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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national
center of excellence in advanced technology applications that is dedicated to the reduction
of earthquake losses nationwide. Headquartered at the University at Buffalo, State Univer-
sity of New York, the Center was originally established by the National Science Foundation
in 1986, as the National Center for Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions
throughout the United States, the Center’s mission is to reduce earthquake losses through
research and the application of advanced technologies that improve engineering, pre-
earthquake planning and post-earthquake recovery strategies. Toward this end, the Center
coordinates a nationwide program of multidisciplinary team research, education and
outreach activities.

MCEER’s research is conducted under the sponsorship of two major federal agencies: the
National Science Foundation (NSF) and the Federal Highway Administration (FHWA),
and the State of New York. Significant support is derived from the Federal Emergency
Management Agency (FEMA), other state governments, academic institutions, foreign
governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by devel-
oping seismic evaluation and rehabilitation strategies for the post-disaster facilities and
systems (hospitals, electrical and water lifelines, and bridges and highways) that society
expects to be operational following an earthquake; and to further enhance resilience by
developing improved emergency management capabilities to ensure an effective response
and recovery following the earthquake (see the figure below).
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A cross-program activity focuses on the establishment of an effective experimental and
analytical network to facilitate the exchange of  information between researchers located
in various institutions across the country. These are complemented by, and integrated with,
other MCEER activities in education, outreach, technology transfer, and industry partner-
ships.

This research describes the development of a seismic retrofit system for critical facilities that uses steel
reinforced engineered cementitious composite (ECC) materials.  Specifically, an infill system made
up of portable, precast panels was developed that uses the damage-tolerant and strain hardening
properties of ECC materials.  The research consisted of a combination of laboratory and numerical
studies.

Structural-scale laboratory tests were used to test the strength of pre-tensioned bolted connections
between panel members, and to evaluate the response of the infill panels made with various ECC
materials, reinforcement layouts and panel geometries.  The connection test results showed the
viability of the proposed pre-tensioned bolted connections.  The panel test results indicated the
different levels of panel strength, stiffness and energy dissipation that can be achieved.  The panel
tests also demonstrated a significant increase in strength and energy dissipation possible when ECC
is used in lieu of traditional concrete.  These results serve as benchmark studies for further
development of the infill system.

To examine the infill panel concept further, additional simulations were performed using a material
model for the ECC developed from reversed cyclic tests on material specimens.  The simulations
offered insight into local connection behavior and demonstrated the ability of the proposed ECC infill
system to strengthen, stiffen and increase the energy dissipation of a single bay frame from a
prototype structure, without causing premature damage to the frame when compared to an
unretrofitted frame.



 v

ABSTRACT 
 
 
 

 The research presented herein describes the development of a seismic retrofit system for 
critical facilities that uses engineered cementitious composite (ECC) materials in lieu of 
traditional materials.  Specifically an infill panel system was developed that utilizes the pseudo-
strain hardening properties of the ECC materials.  The research consisted of a combination of 
laboratory and numerical studies. 
 The infill panel system, which consists of precast ECC panels with bolted connections, 
was developed for use as a retrofit strategy in critical facilities.  Based upon finite-element 
simulations, a beam-type infill system was found to be effective in increasing the strength, 
stiffness and energy dissipation of a steel frame without yielding of the bare frame at drift levels 
up to 0.75%. 
 Structural-scale laboratory tests were used to test the strength of the proposed bolted 
connections between panel members, and to evaluate the response of ECC infill panels made 
with various ECC materials, reinforcements and panel geometries.  The connection tests results 
showed the viability of the pretensioned bolted connections.  The panel test results indicated the 
different levels of panel strength, stiffness and energy dissipation that can be achieved.  These 
results serve as benchmark studies for further development of the infill system. 
 To examine the infill panel concept further, additional simulations were performed using 
a material model for the ECC developed from reversed cyclic tests.  The simulations 
demonstrated the ability of the proposed ECC infill system to strengthen, stiffen and increase the 
energy dissipation of steel frames, without causing damage in the frames. 
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Section 1  
Introduction and Overview 

 
1.0 Introduction 
 
The research presented herein focused on the development of an innovative method for seismic 
strengthening and rehabilitation applications using a new composite material.  Specifically, 
engineered cementitious composite (ECC) materials, which exhibit multiple, fine cracking and a 
pseudo strain-hardening response in tension were evaluated and found to have excellent potential 
for use in strengthening and rehabilitation applications.  Continued development of these 
materials will give engineers greater flexibility to design and rehabilitate structures to withstand 
seismic and other types of loading.  The following chapters describe how applications that utilize 
these materials are developed for seismic strengthening and retrofit applications. 
 
