A coefficient of friction of 0.60 was used between steel 

elements. The explicit formulation in ABAQUS was used in all simulations due to the lack of 

convergence of the implicit formulation in ABAQUS Standard, especially when the general contact 

formulation option is used. Below is a summary of the different parts of the ABAQUS model.  

W24×55 Beam and W14×90 Column 

The W24×55 beam and W14×90 column were discretized into 10244 and 8300 cubic elements, 

respectively. Since very little inelastic response was reported for these two members, an elastic material 

model was assigned to all cubic elements in the column while the metal plasticity model described before 

was assigned to a few elements for the beam near the connection (elements within a beam length of 6.0" 

close to the connection). A yield stress of 61.0 ksi (that is approximately the average of the measured 

yield (52.2 ksi) and ultimate (68.6 ksi) stress reported for the beam) and no strain hardening were set for 

the model. A linear-elastic material model was used for rest of elements of the girder.   
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Shear-Tab Plate 

Figure 6-12(d) shows the shear-tab plate. Since the behavior of Specimen 2A was governed mainly by 

slippage and yielding of the shear-tab plate, a fine mesh was provided as seen in the close-up view in 

Figure 6-12(e). The shear-tab plate comprises a total of 3024 solid elements. The diameter of the bolt 

holes was 1/16" larger than that of the bolts due to structural tolerances. A yield stress of 56.0 ksi 

(average of the measured yield (45.7 ksi) and ultimate (66.1 ksi) stress reported for the shear-tab plate) 

and no strain hardening was set for the metal plasticity model. This simple plasticity model of the shear-

tab plate does not include damage models that capture cyclic deterioration or fracture.  

Bolts, Nuts and Pretension Forces 

Figure 6-12(f) shows the ABAQUS model for the bolt and nut. It can be seen that the geometry of the bolt 

and nut in the model was simplified as follows: (a) the bolt was modeled together with its nut as one 

piece, (b) washers were not modeled, and (c) a rounded bolt head and a nut were modeled instead of the 

hexagonal shape. A total of 672 elements were used for one bolt and nut model shown in Figure 6-12(f) 

(4032 elements in total for the six bolts). Since low levels of bolt yielding were reported for the 

experiments, these high-strength bolts (with a yield stress of 90 ksi) were modeled elastically to reduce 

computational time. It was noticed that the results did not change when an inelastic material model was 

used for the bolt and nut model. Given that slippage between the shear-tab plate and web of the girder, 

both clamped by bolts, governed the cyclic behavior of the simple connection, pretension forces on the 

bolts were modeled as follows. The pretension forces in the bolts can be directly modeled in 

ABAQUS/Standard using bolt forces. However, this option is not available in ABAQUS/Explicit. For this 

reason, a few steps were taken to model bolt pretension forces similar to Citipitioglu et al. (2002). The 

pretension force in the bolts was achieved in several steps using shorter bolts. Initially, the head and nut 

of a bolt is overlapping with the shear-tab plate and beam web. Displacements were imposed at both ends 

of the bolt elements (head and nut), stretching the bolt until the surface of the bolt ends were in contact 

with the respective surfaces, but not overlapping. Then, the general contact option was activated and the 

bolts were released. To obtain the correct shortening of the bolts that provides the required clamping 

force, a few small models were created with different length bolts. Bolts undersized by 0.002 in. were 

found to produce an average pretension stress of 40 ksi that produces a force of 40.0 kips as required per 

code.  

Fillet Weld   

A “tie” constraint in ABAQUS/Explicit was used to simulate the welded connection (1/4" fillet weld) 

between the shear-tab plate and the column flange. In a tie constraint, the DOFs of a master surface are 
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imposed on those of a slave surface. In this case, the surface of the column that is in contact with the 

shear-tab plate was selected as the master surface. Consequently, the surface of the shear-tab plate that is 

in contact with the column was selected as the slave surface. This simplification was adopted to minimize 

computational time since the behavior of the weld contributed very little to the response of the 

connections. 

Finite Element Results for Specimen 2A 

The finite element model shown in Figure 6-12(a) was subjected to monotonic and cyclic lateral 

displacements at the tip of the column with increasing amplitude. Note that due to the size of the 

ABAQUS model, the full loading history of the actual test could not be used in the finite element 

simulations. Figure 6-13 presents the monotonic and cyclic moment-rotation relationships for the shear-

tab connection of Specimen 2A predicted by ABAQUS. The experimental test results of Liu and Astaneh-

Asl are also provided for comparison. The rotation of the shear-tab connection is defined as the relative 

rotation of the beam with respect to the column near the connection. Due to the use of the explicit 

formulation in ABAQUS, some level of noise is observed in the response as seen in Figure 6-13. This 

noise could be minimized at the expense of longer real time duration of the simulation.  

 

Figure 6-13 Predicted moment-rotation relationships for shear-tab connection of Specimen 2A 

using ABAQUS Explicit 
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Some observations can be made based on the results presented in Figure 6-13. In general, the envelope of 

the moment-rotation relationship for the shear-tab connection without concrete slab is slightly under-

predicted in the ABAQUS model. However, the envelope of the predicted cyclic response presents 

minimal cyclic strength deterioration. Consequently, the predicted envelopes of both monotonic and 

cyclic response are similar. The stiffening of the connection under positive bending due to binding of 

beam flanges on column flanges at large rotations is not captured. Also, the observed strength 

deterioration under negative bending at around 0.08 rad. due to fracture of the shear-tab plate is not 

captured by the ABAQUS model since fracture models were not included.  

 

6.3.2.3 Finite Element Model of Specimen 6A 

Figure 6-14(a) shows the ABAQUS model used to simulate the response of the shear-tab connection of 

Specimen 6A, which included a floor slab. The model of the bare steel subassembly is similar to that of 

Specimen 2A presented in Section 6.3.2.2. Only the region of the floor slab near the joint was modeled to 

reduce computational time. A description of the floor slab model is provided below.  

 

Only the lightweight concrete, shear studs and welded wire mesh were included in the ABAQUS model. 

The metal deck and #3 reinforcing bars were neglected. The concrete damage plasticity model available 

in ABAQUS was utilized to model the lightweight concrete of the floor slab of Specimen 6A. The stress-

strain relationship for the concrete was developed using the Mander model (Mander et al., 1988) with the 

measured concrete compressive strength of 6230 and the modulus of elasticity of the concrete estimated 

using the ACI-318 formula for lightweight concrete. The concrete slab shown in Figure 6-14(a) consists 

of 41460 cubic elements. A finer mesh was provided near the joint. The shear studs, provided to attach 

the concrete slab to the W24×55 beam, were modeled as follows. An elastic material model with the 

modulus of elasticity of steel was assigned to the cubic elements of the concrete slab where the shear 

studs are located to simulate the response of the shear studs. These elements, highlighted in Figure 

6-14(b), were attached to the upper face of the top flange of the W24×55 beam using a tie constraint in 

ABAQUS. To ensure the composite action of the W24×55 beam with the concrete slab, the face of beam 

in contact with concrete slab was connected using a tie constraint. The welded wire mesh placed over the 

entire area of the floor slab was modeled using the cubic elements of the concrete slab mesh for 

simplicity. The classic metal plasticity model was assigned to these elements which are highlighted in 

Figure 6-14(c). The cross-sectional area of the cubic elements simulating the response of the welded wire 

mesh in ABAQUS was larger than the actual area to avoid a very fine mesh which increases the size of 

the model and the computational time. Consequently, the modulus of elasticity and yield strength of the 

material model for the welded wire mesh were modified accordingly. 
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(a) Three-dimensional ABAQUS model 

 

(b) Elements for modeling shear studs (c) Elements for modeling welded wire mesh 

Figure 6-14 ABAQUS model used to simulate the response of Specimen 6A in Liu and Astaneh-Asl 

(2000a) 

Finite Element Results for Specimen 6A 

Figure 6-15 presents the monotonic and cyclic moment-rotation relationships for the shear-tab connection 

of Specimen 6A predicted using ABAQUS as well as the theoretical envelope constructed following the 

guidelines of Liu and Astaneh-Asl (2004). The experimental test results of Liu and Astaneh-Asl are also 

provided for comparison. It can be seen in Figure 6-15 that the ABAQUS model significantly 

underestimates the moment strength of the shear-tab connection. When the concrete slab is in tension, the 

lack of reinforcement in the model is possibly the cause of the lower prediction in strength. The strength 

deterioration, especially under positive bending is not captured, nor is the stiffening of the connection 

under negative bending due to binding of the beam flange on the column flange. The cyclic response 
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predicted by the ABAQUS model presents a pinched hysteretic behavior typical of shear-tab connections. 

In summary, the ABAQUS model presented herein does not reproduce the response of the shear-tab 

connection with the composite floor slab. The complex behavior of the concrete floor slab and its 

interaction with the steel subassembly is not captured with this simple ABAQUS model.  

 

Figure 6-15 Predicted moment-rotation relationships for shear-tab connection of Specimen 6A 

using ABAQUS and theoretical relationships proposed by Liu and Astaneh-Asl (2000a) 

 

However, some parameters characterizing the moment-rotation response of the shear-tab connection can 

be obtained using the theoretical envelope proposed by Liu and Astaneh-Asl shown in Figure 6-15. The 

guidelines of Liu and Astaneh-Asl were developed based on experimental data which includes the 

experimental results of Specimen 6A. Therefore, the theoretical moment-rotation relationship proposed 

by Liu and Astaneh-Asl predicts closely the peak moment strength of Specimen 6A under positive 

bending. However, in the guidelines, the calculation of the moment capacity under negative bending 

neglects both the contribution of the floor slab and binding of the beam on the column flange. Also, the 

maximum rotation capacity is based on the limit state of binding of the beam flange on the column flange 

since this was followed by shearing of bolts or fracture of shear-tab plate (Liu and Astaneh-Asl, 2004).  

 

6.3.2.4 Finite Element Model of Shear-Tab Connection of Half-Scale Gravity Frame 

Figure 6-16 presents the ABAQUS model used to simulate the response of the shear-tab connection of the 

half-scale gravity frame presented in Section 5.3. All modeling assumptions and simplifications adopted 
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for the previous ABAQUS models described in Section 6.3.2.2 and Section 6.3.2.3 were also adopted in 

this model. The measured modulus of elasticity of 2000 psi and the measured concrete compressive 

strength of 3510 psi (see Figure 5-7(b)) were used for the concrete plasticity damage model. Figure 6-16 

shows the number of cubic elements in which the different elements were discretized.  

 (a) Three-dimensional ABAQUS model 

 

(b) Close-up of shear-tab connection (floor slab not shown) 

Figure 6-16 ABAQUS model used to simulate the response of shear-tab connection of the half-scale 

gravity frame    
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Figure 6-17 presents predicted monotonic and cyclic moment-rotation relationships for the shear-tab 

connection of the half-scale gravity frame using ABAQUS as well as the theoretical moment-rotation 

envelope of Liu and Astaneh-Asl. Since the dimensions of the shear-tab connection of the half-scale 

gravity frame are approximately half of those of Specimen 6A, the scaled moment-rotation response of 

Specimen 6A (the bending moments were scaled down by the bending moment scale factor of 0.53) is 

plotted in Figure 6-15 for reference.  

 

Figure 6-17 Predicted moment-rotation relationships for shear-tab connection of half-scale gravity 

frame using ABAQUS and guidelines of Liu and Astaneh-Asl (2000a) 

 

It can be observed that the theoretical envelope of Liu and Astaneh-Asl predicts a similar bending 

strength as that of the scaled experimental response under positive bending. Also, the monotonic response 

predicted by ABAQUS simulates the response of the shear-tab connection after binding as shown in 

Figure 6-17 at a rotation value of approximately 0.055 rad. However, since it was previously shown that 

the simple models described above do not reproduce faithfully the response of the shear-tab connections 

of Specimen 6A, the results presented in Figure 6-17 were not used to assist in the calibration of the 

numerical model of the gravity frame for the hybrid simulations.  
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6.3.3 Calibration of Pinching4 Hysteretic Model 

 

Based on the observations presented in Section 6.3.2, the Pinching4 hysteretic model was calibrated to 

reproduce the moment-rotation response of the shear-tab connections of the half-scale gravity frame used 

in the second series of hybrid simulations. The guidelines of Liu and Astaneh-Asl were employed to 

estimate the moment capacity under positive bending and the initial stiffness of the shear-tab connection. 

However, since the guidelines were based on cyclic test results, such positive moment capacity was 

increased by a factor of 1.10 for monotonic loading. Since, as explained before, the dimensions of the 

shear-tab connections of the half-scale gravity frame are approximately half of those of Specimen 6A, the 

scaled moment-rotation response of Specimen 6A (moments were scaled down by 0.53) was utilized to 

estimate the parameters of the Pinching4 model defining pinching. Also, the negative moment capacity of 

the connections was selected to match the scaled moment capacity of Specimen 6A. The stiffening of the 

connection under negative bending at large rotations due to binding of the beam flange on column flange 

was ignored since this stiffening effect is not always exhibited by a shear-tab connection. Figure 6-18 

presents several windows of the calibration of the Pinching4 hysteretic model. Figure 6-18(a) and Figure 

6-18(b) show that the calibrated Pinching4 model reproduces reasonably well the initial stiffness and 

pinching response of the connection at small rotations. Figure 6-18(c) shows that the calibrated model 

captures very well the pinched hysteretic response of the referential data. As mentioned earlier, the 

response of the connection after binding of beam flange on the column flange was purposely not capture 

by the Pinching4 model as shown in Figure 6-18(e) and Figure 6-18(f). 
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Figure 6-18 Calibration of Pinching4 hysteretic model to reproduce the cyclic moment-rotation 

response of shear-tab connections of half-scale gravity frame  
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6.4 Substructuring Technique for Hybrid Simulation   

 

6.4.1 Introduction  

 

As mentioned earlier in Section 4, the use of substructuring in hybrid simulation permits physical testing 

of only key subassemblies of a frame structure in a laboratory while the response of the rest of the 

structure is simulated in a computer model. In substructuring, equilibrium and compatibility should be 

satisfied at the interface nodes between the physical and numerical sub-structures. However, limitations 

on the number of actuators available in a testing facility make difficult to control physical sub-structures 

presenting a large number of boundary DOFs such as those sub-structures selected for this experimental 

program which present 9 boundary DOFs as shown in Figure 6-19. 

 

Figure 6-19 Degrees of freedom at the interface between the physical and numerical sub-structures  

 

Simplifications of the boundary conditions between the physical and numerical sub-structures have been 

proposed to reduce the number of actuators. Schneider and Roeder (1994) suggested substructuring frame 

structures at points of inflection where hinges can be assumed to eliminate the rotational DOFs at the 

interface nodes. This substructuring technique provides reasonable results when the frame structure 

experiences moderate levels of yielding. However, for collapse assessment, significantly different results 

were observed which changed the collapse mechanism of a frame structure. On the other hand, Cortes-

Delgado (2013) tested a physical subassembly similar to those selected for this experimental program 

Physical Sub-Structure

Numerical Sub-Structure
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using a substructuring technique developed by Wang et al. (2011) with simplified boundary conditions 

and an overlapping domain between the physical and numerical sub-structures. This technique was 

subsequently refined by Hashemi et al. (2013). Hashemi et al. validated this technique through a series of 

hybrid simulations conducted on a 1/8-scale aluminum frame structure which was previously tested in a 

shake table. The substructuring algorithm used in the series of hybrid simulations in this research project 

was based on the work of Hashemi et al. and was extended to account for varying axial loads on the 

columns. This section presents a description and a numerical evaluation of the performance of the 

substructuring technique. 

 

6.4.2 Substructuring Technique with Simplified Boundary Conditions 

 

To illustrate the substructuring technique adopted herein to conduct the two series of hybrid simulations, 

Figure 6-20 shows a detailed diagram of the physical and numerical sub-structures of the Hybrid Model 

#1 (moment frame). Unlike the schematic representation of the Hybrid Model #1 previously shown in 

Figure 4-4, it can be seen in Figure 6-20 that the domain of the numerical sub-structure was extended and 

consequently, there is an overlapping domain (indicated in the figure) between the physical and numerical 

sub-structures. Also, Figure 6-20 shows that the boundary conditions of the physical sub-structure at the 

interface with the numerical sub-structure were simplified. Note that the exact boundary DOFs (DOF 1 

through 9) are shown in Figure 6-20. Such simplifications were necessary to control the physical sub-

structures using the experimental test setup shown in Figure 6-19 with four actuators. The overlapping 

domain helps to minimize the loss of accuracy of the simulation as a consequence of the simplified 

boundary conditions. The leaning column, part of the numerical sub-structure, is not shown in Figure 

6-20 for clarity. 

 

The boundary DOFs of the physical sub-structure were simplified as follows. Hinges were provided at the 

boundaries of the physical sub-structure to eliminate the rotational DOFs (i.e., DOF 3, 6 and 9). Due to 

the difficulties associated with controlling the stiff axial DOFs in columns, the vertical DOFs at the top of 

the columns (i.e., DOF 2 and 5) were not controlled in displacement. Instead, axial forces at these DOFs 

were imposed using force-controlled actuators to satisfied equilibrium. Therefore, only equilibrium and 

not compatibility was satisfied at these vertical DOFs. Also, the vertical DOF at the end of the girder 

(DOF 8) was restrained by the vertical link member. The horizontal DOFs at the top of the columns (i.e., 

DOF 1 and 4) were coupled using the horizontal link member. Therefore, the boundary conditions of the 

physical sub-structure at the interface with the numerical sub-structure were simplified to two horizontal 

DOFs which are controlled by two displacement-controlled horizontal actuators.  
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Figure 6-20 Physical and numerical sub-structures of Hybrid Model #1, overlapping domain and 

exact boundary DOFs of physical sub-structure 

 

Figure 6-21 is used to explain and illustrate the data exchange between the physical and numerical sub-

structures using the substructuring algorithm with overlapping domains. As mentioned before, the 

physical and numerical sub-structures are coupled through OpenFresco. At each data communication step, 

the top and bottom horizontal actuators are commanded by 1 2⁄ ሺu1+u2ሻ and u1, respectively, where u1 

and u2 are the first- and second-story lateral displacements, respectively, calculated by the integration 

algorithm. Instead of returning the actuator forces to the integration algorithm or the reactions at the 

boundary of the physical sub-structure which are not accurate due to the simplifications, reactions within 

the physical sub-structure at the boundary of the numerical sub-structure (i.e., M1 , V1 , M2 , V2 ) are 

returned as shown in Figure 6-21 (force feedback vector). These reactions are indirectly obtained from 

measurements of the strain gages previously shown in Figure 5-8 (and Figure 5-15 for Hybrid Model #2).  
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Figure 6-21 Schematic representation of data exchange between physical and numerical sub-

structures using substructuring algorithm with overlapping domains 

 

Given that a hybrid simulation is carried out in displacement control with OpenFresco, the force 

command for the vertical actuators cannot be sent directly from the numerical to the physical sub-

structure. Instead, the displacement vectors of the elastic beam-column elements indicated in Figure 6-21 

are sent to OpenFresco to be transformed into a force vector (using the elastic stiffness matrix of such 

elastic elements) which is then used to obtain the command signal for the force-controlled vertical 

actuators. Since this is done using an open-loop control which means that no axial forces are returned to 
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the integration algorithm, the vertical DOFs at the boundary of the numerical sub-structure are 

constrained with auxiliary link elements as shown in Figure 6-20. 

 

6.4.3 Evaluation of Substructuring Technique with Simplified Boundary Conditions  

 

The substructuring technique described above in Section 6.4.2 was numerically evaluated through a series 

of coupled simulations. The coupled simulations are used to reproduce numerically the data 

communication algorithm between the physical and numerical sub-structures during a hybrid simulation. 

The concept of coupled simulations was previously introduced in Section 3.4.2. This section presents an 

evaluation of the substructuring algorithm implemented particularly for the two hybrid models presented 

previously in Section 4.4.5 and Section 4.4.6. 

 

6.4.3.1 Evaluation of Substructuring Technique for Hybrid Model #1 (Moment Frame) 

 

In the coupled simulations presented in this section, the numerical and physical sub-structures of the 

Hybrid Model #1 shown in Figure 6-20 are modeled in two separate OpenSees scripts referred to as the 

master and slave OpenSees scripts, respectively, as shown in Figure 6-22. These two OpenSees scripts are 

coupled through OpenFresco as explained in Section 3.4.2 (for reference, see Schellenberg et al., 2008). 

However, modifications were made to the generic Experimental Element (expElement generic) object in 

OpenFresco to implement the data communication algorithm of the substructuring technique described in 

Section 6.4.2. Figure 6-22 illustrates the data communication algorithm between the master and slave 

OpenSees scripts during a coupled simulation. At each integration step in a coupled simulation, a vector 

of displacements is sent from the master to the slave OpenSees script. Such displacements are imposed to 

the sub-structure contained in the slave OpenSees script and the vector of internal resisting forces is 

returned to the integration algorithm in the master OpenSees script. Since only displacement boundary 

conditions can be imposed to the sub-structure inside the slave OpenSees script, the axial forces at the top 

of the columns in the slave OpenSees script cannot be applied similar to the open-loop force command 

shown in Figure 6-21. Therefore, only axial forces from gravity loads were applied on the columns of the 

slave OpenSees script. The coupled model shown in Figure 6-22 was subjected to four increasing 

intensities of the LGPC ground motion (similar to the testing program of the two series of hybrid 

simulations presented in Section 7). The results of these coupled simulations are compared with those of 

conventional numerical simulations where the complete model of the moment frame structure was 

encapsulated in one single OpenSees script. The results of such conventional simulations are assumed as 

the exact solution. Dynamic analysis of the coupled model requires the specialized implicit Newmark 
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method with fixed number of iterations (INM-HS) (see Section 3.2.2) to integrate the equations of 

motion. On the other hand, the conventional implicit Newmark method (see Section 3.2.1) was used for 

the conventional simulations.  

 

Figure 6-22 Master and slave OpenSees scripts of coupled simulations with substructuring 

technique used to simulate the response of Hybrid Model #1 

 

Figure 6-23 and Figure 6-24 present global response results, namely, roof drift ratio and base shear, 

respectively, predicted for the Hybrid Model #1. It can be seen that the results of the coupled simulations 

with the substructuring algorithm are in close agreement with the assumed exact solution all the way 

through collapse. Similar analysis carried out with other substructuring techniques without the 

overlapping domain (e.g., Schneider and Roeder, 1994) were not only not able to trace the global 

response to collapse with similar levels of accuracy but also resulted in a completely different collapse 
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mechanism. The good agreement in the global response shown in Figure 6-23 and Figure 6-24 made the 

substructuring technique with simplified boundary conditions and overlapping domain a viable alternative 

for hybrid testing of large frame subassemblies (with a large number of DOFs) using a reduced number of 

actuators available in a testing facility to load the physical specimen in the laboratory. 

 

Figure 6-23 Comparison of roof drift ratio of complete (assumed exact) and coupled models used to 

simulate the response of Hybrid Model #1  
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Figure 6-24 Comparison of base shear of complete (assumed exact) and coupled model used to 

simulate the response of Hybrid Model #1 

 

However, compared to the assumed exact response of the frame structure, some differences were 

observed in the local response of the master and slave OpenSees scripts as a consequence of the 

simplified boundary conditions. Because of this, the ability of the substructuring technique to subject the 

physical sub-structures to realistic loading conditions through collapse is evaluated below. 

0 2 4 6 8 10 12 14 16

-0.4

-0.2

0

0.2

0.4

0.6
(a) Comparison of Base Shear Response for 25% LGPC

Time [sec.]

B
as

e 
S

he
ar

 /
 W

 

 
Assumed Exact
Coupled

0 2 4 6 8 10 12 14 16

-0.4

-0.2

0

0.2

0.4

0.6
(b) Comparison of Base Shear Response for 100% LGPC

Time [sec.]

B
as

e 
S

he
ar

 /
 W

 

 
Assumed Exact
Coupled

0 2 4 6 8 10 12 14 16

-0.4

-0.2

0

0.2

0.4

0.6
(c) Comparison of Base Shear Response for 160% LGPC

Time [sec.]

B
as

e 
S

he
ar

 /
 W

 

 
Assumed Exact
Coupled

0 2 4 6 8 10 12 14 16

-0.4

-0.2

0

0.2

0.4

0.6
(d) Comparison of Base Shear Response for 200% LGPC

Time [sec.]

B
as

e 
S

he
ar

 /
 W

 

 

collapse

Assumed Exact
Coupled



136 

Figure 6-25 through Figure 6-27 compare moment-rotation relationships for selected column plastic-

hinge regions of the coupled model with those of the assumed exact response. The location of the plastic-

hinge regions is indicated with sketches provided at the top of each plot set. As indicated before, the slave 

OpenSees script of the coupled model (shown as Coupled(S) in the legends of Figure 6-25 through Figure 

6-27) simulates the response of the moment frame physical sub-structure in the first series of hybrid 

simulations.  

 

Figure 6-25 shows that the response of the plastic hinges at the base of the columns of the slave OpenSees 

script compares very well with those of the assumed exact response. However, the slave OpenSees script 

presents slightly smaller rotations. Also, while the response at the top of the first-story columns shown in 

Figure 6-26 compares reasonably well when the response is elastic (25% through 160% LGPC), 

significant differences are observed towards collapse (200% LGPC) as seen in Figure 6-26(g) and Figure 

6-26(h). Figure 6-27 shows the response of column plastic-hinge regions at the bottom of the second 

story. In these plots, the response of the coupled model is shown for the master and slave OpenSees 

scripts since the column plastic-hinge regions at these locations are within the overlapping domain. The 

response of the columns at the bottom of the second story is elastic for all ground motion intensities 

except for the exterior column at 200% LGPC (see Figure 6-27(g)). Typically, the moment demand at the 

bottom of the second-story columns of the slave OpenSees script is somewhat smaller than the assumed 

exact response.  

 

The aforementioned observations indicate that, as expected, the column plastic hinges of the frame 

subassembly in the slave OpenSees script (which simulates the response of the physical sub-structure) 

away from the simplified boundary conditions exhibit a more similar response to the assumed exact 

solution than those located near. For this particular model, only minor differences in the response of the 

column plastic hinges of the frame subassembly in the slave OpenSees script were observed. The largest 

differences were found for the top plastic hinges of the first-story columns near collapse. 
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Figure 6-25 Comparison of moment-rotation relationships for selected columns of complete 

(assumed exact) and coupled models used to stimulate the response of Hybrid Model #1 (Part I) 
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Figure 6-26 Comparison of moment-rotation relationships for selected columns of complete 

(assumed exact) and coupled models used to stimulate the response of Hybrid Model #1 (Part II)  

Exterior Column Interior Column

-0.01 -0.005 0 0.005 0.01
-1.5

-1

-0.5

0

0.5

1

1.5
(a) Exterior Column  -  25% LGPC

Rotation [rad.]

M
 /

 M
y

 

 
Assumed Exact
Coupled (S)

-0.01 -0.005 0 0.005 0.01
-1

-0.5

0

0.5

1
(b) Interior Column  -  25% LGPC

Rotation [rad.]

M
 /

 M
y

 

 
Assumed Exact
Coupled (S)

-0.01 -0.005 0 0.005 0.01
-1.5

-1

-0.5

0

0.5

1

1.5
(c) Exterior Column  -  100% LGPC

Rotation [rad.]

M
 /

 M
y

 

 
Assumed Exact
Coupled (S)

-0.01 -0.005 0 0.005 0.01
-1.5

-1

-0.5

0

0.5

1

1.5
(d) Interior Column  -  100% LGPC

Rotation [rad.]

M
 /

 M
y

 

 
Assumed Exact
Coupled (S)

-0.01 -0.005 0 0.005 0.01
-1.5

-1

-0.5

0

0.5

1

1.5
(e) Exterior Column  -  160% LGPC

Rotation [rad.]

M
 /

 M
y

 

 
Assumed Exact
Coupled (S)

-0.01 -0.005 0 0.005 0.01
-1.5

-1

-0.5

0

0.5

1

1.5
(f) Interior Column  -  160% LGPC

Rotation [rad.]

M
 /

 M
y

 

 
Assumed Exact
Coupled (S)

-0.02 -0.01 0 0.01 0.02
-1.5

-1

-0.5

0

0.5

1

1.5
(g) Exterior Column  -  200% LGPC

Rotation [rad.]

M
 /

 M
y

 

 
Assumed Exact
Coupled (S)

-0.02 -0.01 0 0.01 0.02
-1.5

-1

-0.5

0

0.5

1

1.5
(h) Interior Column  -  200% LGPC

Rotation [rad.]

M
 /

 M
y

 

 
Assumed Exact
Coupled (S)



139 

Figure 6-27 Comparison of moment-rotation relationships for selected columns of complete 

(assumed exact) and coupled models used to stimulate the response of Hybrid Model #1 (Part III)  
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Figure 6-28 compares moment-rotation relationships for girders with RBS (plastic-hinge regions) within 

the overlapping domain between the master and slave OpenSees scripts (see Figure 6-22 for reference). 

Sketches provided at the top of Figure 6-28 are used to indicate the location of the girder plastic-hinge 

regions. Figure 6-28 presents the response of the girder of both the master and slave OpenSees scripts.  

 

Figure 6-28 shows that the girders of the slave OpenSees script (simulating the response of the physical 

sub-structure) exhibit significantly smaller rotations than the assumed exact response. On the contrary, 

larger rotations are experienced by the girders of the frame subassembly in the master OpenSees script as 

compared to the assumed exact response. 

 

To better observe the distribution of the plastic deformation in the frame structure, Figure 6-29 compares 

moment-distortion relationships for panel zones within the overlapping domain. Similar to Figure 6-28, 

sketches provided at the top of Figure 6-29 show the location of the panel zones. Contrary to the 

observations provided for Figure 6-28, Figure 6-29 shows that the panel zones in the slave OpenSees 

script exhibits significant larger deformation demands than the assumed exact response and the 

deformation demands on the panel zones in the master OpenSees script are comparatively smaller. 

 

Both, Figure 6-28 and Figure 6-29, indicate that the distribution of the plastic deformation at the joints of 

the frame structure within the overlapping domain is somewhat different from that of the assumed exact 

response. The distribution of the plastic deformation at the exterior and interior joints within the 

overlapping domain is presented in Figure 6-30 and Figure 6-31, respectively. The response of the panel 

zones as well as girders and columns framing into the joint in Figure 6-30 and Figure 6-31 are associated 

with the 160% LGPC ground motion intensity. As observed previously, the response of the columns, 

which remained elastic, is reasonably similar in both the coupled model and the assumed exact model. 

However, it appears that the plastic deformation shifts from the girders to the panel zones for both joints 

of the frame subassembly in the slave OpenSees script as seen in Figure 6-30(a) and Figure 6-30(c). 

These observations are made particularly for the coupled model analyzed here and are potentially very 

sensitive to the relative strength of the girder, column and panel zone.  
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Figure 6-28 Comparison of moment-rotation relationships for selected girders of complete 

(assumed exact) and coupled models used to simulate the response of Hybrid Model #1 
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Figure 6-29 Comparison of moment-distortion relationships for selected panel zones of complete 

(assumed exact) and coupled models used to simulate the response of Hybrid Model #1 
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Figure 6-30 Comparison of moment-deformation relationships for columns, girder and panel zone 

at exterior joint within the overlapping domain for the 160% LGPC  
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Figure 6-31 Comparison of moment-deformation relationships for columns, girders and panel zone 

at interior joint within the overlapping domain for the 160% LGPC   
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6.4.3.2 Evaluation of Substructuring Technique for Hybrid Model #2 (Gravity Frame) 

 
This section presents an evaluation of the substructuring technique implemented for Hybrid Model #2. 

The coupled model shown in Figure 6-32 was used to simulate the response of Hybrid Model #2. In this 

model, the numerical and physical sub-structures of the gravity frame are modeled in master and slave 

OpenSees scripts and the moment frame is encapsulated in a second slave OpenSees script. The 

substructuring algorithm described in Section 6.4.2 is used to couple the master and slave OpenSees 

scripts of the gravity frame. This coupled model (of the gravity frame) is in turn coupled with the 

numerical model of the moment frame at each floor level. However, only 2/3 of the internal resisting 

force vector from the moment frame OpenSees script is returned to the master OpenSees script to account 

for the actual ratio of number of gravity to moment frames since only one gravity frame is modeled. 

Consequently, the mass of the coupled model in Figure 6-32 is one third of the total mass of the building 

structure. 

 

Similar to the previous section, the coupled model shown in  shown in Figure 6-32 was subjected to the 

same four increasing intensities of the LGPC ground motion (similar to the testing program of the series 

of hybrid simulations). The results of these coupled simulations are compared with those of coupled 

simulations using the model previously shown in Figure 6-9 where the complete model of the gravity 

frame structure was encapsulated in one single OpenSees script and therefore the substructuring algorithm 

was not utilized. The results of such coupled simulations are assumed as the exact response. Dynamic 

analysis of both coupled models requires the specialized implicit Newmark method with fixed number of 

iterations presented in Section 3.2.2.  

 

Figure 6-33 and Figure 6-34 present global response results, namely, roof drift ratio and base shear, 

respectively, predicted for the Hybrid Model #2. Figure 6-34 presents the base shear of the gravity frames 

only. As it was observed before, it can be seen that the results of the coupled simulations with the 

substructuring algorithm are in close agreement with the assumed exact response. However, the local 

response of the slave OpenSees script, which simulates the response of the physical sub-structure, exhibits 

some differences as explained below.  
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Figure 6-32  Coupled model used to simulate the response of Hybrid Model #2
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Figure 6-33 Comparison of roof drift ratio of complete (assumed exact) and coupled models used to 

stimulate the response of Hybrid Model #2 
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Figure 6-34 Comparison of base shear of complete (assumed exact) and coupled models used to 

stimulate the response of Hybrid Model #2 
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Figure 6-35 and Figure 6-36 compare moment-rotation relationships for an exterior and interior column at 

selected plastic-hinge regions. Note that the columns of the gravity frames are pinned at the base. The 

location of the plastic-hinge regions is indicated with sketches provided at the top of each plot set. 

Although the response of the columns is elastic, it can be clearly seen in Figure 6-35 that the bending 

moments at the top of the first-story columns of the slave OpenSees script (simulating the physical sub-

structure) are consistently larger compared to the assumed exact solution.  

 

Figure 6-37 compares moment-rotation relationships for shear-tab connections within the overlapping 

domain between the master and slave OpenSees scripts (see Figure 6-32 for reference). Sketches provided 

at the top of Figure 6-37 are used to indicate the location of the shear-tab connection (denoted as STC 

“A”, “B”, and “C” in the figures). The response of the shear-tab connections in both the master and slave 

OpenSees scripts is presented in Figure 6-37. In general, Figure 6-37 shows that the shear-tab connections 

of the slave OpenSees script (which simulates the response of the gravity frame physical sub-structure) 

exhibit smaller rotations as compared to the assumed exact response. Such differences increase with 

increasing levels of shaking. This observation was slightly more pronounced for Hybrid Model #1. On the 

contrary, the master OpenSees script (simulating the response of the gravity frame numerical sub-

structure) typically experiences larger levels of rotations.  

 

Figure 6-38 compares moment-distortion relationships for panel zones within the overlapping domain. 

Sketches provided at the top of Figure 6-38 show the location of the panel zones. Similar to the panel 

zones of the moment frame in Section 6.4.3.1, Figure 6-38 shows that the panel zones in the slave 

OpenSees script exhibit significantly larger deformation demands than the assumed exact response for the 

largest shaking intensity of 200% LGPC as observed in Figure 6-38 (h). This supports previous 

observations in which it appears that the distribution of inelastic deformation in the joints of the frame’s 

physical sub-structures changes due to the simplified boundary conditions of the substructuring algorithm.  
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Figure 6-35 Comparison of moment-rotation relationships for selected columns of complete 

(assumed exact) and coupled models used to stimulate the response of Hybrid Model #2 (Part I)  
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Figure 6-36 Comparison of moment-rotation relationships for selected columns of complete 

(assumed exact) and coupled models used to stimulate the response of Hybrid Model #2 (Part II)  
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Figure 6-37 Comparison of moment-rotation relationships for selected girders of complete 

(assumed exact) and coupled models used to stimulate the response of Hybrid Model #2 
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Figure 6-38 Comparison of moment-distortion relationships for selected panel zones of complete 

(assumed exact) and coupled models used to stimulate the response of Hybrid Model #2
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6.4.3.3 Summary 

 

The analytical studies conducted here show that the substructuring technique with simplified boundary 

conditions and an overlapping domain produces global response results that are in close agreement with a 

conventional numerical simulation (assumed as the exact response) all the way through collapse. Other 

substructuring techniques without overlapping domain (e.g., Schneider and Roeder, 1994) did not trace 

the global response to collapse and resulted in a completely different collapse mechanism. Hashemi 

(2013) reported similar observations. However, these analytical studies also showed that there are some 

differences in the local response of the physical sub-structure in a hybrid simulation as compared to a 

conventional numerical simulation. As mentioned earlier, the response of the physical sub-structure in a 

hybrid simulation was simulated using the slave OpenSees scripts in coupled simulations. It was found 

that the regions of the physical sub-structure near the simplified boundary conditions will exhibit the 

largest differences. The response of the columns of the physical sub-structure was faithfully reproduced. 

However, it appears that the inelastic response in the physical sub-structure with the simplified boundary 

conditions shifts from the beams to the panel zones. This observation is more pronounced for the moment 

frame structure.  

 

6.5 Hybrid Simulation Architecture 

 

The substructuring technique described above requires additional sensing to measure the shear forces and 

bending moments at the top of the first-story columns (see Figure 6-21). This requires integration of the 

data acquisition system into the feedback loop of the hybrid control system. At the NEES equipment site 

at University at Buffalo, the data acquisition system (DAQ) is integrated in the SCRAMNet+ (Systran, 

2004) loop along with the xPC used for the hybrid control system as shown in Figure 6-. The hybrid 

simulation control systems using xPC Target is three-loop architecture (Stojadinovic et al., 2006). The 

innermost Servo-Control Loop contains the actuator controller that sends command displacements and 

forces to the actuator-specimen and reads back measured displacements and forces. The middle loop runs 

the Predictor-Corrector actuator command generator on the xPC-Target real-time digital signal processor 

(DSP) and delivers the command displacements to the actuator controller in real-time through the shared 

memory SCRAMNet+. Finally, the outer Integrator loop runs on the xPC-Host PC and includes 

OpenSees, Matlab (MathWorks , 2011), and OpenFresco communicating with the xPC-Target through 

TCP/IP. For this particular setup, the xPC was programmed to read the DAQ system data directly from 

SCRAMNet+. The programmable xPC obtained the strain gauge data and converted it to the required 

columns forces as feedback for the hybrid simulation. While this control system is designed for real-time 
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testing, the use of the DAQ feedback data with filtering added significant delays to each iteration step and 

limited the rate of testing to 0.22 sec. per step. 

 

Figure 6-39 Hybrid simulation hardware architecture at NEES equipment Site at University at 

Buffalo (adapted from Hashemi, 2013) 

 
 
6.6 Selection of Integration Method, Time Steps and Number of Iterations for 

Hybrid Simulations 

 

The implicit Newmark method modified for hybrid simulation (INM-HS) (Schellenberg et al., 2009), as 

implemented in OpenSees, was selected to integrate the equations of motion during the two hybrid 

simulations in this report. In this modified version, the number of iterations per integration step is fixed to 

a constant value and the displacement increments modified to make them more uniform. A detailed 

description of the integration method was provided in Section 3.2.2. The selection of this integration 

method was based on the studies presented in Section 3. The selection of the time steps and number of 

iterations for each hybrid simulation of the two series of hybrid simulations (Hybrid Simulation #1 and 

#2) is discussed here. 
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As mentioned before, small time steps and a large number of iterations provide improved stability and 

accuracy of the simulation. However, the eight hours of daily operation of the laboratory coupled with the 

fact that a data communication procedure between the physical and numerical sub-structures carried out at 

every iteration requires a fixed time interval of 0.22 sec. yield a limit on the minimum size of the time 

step and maximum number of iterations. The time interval of 0.22 sec. was allocated to calculate and send 

a displacement command vector to the physical sub-structure, obtain the corresponding force feedback 

vector and return it to the numerical integration algorithm to calculate the displacement command vector 

for the next iteration. Since the last three hybrid simulations of the two series of hybrid simulations 

according to the testing program presented in Table 4-6, namely, 100%, 160% and 200% LGPC, are 

inelastic hybrid simulations, they need to be conducted in sequence to carry over any residual response of 

the numerical sub-structure to the next simulation. Therefore, the time steps and number of iterations for 

these three sequential hybrid simulations need to be selected so that the total real time duration of the 

simulation remains approximately within the eight hours of daily operation of the laboratory. Analytical 

studies were conducted to assist in the selection of the time steps and number of iteration of the INM-HS 

integration method for the two series of hybrid simulations. These studies are presented below. 

 

6.6.1 Studies for Hybrid Simulation #1 

 

Figure 6- shows ten alternative cases with different combinations of time steps and number of iterations 

for the three sequential hybrid simulations of Hybrid Simulation #1. Maximum norms of the unbalanced 

force vector are presented in Figure 6- as a measure of the stability of the simulation as described in 

Section 6.2.5. The coupled model previously shown in Figure 6-22 is used simulate the response of the 

sequential hybrid simulations. The time steps and number of iterations for each alternative case are shown 

in the legend of Figure 6- where 1/2Δt@6 denotes the time step (1/2Δt) and the number of iterations (6 

iterations) selected for each of the three sequential hybrid simulations. The time step Δt is the scaled time 

step (resolution) of the original ground motion record. The estimated total real time duration of the 

sequential hybrid simulations (calculated with the 0.22 sec. time interval for a data communication step) 

is shown in parenthesis in the figure legend next to each alternative case. 

 

As expected, the case with the largest time step sizes and consequently the shortest real-time duration 

(Case 04) presents, on average, the largest unbalanced forces. In contrast, the case with the smallest time 

step sizes and largest number of iterations and consequently the longest real-time duration (Case 07) 

presents, on average, the smallest unbalanced forces. The time steps and number of iterations of Case 08, 
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which presents the lowest values of unbalanced forces and approximately remains within 8 hours, was 

selected for Hybrid Simulation #1.  

 

Figure 6-40 Study to assist in the selection of time steps and number of iterations for the INM-HS 

integration method used in Hybrid Simulation #1 

 

Table 6-7 summarizes the time steps, number of iterations, total number of integration steps and estimated 

real time duration for each hybrid simulation of the testing program for Hybrid Simulation #1. The first 

hybrid simulation shown in Table 6-7 (25% LGPC) is an elastic test and produces the lowest values of 
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unbalanced forces. Also, sidesway collapse was predicted during the first 4.1 sec. of the last simulation 

(200% LGPC) and therefore this simulation is shorter than the previous one.  

Table 6-7 Selected time steps and number of iterations for INM-HS integration method used for 
Hybrid Simulation #1 

Ground Motion  
Intensity 

Time Step 
[Δtgm

 [1]] 
Number of Iterations 
per Integration Step 

Total Number of  
Integration Steps 

Real Time Duration  
of Simulation 

25% LGPC 1/2 4 9166 2h:14m 

100% LGPC 1/2 5 9166 2h:48m 

160% LGPC 1/3 5 13749 4h:12m 

200% LGPC 1/3 8 3571 1h:45m 
[1] Δtgm: scaled size of the time step of the ground motion equal to 0.50.5×0.005 sec. = 0.003536 sec. 

 

 

6.6.2 Studies for Hybrid Simulation #2 

 

A similar study was conducted to assist in the selection of the time steps and number of iterations for 

Hybrid Simulation #2. As mentioned before, the gravity framing system of the building structure is 

included in Hybrid Model #2 where the physical sub-structure is a subassembly of a gravity frame. The 

coupled model shown previously in Figure 6-32 was used to simulate the response of Hybrid Model #2.  

 

It was predicted using this coupled model with substructuring that inclusion of the gravity frames in the 

second series of hybrid simulations prevented sidesway collapse under the same increasing intensity 

ground motions of the previous section. Therefore, the duration of the second series of hybrid simulations 

(Hybrid Simulation #2) is longer than that of the first series (Hybrid Simulation #1) and consequently 

larger time steps and smaller number of iterations need to be selected in Hybrid Simulation #2 to 

accommodate the sequential hybrid simulations within the hours of operation of the laboratory.  

 

Figure 6-41 presents five alternative cases with different combinations of time steps and number of 

iterations for the last three sequential hybrid simulations of Hybrid Simulation #2. The time steps and 

number of iterations of Case 04 produces, on average, the lowest unbalanced forces and therefore was 

selected for Hybrid Simulation #2. 
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Figure 6-41 Study to assist in the selection of time steps and number of iterations for the INM-HS 

integration method used in Hybrid Simulation #2  
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Table 6-8 summarizes the time steps, number of iterations, total number of integration steps and real time 

duration for all hybrid simulations of the testing program for Hybrid Simulation #2.  

Table 6-8 Selected time steps and number of iterations for INM-HS integration method used for 
Hybrid Simulation #2 

Ground Motion  
Intensity 

Time Step 
[Δtgm

 [1]] 
Number of Iterations 
per Integration Step 

Total Number of  
Integration Steps 

Real Time Duration  
of Simulation 

25% LGPC 1/2 6 9166 3h:22m 

100% LGPC 1/2 5 9166 2h:48m 

160% LGPC 1/2 5 9166 2h:48m 

200% LGPC 1/2 6 9166 3h:22m 
[1] Δtgm: scaled size of the time step of the ground motion equal to 0.50.5×0.005 sec. = 0.003536 sec. 

 

 

6.7 Gravity Loading of Hybrid Models 

 

This section presents the procedure followed to apply the gravity loads on the hybrid (physical and 

numerical) models prior to the hybrid simulations. The experimental test setup shown previously in 

Figure 5-19 was designed to apply gravity forces on the physical sub-structures. The first elevated story 

level of the test specimens was loaded with steel plates. The weight of each steel plate is 8.5 kips. While 

two steel plates were placed on the moment frame physical sub-structure, four plates were used to load 

the gravity frame physical sub-structure since the gravity load tributary area for a gravity frame is twice 

of that for a moment frame (see Figure 4-1(a) for reference). The gravity forces on the columns of the 

physical sub-structures from upper stories as well as seismic-induced variations from overturning forces 

were applied through force-controlled actuators as shown in Figure 5-18. The force-controlled actuators 

were commanded by the hybrid simulation algorithm presented in Section 6.4.2.  