The development of seismic strengthening and retrofit applications using the ECC materials 
required the combination of several types of research.  These included the use of small-scale 
laboratory testing both to evaluate the ECC material properties, specifically the response to 
reversed cyclic loadings, and to verify the micromechanical assumptions used in the 
development of the materials.  These results are presented in Kesner and Billington (2004).  
Numerical, finite element-based simulations were performed using a material model developed 
from the cyclic laboratory test results.  These simulations were used to model the performance of 
the ECC materials in structural retrofit applications.  The numerical simulations were supported 
by large-scale laboratory tests that demonstrated the performance of the elements of the proposed 
retrofit. 
 
The primary goal of the research was the development of seismic retrofit strategies to improve 
the performance of structures during earthquakes.  Within the broad concept of developing 
seismic retrofit strategies, there were two unique focus areas providing practical bounds to the 
research: 
 

1.  Utilize the unique properties of ECC materials in structural retrofit applications 
 
The pseudo-strain hardening nature of the ECC materials, in combination with reinforcing 
steel, results in a material with the ability to both maintain structural capacity and integrity at 
higher tensile strain levels than traditional materials (Fisher and Li, 2001).  The ability of the 
materials to maintain both capacity and integrity under load was used in the retrofit 
development. 
 
2.  Develop retrofit strategies for critical structures such as hospitals 

 
The development of retrofit strategies for critical structures addresses some of the needs of 
the MCEER research program (Program 2), which sponsored this research (MCEER, 2000).  
A primary thrust of the MCEER research project was the development of retrofit strategies 
for critical facilities, such as hospitals and emergency response centers.  In particular, the 
MCEER program focused on the development of strategies to protect both structural and 
nonstructural components.  The focus on protection of nonstructural components arose after 
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extensive damage was observed in nonstructural components of hospitals during the 
Northridge earthquake (OSHPD, 1995). 

 
1.1 Overview 

 
In Section 2 previous research on the use of infill walls for seismic strengthening is reviewed.  
Infill walls are commonly used for strengthening of both steel and concrete framed structures.  
The review of previous infill wall research was used to guide the development of retrofit 
strategies, which will use the ECC materials.  The results of previous research were then 
combined with the specific needs of critical facilities resulting in the development of a new type 
of infill panel system, also described in Section 2.  The system performance was then examined 
with a series of finite element-based analyses (Sections 2.3 to 2.5) 
 
To verify the performance of infill system components a series of structural-scale laboratory tests 
were performed.  Results from these tests are presented in Sections 3 and 4. The results from 
numerical simulations of the laboratory tests are presented in Section 5.  These results utilize the 
material model that was developed from test results presented in Kesner and Billington (2004).   
In the simulation studies the effectiveness of the infill panel system in protecting critical 
structures during seismic events is evaluated. 
 
A summary of the research program and conclusions are presented in Section 6.  Several 
suggestions for future research are included; these are intended to expand upon the research 
presented in this report. 
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Section 2 
Evaluation of Infilled Wall Systems 

 
2.0 Introduction 
 

In many parts of the Unites States and around the world, structures have been designed 
and constructed solely for gravity loads (gravity load design, GLD).  Increasing knowledge of 
the susceptibility of these structures to catastrophic failures under seismic loadings has 
necessitated the development of strategies to increase the lateral strength of these structures (El 
Borgi et al., 1993).  The addition of infill walls to a bare frame (illustrated in figure 2-1) is an 
accepted method to strengthen and stiffen structures that do not have adequate capacity to carry 
lateral loads (FEMA-276, 1999).  Typical materials for infill wall construction include reinforced 
concrete, brick masonry and concrete masonry units (CMU).  The basic effect of the infill wall 
addition is to provide an alternate load path for lateral loads from seismic loadings.  Infill wall 
additions thus serve to limit the loads carried in the columns and joint regions, which are not 
adequately detailed for lateral loads.  Section 2.1 briefly describes some of the previous research 
into the use of infill wall systems for strengthening of both concrete and steel framed structures. 

Figure 2-1. Schematic representation of infill walls in building frame. 