 

On the other hand, gravity loading of the numerical sub-structures was carried out before the initiation of 

the hybrid simulation using a load-control algorithm with Newton-Raphson iterations. This was done to 

avoid iterations with the physical sub-structure during gravity loading (and because the load-control 

algorithm with Newton-Raphson iterations is not compatible with hybrid simulation). After applying the 

gravity loads on the numerical sub-structure, the physical sub-structure was integrated via OpenFresco to 

start the hybrid simulations. At the beginning of the hybrid simulation, the force-controlled actuators 

imposed gravity forces from upper stories using a ramp function. This ramp function was created using 

the “rate limiter” option in Simulink (MathWorks, 2011) to avoid jerky loading of the physical columns. 
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Gravity loading of the physical sub-structures with a ramp function took place within the first 

milliseconds of the ground motion where very little motion was observed. Gravity loading of the physical 

and numerical sub-structures was completed after this and the hybrid model was ready for seismic 

loading. 

 

Also, it is important to mention that gravity loads on the numerical sub-structures were not applied along 

the girders/beams of the frame structure in order to avoid inducing initial moments and rotations on the 

moment and simple connections. Rather, the gravity loads were concentrated at point loads and applied 

on the columns only. This was done since such initial bending moments resulted in large unbalanced 

forces at the first integration steps during the hybrid simulations. It was verified numerically that such 

gravity loading did not change the results of the simulation if the gravity loads are applied along girders 

or beams (more realistic case). 
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SECTION 7  

EXPERIMENTAL PROGRAM: TEST RESULTS 

 

7.1 Overview  

 

This section presents results of the two series of hybrid simulations successfully conducted at the 

University at Buffalo NEES equipment site. A total of two half-scale physical subassemblies of a special 

steel moment-resisting frame as well as a gravity-resisting frame were tested via hybrid simulation with 

substructuring techniques. Preliminary tests conducted prior to the hybrid simulations to verify the 

software and laboratory equipment are presented as well. 

  

In the first series of hybrid simulations (Hybrid Simulation #1), a hybrid model of a special steel moment 

resisting frame was subjected to increasing intensities of the Loma Prieta ground motion all the way to 

collapse. The physical sub-structure of this hybrid model spanned one and one half bays by one and one 

half stories of the moment frame structure. In the second series of hybrid simulations (Hybrid Simulation 

#2), a similar-sized physical subassembly of a gravity frame was tested to the same increasing ground 

motion intensities. More specifically, the second series of hybrid simulations were conducted on a hybrid 

model of a gravity frame coupled with a fully numerical model of the moment frame to capture the 

complete system response. Both physical sub-structures were constructed with a composite floor slab and 

included the dead load on the slab at the first elevated story and vertical loads from upper stories 

accounting for overturning forces. Sidesway collapse was observed in the first series of hybrid 

simulations while the addition of the gravity frames in the second series prevented collapse under the 

same intensity of shaking.  

 

7.2 Results of Hybrid Simulation #1 

 

Table 7-1 summarizes the first series of hybrid simulations (HS01 test series) conducted on a moment 

frame subassembly and includes a set of four preliminary tests (PT01 test series) conducted to verify the 

adequacy of the hybrid simulation software and laboratory equipment and to identify the elastic properties 

of the physical sub-structure. The tests listed in Table 7-1 are identified by a test ID. The test ID for the 

preliminary tests (PT01) is followed by a sequence number. For the hybrid simulations, the test ID 

denotes the hybrid simulation series (HS01: first series of hybrid simulations) followed by the ground 

motion intensity (25% through 200%). For the specific case of the preliminary hybrid simulation HS01-
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Sine, “Pulse” denotes a sine-pulse ground motion. All tests summarized in Table 7-1 are listed in 

chronological order. A detailed description of each test is provided below.  

Table 7-1 Summary of tests conducted on Physical Sub-Structure #1 (moment frame subassembly) 

Test # Test ID Test Type Test Description 

01 PT01-01 Quasi-Static 

Preliminary elastic test. The physical sub-structure was subjected to 
a displacement protocol generated by a coupled simulation using a 
low-frequency sine-pulse ground motion  (sine function: period = 
0.67 sec. and amplitude = 0.10g). 

02 PT01-02 Quasi-Static 

Preliminary elastic test. The physical sub-structure was subjected to 
a displacement protocol generated by a coupled simulation using a 
high-frequency sine-pulse ground motion  (sine function: period = 
0.05 sec. and amplitude = 2.00g). 

03 PT01-03 Quasi-Static 

Preliminary elastic test. The physical sub-structure was subjected to 
a prescribed cyclic displacement protocol to measure the elastic 
properties of the first story. Both horizontal actuators were 
commanded with a triangular one-cycle displacement protocol 
(peak displacement amplitude = 1/4", duration = 2.0 min.). 

04 PT01-04 Quasi-Static 

Preliminary test where the physical sub-structure was subjected to a 
prescribed cyclic displacement protocol to measure the elastic 
properties of the mid-second story. While the bottom horizontal 
actuator remained in position, only the top horizontal actuator was 
commanded with a triangular one-cycle displacement protocol 
(peak displacement amplitude = 1/8", duration = 2.0 min.). 

05 HS01-Sine Hybrid 
Preliminary elastic hybrid simulation conducted using a high-
frequency sine-pulse ground motion (sine function: period = 0.05 
sec. and amplitude = 2.00g). 

06 HS01-25% Hybrid 
Elastic hybrid simulation conducted with 25% of the unscaled 
LGPC earthquake record (Service Level Earthquake). 

07 HS01-100% Hybrid 
Inelastic hybrid simulation conducted with 100% of the unscaled 
LGPC earthquake record (Maximum Considered Earthquake). 

08 HS01-160% Hybrid 
Inelastic hybrid simulation conducted with 160% of the unscaled 
LGPC earthquake record (Near Collapse Level Earthquake). 

09 HS01-200% Hybrid 
Inelastic hybrid simulation conducted with 200% of the unscaled 
LGPC earthquake record (Collapse Level Earthquake). 

 

 

In the preliminary tests PT01-01 and PT01-02, the physical sub-structure was subjected to a lateral 

displacement protocol generated by coupled simulations which were executed in parallel with loading of 

the physical specimen. The coupled model previously shown in Figure 6-22, in which the physical and 

numerical sub-structures of Hybrid Model #1 were numerically simulated in two separate OpenSees 

scripts, was subjected to sine-pulse ground motions. At each integration step during the coupled 

simulations, the displacement vector sent from the master to the slave OpenSees script was also sent to 

the laboratory as a displacement command to load the physical sub-structure. However, the force 
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feedback vector obtained from the physical sub-structure as shown in Figure 6-21 was recorded but not 

returned to OpenSees. Therefore, the numerical sub-structure contained in the slave OpenSees script 

(which simulates the response of the physical sub-structure) and the physical sub-structure in the 

laboratory were subjected to the same lateral displacements. Also, the force command vector, previously 

described in Section 6.4.2, was sent to the physical sub-structure to impose axial forces on the physical 

columns. These two tests were performed mainly to verify that (a) the displacement and force command 

vectors sent through OpenFresco were correctly applied by the actuators and (b) the feedback from strain 

gauges were properly transformed to obtain the force feedback vector. Sine functions with different 

periods and amplitudes were used for the sine-pulse ground motions (listed in Table 7-1) in tests PT01-01 

and PT01-02 to excite the first and fourth vibration modes of the moment frame model, respectively. All 

sine-pulse ground motions included one complete sine wave. 

   

These tests were followed by two quasi-static tests, namely, PT01-03 and PT01-04, conducted mainly to 

obtain the flexibility of the moment frame physical sub-structure and to measure the flexibility of the 

support boundary conditions. The flexibility (rotational and horizontal) at the base of the east column of 

the physical sub-structure was obtained using the Krypton instrumentation system. This information was 

utilized to update the support boundary conditions of the numerical sub-structure. 

  

Once the displacement and force command vectors as well as the force feedback vector from the physical 

sub-structure were verified, the first preliminary elastic hybrid simulation, HS01-Sine, was conducted to 

verify the data exchange between the physical and numerical sub-structures. Interlocks on the actuator 

displacements were set to prevent undesired damage of the physical sub-structure in case of equipment 

malfunctioning or software instability. This hybrid simulation which was subjected to a sine-pulse ground 

motion was successfully conducted and provided the final check to proceed with the execution of the first 

series of hybrid simulations. As indicated earlier in Section 6.6, the inelastic hybrid simulations HS01-

100% through HS01-200% were conducted in sequence to carry over any residual response of the 

numerical sub-structure to the next simulation. Table 7-2 summarizes the time steps and number of 

iterations for the INM-HS integration method, the total number of integration steps and the real time 

duration of each test of the first series of hybrid simulation.   
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Table 7-2 Summary of time steps and number of iterations for the INM-HS integration method, 
total number of integration steps and real time duration of Hybrid Simulation #1 

Test ID 
Time Step  
[Δtgm

 [1]] 
Number of Iterations 
per Integration Step 

Total Number of  
Integration Steps 

Real Time Duration  
of Simulation  

HS01-25% 1/2 4 9166 2h:14m 

HS01-100% 1/2 5 9166 2h:48m 

HS01-160% 1/3 5 13749 4h:20m 

HS01-200% 1/3 8 3457 1h:41m 
[1] Δtgm: scaled size of the time step of the ground motion equal to 0.50.5×0.005 sec. = 0.003536 sec. 

 

 

An additional 1.0 sec. of highly-damped free vibration (50% damping ratio) was added at the end of each 

sequential hybrid simulation to fully damp the vibration of the hybrid model before the initiation of the 

next hybrid simulation. The high damping ratio was used to shorten the duration of the free vibration. The 

last hybrid simulation at the collapse level earthquake, HS01-200%, was stopped when the stroke capacity 

of the actuators of 20 in. was reached at the top horizontal actuator. A lateral displacement of 20 in. at the 

top of the physical sub-structure represents approximately a 15% inter-story drift ratio. The information 

provided in Table 7-2 is similar to the pre-test predictions presented previously in Table 6-7 except for the 

last hybrid simulation (HS01-200%) where the collapse criteria (20 in.) was reached slightly earlier than 

the pre-test prediction.  

 

7.2.1 Results of Preliminary Tests (PT01 Test Series) 

 

A key objective of preliminary tests PT01-01 and PT01-02 was to verify the data communication between 

the numerical and physical models, specifically, the transfer of displacement and force command vectors 

to the actuators and the force feedback vector obtained from the physical sub-structure. Figure 7-1 and 

Figure 7-2 compare the response of the four components of the force feedback vector obtained from the 

physical sub-structure with numerical predictions from the slave OpenSees script of the coupled 

simulations for the PT01-01 and PT01-02 tests, respectively. As indicated before, the slave OpenSees 

script was developed to simulate numerically the response of the physical sub-structure. The location of 

the four response quantities of the force feedback vector is indicated with a sketch above each figure. It 

can be seen in Figure 7-1 and Figure 7-2 that the numerical predictions largely overestimate the values of 

the measured force feedback vector. It was found afterwards that such differences were mainly due to the 

fact that while fixed supports were modeled in the slave OpenSees script (numerical predictions), the 

physical sub-structure exhibited flexible support boundary conditions at the base of the columns due to 
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the interface 9'×5'×1½" base plates used to attach the columns of the physical sub-structure to the strong 

floor in the laboratory. Such degree of flexibility at the base of the columns cannot be ignored in the 

numerical predictions. 

  

In view of this, the second set of preliminary tests, namely, PT01-03 and PT01-04, were used to quantify 

the support flexibility of the physical sub-structure. The rotational and horizontal stiffness at the base of 

the east column of the physical sub-structure was obtained using measurements from the Krypton system. 

However, no experimental information was obtained for the west column. Afterwards, the numerical 

model of the physical sub-structure (slave OpenSees script in the coupled simulations) was updated using 

this experimental information. More specifically, rotational and horizontal elastic spring elements were 

added at the base of the columns of the numerical model to simulate the flexible supports. Table 7-3 

shows the elastic stiffness for the rotation and horizontal springs at the base of the columns. Since no 

experimental measurements were available for the west column, similar elastic values were assumed for 

the west column with some modifications to better match the measured force feedback vector.  

Table 7-3 Elastic stiffness of flexible supports of the Physical Sub-Structure #1 

Column 
Rotational Stiffness at Support  

[kip-in./rad.] 
Horizontal Stiffness at Support  

[kip/in.] 

East Column [1]  229775.8 3916.6 

West Column [2]  183820.7 3916.6 
[1] Values obtained from experimental information. 
[2] Assumed values. 

 

 

Figure 7-3 and Figure 7-4 compare the response of the four components of the force feedback vector 

measured from the physical sub-structure with the updated numerical predictions based on the numerical 

model with flexible supports for the PT01-01 and PT01-02 tests, respectively. Although for both tests the 

updated numerical predictions are closer to the experimental data, better improvements are observed for 

the PT01-01 test where the numerical model of the moment frame responded in its fundamental mode of 

vibration. This is because the calibration of the flexible supports was mainly based on the experimental 

data from the PT01-01 test where only the fundamental mode of the moment frame was excited. It is 

evident from Figure 7-1 through Figure 7-4 that flexible supports need to be accounted for in the 

numerical models for better predictions of the response of the physical sub-structure. 
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Therefore, the support boundary conditions of the numerical sub-structure of Hybrid Model #1 were 

updated using the information presented in Table 7-3. Calibration of this numerical model was important 

in order to improve numerical predictions of the expected results from the hybrid tests.  

 

 

 

Figure 7-1 Comparison of force feedback vector obtained from Physical Sub-Structure #1 and 

corresponding numerical prediction for PT01-01 test 
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Figure 7-2 Comparison of force feedback vector obtained from Physical Sub-Structure #1 and 

corresponding numerical prediction for PT01-02 test 
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Figure 7-3 Comparison of force feedback vector obtained from Physical Sub-Structure #1 and 

corresponding updated numerical prediction for PT01-01 
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Figure 7-4 Comparison of force feedback vector obtained from Physical Sub-Structure #1 and 

corresponding updated numerical prediction for PT01-02  
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7.2.2 Results of Hybrid Simulations (HS01 Test Series) 

 

The first series of hybrid simulations (Hybrid Simulation #1) were successfully conducted using the 

substructuring technique described in Section 6.4 and the INM-HS integration method with the time steps 

and number of iterations presented in Section 6.6.1. This section presents the results of this first series of 

hybrid simulations. The results of the preliminary elastic hybrid simulation HS01-Sine are not presented 

since the physical and numerical sub-structures in this hybrid simulation remained elastic and information 

on the elastic response of the hybrid model can be obtained from the hybrid simulation at 25% of the 

ground motion (HS01-25%). 

  

In order to first examine the stability and accuracy of Hybrid Simulation #1, Figure 7-5 presents the norm 

of the unbalanced force vector, norm(Peff), for the first series of hybrid simulations compared to pre-test 

numerical predictions. The unbalanced force vector was previously defined in Section 3.2.1 and it was 

shown in Section 6.2.5 that unbalanced forces provide an indirect measure of the stability of a simulation 

since simulations with large unbalanced forces tend to become unstable. For comparison purposes, the 

pre-test predictions were obtained using coupled numerical simulations conducted with the same 

integration method (INM-HS), time steps, and number of iterations used in the hybrid simulations. The 

flexible support boundary conditions were also included in the coupled simulations. The maximum norm 

of the unbalanced force vector is identified in Figure 7-5 for each simulation. As expected, the unbalanced 

forces for the hybrid simulations are, on average, larger than the numerical predictions but of the same 

order of magnitude. The differences can be mainly attributed to the noise in the force feedback from the 

physical sub-structure. Only the maximum norm of the unbalanced force vector of the HS01-160% hybrid 

simulation is significantly larger than its predicted value. Also, only the maximum norm of the 

unbalanced force vector for the HS01-100% hybrid simulation is smaller than its predicted value. The 

hybrid simulations did not present any instability problems. Since unbalanced forces are mostly similar, it 

can be concluded that the accuracy of the hybrid simulations is similar to that of the numerical 

predictions. 

  

In the first part of this section, global response results of the hybrid simulation models are presented in 

Section 7.2.2.1 and compared with pre-test numerical predictions to assess the accuracy of the hybrid 

simulations. Subsequently in Section 7.2.2.2, local response results are presented to assess the behavior of 

the physical sub-structure.  
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Figure 7-5 Norm of unbalanced force vector for Hybrid Simulation #1 and pre-test numerical 

predictions 
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7.2.2.1 Global Response Results and Comparison with Pre-Test Predictions 

 

This section presents selected global response results of the first series of hybrid simulations including 

roof drift ratios, inter-story drift ratios, base shears, force-displacement relationships for the first story, 

column axial forces and out-of-plane displacement of the physical sub-structure. Pre-test numerical 

predictions are also presented for comparison purposes. The pre-test predictions were based on a 

conventional purely numerical simulation using the implicit Newmark method (INM) with comparatively 

smaller time steps and a stringent tolerance for the converge test. The numerical models used for the pre-

test numerical predictions were updated using the flexible support information obtained from the 

preliminary tests for consistency with the flexible supports of the hybrid model.  

 

Figure 7-6 presents the roof drift ratio response for the first series of hybrid simulations (Hybrid 

Simulation #1) as well as pre-test numerical predictions. The term roof drift ratio in Figure 7-6 (and in all 

subsequent figures) is defined as the lateral displacement at the roof level divided by the roof height (306 

in.). Maximum roof drift ratio values are indicated in Figure 7-6 for each hybrid simulation. In general, 

the results of the hybrid simulations are in good agreement with the pre-test predictions. However, Figure 

7-6(a) and Figure 7-6(b) show that the fundamental period of the frame structure is slightly larger in the 

hybrid simulations. Therefore, the physical sub-structure is more flexible than its corresponding 

numerical model. Since the elastic properties of bare steel components can be closely predicted, such 

differences can be mostly due to some of the modeling assumptions (see Section 6.2.3) adopted to 

account for the effects of the composite floor slab. One of these assumptions included a 20% increase in 

the flexural stiffness of the girders. Also, the residual drift at the end of the HS01-160% test is 

significantly larger than its predicted value as seen in Figure 7-6(c). This could be attributed to the fact 

that residual drifts are significantly influenced by the type of hysteresis (Ruiz-Garcia and Miranda, 2006). 

In this case, inelastic response in the numerical portion of the hybrid simulation model was simulated 

with multi-linear springs (i.e., not smooth hysteresis models). Despite the before-mentioned differences, 

the time instant of collapse of the hybrid model was closely predicted as shown in Figure 7-6(d). 

 

To better observe differences in the displacement response, Figure 7-7 presents inter-story drift ratios for 

all story levels of the hybrid model as well as numerical pre-test predictions. Similar to Figure 7-6, 

maximum inter-story drift ratio values are indicated in Figure 7-7 for each hybrid simulation. It can be 

seen that the smallest differences with the pre-test numerical predictions occur at the fourth story. Figure 

7-9 also shows a sidesway collapse mechanism that is based on the lower three stories of the four-story 

hybrid model. 



175 

 
 

 

Figure 7-6 Roof drift ratio response for Hybrid Simulation #2 and pre-test numerical predictions 
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Figure 7-8 presents the base shear response of the hybrid model as well as pre-test numerical predictions. 

The base shear values presented in Figure 7-8 (and Figure 7-9) were normalized by the scaled seismic 

weight of the model of 544 kips (which is half of the total seismic weight presented in Table 6-1 for one 

moment frame). Maximum normalized base shear values are indicated in Figure 7-8 for each hybrid 

simulation. On average, the base shear values of the Hybrid Model #1 are smaller than the predicted 

values. This can be attributed to the fact that the physical subassembly of the hybrid model is slightly 

more flexible that the pure analytical model that was used for the pre-test predictions. Also, the maximum 

normalized base shear of the hybrid model, which occurs at 160% of the ground motion intensity, is 0.46 

as seen in Figure 7-8(c). 

 

Figure 7-9 presents the inter-story drift ratio of the first story versus the total base shear for the Hybrid 

Model #1 as well as pre-test predictions. Figure 7-9(a) and Figure 7-9(b) show the slightly larger 

flexibility of the Hybrid Model #1 as compared to the pre-test numerical model. From Figure 7-9(d), it is 

observed that structural collapse due to sidesway instability took place because the base shear of the 

hybrid model approaches zero after the first story exceeds an inter-story drift ratio of 15%.  

 

Figure 7-10 presents axial forces at the base of the east and west columns of the physical sub-structure for 

the first series of hybrid simulations. Numerical pre-test predictions are also presented in Figure 7-10 for 

comparison purposes. The axial forces were normalized by Py,p, which is defined as the column cross-

sectional area times the measured material yield strength obtained from coupon testing. Maximum 

normalized axial force values are indicated in Figure 7-10 for each hybrid simulation. The axial forces in 

the physical columns were obtained using the groups of strain gages “EC1” and “WC1” previously 

presented in Figure 5-8. Since the measurements of the strain gages were set to zero at the beginning of 

the hybrid simulations, initial axial forces on the columns of the physical sub-structure due to gravity 

loads were added to the values shown in Figure 7-10. Such initial axial forces were estimated based on 

the results presented earlier in Table 5-6. In most cases, the axial forces measured in the physical columns 

were smaller than the predicted values. Also, Figure 7-10 shows, as expected, a larger axial force 

variation in the exterior column (east column) as compared to the interior column (west column) due to 

overturning effects of the seismic forces. While the exterior column experienced a maximum compressive 

axial force of 0.18Py,p, a value of 0.10Py,p was observed for the interior column. 
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Figure 7-7 Inter-story drift ratios for Hybrid Simulation #1 and pre-test numerical predictions 
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Figure 7-8 Base shear response for Hybrid Simulation #1 and pre-test numerical predictions 
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Figure 7-9 Total base shear versus inter-story drift ratio at first story for Hybrid Simulation #1 and 

pre-test numerical prediction 
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Figure 7-10 Axial force at base of first-story columns of physical sub-structure for Hybrid 

Simulation #1 and pre-test numerical prediction 
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Figure 7-11 presents the out-of-plane response of the joints of the physical sub-structure during the first 

series of hybrid simulations. As it was described in Section 5.2.3.2, two string pots monitored the out-of-

plane displacement at the east and west joints of the physical sub-structure. Before approaching collapse, 

the maximum out-of-plane displacement of the physical sub-structure was approximately 2% of the peak 

lateral displacement. Also, Figure 7-11 shows that the physical specimen twisted as the structure 

collapsed. 

 

Figure 7-11 Out-of-plane response of the physical sub-structure during Hybrid Simulation #1 

 

Figure 7-12 shows the deformed configuration of the Physical Sub-Structure #1 at the end the collapse 

hybrid simulation (HS01-200%). From the rotated position of the steel plate (yellow plate) used to 

simulate gravity forces on the slab, it can be seen that the girder twisted toward the end of the simulation. 

This is not expected to happen in frame structures with parallel bays. The lateral support of the 

experimental test setup did not restrain lateral torsional buckling of the girder. As it will be shown later in 

this section, twisting of the girder induced some yielding on the columns via out-of-plane bending. This 

could affect the outcome of the results, such as the post-capping rotation capacity of girders and columns. 

However, twisting of the girder occurred only at the very end of the simulation. Also, in realistic three-

dimensional building structures, some level of out-of-plane bending is expected in the columns due to bi-

directional loading.  
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Figure 7-12 Twisting of girder of the Physical Sub-Structure #1 at the end of first series of hybrid 

simulations 

 

7.2.2.2 Local Response Results 

 

This section more closely examines the local response of the special steel moment frame hybrid model 

tested in the first series of hybrid simulations. The inelastic response of physical components is compared 

with the computed inelastic response from similar numerical components to provide complete information 

on the hybrid model. As mentioned before, all hybrid simulations from the first series are presented 

except for the preliminary elastic hybrid simulation HS01-Sine.  

 

Figure 7-13 presents the inter-story drift ratio of the first story versus the physical and numerical 

components of the base shear in Hybrid Model #1. Unlike similar plots presented previously in Figure 

7-9, Figure 7-13 presents separately the numerical and physical components of the base shear. A sketch is 

provided above Figure 7-13 to better illustrate the base shear components. As seen in the sketch, the 

numerical component does not include the base shear from the leaning column. Although the numerical 

sub-structure was calibrated with experimental information on the flexible support condition of the 

physical sub-structure, Figure 7-13(a) indicates a higher flexibility of the physical sub-structure as 

compared to the numerical sub-structure. Also, the peak base shear of the physical portion of the frame 

structure is smaller than that of the numerical sub-structure as observed in Figure 7-13(c). This could be 

partly attributed to the assumptions adopted to simulate the response of the slab in the numerical model 

(see Section 6.2.3 for reference). Also, as is shown later in this section, the bending strength of the 
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columns was overestimated in the numerical model and, consequently, the lateral strength of the 

numerical model observed in Figure 7-13 is higher than the physical portion. Although the shear forces at 

the base of the two exterior (or interior) columns are not necessarily similar, analytical simulations 

indicated that for this particular model such shear forces are very similar (the largest difference was 9% of 

the smallest shear force). 

 

 

Figure 7-13 Physical and numerical components of the base shear versus inter-story drift ratio of 

first story for Hybrid Simulation #1 
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The physical component of the base shear (base shear from physical portion of hybrid model) was 

obtained indirectly using measurements from the strain gages. To assess the accuracy of the base shear 

forces, Figure 7-14 compares the sum of the shear forces at the base of the east and west columns of the 

physical sub-structure (VEC+VWC) with the sum of the horizontal actuator forces (Fact1+Fact2) obtained 

from certified actuator load cells. It can be seen that the shear forces at the base of the east and west 

columns compare very well with the actuator lateral forces all the way to collapse. Note that the shear 

force at the base of the vertical link member due to P-Delta effects (as well as the base shear of the long 

columns of the supporting frame shown in Figure 5-18) were not included in the equilibrium check of 

Figure 7-14 since these values are negligible compared to the shear forces in the moment frame. 

 

Photographs of the damage state of the east and west columns of the physical sub-structure at the end of 

the hybrid simulations are shown in Figure 7-15. The damage corresponds to a maximum inter-story drift 

ratio of 16.4% at the first story. It can be seen that damage on the physical sub-structure was mainly 

concentrated at the base of the columns, panel zones and reduced beam sections. Also, significant 

yielding at the top of the first-story west column is observed. Yielding at this location was mostly due to 

twisting of the girder as seen in earlier in Figure 7-12. This is further discussed in the next sections. 

 

The observed behavior of the frame with damage distributed throughout the various components 

highlights the benefits to this hybrid test approach with large subassemblies. This is in contrast to the 

single connection tests that have been conducted in the past.  
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Figure 7-14 Verification of column shear forces derived from strain gage measurements (VEC+VWC) 

using certified actuator load cells for Hybrid Simulation #1 
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 (a) North view of deformed east column (b) North view of deformed west column 

Figure 7-15 Deformed configuration of east and west columns of physical sub-structure after 

Hybrid Simulation #1 
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Response of Moment Frame Columns  

Figure 7-16 through Figure 7-18 present moment-rotation relationships for the columns of the physical 

sub-structure at plastic-hinge regions. The location of the plastic-hinge regions is indicated with a sketch 

provided above each plot. The sketches do not show the overlapping domain between the physical and 

numerical sub-structures (for reference, see Figure 6-20). In each plot, the response of physical columns is 

presented together with the response of similar columns from the numerical sub-structure of the moment 

frame for comparison purposes. Although the response of such physical and numerical components is 

different, some observations can be carefully made. All bending moments were normalized by the 

predicted moment strength (My,p ) of the W12×30 column, which was defined as the plastic section 

modulus (Z ) times the measured material yield strength obtained from coupon testing. The elastic 

component of the rotations was removed so that only plastic rotations are presented in all figures. To this 

end, the elastic stiffness was first obtained using linear regression of the data from the elastic hybrid 

simulation HS01-25%. Such elastic stiffness was then utilized to estimate the elastic component of the 

rotations presented in the inelastic hybrid simulations HS01-100% through HS01-200%. Maximum 

plastic rotation values are indicated in some moment-rotation plots. 

 

Some observations can be made with respect to the results presented in Figure 7-16 through Figure 7-18. 

In general, the inelastic response of the columns of the moment frame was mainly concentrated at the 

base of the columns, as seen in Figure 7-16. Significant yielding was also observed at the top of the first-

story west column, as seen in Figure 7-17(f) and Figure 7-17(h). However, visual inspection of the 

damage indicated that yielding at this location was partly due to lateral-torsional buckling of the girder (as 

seen earlier in Figure 7-12) which induced out-of-plane bending of the column. String pot measurements 

indicated that while a maximum plastic rotation of 0.10 rad. was experienced at this location by the west 

column (see Figure 7-17(h)), the east column only presented a plastic rotation of 0.03 rad. (see Figure 

7-17(g)). Also, Figure 7-18 shows that there was practically no yielding of columns at the bottom of the 

second story. With regards to the numerical model, Figure 7-16 shows that the bending moment at 

yielding was over-predicted in the numerical sub-structure. This was mainly due to the fact that the yield 

moment of the numerical sub-structure was increased by a factor of 1.17 to account for the effect of 

isotropic hardening. To a lesser extent, such yield moment over-predictions could be attributed to the fact 

that the hysteretic model for columns did not account for axial force-bending moment (P-M) interaction. 

The east and west columns of the physical model experienced compressive axial forces equal to 18% and 

10% of the axial strength at yielding (Py,p), respectively (see Figure 7-10 for reference). The reduced 

bending capacity of the columns for such levels of axial loads is less than 5%.   
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Figure 7-16 Moment-rotation relationships for column plastic-hinge regions of moment frame 

during Hybrid Simulation #1 (Part I) 
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Figure 7-17 Moment-rotation relationships for column plastic-hinge regions of moment frame 

during Hybrid Simulation #1 (Part II) 
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Figure 7-18 Moment-rotation relationships for column plastic-hinge regions of moment frame 

during Hybrid Simulation #1 (Part III) 
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The post-capping strength deterioration clearly observed in Figure 7-16(g) and Figure 7-16(h) indicates 

that the post-capping rotation of the W12×30 column was under-predicted in the numerical sub-structure. 

This was expected since, as mentioned before, the post-capping plastic rotation for girders and columns of 

the numerical sub-structure were obtained using the regression equations of Lignos and Krawinkler which 

were derived with an experimental database of sections larger than or equal to W21. Smaller sections 

such as the W12×30 tested here exhibit larger plastic rotation capacities as compared to predictions by the 

regression equations. In collapse assessment of structural systems, the post-capping plastic rotation is one 

of the most influential parameters (Ibarra and Krawinkler, 2005). 

   

The information presented in Figure 7-16 through Figure 7-18 is useful to assess the performance of the 

substructuring technique. Figure 7-16 shows that the columns of the physical sub-structure at the base 

exhibit typically smaller rotations than those of the numerical sub-structure. This was previously 

predicted in the numerical evaluation of the substructuring technique. However, in the hybrid simulations, 

the interior physical column (west column) was subjected to significantly smaller rotations than the 

similar interior numerical column. Also, Figure 7-17(h) shows that the interior first-story column presents 

larger rotations at the top than the numerical sub-structure as the frame structure collapsed. This is also in 

good agreement with the numerical evaluation of the substructuring technique (see Figure 6-26(h) for 

reference).  

 

As indicated before, the bending moments presented in Figure 7-16 through Figure 7-18 were indirectly 

obtained from strain gage measurements. Such measurements were verified to be reliable in Figure 7-14. 

Similarly, the plastic rotations presented in Figure 7-16 through Figure 7-18 obtained from measurements 

from string pot data were also verified in Figure 7-19. Figure 7-19 presents the plastic rotation at the base 

of the east column obtained from the Krypton system and string pot data. The elastic component of the 

rotations was removed for comparison purposes. It can be seen in Figure 7-19 that the rotations obtained 

at the plastic hinge region at the base of the columns compares well with the rotations obtained by the 

Krypton system. 

 

Figure 7-20 shows photographs of the damage state at the base of the east and west columns of the 

physical sub-structure for hybrid simulation HS01-100% through HS-200%. The photographs were taken 

either at the end of the simulation indicated in the photograph or during the simulation but after the 

maximum deformation. Values of maximum plastic rotation are indicated for each photograph. It can be 

seen that significant web and local buckling are observed for the last hybrid simulation at collapse (see 

Figure 7-20(e) and Figure 7-20(f). 
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 Figure 7-19 Comparison of plastic rotations at base of east column obtained with data from 

Krypton system and string pots 
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 (a) East Column [0.006 rad.];  Test ID: HS01-100%  (b) West Column [0.003 rad.];  Test ID: HS01-100% 

 (c) East Column [0.067 rad.];  Test ID: HS01-160%  (d) West Column [0.039 rad.];  Test ID: HS01-160% 

 

 (e) East Column [0.165 rad.];  Test ID: HS01-200%  (f) West Column [0.146 rad.];  Test ID: HS01-200% 

Figure 7-20 Photographs of the damage state at the base of columns of moment frame physical 

subassembly during Hybrid Simulation #1 
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Response of Panel Zones 

The shear distortions of the panel zones in the physical sub-structure were obtained using measurements 

from the linear pots arranged in a V-shaped configuration as previously shown in Figure 5-9 as well as 

measurements from the Krypton system (see Figure 5-10). The derived distortions using the Krypton 

system are very reliable due to the high precision of the measuring device. Also, it was found that the 

linear pots detached from the panel zone during loading of the physical sub-structure. Figure 7-21 

compares the distortion of the east panel zone obtained with data from the Krypton system and from 

linear pots. The location of the east panel zone within the physical sub-structure is indicated with a sketch 

provided at the top of the Figure 7-21. It can be seen that the derived panel zone distortions from both 

instrumentation devices compare very well until the beginning of the HS01-160% test. After that, the 

linear pots detached from the physical sub-structure and produced erratic measurements as seen in Figure 

7-21(c) and Figure 7-21(d). The erratic measurements of the linear pots are more evident in Figure 7-22 

where moment-distortion relationships for the east panel zone are presented. The term ∑Mcolumn My,p⁄  in 

Figure 7-22 is defined as the sum of column bending moments above and below the panel zone 

normalized by the predicted panel zone yield moment strength of My,p = 0.55Fy dc t db , where Fy  is 

measured material yield strength obtained from coupon testing, dc is the column depth, t is the panel zone 

thickness and db is the girder depth. The strings pots installed at the west column presented the same 

problems. Therefore, accurate distortions for the west panel zone could not be obtained.  
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Figure 7-21 Comparison of panel zone distortion obtained with data from Krypton system and 

string pots 
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Figure 7-22 Comparison of moment-distortion relationships for east panel zone where distortions 

were obtained with Krypton system and string pots 
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Figure 7-23 presents moment-distortion relationships for panel zones of the physical sub-structure. The 

location of the panel zones was indicated with sketches provided at the top of Figure 7-23. Since the panel 

zones indicated in these sketches are located within the overlapping domain between the physical and 

numerical sub-structures (see Section 6.4 for reference), the response of the panel zones from the 

numerical sub-structure is also presented. While the distortions shown for the east panel zone were 

reliably obtained with the krypton system, the distortions obtained for the west panel zone are evidently 

erratic as discussed earlier. Some observations can be made from Figure 7-23, which focuses on the east 

panel zone. 

  

From Figure 7-23(a), it was found that the elastic stiffness of the physical panel zone is 30% stiffer than 

that of the numerical sub-structure. This can be attributed to the presence of the floor slab which was not 

considered in the numerical model. The largest deformation demands on the east panel zone are observed 

for the HS01-100% test. The response of the east panel zone during the collapse level test (HS01-200%) 

was practically elastic since the strength of girders and columns at plastic-hinge regions significantly 

deteriorated at this point, which transferred minimum bending moments to the panel zone. Note that the 

predicted shear capacity according to the Krawinkler (1978) equations was fairly close to the observed 

yield shear resistance of both panel zones as seen in Figure 7-23. This is to be expected for this size of 

cross sections with thin webs as discussed in Krawinkler and Mohasseb (1987). Also, the physical and 

numerical responses shown in Figure 7-23(c) for the hybrid simulation HS01-160% appeared to have an 

offset. Verification of the data showed that both responses started from values of force and displacement 

close to zero but the physical sub-structure shifted upon loading of the specimen. 

  

With regards to the performance of the substructuring technique, the deformation demand on the east 

panel zone was larger than its corresponding numerical model for the HS01-100% test. This was 

numerically predicted in the evaluation of the substructuring technique presented in Section 6.4.3.  

 

Figure 7-24 shows photographs of the damage state of the east and west joints of the moment frame 

physical sub-structure for hybrid simulations HS01-100% through HS01-200%. The photographs shown 

in Figure 7-24 were taken either at the end of the simulation or during the simulation but after the 

maximum deformation of the test specimen.  
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Figure 7-23 Moment-distortion relationships for panel zones of moment frame during Hybrid 

Simulation #1 
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 (a) North-west view of east joint;  HS01-100% (b) North-west view of west joint;  HS01-100% 

 

(c) South view of east joint;  HS01-160% (d) North-west view of west joint;  HS01-160% 

 

(e) North-west view of east joint;  HS01-200% (f) North-west view of west joint;  HS01-200% 

Figure 7-24 Photographs of the damage state of east and west joints of moment frame physical 

subassembly during Hybrid Simulation #1 
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Response of Girders with RBS 

The distribution of bending moments along girders of the physical sub-structure was obtained using a 

procedure similar to the one followed for columns. However, only approximate estimates of the bending 

moments were obtained because of the presence of the concrete slab. The procedure followed is described 

below. 

 

Initially, curvatures at the instrumented girder cross sections shown previously in Figure 5-8 were 

obtained by interpolating strain gage data. Then, an elastic fiber model of the cross section of the 

composite girder was scripted in Matlab using the measured elastic properties of the concrete and steel 

materials. The elastic fiber model included the W14×26 girder, concrete slab (with the measured modulus 

of elasticity of 2000 psi), metal deck and welded wire mesh. Therefore, the previously-calculated 

curvatures were used as input for the elastic fiber model to obtain theoretical bending moments. These 

theoretical bending moments at the instrumented cross sections were extrapolated to obtain the 

distribution of the bending moments along the girders. To assess the accuracy of the derived girder 

bending moments, an equilibrium check was performed in Figure 7-25 where the sum of column bending 

moments is compared with the sum of girder bending moments at the east and west joints of the physical 

sub-structure. Although this equilibrium check ignores the contribution of shear forces, it serves as an 

approximate measure of the accuracy of the derived bending moment along the girders. 

 

Some observations can be made with respect to the accuracy of the derived girder bending moments by 

virtue of Figure 7-25. In general, larger differences are observed for the moment equilibrium at the east 

joint. This is due to the swivel of the actuators connected to the side of the east joint. Because of friction, 

the swivel has a moment resistance that is not considered in the joint moment equilibrium. Since the 

theoretical girder bending moments are derived using linear-elastic relationships, these are, as expected, 

over-estimated in all cases. It cannot be determined from Figure 7-25 if the largest over-predictions occur 

when the girder is under negative or positive moment. In summary, the approximate bending moments 

derived for the girders are reasonable. However, these values should be used with caution.  
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Figure 7-25 Verification of derived bending moments at composite girders of moment frame 

physical subassembly using moment equilibrium at joints for Hybrid Simulation #1 
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Figure 7-26 presents moment-rotation relationships for the three reduced beam sections (RBS) of the 

physical sub-structure of the moment frame. Sketches provided at the top of Figure 7-26 indicate the 

location of the RBS. Since the reduced beam sections of the physical sub-structure are located within the 

overlapping domain with the numerical sub-structure, moment-rotation relationships for the numerical 

reduced beam sections are also presented. Bending moments were normalized by the predicted moment 

strength (My,p) of the W14×26 girder, which is defined as the plastic section modulus (Z) times the 

measured material yield strength obtained from coupon testing. In Figure 7-26, only plastic rotations 

similar to the moment-rotation relationships for columns are presented. Also, maximum plastic rotations 

are indicated for the physical model. 

  

Some observations can be made from Figure 7-26. The yield moment strength of the reduced beam 

sections was reasonably predicted in the numerical sub-structure. Also, the pre- and post-capping plastic 

rotations of the beams with RBS were predicted fairly well in the numerical portion of the hybrid model 

for the W14×26 girder. These values were obtained based on multivariate regression equations by Lignos 

and Krawinkler (2011). The physical sub-structure of the moment frame was subjected to smaller rotation 

demands than the numerical sub-structure as predicted in the evaluation of the substructuring technique in 

Section 6.4.3. 

   

Figure 7-27 shows photographs of two beams with RBS at the end of the first series of hybrid 

simulations. Lateral torsional buckling of the girders is evident from this figure. The maximum levels of 

plastic rotation were 0.16 and 0.08 rad. for the east and west girders with RBS, respectively. Figure 7-27 

shows that towards the end of the simulation (at collapse), the RBS section twisted. This is consistent 

with prior sub-assemblage tests conducted by Chi and Uang (2002). The eccentric beam flange force due 

to lateral-torsional buckling of the steel beam caused twisting to the steel columns of the first story of the 

physical subassembly of the hybrid model. This could have been avoided by using additional lateral 

braces near the RBS location.  

 

 

 

  



203 

 

Figure 7-26 Moment-rotation relationships for girders with RBS during Hybrid Simulation #1 

RBS Connection "A",
Numerical & Physical

Hybrid Model #1 Hybrid Model #1

RBS Connection "B",
Numerical & Physical

Hybrid Model #1

RBS Connection "C",
Numerical & Physical

-0.03 -0.02 -0.01 0 0.01 0.02
-2

-1

0

1

2
(a) RBS "A",  Test ID: HS01-25%

Plastic Rotation [rad.]

M
 /

 M
y,

p

-0.03 -0.02 -0.01 0 0.01 0.02
-2

-1

0

1

2
(b) RBS "B",  Test ID: HS01-25%

Plastic Rotation [rad.]

M
 /

 M
y,

p

-0.03 -0.02 -0.01 0 0.01 0.02
-2

-1

0

1

2
(c) RBS "C",  Test ID: HS01-25%

Plastic Rotation [rad.]

M
 /

 M
y,

p

-0.03 -0.02 -0.01 0 0.01 0.02
-2

-1

0

1

2
(d) RBS "A",  Test ID: HS01-100%

Plastic Rotation [rad.]

M
 /

 M
y,

p -0.006

-0.03 -0.02 -0.01 0 0.01 0.02
-2

-1

0

1

2
(e) RBS "B",  Test ID: HS01-100%

Plastic Rotation [rad.]

M
 /

 M
y,

p +0.005

-0.03 -0.02 -0.01 0 0.01 0.02
-2

-1

0

1

2
(f) RBS "C",  Test ID: HS01-100%

Plastic Rotation [rad.]

M
 /

 M
y,

p

-0.003

-0.1 -0.05 0
-2

-1

0

1

2
(g) RBS "A",  Test ID: HS01-160%

Plastic Rotation [rad.]

M
 /

 M
y,

p

-0.074

-0.05 0 0.05 0.1
-2

-1

0

1

2
(h) RBS "B",  Test ID: HS01-160%

Plastic Rotation [rad.]

M
 /

 M
y,

p +0.043

-0.1 -0.05 0
-2

-1

0

1

2
(i) RBS "C",  Test ID: HS01-160%

Plastic Rotation [rad.]

M
 /

 M
y,

p

-0.037

-0.15 -0.1 -0.05
-2

-1

0

1

2
(j) RBS "A",  Test ID: HS01-200%

Plastic Rotation [rad.]

M
 /

 M
y,

p

 

 

-0.161

Numerical
Physical

0.05 0.1 0.15
-2

-1

0

1

2
(k) RBS "B",  Test ID: HS01-200%

Plastic Rotation [rad.]

M
 /

 M
y,

p

 

 

+0.111

Numerical
Physical

-0.15 -0.1 -0.05
-2

-1

0

1

2
(l) RBS "C",  Test ID: HS01-200%

Plastic Rotation [rad.]

M
 /

 M
y,

p

 

 

-0.078

Numerical
Physical



204 

 

 

  

 

 

 

(a) Girder with RBS at east joint  [–0.161 rad.] (b) Girder with RBS at west joint  [–0.078 rad.] 

Figure 7-27 Photographs of lateral-torsional buckling of girders with RBS after Hybrid  

Simulation #1 
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Response of Column Base Plate 

The response of the east column base plate was monitored with the Krypton instrumentation system. 

Figure 7-28 shows the numbering convention of selected LEDs of the Krypton system attached near the 

base plate of the east column. Three LEDs (23, 24 and 25) were attached to the base plate near the bolts 

using magnet supports as seen in Figure 7-28 and two LEDs (21 and 22) directly to the web of the 

column.   

 

Figure 7-28 Selected LEDs at bottom of east column of moment frame physical sub-structure 

 

Figure 7-29 shows the vertical deformation of the LEDs at maximum (positive and negative) column 

bending moments at the base. A dashed line was drawn joining the data points of the three LEDs attached 

to the base plate and the two upper LEDs attached to the web of the column to approximate the rotations 

at the base. It can be seen that the column base plate rotated, and its response is mostly rigid since the 

three data points of the LED attached to the base plate remained in a straight line. However, some 

bending of the column base plate is observed at the collapse hybrid simulation (HS01-200%) as seen in 

Figure 7-29(d). Also, one LED on the web of the column (LED 21) detached from the test specimen 

during the last hybrid simulation (HS01-200%). Because of the rigid behavior of the column base plate, 

the rotation of the column at the support level can be reliably obtained interpolating the data from the 

LEDs attached to the base plate (LED 23, 24 and 25). 
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Figure 7-29 Vertical deformation of LEDs located near the base of east column of moment frame 

physical subassembly during Hybrid Simulation #1 

 

Figure 7-30 shows the rotation of the base plate (obtained through data interpolation from LED 23, 24 and 

25) versus the bending moment at the base of the east column of the physical sub-structure. Moment-

rotation relationships for the flexible support of the exterior column of the numerical sub-structure of the 
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predicted moment strength of the column. It can be seen that the response of the physical and numerical 

support boundary conditions at the support compares very well. An elastic behavior is mostly observed. 

 

 

Figure 7-30 Moment-rotation relationships for supports during Hybrid simulation #1 
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Response of Concrete Slab  

Photographs of the damage state of the concrete floor slab could only be obtained at the end of the hybrid 

simulations. The configuration of the experimental test setup, such as the steel plates providing 

supplementary dead load and safety measures of the testing facility, did not allow for photographs in 

between tests. Figure 7-31 shows the damage state of the concrete floor slab of the physical sub-structure 

near the columns at the end of the hybrid simulations. Damage was limited to the region around the 

column (plastic hinge region). Some concrete spalling was observed around the west column. Despite the 

damage observed on the concrete slab, the concrete floor slab did not lose its vertical load carrying 

capacity.  

 (a) North view of concrete slab at east column (b) South view of concrete slab at east column 

 

(c) North-west view of concrete slab at west column (d) South-east view of concrete slab at west column 

Figure 7-31 Photographs of the damage state of the concrete slab of the moment frame physical 

subassembly after Hybrid Simulation #1 
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7.3 Results of Hybrid Simulation #2 

 

Table 7-4 summarizes the second series of hybrid simulations (HS02 test series) conducted on the gravity 

frame physical subassembly, a set of four preliminary tests (PT02 test series) conducted prior to the 

hybrid simulations and a cyclic test (Cyclic02 test) conducted at the end of the test series. The tests listed 

in Table 7-4 are identified by a test ID. The test ID for the preliminary tests (i.e., PT02) is followed by a 

sequence number. For the hybrid simulations, the test ID denotes the hybrid simulation series (HS02: 

second series of hybrid simulations) followed by the ground motion intensity (25% through 200%). The 

hybrid simulation HS02-25%F denotes a failed hybrid simulation as it is discussed later. In the 

preliminary hybrid simulation HS02-Sine, “Pulse” denotes a sine-pulse ground motion. All tests 

summarized in Table 7-4 are listed in chronological order. A description of the sequence of testing is 

provided below.  

 

The first two preliminary tests, namely, PT02-01 and PT02-02, were conducted first to quantify the 

flexibility of the support boundary conditions of the Physical Sub-Structure #2. In these tests, the physical 

sub-structure remained elastic with a maximum inter-story drift ratio at the first story limited to 0.3%. For 

the hybrid simulations, the numerical sub-structure of the gravity frame was updated with the 

experimentally-measured flexible support conditions. The Physical Sub-Structure #2 in the preliminary 

tests HS02-03 and HS02-04 was subjected to a displacement protocol produced by coupled simulations 

(similar to Section 7.2). However, the preliminary test PT02-03, conducted to verify the transfer of 

displacement and force command vectors as well as the force feedback vector, was stopped due to 

instability of the controller of the vertical actuators. This test was successfully repeated and listed as 

PT02-04 in Table 7-4. 

 

The first preliminary elastic hybrid simulation, HS02-Sine, was conducted to verify the data 

communication between the physical and numerical sub-structures. Similar to the previous hybrid 

simulations, interlocks on the actuator displacements were set to prevent undesired damage of the 

physical sub-structure in case of equipment or software malfunctioning. This hybrid simulation was 

successfully conducted and provided the final check to proceed with the execution of the second series of 

hybrid simulations. 
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Table 7-4 Summary of tests conducted on Physical Sub-Structure #2 (gravity frame subassembly) 

Test # Test ID Test Type Test Description 

01 PT02-01 Quasi-Static 

Preliminary elastic test. The physical sub-struture was subjected to 
a prescribed cyclic displacement protocol to measure the elastic 
properties of the first story. Both horizontal actuators were 
commanded with a triangular one-cycle displacement protocol 
(peak displacement amplitude = 1/4", duration = 2.0 min.). 

02 PT02-02 Quasi-Static 

Preliminary elastic test. The physical sub-structure was subjected 
to a prescribed cyclic displacement protocol to measure the elastic 
properties of the second story. While the bottom horizontal 
actuator remained in position, only the top horizontal actuator was 
commanded with a triangular one-cycle displacement protocol 
(peak displacement amplitude = 1/8", duration = 2.0 min.). 

03 PT02-03 Quasi-Static 

Preliminary elastic test. The physical sub-structure was subjected 
to a displacement protocol generated by a coupled simulation 
using a high-frequency sine-pulse ground motion  (sine function: 
period = 0.05 sec., amplitude = 1.00g). Tests were stopped due to 
malfunctioning of one of the actuators. 

04 PT02-04 Quasi-Static 

Preliminary elastic test. Previous preliminary test was succesfully 
repeated. The physical sub-structure was subjected to a 
displacement protocol generated by a coupled simulation using a 
high-frequency sine-pulse ground motion  (sine function: period = 
0.05 sec., amplitude = 1.00g). 

05 HS02-Pulse Hybrid 
Preliminary elastic hybrid simulation conducted using a high-
frequency sine-pulse ground motion (sine function: period = 0.05 
sec. and amplitude = 1.00g). 

06 HS02-25%F Hybrid 

Failed hybrid simulation conducted with 25% of the unscaled 
LGPC earthquake record. The hybrid simulation stopped 
unexpectedly due to malfunctioning of one of the computers. An 
1.5% inter-story drift was unexpectedly imposed at the first story 
of the physical sub-structure.  

07 HS02-25% Hybrid 
Elastic hybrid simulation conducted with 25% of the unscaled 
LGPC earthquake record (Service Level Earthquake). 

08 HS02-100% Hybrid 
Inelastic hybrid simulation conducted with 100% of the unscaled 
LGPC earthquake record (Maximum Considered Earthquake). 

09 HS02-160% Hybrid 
Inelastic hybrid simulation conducted with 160% of the unscaled 
LGPC earthquake record (Near Collapse Level Earthquake). 

10 HS02–200% Hybrid 
Inelastic hybrid simulation conducted with 200% of the unscaled 
LGPC earthquake record (Collapse Level Earthquake). 

11 Cyclic02  Quasi-Static 

The physical sub-structure was subjected to a cyclic displacement 
protocol to obtain information on the residual strenght of the 
speciment and the behavior of  shear-tab connections at large 
rotations. 

 

 

At the beginning of the first hybrid simulation conducted with 25% of the LGPC ground motion (listed as 

HS02-25%F in Table 7-4), one of the computers crashed (due to a conflicting computer program running 

in parallel but not part of the hybrid simulation software) and consequently the test was stopped. The 



211 

hydraulic system for the actuators was immediately shut down, both horizontal actuators retracted to their 

mid-stroke positions and, as a consequence, undesired lateral displacements of 1.80" and 1.33" were 

imposed on the physical sub-structure at the first and mid-second story levels, respectively. Such lateral 

displacements represented a 1.5% inter-story drift ratio at the first story of the physical sub-structure. The 

actuator interlocks did not work when the hydraulic system was turned off.  

 

In view of this failed hybrid simulation, the response of the physical sub-structure during this unexpected 

loading is presented in the following sections to assess the damage to the physical sub-structure. This test 

at 25% of the LGPC ground motion was repeated and successfully completed. 

 

As mentioned earlier in Section 6.6, the inelastic hybrid simulations HS02-100% through HS02-200% 

were conducted in sequence to carry over any residual response of the numerical sub-structure to the next 

simulation. Although the time steps and number of iterations for the INM-HS integration method were 

previously presented in Table 6-8 together with the total number of integration steps and real time 

duration of the series of simulation simulations, this information is presented again in Table 7-5 for the 

sake of completeness. 

Table 7-5 Summary of time steps and number of iterations for the INM-HS integration method, 
total number of integration steps and real time duration of Hybrid Simulation #2 

Test ID 
Time Step  
[Δtgm

 [1]] 
Number of Iterations 
per Integration Step 

Total Number of  
Integration Steps 

Real Time Duration  
of Simulation  

HS02-25% 1/2 6 9166 3h:22m 

HS02-100% 1/2 5 9166 2h:48m 

HS02-160% 1/2 5 9166 2h:48m 

HS02-200% 1/2 6 9166 3h:22m 
[1] Δtgm: scaled size of the time step of the ground motion equal to 0.50.5×0.005 sec. = 0.003536 sec. 

 

 

As predicted before the test, the building structure did not collapse in the second series of hybrid 

simulation due to the contribution of the gravity frames. Therefore, the gravity frame physical 

subassembly was subjected to a quasi-static cyclic loading protocol (Cyclic02 test) after Hybrid 

Simulation #2 to obtain information on the residual capacity of the shear-tab connections after the hybrid 

test series. 
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7.3.1 Results of Preliminary Tests (PT02 Test Series) 

 

Table 7-6 presents the flexibility at the base of the east and west columns of the physical sub-structure 

(gravity frame) obtained from the preliminary tests PT02-01 and PT02-02. The rotational and horizontal 

stiffness at the base of the east column of the physical sub-structure was obtained using the Krypton 

system. However, due to the limitations of the Krypton camera, no experimental information could be 

obtained for the west column. Because of this, the same information was assumed for the west column.  

Table 7-6 Elastic stiffness of flexible supports of the Physical Sub-Structure #2 

 
Rotational Stiffness at Support  

[kip-in./rad.] 
Horizontal Stiffness at Support  

[kip/in.] 

East Column [1]  58097.0 498.4 

West Column [2]  58097.0 498.4 
[1] Values obtained from experimental information. 
[2] Assumed values based on experimental information obtained for east column. 

 

 

The numerical models used to execute the coupled simulations for the preliminary tests PT02-03 and 

PT02-04 as well as for the second series of hybrid simulations were updated with the flexible support 

information provided in Table 7-6. Figure 7-32 compares the response of the four components of the 

force feedback vector of the physical sub-structure with those of the slave OpenSees script used in the 

coupled simulation for the preliminary test PT02-04. 

 

It can be seen that the components of the force feedback vector of the physical sub-structure start with an 

initial value due to the application of the gravity loads at the beginning of the simulation using a ramp 

function. This offsets the response of the force feedback vector from physical sub-structure as compared 

to the numerical values. Despite this, the force feedback obtained from the physical sub-structure 

compares reasonably with the corresponding numerical model (slave OpenSees Script). 

 

 

  



213 

 

 

  

 

Figure 7-32 Comparison of force feedback vector obtained from Physical Sub-Structure #2 and 

corresponding numerical prediction for PT02-04 test 
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7.3.2 Results of Hybrid Simulations (HS02 Test Series) 

 

The second series of hybrid simulations conducted on a gravity frame subassembly were successfully 

carried out with the substructuring technique and integration method described in previous sections. The 

results of all hybrid simulations summarized in Table 7-4, including the preliminary elastic hybrid 

simulation (HS02-Sine) and the failed hybrid simulation (HS02-25%F) are presented in this section since 

the shear-tab connections exhibited a hysteretic response even at the small rotations of the HS02-Sine test.  

In order to first examine the stability and accuracy of Hybrid Simulation #2, Figure 7-33 presents the 

norm of the unbalanced force vector, norm(Peff), for the second series of hybrid simulations. It was shown 

previously in Section 6.2.5 that unbalanced forces (defined in Section 3.2.1) provide an indirect measure 

of the stability of a simulation since simulations with large unbalanced forces tend to become unstable. 

The pre-test numerical predictions, also presented in Figure 7-33, were based on coupled simulations with 

the same integration method (INM-HS), time steps, and number of iterations used in the hybrid 

simulations for comparison purposes. Maximum values of the norm of the unbalanced force vector are 

indicated in Figure 7-33. In all cases, the hybrid simulations present larger values of unbalanced forces. 

This can be attributed to the noise in the force feedback signal. However, since the unbalanced forces of 

the hybrid simulations and the coupled simulations are mostly in the same order of magnitude, it can be 

concluded that the accuracy of the hybrid simulations is similar to that of the numerical predictions. 

    

The first part of this section compares the global response results for the second series of hybrid 

simulations with pre-test numerical predictions. Subsequently, local response results are presented to 

examine more closely the behavior of the physical sub-structure and to assess the ability of the numerical 

model to trace the response of the gravity frame.  
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Figure 7-33 Norm of unbalanced force vector for Hybrid Simulation #2 and pre-test numerical 

predictions 
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7.3.2.1 Global Response Results and Comparison with Pre-Test Predictions 

 

In this section, global response results of the second series of hybrid simulations are presented together 

with pre-test numerical predictions for comparison purposes. The pre-test predictions were based on a 

purely numerical simulation using the coupled model shown earlier in Figure 6-9. The INM-HS 

integration method was used with small time steps and large number of iterations for accuracy of the 

solution. The flexible support boundary conditions, as measured in the preliminary tests (PT02-01 and 

PT02-02), were included in the numerical model for the pre-test predictions for consistency with the 

hybrid model with flexible supports. 

   

Figure 7-34 compares the roof drift ratio response for the second series of hybrid simulations (Hybrid 

Simulation #2) with pre-test numerical predictions. The term roof drift ratio was previously defined in 

Figure 7-6. Maximum drift ratios are shown for each hybrid simulation in Figure 7-34. As previously 

mentioned, the building structure did not collapse in the second series of hybrid simulation. The 

maximum roof drift ratio for the HS02-200% test was 6.5%. Since there is only a small contribution of 

the physical sub-structure to the response of the frame structure, the pre-test numerical simulations predict 

very closely the response of the hybrid model as observed in Figure 7-34. However, despite this small 

contribution of the physical sub-structure, there is a difference in the residual deformation at the end of 

the hybrid simulations. This is due to the fact that residual drifts are very sensitive to many modeling 

parameters including the type of hysteresis. 

  

Figure 7-35 presents inter-story drift ratios for all story levels of the hybrid model as well as pre-test 

predictions. Similar to the previous series of hybrid simulations, the smallest differences with the pre-test 

predictions are observed for the fourth story. In the lower three stories, the main difference appears to be a 

residual offset after a large inelastic excursion in each story. From Figure 7-35, it can be seen that the 

potential collapse mechanism of the frame structure with the gravity frame is based on a sidesway mode 

of the lower three stories which is similar to the Hybrid Model #1. 

   

Figure 7-36 presents the response of the total base shear (moment and gravity frame components) for the 

second series of hybrid simulations. Pre-test predictions are also presented. The base shear values were 

normalized by the corresponding seismic weight of the hybrid model, which is one third of the total 

seismic weight of the half-scale building structure presented in Table 6-1. The total base shear compares 

very well with pre-test predictions. A comparison of the maximum normalized base shear for the Hybrid 

Model #1 in Figure 7-8 (moment frame only) with that for Hybrid Model #2 in Figure 7-36 (moment and 
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gravity frames) indicates a significant increment of 35% which prevented the Hybrid Model #2 from 

collapsing under the same intensity of shaking of the Hybrid Model #1. This significant contribution of 

the gravity frame to the base shear response is partly attributed to the orientation of the gravity columns 

(oriented in the strong axis) as indicated previously in Section 4.4.6 and Section 6.3.1.  

 

Figure 7-34 Roof drift ratio response for Hybrid Simulation #2 and pre-test numerical predictions 
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Figure 7-35 Inter-story drift ratios for Hybrid Simulation #2 and pre-test numerical predictions 
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Figure 7-36 Total base shear response for Hybrid Simulation #2 and pre-test numerical predictions 
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gravity frame since as it is examined later, the gravity frame physical sub-structure is more flexible and 

weaker than the corresponding numerical model.  

 

Figure 7-37 Response of the gravity frame component of the base shear for Hybrid Simulation #2 

and pre-test numerical predictions 

 

0 2 4 6 8 10 12 14 16
-0.1

-0.05

0

0.05

0.1
(a) Base Shear @ Gravity Frames,  Test ID: HS02-25%

Time [sec.]

B
as

e 
S

he
ar

 /
 W

ei
gh

t

 

 

-0.05

Pre-Test Prediction
Hybrid Simulation #2

0 2 4 6 8 10 12 14 16

-0.1

-0.05

0

0.05

0.1

0.15
(b) Base Shear @ Gravity Frames,  Test ID: HS02-100%

Time [sec.]

B
as

e 
S

he
ar

 /
 W

ei
gh

t

 

 

-0.12

Pre-Test Prediction
Hybrid Simulation #2

0 2 4 6 8 10 12 14 16
-0.2

-0.1

0

0.1

0.2
(c) Base Shear @ Gravity Frames,  Test ID: HS02-160%

Time [sec.]

B
as

e 
S

he
ar

 /
 W

ei
gh

t

 

 

-0.15

Pre-Test Prediction
Hybrid Simulation #2

0 2 4 6 8 10 12 14 16
-0.2

-0.1

0

0.1

0.2
(d) Base Shear @ Gravity Frames,  Test ID: HS02-200%

Time [sec.]

B
as

e 
S

he
ar

 /
 W

ei
gh

t

 

 

-0.16

Pre-Test Prediction
Hybrid Simulation #2



221 

Figure 7-38 presents the inter-story drift ratio at the first story versus the total base shear (moment and 

gravity frame components) for Hybrid Simulation #2 as well as for pre-test numerical predictions. 

Comparing the strength deterioration of Hybrid Model #2 (moment and gravity frames) observed in 

Figure 7-38(d) versus the strength deterioration of the collapsing Hybrid Model #1 (moment frame only) 

observed in Figure 7-9(d), it can be seen that the post-capping slope (negative slope) of the force-

displacement relationships of the frame structure is reduced due to the contribution of the gravity frames. 

This post-capping slope is a very influential parameter in collapse assessment (Ibarra and Krawinkler, 

2005) 

 

Figure 7-38 Total base shear versus inter-story drift ratio at first story for Hybrid Simulation #2 

and pre-test numerical prediction 
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Figure 7-39 presents the inter-story drift ratio at the first story versus the gravity frame component of the 

base shear for Hybrid Simulation #2. Pre-test numerical predictions are also presented for comparison. It 

can be seen that the force-displacement plots exhibit a pinched hysteretic response typical of gravity 

frames. Also, the pre-test numerical simulations over-predict the strength of the hybrid model. As it is 

seen later, this is mostly attributable to differences in the support boundary conditions. 

 

Figure 7-39 Gravity frame component of the base shear versus inter-story drift ratio at first story 

for Hybrid Simulation #2 and pre-test numerical prediction 
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before, axial forces were obtained using the groups of strain gage “EC1” and “WC1” (see Figure 5-15 for 

reference). Since the readings of the strain gages were set to zero at the beginning of the test, initial axial 

forces due to gravity loading of the physical sub-structure (theoretically obtained from Table 5-5) were 

added to the values shown in Figure 7-40 for comparison purposes. Despite the fact that the force-

controlled vertical actuators were commanded by the correct gravity forces from upper stories at the 

beginning of the hybrid simulation, Figure 7-40 shows that the axial forces measured at the bottom of the 

physical model are significantly smaller than the predicted values. Although the sources for such 

differences were not fully clarified after a verification of the data, this can be attributed to several reasons 

including (a) gravity loads not accounted for in the theoretical values obtained from Table 5-5 and (b) 

mistuning of force-controlled actuators. On the other hand, Figure 7-10 shows that the exterior physical 

column (east column) exhibits larger axial force variations than the interior column (west column) due to 

overturning forces. 

  

Figure 7-41 presents the out-of-plane displacement response of the east and west joints of the physical 

sub-structure. As indicated before in Section 5.3.3.2, two string pots (attached at the two joints of the 

physical sub-structure) monitor the out-of-plane response of the test specimen. It can be seen in Figure 

7-41 that the west joint of the physical sub-structure moved north 0.18" upon application of the gravity 

forces on the physical sub-structure (which is approximately 2% of the peak lateral displacement). It can 

be seen that the support frame part of the test setup provided adequate out-of-plane support where the 

maximum out-of-place displacement (observed at the end of the hybrid tests) is less than 5% of the peak 

lateral displacement. Minor twisting of the physical sub-structure is observed toward the end of the hybrid 

simulations.    
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Figure 7-40 Axial force at base of first-story columns of physical sub-structure for Hybrid 

Simulation #2 and pre-test numerical prediction 
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Figure 7-41 Out-of-plane response of the physical sub-structure during Hybrid Simulation #2 

 

7.3.2.2 Local Response Results 

 

This section presents local response results to examine more closely the behavior of the gravity frame 

physical sub-structure. The response of different components of the physical sub-structure is presented 

together with similar components of the numerical sub-structure for the adjacent gravity frame. As 

mentioned before, the response of the physical sub-structure for all hybrid simulations of the second 

series are presented. 

  

Figure 7-42 presents the inter-story drift ratio at the first story versus the physical and numerical 

components of the base shear at a gravity frame for the second series of hybrid simulations. The base 

shear values were normalized by one third of the total seismic weight of the half-scale building structure. 

Therefore, the normalized shear values presented in Figure 7-42 represent the base shear at all gravity 

frames. It can be seen in Figure 7-42(a) that the flexibility of both portions (physical and numerical) of 

the hybrid model are similar. However, Figure 7-42(b) through Figure 7-42(d) show that the numerical 

sub-structure over-predicted the lateral yield strength of the physical model. As it is discussed later, this 

was partly attributed to the fact that the elastic springs at the base of the columns used to simulate the 

flexibility of the supports permitted yielding of the numerical columns at the base. This was unrealistic 

since the physical model did not present yielding at the base of the columns. The bolts of the column base 

plates fractured in tension as indicated in Figure 7-42(d) and accommodated larger rotations at the base of 

the columns without column yielding.   

  

0 10 20 30 40 50 60
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Time [sec.]

D
is

pl
ac

em
en

t 
[i

n.
]

 

 

North

South

HS01-25% HS01-100% HS01-160% HS01-200%

East Joint
West Joint



226 

 

 

Figure 7-42 Physical and numerical components of the base shear versus inter-story drift ratio of 

first story for Hybrid Simulation #2  
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east and west columns compare very well with the sum of actuator lateral forces except for the last hybrid 

test HS02-200%. However, when the shear due to the P-Delta effects (VP-∆ ) from the vertical link 

member as well as from the four long columns of the supporting frame of the test setup is added to the 

shear at the base of the columns, they matched the total force of the actuators. These shear forces (VP-∆) 

were negligible in the moment frame but not in the gravity frame examined here. 

  

 
 
 
 
 

 

Figure 7-43 Verification of column shear forces derived from strain gage measurements (VEC+VWC) 

using certified actuator load cells for Hybrid Simulation #2 
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Response of Shear-Tab Connections 

Figure 7-44 through Figure 7-49 show moment-rotation relationships as well as photographs of the 

damage state of the three shear-tab connections of the gravity frame physical sub-structure. The location 

of the shear-tab connections (designated as shear-tab connection “A”, B” and “C”) is indicated with 

sketches above each figure. Since the three shear-tab connections are located within the overlapping 

domain between the physical and numerical sub-structures, moment-rotation relationships for the 

numerical shear-tab connections are also presented. Maximum rotations are indicated in each plot. The 

damage state photographs were either taken at the end of the simulation or after the maximum 

deformation demands, so that the damage observed can be associated with the maximum rotations 

indicated in the figures. The response of the shear-tab connections for all hybrid simulations is presented, 

including the preliminary elastic hybrid simulation HS02-Sine and the failed hybrid simulation HS02-

25%F since the shear-tab connections exhibited a hysteretic response in all these tests. Photographs of the 

damage state are only presented for the last four hybrid simulation where visible damage is observed. For 

the first two hybrid simulations, namely, HS02-Sine and HS02-25%F, minimal or no visible damage 

could be observed. It is important to mention that, due to the application of the gravity load on the 

physical specimen at the beginning of the hybrid simulation, the moment-rotation curves of the physical 

shear-tab connections shifted vertically, as seen in Figure 7-48. Rather than attempting to remove this 

vertical offset between the physical and numerical components for a better match, the unmodified 

physical data is presented. 

  

Several comments can be made from the information provided in Figure 7-44 through Figure 7-49. The 

response of the three shear-tab connections (physical and numerical) remained elastic for the first hybrid 

simulation conducted with the sine-pulse ground motion, HS02-Sine, as observed in Figure 7-44(a), 

Figure 7-46(a) and Figure 7-48(a). In all these cases, the rotational elastic stiffness of the shear-tab 

connections was significantly underestimated in the numerical sub-structure of the gravity frame. The 

elastic rotational stiffness of the shear-tab connections “A”, “B”, and “C” are 2.0×105, 3.0×105, and 

1.3×105 kip-in./rad., respectively, as estimated from Figure 7-44(a), Figure 7-46(a) and Figure 7-48(a). 

All these values are comparatively larger than the predicted value in the numerical model of 0.4×105 kip-

in./rad. Also, note that the shear-tab connections experienced a maximum rotation demand of +0.001 rad. 

(under positive bending) in the HS02-Sine test as seen Figure 7-46(a) and Figure 7-48(a).  
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Figure 7-44 Moment-rotation relationships for shear-tab connection “A” of gravity frame during 

Hybrid Simulation #2 
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    (a) Location of Shear-Tab Connection “A”  

 

(b) Shear-Tab Conn. “A” [+0.005 rad.],  HS02-25% (c) Shear-Tab Conn. “A” [–0.020 rad.],  HS02-100% 

 

(d) Shear-Tab Conn. “A” [–0.026 rad.],  HS02-160% (e) Shear-Tab Conn. “A” [–0.069 rad.],  HS02-200% 

Figure 7-45 Photographs of the damage state of shear-tab connection “A” of gravity frame physical 

subassembly during Hybrid Simulation #2 
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During the failed hybrid simulation (HS02-25%F), the first story of the physical sub-structure was 

unexpectedly subjected to a maximum inter-story drift ratio of 1.5%. Figure 7-44(b), Figure 7-46(b), and 

Figure 7-48(b) show the moment-rotation response of the shear-tab connections for this failed test. The 

shear-tab connections exhibited a mild inelastic response (with rotations in the order of 0.01 rad.) mainly 

due to friction between shear-tab plate and beam web. Also, minor stiffening is observed in the response 

of the shear-tab connections “A” and “B”. This can be due to bearing of the bolts on the bolt holes of the 

shear-tab plate and beam web. Visual inspection of shear-tab connections with flaking of whitewash near 

the connections indicated that the hysteretic response observed at this failed hybrid simulation was mostly 

due to friction between the shear-tab plate and beam web. 

 

During the hybrid simulation at the service level earthquake (HS02-25%), a stable hysteretic response is 

observed for all the shear-tab connections of the physical sub-structure as shown in Figure 7-44(c), Figure 

7-46(c), and Figure 7-48(c). This hysteretic response is mostly due to friction between the shear-tab plate 

and the beam web. However, the numerical sub-structure of the gravity frame did not capture this 

hysteretic response at small rotations. Minor flaking of the whitewash, indicating minor or no yielding of 

the connection, is observed at the end of this test in Figure 7-45(b), Figure 7-47(b), and Figure 7-49(b). 

 

A pinched hysteretic response of the shear-tab connections is observed during the hybrid simulation at the 

MCE ground motion (HS02-100%). The pinched response at this point was due to bearing of the bolts on 

the bolt holes of the shear-tab plate and beam web. In this case, the numerical model reasonably captured 

the pinching response of the physical shear-tab connection, especially of the exterior shear-tab connection 

(identified as connection “A”) as seen in Figure 7-44(d). As expected, this exterior shear-tab connection 

“A” exhibits the largest rotation demands. For this level of loading (MCE ground motion), some yielding 

of the beam web near the connection is observed for the shear-tab connection “A” as shown in Figure 

7-45(c).  
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Figure 7-46 Moment-rotation relationships for shear-tab connection “B” of gravity frame during 

Hybrid Simulation #2   
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    (a) Location of Shear-Tab Connection “B”  

(b) Shear-Tab Conn. “B” [–0.006 rad.],  HS02-25% (c) Shear-Tab Conn. “B” [+0.014 rad.],  HS02-100% 

 

(d) Shear-Tab Conn. “B” [+0.023 rad.],  HS02-160% (e) Shear-Tab Conn. “B” [+0.049 rad.],  HS02-200% 

Figure 7-47 Photographs of the damage state of shear-tab connection “B” of gravity frame physical 

subassembly during Hybrid Simulation #2 
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Figure 7-48 Moment-rotation relationships for shear-tab connection “C” of gravity frame during 

Hybrid Simulation #2  
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    (a) Location of Shear-Tab Connection “C”  

(b) Shear-Tab Conn. “C” [+0.008 rad.],  HS02-25% (c) Shear-Tab Conn. “C” [+0.015 rad.],  HS02-100% 

 

(d) Shear-Tab Conn. “C” [–0.025 rad.],  HS02-160% (e) Shear-Tab Conn. “C” [–0.048 rad.],  HS02-200% 

Figure 7-49 Photographs of the damage state of shear-tab connection “C” of gravity frame physical 

subassembly during Hybrid Simulation #2 

 

Shear-Tab
Connect. "C"



236 

For the hybrid simulation at 160% of the LGPC ground motion (HS02-160%), the shear-tab connections 

of the physical sub-structure were subjected to rotation demands of 0.025 rad., on average. At this level of 

loading, binding of one corner of the lower beam flange on the column flange was observed for the 

exterior shear-tab connection “A” as indicated in Figure 7-44(e) (also see photograph in Figure 7-45(d) 

for reference). Binding occurred approximately at a rotation of 0.022 rad. in negative bending. The 

moment-rotation response suddenly stiffened as a result of binding. Binding did not occur in the other 

shear-tab connections (“B” and “C”) since these interior connections typically present smaller rotation 

demands. 

 

For the last hybrid simulation at 200% of the LGPC ground motion (HS02-200%), significant binding of 

the lower beam flange on the column flange is observed for the shear-tab connections “A” and “C” as 

indicated clearly in Figure 7-44(f) and Figure 7-48(f), respectively. Photographs of binding at these 

connections are shown in Figure 7-45(e) and Figure 7-49(e). As observed before, binding at these two 

connections occurred at an approximate rotation of -0.022 rad. (under negative bending). Since the shear-

tab connection “B” was loaded mostly under positive bending, binding of the beam lower flange on the 

column flange did not occur for this connection. Yielding of the shear-tab plate of the exterior connection 

is observed in Figure 7-45(e). 

  

In summary, a ductile behavior of the shear-tab connections was observed. The behavior up to the MCE 

ground motion was governed mainly by (a) friction between the shear-tab plate and beam web and (b) 

yielding of the shear-tab plate near the bolt holes. Some yielding of the beam web was observed for the 

exterior shear-tab plate (see Figure 7-45(e)). At the ground motion intensities beyond MCE, significant 

binding of the lower beam flange on the column flange governed the response of the shear-tab 

connections. However, no bolt fracture or shear-tab plate fracture was observed. This is in contrast to the 

experimental program of Liu and Astaneh-Asl (2000b) where fracture of bolts and shear-tab plates were 

reported typically after binding. This is primarily attributed to the fact that the shear connections as part of 

the hybrid model experienced much less cumulative damage prior to structural collapse compared to the 

component tests that were conducted as part of the testing program of Liu and Astaneh-Asl (2000b). In 

this testing program, the SAC symmetric loading protocol was employed. This agrees with earlier 

findings regarding the loading protocol prior to collapse as discussed in Lignos et al. (2011a) and Lignos 

and Krawinkler (2012). Also, it is important to mention that the yield strength of the shear-tab plates in 

the gravity frame subassembly was 30% larger than that of Specimen 6A of Liu and Astaneh-Asl. This 

could be another reason for the different behavior of the shear-tab connections tested here and those of 

Liu and Astaneh-Asl.  
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The data presented above provides valuable experimental information to assess the performance of the 

substructuring algorithm. In general, the shear-tab connections of the physical and numerical sub-

structure were subjected to similar rotation demands for all hybrid simulations (see Figure 7-48(e) for 

reference) except for the last hybrid simulation HS02-200% where the shear-tab connections of the 

physical sub-structure stiffened after binding of beam flange on column flange and did not exhibit large 

rotations as compared to the numerical shear-tab connections where the stiffening effect was not included 

as seen in Figure 7-44(f), Figure 7-46(f) and Figure 7-48(f). Also, the numerical evaluation of the 

substructuring technique showed that such differences in rotations became more pronounced with 

increasing levels of shaking.    

 

In contrast to the procedure followed to derive bending moments along girders of the moment frame 

physical subassembly (see Section 7.2.2.2), bending moments on the shear-tab connections of the gravity 

frame physical subassembly were obtained as follows. The vertical link member part of the test setup and 

shown in Figure 5-18(a) was instrumented with four strain gages for Hybrid Simulation #2 to obtain axial 

forces on this member as indicated previously in Section 5.3.3.1. Since the vertical member underpinned 

the beam of the physical sub-structure in cantilever, bending moments at this cantilever beam were 

obtained using the derived axial forces of the vertical link member. Therefore, bending moments at the 

shear-tab connection “C” were obtained. Then, the moment at shear-tab connection “B” was obtained 

using moment equilibrium at the west joint. This was possible since bending moments along columns can 

be accurately obtained as discussed before. Similarly, bending moments at shear-tab connection “A” were 

obtained using moment equilibrium at the east joint of the physical sub-structure. These derived moments 

are approximate in nature since shear forces are not included in the joint equilibrium. Also, the resisting 

bending moment of the actuators attached near the east joint was not accounted for. Therefore, 

conclusions based on these approximate bending moments are carefully drawn.  

 

Also, it is important to mention that since the measurements of the instrumentation system were set to 

zero at the beginning of the hybrid simulation, the moments and rotations of the physical sub-structure 

presented in Figure 7-44, Figure 7-46, and Figure 7-48 do not include initial values from gravity loading 

of the physical subassembly using the four 8.5-kip steel plates shown previously in Figure 5-19. The 

physical sub-structure was loaded with these four 8.5-kip steel plates prior to the hybrid simulations. 

Also, as it was explained before in Section 6.7, the gravity frame numerical sub-structure do not present 

initial values of moments and rotations from gravity loading. More details of gravity loading of the hybrid 

model can be found in Section 6.7 of this report.  
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Response of Concrete Slab 

Figure 7-50 shows photographs of the damage state of the concrete slab after the completion of the 

second series of hybrid simulations. Due to safety measures, photographs of the concrete slab were only 

obtained at the end of the hybrid simulations. In general, damage of the concrete slab was limited to the 

regions around the columns. While minimal concrete spalling was observed around the west column, a 

diagonal crack was observed around the east column due to the lateral forces transferred by the horizontal 

actuator. Despite the damage observed on the concrete slab, the concrete floor slab did not lose its vertical 

load carrying capacity. 

   

 

 (a) North view of concrete slab around east column  (b) North view of concrete slab around west column 

Figure 7-50 Photographs of the damage state of the concrete slab of the gravity frame physical 

subassembly after Hybrid Simulation #2 

Response of Gravity Frame Columns 

Figure 7-51 through Figure 7-56 present moment-rotation relationships for columns of the gravity frame 

physical sub-structure at plastic-hinge regions. In each plot, the response of the physical column is 

presented together with the response of a similar column from the numerical sub-structure. Although the 

response of such physical and numerical components is different, some observations can be carefully 

made. The location of the plastic-hinge regions is indicated with a sketch above each figure. All bending 

moments were normalized by the predicted moment strength (My,p) of the W6×20 column. The predicted 

moment strength is defined as the plastic section modulus (Z) times the measured material yield strength 

obtained from coupon testing. The elastic component of the rotations was removed so that only plastic 

rotations are presented in all figures for comparison purposes. Photographs of the damage state at the base 

of the physical columns are presented in Figure 7-57 for hybrid simulations HS02-100% through HS02-
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200% where damage is visible. These photographs were taken at the end of each hybrid simulation or 

after maximum loading of the specimen (maximum displacement). 

 

In general, the moment-rotation relationships presented in Figure 7-51 through Figure 7-56 indicate that 

the gravity columns of the physical specimen exhibit low levels of yielding which concentrated at the 

base only. This is confirmed by photographs of the damage state at the base of columns provided in 

Figure 7-57. Also, photographs presented previously in Figure 7-45, Figure 7-47, Figure 7-49 and Figure 

7-50 confirm that the columns remained elastic at the top of the first story and at the bottom of the second 

story of the physical test specimen (potential plastic-hinge regions). It is important to point out that the 

string pots shown in Figure 7-50(b) installed to monitor chord rotations on the west gravity column above 

the concrete slab were pushed by the concrete slab upon loading of the physical specimen during Hybrid 

Simulation #2 and consequently provided erratic rotation measurements as seen in Figure 7-56(f). 

Therefore, the yielding-like response observed in Figure 7-56(f) does not indicate column yielding but 

rather malfunctioning of the instrumentation system for rotations (string pots). On the contrary, the 

bending moments presented in Figure 7-51 through Figure 7-56 are reasonably accurate. 

  

During the last hybrid simulation at 200% of the LGPC ground motion (HS02-200%), two bolts at each 

column base plate (4 bolts total) fractured in tension as seen in Figure 7-57(e) and Figure 7-57(f). Fracture 

of bolts is indicated in the moment-rotation plots in Figure 7-51(f) and Figure 7-54(f) for the east and 

west columns, respectively. The previously presented Figure 7-42 shows that bolt fracture occurred at 

first story inter-story drift ratios between 3.7% and 4.7%. A sudden drop in strength is observed in the 

moment-rotation response at the instant of bolt fracture. Fracture of bolts at the column base plates helped 

to accommodate large rotations at the base without yielding of the columns. However, the flexible 

supports of the numerical sub-structure (modeled with elastic springs) allowed for yielding at the base of 

the numerical columns as seen in Figure 7-51(e), Figure 7-51(f), Figure 7-54(e) and Figure 7-54(f) for the 

last two hybrid simulations (HS01-160% and HS01-200%). Therefore, although the flexible supports 

helped to improve the predictions for low levels of loading, they turned out to be unrealistic for large 

levels of loading such as in hybrid simulation HS02-160% and HS02-200%.  
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Figure 7-51 Moment-rotation relationships for east column plastic-hinge regions of gravity frame 

during Hybrid Simulation #2 (Part I)  
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Figure 7-52 Moment-rotation relationships for east column plastic-hinge regions of gravity frame 

during Hybrid Simulation #2 (Part II) 
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Figure 7-53 Moment-rotation relationships for east column plastic-hinge regions of gravity frame 

during Hybrid Simulation #2 (Part III) 
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Figure 7-54 Moment-rotation relationships for west column plastic-hinge regions of gravity frame 

during Hybrid Simulation #2 (Part I)  
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Figure 7-55 Moment-rotation relationships for west column plastic-hinge regions of gravity frame 

during Hybrid Simulation #2 (Part II) 
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Figure 7-56 Moment-rotation relationships for west column plastic-hinge regions of gravity frame 

during Hybrid Simulation #2 (Part III) 

Hybrid Model #2

NumericalPhysical
(West Col.)

-0.01 -0.005 0 0.005 0.01
-0.1

-0.05

0

0.05

0.1
(a) West Column,  Test: HS02-Pulse

Plastic Rotation [rad.]

M
 /

 M
y,

p

 

 
Numerical
Physical

-0.01 -0.005 0 0.005 0.01
-0.5

0

0.5
(b) West Column,  Test: HS02-25%(c)

Plastic Rotation [rad.]

M
 /

 M
y,

p
 

 
Numerical
Physical

-0.01 -0.005 0 0.005 0.01
-0.5

0

0.5
(c) West Column,  Test: HS02-25%

Plastic Rotation [rad.]

M
 /

 M
y,

p

 

 
Numerical
Physical

-0.01 -0.005 0 0.005 0.01
-0.5

0

0.5
(d) West Column,  Test: HS02-100%

Plastic Rotation [rad.]

M
 /

 M
y,

p

 

 
Numerical
Physical

-0.01 -0.005 0 0.005 0.01
-1

-0.5

0

0.5

1
(e) West Column,  Test: HS02-160%

Plastic Rotation [rad.]

M
 /

 M
y,

p

 

 
Numerical
Physical

-0.01 0 0.01 0.02 0.03
-1

-0.5

0

0.5

1
(f) West Column,  Test: HS02-200%

Plastic Rotation [rad.]

M
 /

 M
y,

p

 

 

Numerical
Physical



246 

(a) East-north view of east column;  HS02-100% (b) East-south view of west column;  HS02-100% 

 

(c) South-east view of east column;  HS02-160% (d) East-north view of west column;  HS02-160% 

(e) South-east view of east column;  HS02-200% (f) North-west view of west column;  HS02-200% 

Figure 7-57 Photographs of the damage state at base of columns of gravity frame physical 

subassembly during Hybrid Simulation #2 
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Response of Panel Zones 

Previously presented photographs of the damage state of the gravity frame physical sub-structure in 

Figure 7-45(e), Figure 7-47(e), and Figure 7-49(e) showed some yielding at the panel zones for the last 

hybrid simulation at 200% of the LGPC ground motion (HS02-200%). It appears from flaking of the 

whitewash that the panel zones were subjected to a combination of shear, bending, and high axial forces 

rather than pure shear. Measurements of the panel zone distortion could not be obtained due to the floor 

beams attached transversely to the panel zone which blocked the vision of the Krypton camera and 

precluded installation of linear pots.  

Response of Column Base Plate 

As indicated before, the response of the east column was monitored with the Krypton instrumentation 

system. Figure 7-58 shows the numbering convention of selected LEDs near the base plate of the east 

column of the physical sub-structure. Three LEDs (21, 22 and 23) were attached to the column base plate 

using magnet supports and two LEDs (19 and 20) directly to the web of the gravity column.  

 

Figure 7-58 Selected LEDs at bottom of east column of gravity frame physical sub-structure 

 

Figure 7-59 shows the vertical deformation of the LEDs at maximum (positive and negative) column 

bending moments at the base. The data points for the three LEDs attached to the column base plate and 

the two LEDs attached to the column web are connected with a dashed line to approximate rotations at 

these two planes. Bending of the column base plate is evident after the first hybrid simulation (HS02-

25%). Bending of the column base plate significantly increased upon further loading.  
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21x LED
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LED
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LED
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Figure 7-59 Vertical deformation of LEDs located near the base of east column of gravity frame 

physical subassembly during Hybrid Simulation #2 
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The rotation at the base plate of the east physical column (obtained approximately through data 

interpolation of LED 21, 22 and 23) versus the bending moment at the base of the same column is 

presented in Figure 7-60 for the second series of hybrid simulations. For comparison purposes, the 

rotation of the flexible support of the exterior column of the numerical sub-structure versus the column 

bending moment at the base is also presented in Figure 7-60. The physical and numerical moment-

rotation relationships presented in Figure 7-60 provide information of the flexible support of the gravity 

frame hybrid model. A comparison of Figure 7-60(a) and Figure 7-60(c) indicates a degradation of the 

elastic rotational stiffness of the base plate support connection mostly due to the unexpected loading of 

the test specimen during the HS02-25%F test. The response of the base plate support during hybrid 

simulation HS02-100% in Figure 7-60(d) resembles a self-centering hysteretic response as a result of 

rocking of gravity columns. The column base plate, initially straight, bended and adopted a rounded 

convex shape upon cyclic loading and, consequently, flattened the flag-type hysteretic response as 

observed in Figure 7-60(e). Fracture of the first bolt at the east column base plate occurred at 

approximately 0.03 rad. as indicated in Figure 7-60(f). Fracture of the second bolt moved the LEDs of the 

Krypton instrumentation system and did not allow capturing the subsequent response. 
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Figure 7-60 Moment-rotation relationships for supports during Hybrid simulation #2 
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7.3.3 Results of Cyclic02 Test 

 

As mentioned before, the main objective of the Cyclic02 test was to obtain information on the shear-tab 

connections at large rotations. Figure 7-61 presents the displacement protocol selected for the top and 

bottom horizontal actuators. The vertical actuators were set to impose a constant vertical force on the 

columns corresponding to the gravity load of the stories above.  

 

Since some of the bolts of the column base plates fractured in tension during the second series of hybrid 

simulations, the column base plates of the physical sub-structure were welded to the interface 9'×5'×1½" 

base plates as shown in Figure 7-62 before conducting the Cyclic02 test. 

 

Figure 7-63 and Figure 7-64 show, respectively, moment-rotation relationships and photographs of the 

damage state for the three shear-tab connections of the physical subassembly for the Cyclic02 test. During 

the execution of the cyclic test, one of the actuators exhibited a high frequency response likely due to 

instability of the controller. Therefore, the bending moments presented in Figure 7-63 were smoothed. 

During the last loading cycle of the test specimen, one of the linear pots at the exterior shear-tab 

connection (shear-tab connection “A”) detached from the specimen as seen in Figure 7-64(b). 

   

Some observations can be made based on the information provided in Figure 7-63 and Figure 7-64. In 

general, the shear-tab connections exhibited a significant reserved capacity after the hybrid simulations. 

The low stiffness and strength of the shear-tab connections at small rotations typifies the pinched 

hysteretic behavior that shear-tab connections exhibit. The shear-tab connections stiffened upon further 

loading due to binding of the beam flanges on the column flanges. Also, significant damage is observed in 

the interior physical column (west column) as seen in Figure 7-64(c) and Figure 7-64(d). This can be 

attributed to a combination of significant binding of beam flanges on the column flanged and high axial 

forces on such internal gravity column. 

  

The shear-tab plates did not show signs of fracture. However, significant yielding is observed near the 

bolt holes, especially in the exterior shear-tab connection (shear-tab connection “A”) as seen in Figure 

7-64(b).  
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Figure 7-61 Displacement protocol for Cyclic02 test 

 

 

 (a) South-east view of east column base plate (b) South-west view of west column base plate 

Figure 7-62 Welding of column base plates of gravity frame subassembly prior to Cyclic02 test 
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Figure 7-63 Moment-rotation relationships for shear-tab connections of gravity frame physical 

subassembly during Cyclic02 test 
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(a) Location of shear-tab connections (b) Shear-tab connection “A” after Cyclic02 test 

 

(c) Shear-tab connection “B” after Cyclic02 test (d) Shear-tab connection “C” after Cyclic02 test 

Figure 7-64 Photographs of the damage state of shear-tab connections of gravity frame physical 

subassembly after Cyclic02 test  

 

“C” “B” “A” 
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Figure 7-65 shows photographs of the damage state of the concrete slab after the Cyclic02 test. 

Significant concrete spalling around both columns is observed. Despite such level of damage in the shear-

tab connections and concrete slab, the floor slab did not lose its vertical load carrying capacity.  

 

 

 (a) West view of slab around east column  (b) East view of slab around west column 

Figure 7-65 Photographs of the damage state of the concrete slab of the gravity frame physical 

subassembly after Cyclic02 test 

 

In summary, a great deal of experimental information was obtained for the seismic response of a special 

steel moment frame subassembly as well as for a gravity frame. The two series of hybrid simulations were 

successfully conducted using the integration method and substructuring technique previously evaluated. 

Experimental information was presented mainly in the general form of force-displacement relationships 

for different components of the frame structures, including girder and column plastic-hinge regions, panel 

zones and column base plates. This data was used for seismic assessment and model validation. In 

general, the global response results of the hybrid simulations compare favorably with pre-test numerical 

predictions and with previous results of the substructuring technique evaluation. The experimental data 

also supplemented studies for the evaluation of the substructuring technique for collapse assessment. The 

differences observed in the global response results of the hybrid models with pre-test predictions were 

mainly due to over-predictions of the elastic stiffness of the physical sub-structure, as well as to the 

moment strength at yielding of columns.  
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SECTION 8  

COLLAPSE EVALUATION OF A STEEL MOMENT FRAME  

BUILDING STRUCTURE 

 

8.1 Introduction 

 

The collapse performance of the steel moment frame building structure presented in Section 4 is further 

evaluated in this section using a seismic fragility framework. The evaluation presented in this section was 

based on the methodology proposed in FEMA P695 (FEMA, 2009). Although the FEMA P695 

methodology provides a rational basis for quantifying the performance of new seismic-force-resisting 

systems for inclusion in building codes, it also addresses collapse evaluation of existing seismic-force-

resisting systems specified in current building codes. The response of the prototype building structure is 

evaluated for three cases to assess the influence of the composite floor slab and the gravity-force-resisting 

system. In the first case, the response of a special steel moment frame structure without slab effects was 

assessed. This case served as the baseline for the other two cases. For the second case, the effect of the 

composite floor slab on seismic response of the steel moment frame structure was included. In the third 

case, the gravity-force-resisting system was explicitly modeled to examine its contribution to the response 

of the building structure.  

 

8.2 Scope of Collapse Evaluation 

 

The methodology proposed in FEMA P695 (FEMA, 2009) was simplified and implemented herein to 

evaluate the collapse performance of the building structure presented in Section 4. While the FEMA P695 

requires the development of a set of building configurations or “index archetype configurations” to 

describe a range of permissible configuration of a structural system, the methodology, as implemented in 

this study, was used for three single models. Although the FEMA P695 methodology requires modeling 

only components specifically designed as part of the seismic-force-resisting system, the evaluation 

presented in this section was extended to include frames of the gravity-force-resisting system to assess 

their influence on the collapse capacity.  

 

The FEMA P695 methodology uses the collapse margin ratio (CMR), defined as the ratio between the 

median collapse intensity ( S෠CT ) and the Maximum Considered Earthquake (MCE) ground motion 

intensity (SMT ), as the primary parameter to characterize the collapse safety of a structural system. 
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Nonlinear dynamic analyses are used to assess median collapse capacities (S෠CT) and collapse margin 

ratios (CMR). For collapse evaluation, a set of ground motions are scaled systematically to increasing 

intensities until median collapse is established. The methodology defines median collapse as the ground 

motion intensity in which half of the records in a ground motion set cause collapse of an index archetype 

model. This process is similar to the concept of Incremental Dynamic Analysis (IDA) as proposed by 

Vamvatsikos and Cornell (2002). Acceptable values of the collapse margin ratios (CMR) are defined in 

terms of an acceptably low probability of collapse for MCE ground motions, considering uncertainty in 

collapse fragility. The probability of collapse due to MCE ground motions applied to a population of 

archetypes is limited to 10%, on average. The probability of collapse for individual archetypes is limited 

to 20% or twice the average value to evaluate acceptability of potential outliers. The FEMA P695 

methodology, as simplified and implemented in this study for collapse evaluation, is summarized in the 

following steps: 

 

8.2.1 Development of Models 

 

The FEMA P695 methodology requires only nonlinear models of the seismic-force-resisting system for 

collapse evaluation. However, nonlinear models of the gravity-force-resisting system were also included 

in the collapse evaluation presented in this study to explicitly assess its influence on the collapse capacity 

of the structural system. The FEMA P695 methodology writes that the analytical models should, to the 

extent possible, include explicit simulation of all significant deterioration mechanisms that could lead to 

structural collapse. Models need to be calibrated using test data at the material, component or assembly 

level or other substantial evidence to verify their ability to simulate expected nonlinear behavior. In this 

study, the nonlinear models were initially calibrated using existing experimental data of steel components. 

Subsequently, these nonlinear models were refined based on the experimental results obtained from the 

two series of hybrid simulations presented in Section 7. 

 

8.2.2 Analysis of Models 

 

Collapse assessment is conducted using results from both nonlinear static (pushover) and nonlinear 

dynamics (response history) analysis procedures. Nonlinear dynamic analyses are employed to estimate 

median collapse capacities (S෠CT) and collapse margin ratios (CMR). A set of 22 ground motion pairs from 

sites located greater than or equal to 10 km from fault rupture, referred in the methodology as the Far-

Field record set, were used for collapse assessment using nonlinear dynamic analysis. Table 8-1 

summarizes the Far-Field ground motion set.  
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Table 8-1 Summary of Far-Field ground motion record set for collapse assessment (FEMA, 2009) 

Pair 
No. 

EQ ID Mag. Year Event Fault Type Station Name 
Campbell 
Dist. (km) 

1 12011 6.7 1994 Northridge Thrust Beverly Hills – Mulhol 17.2 

2 12012 6.7 1994 Northridge Thrust Canyon Country – WLC 12.4 

3 12041 7.1 1999 Duzce, Turkey Strike-slip Bolu 12.4 

4 12052 7.1 1999 Hector Mine Strike-slip Hector 12.0 

5 12061 6.5 1979 Imperial Valley Strike-slip Delta 22.5 

6 12062 6.5 1979 Imperial Valley Strike-slip El Centro Array #11 13.5 

7 12071 6.9 1995 Kobe, Japan Strike-slip Nichi-Akashi 25.2 

8 12072 6.9 1995 Kobe, Japan Strike-slip Shin-Osaka 28.5 

9 12081 7.5 1999 Kocaeli, Turkey Strike-slip Duzce 15.4 

10 12082 7.5 1999 Kocaeli, Turkey Strike-slip Arcelik 13.5 

11 12091 7.3 1992 Landers Strike-slip Yermo Fire Station 23.8 

12 12092 7.3 1992 Landers Strike-slip Coolwater 20.0 

13 12101 6.9 1989 Loma Prieta Strike-slip Capitola 35.5 

14 12102 6.9 1989 Loma Prieta Strike-slip Gilroy Array #3 12.8 

15 12111 7.4 1990 Manjil, Iran Strike-slip Abbar 13.0 

16 12121 6.5 1987 Superstition Hills Strike-slip El Centro Imp. Co. Cent 18.5 

17 12122 6.5 1987 Superstition Hills Strike-slip Poe Road (temp) 11.7 

18 12132 7.0 1992 Cape Mendocino Thrust Rio Dell Overpass 14.3 

19 12141 7.6 1999 Chi-Chi, Taiwan Thrust CHY101 15.5 

20 12142 7.6 1999 Chi-Chi, Taiwan Thrust TCU045 26.8 

21 12151 6.6 1971 San Fernando Thrust LA – Hollywood Stor  25.9 

22 12171 6.5 1976 Friuli, Italy Thrust Tolmezzo 15.8 

 

Scaling of ground motion records in the methodology involves two steps. First, individual records in the 

set are normalized by their respective peak ground velocity. This step is intended to remove unwarranted 

variability between records due to inherent differences in event magnitude. Second, the normalized 

ground motions are collectively scaled (or “anchored”) to a specific ground motion intensity such that the 

median spectral acceleration of the record matches the spectral acceleration at the fundamental period (T) 

of the index archetype being analyzed which is calculated using the period formula of Section 12.8.2.1 of 

ASCE/SEI 7-05 provided below: 

 

 T = CuTa = Cu Ct hn
x  ≥  0.25 sec. (8-1)

 

where hn	is the building height, the values of the coefficient, Cu, are given in Table 12.8-1 of ASCE/SEI 

7-05, and values of period parameters Ct  and x are given in Table 12.8-2 of ASCE/SEI 7-05. In the 
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collapse evaluation, the ground motions are systematically scaled to increasing intensities until median 

collapse is established. Median collapse is the ground motion intensity in which half of the ground 

motions records cause collapse of the structural system. Unlike the procedure proposed by Vamvatsikos 

and Cornell (2002) in which a full increment dynamic analysis (IDA) is required, the FEMA P695 

methodology only requires calculating the response of the structure at the median collapse point. Also, 

these two methods are different in terms of scaling the ground motions. In the FEMA P695 methodology, 

the set of ground motion intensities are defined in terms of the median spectral intensity of the far-field 

record set rather than the spectral intensity of each individual record as in the IDA.  

 

8.2.3 Evaluate the Performance 

 

The results from the nonlinear static and dynamic analyses are used to evaluate the acceptability of the 

calculated collapse margin ratio (CMR). Acceptability is measured by comparing the collapse margin 

ratio, after some adjustments, to acceptable values that depend on the quality of information used to 

define the system, total system uncertainty and established limits on acceptable probabilities of collapse. 

The FEMA P695 methodology limits the probability of collapse due to Maximum Considered Earthquake 

(MCE) ground motions to 10%. Each performance group is required to meet this collapse probability 

limit, on average. A limit of twice this value or 20% is suggested as a criterion for evaluating the 

acceptability of potential “outliers” within a performance group. The collapse margin ratio (CMR) can be 

significantly influenced by the frequency content (spectral shape) of the ground motion set. To account 

for the effects of spectral shape, a simplified procedure is provided in the FEMA P695 methodology to 

adjust the median collapse capacities (S෠CT) using a spectral shape factor (SSF). Consequently, the collapse 

margin ratio (CMR) is also modified to an adjusted collapse margin ratio (ACMR) as follows: 

  

 ACMR 	= 	SSF×CMR (8-2)

 

The spectral shape factor (SSF) is a function of the fundamental period (T), the period-based ductility (μT) 

and the applicable Seismic Design Category. The spectral shape factor can be obtained from Table 7-1a 

and Table 7-1b from the FEMA P695 report (2009). A nonlinear static pushover analysis is used to 

quantify the period-based ductility (μT) as shown in Figure 8-1.  
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Figure 8-1 Idealized nonlinear static pushover curve (FEMA, 2009)  

 

For a given archetype model, the period-based ductility (μT) is defined as the ratio of ultimate roof drift 

displacement (δu) to the effective yield roof drift displacement (δy,eff): 

 

 μT =
δu

δy,eff
 (8-3)

 

The acceptable values of adjusted collapse margin ratio are based on total system uncertainty (ߚTOT) and 

established values of acceptable probabilities of collapse. Many sources of uncertainty contribute to 

variability in collapse capacity. The following sources of uncertainty are considered in the collapse 

assessment process: 

 

• Record-to-Record Uncertainty (RTR): uncertainty due to variability in the response of index 

archetypes to different ground motion records. Based on previous studies using the far-field 

ground motion record set, a fixed value of record-to-record variability (ߚRTR) of 0.40 is assumed 

in the performance evaluation of systems with significant period elongation (i.e., period-based 

ductility, μT	≥	3). For systems with little or no period elongation, values of record-to-record 

variability can be reduced as follows (where ߚRTR must be greater than or equal to 0.20): 

 

 βRTR  =  0.1 + 0.1μT  ≤  0.40 (8-4)
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• Design Requirements Uncertainty (DR): uncertainty related to the completeness and robustness 

of the design requirements and the extent to which they provide safeguards against anticipated 

failure modes. Qualitative values of design requirements-related collapse uncertainty (ߚDR) can be 

obtained from Table 3-1 from the FEMA P695 report and range from βDR	=	0.10 (superior) to 

βDR=	0.50 (poor). 

• Test Data Uncertainty (TD): uncertainty related to the completeness and robustness of the test 

data used to define the system. This type of uncertainty is closely associated with, but distinct 

from, modeling-related uncertainty. Qualitative values of test data-related collapse uncertainty 

 can be obtained from Table 3-2 from the FEMA P695 report and range from βTD = 0.10 (TDߚ)

(superior) to βTD= 0.50 (poor). 

• Modeling Uncertainty (MDL): type of uncertainty related to how well index archetype models 

represent the full range of structural response characteristics and associated design parameters for 

the archetype design space and how well the analysis model captures structural collapse behavior 

through direct simulation or non-simulated component checks. Modeling-related uncertainties 

(βMDL), quantified in terms of the quality of index archetype models, can be obtained from Table 

5-3 from FEMA (2009) and range from βMDL = 0.10 (superior) to βMDL= 0.50 (poor). 

The total system collapse uncertainty is given by: 

 

 βRTR = ටβRTR
 2  + βDR

 2  + βTD
 2  + βMDL

 2  (8-5)

 

Acceptable performance is defined in the FEMA P695 methodology by two basic collapse prevention 

objectives: 

 

• The probability of collapse for MCE ground motions is approximately 10%, or less, on average 

across a performance group. 

• The probability of collapse for MCE ground motions is approximately 20%, or less, for each 

index archetype within a performance group. 

This is achieved when the adjusted collapse margin ratios (ACMR) for each index archetype meet the 

following two criteria: 
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 ACMRതതതതതതതത
i 	≥ 	ACMR10% (8-6)

 ACMRi 	≥ 	ACMR20% (8-7)

 

While ACMRi is the adjusted collapse margin ratio for each index archetype within a performance group, 

ACMRതതതതതതതത
i is the average value of the adjusted collapse margin ratio for the performance group. Table 7-3 of 

the FEMA P695 report provides acceptable values of adjusted margin ratio ACMR10% and ACMR20%, 

based on the total system collapse uncertainty and values of acceptable collapse probability, taken as 10% 

and 20%, respectively.  

 

8.3 Collapse Evaluation of a Special Steel Moment Frame Building Structure 

 

The steel moment frame building structure presented in Section 4 was evaluated using the FEMA P695 

methodology as simplified and summarized earlier in this section. The seismic-force-resisting system of 

the prototype building structure consists of special steel moment frames with reduced beam sections 

(RBS). As mentioned previously in Section 4, the building structure was designed according to the 

SEI/ASCE-02 (2002), AISC (2005), and IBC (2003) design provisions. The building was assumed to be 

located on Soil type D in Los Angeles. The Maximum Considered Earthquake (MCE) spectral response 

acceleration at short (SS) and 1.0-second (S1) periods were assumed to be 1.5g and 0.9g, respectively. The 

design spectral response acceleration parameters SDS and SD1 are 1.0g and 0.6g, respectively.  

 

The analytical models developed for the collapse evaluation also included explicit models of the gravity-

force-resisting system to assess its influence on the collapse capacity of the building structure. The 

analytical models were initially calibrated using an existing experimental database of steel components 

(Lignos and Krawinkler, 2012, Liu and Astaneh-Asl, 2000b) and subsequently refined using the 

experimental results of the two half-scale moment and gravity frame subassemblies tested via hybrid 

simulation. The inelastic response of the building structure was simulated using a concentrated plasticity 

model as described in Section 6.2.1. Three numerical models, progressively more sophisticated, were 

developed for the collapse evaluation and summarized in Table 8-2. 

 

The first analytical model (MF model), used as the baseline case for the subsequent two cases, consists of 

a half-scale model of a steel moment frame system as described previously in Section 6.2.1 and Section 

6.2.2. The effects of the composite floor slab were not included in this model. The second model (CMF 

model) is similar to the previous MF model but included the effects of the composite floor slab as 

described in Section 6.2.3. In this model, the elastic stiffness of the girder was increased by a factor of 
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1.20 (to account for stiffening of the concrete slab) and the modeling parameters of the modified-IMK 

model for girder elements were modified according to the recommendation of Lignos et al. (2011b).  

Finally, the third model (CMF+GF model) includes the frames of the gravity-force-resisting system (as 

described previously in Section 6.3) in addition to the steel moment frame structure as modified to 

include the effect of the composite floor slab. These three numerical models were developed to assess the 

influence of the composite floor slab and gravity framing system, two modeling aspects typically ignored 

in collapse seismic assessment of structures.   

Table 8-2 Summary of analytical models used in collapse evaluation of prototype building structure 

Model ID Model Description 

MF 
Analytical model of a half-scale bare steel moment frame as described in Section 6.2   
except for the modifications presented in Section 6.2.3 to include slab effects. A leanin
g column was modeled to include the P-Delta effects.    

CMF 
Analytical model of a half-scale steel moment frame as described in Section 6.2 includi
ng the effect of the composite floor slab as described in Section 6.2.3.  

CMF+GF 
Analytical model of the half-scale steel moment frame as described in Section 6.2 inclu
ding the effect of the composite floor slab as described in Section 6.2.3 and the gravity
-force-resisting system.  

 

8.3.1 Calibration of Analytical Models 

 

The numerical models of the moment and gravity frame structures, previously calibrated prior to the 

hybrid simulations, were refined based on observations of the experimental results of the two series of 

hybrid simulations presented previously in Section 7. A brief description of the refinement process of the 

numerical models is provided below. 

 

8.3.1.1 Calibration of Numerical Model of Moment Frame  

The results of the first series of hybrid simulations clearly showed that the numerical model of the 

moment frame underestimated the post-capping plastic rotation capacity (θpc) of the W12×30 columns as 

shown in Figure 7-16(g) and Figure 7-16(h). As mentioned before, the post-capping plastic rotation 

capacity is one of the most influential parameters in collapse assessment of structural systems (Ibarra and 

Krawinkler, 2005) and, therefore, accurate estimates of this modeling parameter are important. Also, the 

yield moment capacity (My) of the W12×30 columns was previously overestimated, mainly due to the 

1.17 factor used to increase the yield moment capacity to an effective value to account for isotropic 

hardening. These two modeling parameters (θpc, My) were calibrated as shown in Figure 8-2.  
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Figure 8-2 Calibration of modified-IMK hysteretic model using data from Hybrid Simulation #1  

 

It can be seen in Figure 8-2 that calibration was based on the experimental moment-rotation relationships 

obtained from four plastic-hinge regions at the W12×30 columns of the moment frame subassembly used 

in the first series of hybrid simulations. The location of the plastic-hinge regions from which the 

experimental data was obtained is indicated with a sketch above each plot in Figure 8-2. 
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Table 8-3 summarizes modeling parameters of the modified-IMK model for the W12×30 columns. It can 

be seen in Figure 8-2 that that moment-rotation relationships of the numerical model with the calibrated 

parameters matches, on average, the four experimental moment-rotation relationships. The pre-capping 

plastic rotation (θp ) and reference cumulative rotation capacity (Λ), also included in Table 8-3 for 

completeness, were not modified since the experimental data does not clearly and consistently suggests a 

better estimate. A larger number of loading cycles as compared to those in the hybrid simulations are 

needed to obtain better estimates of the reference cumulative rotation capacity (Λ).  

Table 8-3 Calibration of modified-IMK model parameters using data from Hybrid Simulation #1 

 
Parameters per Lignos and  

Krawinkler (2011) 
Calibrated Parameters using  

Hybrid Simulation #1 

Effective Yield Moment, 
My [kip-in.] 

1.17My,p 1.00My,p 

Pre-Capping Plastic Rotation, 

θp [rad.] 
0.033 0.033 

Post-Capping Plastic Rotation, 
θpc [rad.] 

0.153 0.200 

Reference Cumulative Rotation  
Capacity, Λ  

0.977 0.977 

[1] My,p: predicted yield moment defined as plastic modulus (Z) times measured material yield stress. 

 

As mentioned earlier in Section 7, the experimental moment-rotation relationships for girders of the 

moment frame subassembly should be carefully used to assess the numerical model of the moment frame 

structure since very approximate estimates of bending moments were obtained along the girders as 

explained in Section 7.2.2.2. Recognizing this, the experimental data previously presented in Figure 7-26 

suggested that the numerical model of the moment frame reasonably predicted the yield moment capacity 

(My ) under positive and negative bending, pre-capping (θp ) and post-capping (θpc ) plastic rotation 

capacity of the composite W14×26 girder. Because of this, the modeling parameters of girders are not 

further refined in this section. Similar observations were made for the numerical model of the panel zone. 

In summary, the numerical model of the moment frame structure was calibrated as follows: 

 

• The yield moment capacity (My) and post-capping plastic rotation capacity (θpc) of the W12×30 

column (located at the first and second stories) were modified according to Table 8-3. 

• Since no experimental data was obtained for the W12×19 column (located at the third and fourth 

stories), only the 1.17 factor used to increase the yield moment capacity to an effective value was 

removed.  



267 

• No other modeling parameters including those for girders or panel zones were calibrated or 

modified. 

• A fixed support boundary condition was assumed at the base of the moment frame structure.  

 

The aforementioned refinements of the modeling parameters were implemented in the numerical model of 

the special steel moment frame used to conduct the FEMA P-695 analysis in Section 8.3. In an attempt to 

further assess the accuracy of the hybrid simulations presented in Section 7, the response of the first series 

of hybrid simulations is numerically reproduced herein through coupled simulations which were updated 

with the calibrated modeling parameters described above. Since the only difference between the hybrid 

simulations and corresponding coupled simulations is the physical sub-structure, only the slave OpenSees 

script of the couple model, which simulates the response of the physical sub-structure, was updated with 

the calibrated modeling parameters to better match the hybrid simulations results.  

 

To this end, the slave OpenSees script for the coupled simulations was updated as follows. The modeling 

parameters of the W12×30 column were modified according to Table 8-3. Since it was observed that 

Hybrid Model #1 is more flexible than the corresponding numerical model, some modifications were 

made to the flexibility of the support boundary conditions. While the support flexibility at the east column 

of the physical sub-structure of the moment frame was closely estimated in the numerical model as shown 

previously in Figure 7-30, it was noticed that the flexibility of the west column, which could not be 

obtained experimentally, was possibly larger than for the east column due to the arrangement of anchor 

bolts near the column used to attach the interface 9'×5'×1½" base plates to the strong floor. While the east 

column is located near four closely-spaced anchor bolts, larger spaced anchor bolts were provided around 

the west column. Because of this, it was assumed that the stiffness of the support boundary condition at 

the west column was 75% of that of the east column. Finally, the corotational transformation formulation 

was selected in the slave OpenSees script to better capture the response of the physical sub-structure at 

large deformations.  

 

Figure 8-3 compares the roof drift ratio response of the coupled simulations (post-test predictions with 

updated slave OpenSees script only) and Hybrid Simulation #1. It can be noted that the post-test 

predictions are closer than the pre-test predictions presented previously in Figure 7-6. The fundamental 

period of vibration of the coupled model is closer to that of Hybrid Model #1 as observed in Figure 

8-3(a). However, a difference in residual roof drift ratio at the end of hybrid simulation HS01-160% can 
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still be observed. In summary, it can be noticed that the hybrid simulations and numerical simulations 

predict the response of the frame structure with similar levels of accuracy.  

 

Figure 8-3 Roof drift ratio response for calibrated numerical simulation after test and Hybrid 

Simulation #1 
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8.3.1.2 Calibration of Numerical Model of Gravity Frame 

 

The numerical model of the gravity frame, which was initially calibrated using the guidelines and 

experimental data of Liu and Astaneh-Asl (2000b, 2004), was subsequently refined using the 

experimental results of the half-scale gravity frame subassembly tested via hybrid simulation. A 

description of the post-test calibration of the numerical model of the gravity frame is provided below.  

 

Figure 8-4 compares experimental moment-rotation relationships for the shear-tab connection “C” of the 

gravity frame subassembly with numerical predictions using the Pinching4 hysteretic model calibrated 

prior to the hybrid simulations (see Section 6.3.3). The location of the shear-tab connection “C” within 

the gravity frame subassembly is indicated in the sketch above Figure 8-4. The data from the second 

series of hybrid simulations is presented in Figure 8-4(a) through Figure 8-4(d). Figure 8-4(e) shows the 

data of the Cyclic02 test and Figure 8-4(f) presents the response of the shear-tab connection for the 

combined hybrid simulation (HS02) and cyclic test (Cyclic02) to capture the cumulative damage in the 

numerical model. For comparison purposes, the rotations of the physical response in Figure 8-4 were used 

as input for the Pinching 4 hysteretic model. Since the pre-test calibration of the Pinching4 hysteretic 

model was based on the guidelines of Liu and Astaneh-Asl (2004), the moment-rotation envelope 

constructed using such guidelines is also provided in Figure 8-4 to establish comparisons.  

 

Some observations can be made based on the results presented in Figure 8-4. The pre-test calibration of 

the Pinching4 hysteretic model does not reproduce the hysteretic response of the shear-tab connections 

under low-amplitude loading as shown in Figure 8-4(a). Although the pinched hysteretic response of the 

shear-tab connection is reasonably captured as shown in Figure 8-4(b) and Figure 8-4(c), the hysteretic 

model does trace the response of the shear-tab connections after binding of the beam flange on the 

column flange. In general, it can be seen that the Pinching4 hysteretic model (as calibrated prior to the 

hybrid simulations) as well as the guidelines of Liu and Astaneh-Asl under-predicts the moment-rotation 

envelope of the shear-tab connection “C”. Although the numerical models seem to predict very 

reasonably the moment strength of the shear-tab connections as shown in Figure 8-4(f), the rate at which 

such moment strength deteriorates upon cyclic loading was over-estimated in the pre-test calibration of 

the Pinching4 model. As discussed earlier in Section 7.3.2.2, this was attributed to two reasons. First, the 

strength deterioration parameters of the Pinching4 hysteretic model were calibrated based on cyclic test 

results of Specimen 6A of Liu and Astaneh-Asl. Specimen 6A was subjected to a larger number of cycles 

(SAC symmetric loading protocol) as compared to the hybrid simulations and the response of Specimen 

6A under large deformation was governed by fracture of shear-tab plate. Second, the material yield 
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strength of the shear-tab plates for the gravity frame subassembly including connection “C” was 30% 

larger than for Specimen 6A. The strength deterioration at large deformation is an important parameter in 

collapse predictions and good estimates should be obtained for the gravity frame. 

 

Based on the above observations, the modeling parameters of the Pinching4 hysteretic model were refined 

using experimental information of the shear-tab connection “C”. Figure 8-5 presents the experimental 

response of the shear-tab connection “C” as well as numerical predictions using the Pinching4 hysteretic 

model as calibrated after the test. To trace the moment-rotation response of the shear-tab connections after 

binding of the beam flange on the column flange, which is characterized by an increasing stiffness and 

strength at large rotations, a rotational gap spring element (elastic-perfectly plastic gap material in 

OpenSees) was modeled in parallel with the rotation spring element with the Pinching4 hysteretic model. 

It can be seen that the post-test calibration of the Pinching4 hysteretic model together with the rotational 

gap spring element reproduce very closely the response of the shear-tab connection.  

 

Figure 8-6 compares the model for the shear-tab connection calibrated after the test with experimental 

data obtained for the shear-tab connection “A”. It can be seen that the calibrated parameters for the 

Pinching4 hysteretic model also predicts reasonably well the response of the shear-tab connection “A”. 

Therefore, the numerical model for the shear-tab connections consisting of two rotational springs with the 

Pinching4 hysteretic model and the gap material, as calibrated after the test, were used for the collapse 

evaluation in this section. The experimental information of shear-tab connection “C” was used to calibrate 

the modeling parameters of the Pinching4 hysteretic model since this data is more reliable than the other 

two shear-tab connections (“B” or “C”) as explained in Section 5.3.3.1. 
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Figure 8-4 Comparison of experimental moment-rotation relationships for shear-tab connection 

“C” versus numerical predictions using Pinching4 model (calibrated before the test) and theoretical 

envelope of Liu and Astaneh-Asl (2000b)  
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Figure 8-5 Comparison of experimental moment-rotation relationships for shear-tab connection 

“C” versus numerical predictions using Pinching4 model (calibrated after the test) and theoretical 

envelope of Liu and Astaneh-Asl (2000b) 
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Figure 8-6 Comparison of experimental moment-rotation relationships for shear-tab connection 

“A” versus numerical predictions using Pinching4 model (calibrated before the test) and theoretical 

envelope of Liu and Astaneh-Asl (2000b) 
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8.3.2 Results from Nonlinear Static Analysis 

 

In the methodology as summarized in the previous section, the results from nonlinear static analysis are 

used to calculate the period-based ductility (μT) defined by Equation 8-3. The vertical distribution of the 

lateral force used in the nonlinear static analysis was proportional to the fundamental mode shape of the 

numerical models. Figure 8-7 presents the lateral force versus the roof drift ratio (pushover curve) for the 

steel moment frame structures with (“CMF” model) and without the composite floor slab (“MF” model). 

The lateral forces in Figure 8-7 were normalized by the corresponding seismic weight. The ultimate roof 

drift displacement (δu) and the effective yield roof drift displacement (δy,eff), both normalized by the 

building roof height, are indicated in Figure 8-7. The period-based ductility (μT) was calculated with these 

two parameters using Equation 8-3 for the “MF” and “CMF” analytical models and are equal to μT	=	6.4 

and μT	=	8.0, respectively. The period-based ductility of the third model (“CMF+GF” model) can be 

safely assumed to be larger than 8.0 since the addition of the gravity frames reduces the post-capping 

strength deterioration (negative slope) of the moment frame structure shown in Figure 8-7(b) and 

consequently results in larger values of period-based ductility. This was previously shown in Figure 7-38. 

Also, the moment and gravity frames in the “CMF+GF” model were simulated through coupled 

simulations. A coupled simulation in OpenSees and OpenFresco is not compatible with the nonlinear 

static (pushover) solvers.  

 

8.3.3 Results from Nonlinear Dynamic Analysis 

 

Nonlinear dynamic analyses were conducted to calculate the median value of the collapse ground motion 

intensity (S෠CT) and the collapse margin ratio (CMR). Although not required, a full incremental dynamic 

analysis was carried out. The far-field ground motion set previously presented in Table 8-1 was used to 

conduct the incremental dynamic analysis on the three analytical models described in Table 8-2. Scaling 

of the normalized ground motion records was based on the median spectral acceleration of the ensemble 

of ground motion records at the scaled fundamental period of the building structure of 0.64 sec. defined 

by Equation 8-1 (fundamental period of steel moment frame calculated with the following parameters: 

hn = 612 in., Cu	=	1.4, Ct	=	0.028, x	=	0.80) and scaled down by the time scale factor of S1/2	= 0.707 

defined in Section 4.4.1. 

 

Figure 8-8 presents results of the incremental dynamic analysis conducted for the three analytical models 

presented in Table 8-2, namely, bare steel moment frame (MF model), steel moment frame with 
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composite floor slab (CMF model) and steel moment frame and gravity frame with composite floor slab 

(CMF+GF model). Empirical collapse fragility curves, constructed from the IDA results, are provided in 

Figure 8-8 where lines of bet-fit lognormal cumulative distribution functions are provided. Median values 

(μ) and dispersion factor (β) are also provided. The horizontal dashed line in Figure 8-8(a), Figure 8-8(c) 

and Figure 8-8(e) indicate the Maximum Considered Earthquake ground motion intensity (SMT). The 

median values of the collapse ground motion intensity (S෠CT) are indicated in Figure 8-8(b), Figure 8-8(d) 

and Figure 8-8(f). The collapse criterion was the ground motion intensity at which the IDA curve 

becomes flat. Also, convergence of the coupled simulations for the “CMF+GF” model was not achieved 

for all the ground motions. Therefore, a total of ten ground motions were removed for the IDA analysis as 

seen in Figure 8-8 due to lack of convergence of the simulations. 
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Figure 8-7 Results of nonlinear static (pushover) analysis for steel moment frame building structure 
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 (a) IDA curves for “MF” Model (b) Collapse fragility curve for “MF” Model 

 

(c) IDA curves “CMF” Model (d) Collapse fragility curve for “CMF” Model 

 

(e) IDA curves for “CMF+GF” Model (f) Collapse fragility curve “CMF+GF” Model 

 

Figure 8-8 Results of incremental dynamic analytic for steel moment frame building structure  
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Based on the results obtained from the incremental dynamic analysis, collapse margin ratios (CMR) were 

calculated for the three analytical models of the building structure which are summarized in Table 8-4 

together with selected results of the incremental dynamics analysis including the median collapse capacity 

( S෠CT ), the uncertainty factor (β ) associated with the ground motion uncertainty, and the collapse 

probability at 150% of the MCE ground motion (since the collapse probabilities at the MCE ground 

motion intensity are very small for the moment frame building structure in the direction of loading).  

Table 8-4 Summary of incremental dynamic analysis results for collapse evaluation 

Model 
Median Collapse 

Capacity (S෠CT) 
Uncertainty 

(β) 
Collapse Margin 

Ratio (CMR) 
Collapse Probability 
at 150% MCE (%) 

Moment Frame (MF) 2.52 0.34 2.55 6.2 

Moment Frame with Floor 
Slab (CMF) 

2.84 0.33 2.87 2.4 

Moment and Gravity Frames  
with Floor slab (CMF+GF) 

3.59 0.30 3.63 0.2 

 

As expected, it can be seen in Table 8-4 that the median collapse capacity increases as slab effects and 

gravity frames are included in the analytical models. However, while the inclusion of slab effects results 

in a 13% increment of the median collapse capacity with respect the moment frame (MF) model, a 42% 

increment is observed when the gravity frames were also included. Note that the composite floor slab and 

the gravity frames have a very positive influence on the collapse probability of the frame structure.  

 

8.3.4 Calculation of Acceptable Collapse Margin Ratios (ACMR10%, ACMR20%) 

 

Acceptable values of the adjusted collapse margin ratios for 10% and 20% probability of collapse for 

MCE ground motions (ACMR10% and ACMR20%, respectively) are based on the total system uncertainty 

 ,which is calculated combining four previously-described sources of uncertainties (βRTR, βTD, βTD (TOTߚ)

and βMDL) using Equation 5-1. A brief description of the selection of these uncertainty parameters is 

provided below using similar criteria to that provided in the examples of the FEMA P695 report. 

 

A value of βRTR	=	0.40 is selected for the record-to-record uncertainty since values of the period-based 

ductility obtained in Section 8.3.2 are μT	≥	3. Since the prototype office building was designed according 

to the AISC (2005), SEI/ASCE-02 (2002) and IBC (2003) design provisions, the design requirement 

uncertainty was categorized as superior (A). Such design provisions represent many years of development 



279 

and include lessons learned from a number of major earthquakes (FEMA, 2009). Therefore, a value of 

βDR = 0.10 is selected for the design requirement uncertainty. 

 

To quantify the uncertainty related to the quality of data (βTD), it is recognized that the numerical models 

of the steel moment frame were calibrated using a large test database of beam components (Lignos and 

Krawinkler, 2012). The test database included limited beam components with the composite floor slab but 

did not include column elements. Further, the hysteretic model used for the column does not account for 

axial force-bending moment (P-M) interaction. The numerical model of the gravity frame was calibrated 

based on a very limited test data of shear-tab connections (Liu and Astaneh-Asl, 2000b). The two 

aforementioned numerical models were subsequently refined using the experimental results of the two 

series of hybrid simulations conducted herein. In view of this and following recommendations in the 

FEMA P695 report, the test data uncertainty is selected as good (B) and consequently a value of 

βTD = 0.20 is selected. According to the guidelines of Section 5.7 of the FEMA P695 report, the model-

related uncertainty is characterized as  good (B) and a value of βMDL = 0.20 is selected since the primary 

expected failure mode is flexural hinging leading to sidesway collapse. This collapse mechanism is 

reasonably well predicted as shown in the two series of hybrid simulations. Therefore, the total system 

uncertainty calculated with Equation 5-1 is βTOT = 0.50. Per Table 7-3 of the FEMA P695 report, the 

acceptable values of adjusted collapse margin ratio for a system uncertainty βTOT = 0.50  are 

ACMR10%	=	1.90 and ACMR20%	=	1.52. 

 

8.3.5 Evaluation of Adjusted Collapse Margin Ratios 

 

The collapse margin ratios (CMR) obtained in Section 8.3.3 and summarized in Table 8-4 need to be 

adjusted by a spectral shape factor (SSF) to account for the spectral shape of the ground motion set using 

Equation 8-2. The spectral shape factor (SSF) is a function of the code-specified fundamental period (T), 

the period-based ductility (μT) calculated in Section 8.3.2 and the applicable Seismic Design Category 

(SDC).  

 

In the FEMA P695 methodology, maximum and minimum ground motions are defined for the SDC B, C 

and D based on respective upper- and lower-bound values of Maximum Considered Earthquake (MCE) 

and Design Earthquake (DE) spectral accelerations as given in Table 11.6-1 of ASCE/SEI 7-05 for short-

period response and in Table 11.6-2 of ASCE/SEI 7-05 for 1-second response. In the FEMA P695 report, 

Table 7-1a provides values of spectral shape factors (SSF) for archetypes designed for Seismic Design 
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Category (SDC) B, C, and Dmin and Table 7-1b of the FEMA P695 report provides SSF values for SDC 

Dmax.  

 

Based on the occupancy category of the building structure and the fact that the MCE spectral response 

acceleration values (SS, S1) assumed for the steel moment frame building structure corresponds to the 

maximum values of spectral acceleration for SDC D (Dmax) (SS=1.5g, S1=0.60g), the Seismic Design 

Category (SDC) of D was assigned to the steel moment frame structure under evaluation. Therefore, 

Table 8-5 summarizes the collapse margin ratio (CMR), the spectral shape factor (SSF), the adjusted 

collapse margin ratio (ACMR ), and the acceptable adjusted margin ratio (ACMR10% ) for the three 

analytical models.  

Table 8-5 Summary of adjusted collapse margin ratios and acceptable values 

Model 
Collapse Margin 

Ration (CMR) 
Spectral Shape 
Factors (SSF) 

Adjusted Collapse 
Margin Ratio 

(ACMR) 

Acceptable  
Adjusted Margin 
Ratio (ACMR10%) 

Moment Frame (MF) 2.52 1.32 3.33 1.90 

Moment Frame with Floor  
Slab (CMF) 

2.84 1.37 3.90 1.90 

Moment and Gravity Frames 
with Floor Slab (CMF + GF) 

3.59 1.37 4.92 1.90 

 

It can be seen in Table 8-5 that the adjusted collapse margin ratios of the three analytical models largely 

pass the acceptable value (ACMR10%) of the FEMA P695 methodology. As expected, the gravity frames 

and the composite action of the floor slab on the moment frames increase the collapse margin ratio. 

Increments in the adjusted collapse margin ratio (ACMR) of 17% and 47% are obtained for inclusion of 

(i) slab effects, and (ii) gravity frames in addition to slab effects, respectively. This indicates an important 

contribution of the gravity-force-resisting system on the collapse capacity of the steel moment frame 

building structure. However, as it was mentioned early, this could be considered as an upper limit since 

all the columns of the gravity frame were oriented in the strong axis (the contribution of the gravity 

frames is a function of the orientation of the gravity columns).  

 

Figure 8-9 presents the adjusted fragility curves for the three analytical models described in Table 8-2. 

The fragility curves previously presented in Figure 8-8 were adjusted as follows. The median collapse 

ground motion intensity (S෠CT) was adjusted by the spectral shape factor (SSF) and the uncertainty factor 

modified by the total system uncertainty (βTOT = 0.50) to account for other sources of uncertainties. It can 

be seen in Figure 8-9 that the collapse probabilities of the building structure at the MCE ground motion 
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spectral acceleration ( SMT	=	0.99g ) are significantly lower than the acceptable probability of 10% 

suggested in the FEMA P695 methodology.  

 

Since the collapse probabilities of this steel moment frame building structure are very low, Figure 8-9 

reports collapse probabilities at 150% of the MCE ground motion spectral acceleration. It can be seen that 

inclusion of slab effects and gravity frames results in a decrease of the collapse probability from 5.4% to 

1.0%. 

 

Figure 8-9 Adjusted collapse fragility curves for steel moment frame building structure  
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response of (i) a special steel moment frame, (ii) a special steel moment frame including slab effects, and 

(iii) a special steel moment frame including slab effects and the gravity frames. The analytical models 
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system on the collapse capacity for this particular building structure.  
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SECTION 9  

SUMMARY AND CONCLUSIONS 

 

9.1 Summary 

 

The overarching objective of this research project is to advance knowledge on collapse assessment of 

structural systems through experimental testing. Hybrid simulation with substructuring was evaluated and 

implemented as a cost-effective experimental framework for large-scale system-level testing of frame 

structures under simulated dynamic earthquake loading. Several challenges were encountered during the 

implementation of the hybrid testing method to evaluate frame structures through collapse. After 

addressing these concerns, the experimental framework was implemented to examine the seismic 

response of two half-scale subassemblies of a moment and a gravity frame from the onset of damage 

through collapse.  

 

A brief description of the analytical and experimental studies conducted in this research project followed 

by a list of the most important conclusions of each study is presented in the following two sections. 

Section 9.2 presents the studies associated with the development of the experimental framework, 

including an evaluation of integration methods and substructuring techniques for hybrid simulation. 

Section 9.3 presents the implementation of the experimental framework to test two half-scale frame 

subassemblies through collapse. At the end of this section, suggestions for future research are provided in 

Section 9.4.  

 

9.2 Development of Experimental Framework for Collapse Assessment 

 

The review of past studies in support of collapse assessment in Section 2 indicated that there is a need for 

large-scale experimental tests examining the system-level response of structures through collapse. These 

experiments are key for a better understanding of collapse and essential to assist in the development and 

improvement of analytical tools for collapse prediction. In response to this lack of experimental data, an 

experimental framework was evaluated and developed to subject large subassemblies of frame structures 

to more realistic loading conditions via hybrid simulation. The test method was found to be reliable and 

provided insight into experimental behavior of structural subassemblies under realistic seismic loads. 

However, the implementation of the hybrid testing method presented various challenges to simulate the 

seismic response of frame structures through collapse. Two major challenges were addressed in this 
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report and included the performance of the integration methods and substructuring techniques used in 

hybrid simulation. A summary and a list of conclusions of these studies are presented below.  

 

9.2.1 Evaluation of Integration Methods for Hybrid Simulation 

 

The performance of numerical integration methods for hybrid simulation are greatly challenged when 

employed with large and complex numerical sub-structures exhibiting large levels of inelastic response. 

Numerical simulation of structural collapse is a highly nonlinear problem that requires the use of 

sophisticated integration methods together with small time steps for convergence, accuracy and stability 

of the results. Analytical studies conducted prior to the two series of hybrid simulations (Section 6.2.5) 

showed that the integration methods often became unstable for the selected hybrid models. In response to 

these studies, Section 3 presents an analytical and experimental evaluation of the performance of two 

integration methods used in hybrid simulation; namely, a modified version of the implicit Newmark 

method (Schellenberg et al., 2009) (referred as the INM-HS method) and the operator-splitting method 

developed by Nakashima et al. (1989) (referred as the OS method). The conclusions of these studies are 

summarized below: 

 

• The iterative INM-HS method is more accurate than the OS method as indicated by energy 

balance calculations. However, this method is comparatively more expensive computationally. 

• The accuracy of the INM-HS method is more sensitive to the size of the time step than to the 

number of selected constant iterations. This was concluded by comparing numerical simulations 

with different combinations of time steps and numbers of constant iterations but presenting the 

same ratio of time step to number of iterations. In this comparison, the simulations with smaller 

time steps always yielded more accurate results. 

• As expected, the use of algorithmic damping increased energy balance errors. However, these 

increments were more pronounced in the iterative INM-HS method than in the OS method. 

• A series of hybrid simulations showed that the INM-HS and OS methods produced response 

results with similar levels of accuracy of purely numerical simulations.  

• The use of physical sub-structures exhibiting a highly nonlinear response characterized by a 

sudden drop in strength and stiffness did not affect the accuracy or stability of the integration 

methods for the hybrid models presented in Section 3.4.  
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9.2.2 Evaluation of Substructuring Technique with Simplified Boundary Conditions  

 

The use of substructuring techniques with simplified boundary conditions in hybrid simulation permits 

testing larger frame subassemblies (presenting a large number of boundary DOFs) using a reduced 

number of actuators to load the physical test specimen in the laboratory. An overlapping domain provided 

between the numerical and physical sub-structures minimizes the loss of accuracy of the simulation as a 

consequence of the simplified boundary conditions. The substructuring technique used in the hybrid 

simulations in this research project was based on the work of Hashemi (2013) and it was extended to 

include column axial forces. Section 6 presented an analytical evaluation of the accuracy of the 

substructuring technique and the ability to subject the physical frame subassemblies to realistic loading 

conditions despite the simplified boundary conditions. This substructuring technique was further 

evaluated using the test results of the hybrid simulations presented in Section 7. The major conclusions of 

these studies are summarized below: 

 

• Hybrid simulations conducted with the substructuring technique with simplified boundary 

conditions and overlapping domain faithfully reproduced the global response of a frame structure. 

Other substructuring techniques with simplified boundary conditions but without an overlapping 

domain (e.g., Schneider and Roeder, 1994) did not trace the global response to collapse and 

resulted in a different collapse mechanism.  

• However, compared to fully numerical simulations, the loading conditions of the physical sub-

structure in a hybrid simulation present some differences as a consequence of the simplified 

boundary conditions. The portions (structural components) of the physical sub-structure further 

away from the simplified boundary conditions exhibited the smallest differences. 

 

9.3 Implementation of Experimental Framework for Two Collapse Tests 

 

The experimental framework developed in this research project was implemented to examine the seismic 

response of two half-scale subassemblies from the onset of damage through collapse. The test specimens 

consisted of a one and one half bay by one and one half story subassemblies of a special steel moment and 

gravity frames. These large frame subassemblies which included the concrete floor slab were subjected to 

realistic loading conditions via hybrid simulation to obtain response data at the system level. The 

following objectives were accomplished with the results of this experimental program: 
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• Data of the seismic response of two half-scale subassemblies of a steel moment and gravity 

frames through collapse was obtained. Testing these large subassemblies allowed for the 

observation of component behavior (girder, column, panel zones, etc.), their connections, and 

interactions with neighboring members which resulted in improved system-level simulations. 

This data is archived at the NEES central repository (nees.org/warehouse/welcome). 

• The seismic performance of the steel moment and gravity frame subassemblies was assessed 

using the data obtained from the experimental program. Analysis of the test data allowed for 

documentation of the progress of damage and correlation with engineering demand parameters 

such as drifts and rotations. 

• The capabilities of analytical models to trace the response of frame structures through collapse 

were assessed using the data obtained from the experimental program. Recommendations were 

included to improve collapse simulations.  

• Using a seismic fragility framework (based on the FEMA P695 methodology), the contribution of 

the gravity-force-resisting system on the collapse capacity of a steel moment frame building 

structure was evaluated. The analytical models of the building structure were calibrated using the 

experimental data. For this particular building structure, the seismic fragility studies suggested 

that the gravity frames have a very positive impact on the collapse probability.  

• The experimental program conducted as part of this research project provided data to evaluate the 

performance of the substructuring technique for hybrid simulation of multi-story frame structures 

through collapse. The ability of the substructuring technique to subject the test specimens to 

realistic loading conditions was assessed. The findings were summarized previously in Section 

9.2.1.  

 

9.4 Suggestions for Future Work  

 

The following areas of research were identified as future work which could complement the research in 

this report: 

 

• Large-scale frame structures can be evaluated using the experimental framework developed in 

this research project to examine other steel or reinforced concrete frame structures. Also, similar 

testing strategies can be used for taller building structures. 

• The substructuring technique with simplified boundary conditions and overlapping domain 

between the physical and numerical sub-structures was evaluated here particularly for the hybrid 
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models employed in this research project. The evaluation can be extended to hybrid models with 

sub-structures of different sizes, configurations and behavior. 

• More studies are needed to assess the contribution of the gravity-force-resisting system on the 

seismic response of steel moment frame building structures. The study presented in this report 

can be extended by examining building configurations with various ratios of number of moment 

to gravity frames.  

• Earlier in the definition of the scope of this research project, the development of smooth 

hysteretic models for collapse prediction (e.g., Sivaselvan and Reinhorn, 2000) was identified as 

one potential area of research. Internal discussions suggested that smooth hysteretic models could 

possibly better capture acceleration and residual drifts as compared to multi-linear (non-smooth) 

models. 

• While the effects of the axial force and bending moment (P-M) interaction in columns have 

minimal effect in low-rise buildings such as the one examined herein, the development of 

analytical models that includes the effects of P-M interaction are required for collapse assessment 

of taller building structures. 
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