 
The research presented herein focuses on the development of an infill system for retrofit of 
critical facilities that uses ECC materials in lieu of traditional concrete or masonry materials.  
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Due to the pseudo-strain hardening behavior of ECC materials, it is believed that the ECC 
materials will have significant advantages over traditional concrete or masonry materials.  ECC 
materials, as shown in Kesner and Billington (2004), have high strain capacities and an inherent 
ability to absorb energy under seismic loadings.  Furthermore, ECC materials maintain their 
integrity to high strain levels without spalling (Billington and Yoon, 2004). 
 
In Section 2.2 the specific requirements for the retrofit of critical facilities are presented.  The 
development of retrofit strategies for critical facilities satisfied the requirements of the research 
sponsor (MCEER, 2000).  Two types of ECC infill system concepts were developed to satisfy 
these requirements.  The ECC systems are presented in Section 2.3. 
 
To examine the performance of the proposed infill systems, preliminary finite element studies 
were performed.  The results of the analyses are presented in Sections 2.4 and 2.5.  The finite 
element studies were used to examine the potential of the proposed systems to satisfy the 
performance requirements of the critical facilities.  The studies were also used to identify options 
for laboratory testing of infill components. 
 
2.1 Previous Related Research 
 
The behavior of infill walls in structural frames has been extensively researched since the 1950s.  
Prior to this time, infill walls were commonly used both to stiffen and/or strengthen buildings.  
However the effects of the retrofits were not easily quantified.  In general, simple static analysis 
methods were used to evaluate the infill effects. 
 
Previous research into the behavior of infill wall systems is summarized in this section.  The 
literature review is divided into two sections: laboratory evaluations and analytical evaluations.  
The review of both experimental and analytical research was needed, as both will be used in the 
current research. The reviews focus on examining research related to retrofit infill systems for 
critical facilities. 
 
2.1.1 Laboratory Evaluations 
 
One of the first efforts to develop an understanding of the effect of infill wall additions on frame 
capacity was performed by Benjamin and Williams (1957 and 1958).  In the research, the effect 
of integrally cast concrete infill panels within a reinforced concrete frame was evaluated 
experimentally.  The goal of the research was the development of expressions that predict the 
shear capacity of a single-story infilled frame.  The empirical methods presented in the paper 
determined the ultimate strength and deflections as a function of the wall geometry and 
reinforcement.  The research did not consider the effect of cyclic loads or loading rates in the 
prediction. 
 
Holmes (1961 and 1963) presented the concept of the lateral load being carried through an 
“equivalent strut” through an infill panel as illustrated in figure 2-2.  The “equivalent strut” 
concept was based upon an evaluation of test results on infilled steel frames.  The capacity of the 
strut was reached when the axial strain in the strut reaches the failure strain of the material.  The 
length of the frame diagonal and the infill thickness determines the strut area.  This method 
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allowed for a simple prediction of the lateral load capacity and deflection of infilled frames at 
failure.  Comparison of laboratory and analytical results obtained using the “equivalent strut” 
concept showed good agreement. 

 

 

 

 

 

 

 

Figure 2-2. Concept of lateral load carried by “equivalent strut” in an infill panel. 
 

Stafford Smith (1962 and 1965) further investigated the use of the equivalent strut approach.  In 
this study small-scale tests were performed on infilled steel frames with varying height-to-width 
ratios.  The results indicated that the equivalent strut method could be used to predict the wall 
capacity, provided the strut width is adjusted proportional to the height-to-width ratio of the 
frame.  When the stiffness of the frame was increased, an increase in effective strut width was 
observed, which resulted in greater contact area of the strut at the frame corners.  The calculation 
of deflections using this method was found to be complicated due to the potential for poor initial 
fit between the infill and frame. 
 
In a further study of infilled frames Stafford Smith (1966) examined the behavior of square 
infilled frames.  In the study, a series of experiments were performed on small-scale model 
structures with solid mortar infills.  The study focused on the length of contact between the infill 
and frame, and on the effect of the relative stiffness between the infill and frame.  This 
evaluation led to the development of a method that allowed prediction of the infilled frame 
stiffness based upon the evaluation of a frame using equivalent struts to represent the infill. 
 
Kahn and Hanson (1979) performed a series of experiments on the behavior of different types of 
infill systems.  In the study, the performance of a monolithically cast concrete wall was 
compared to the performance of a solid precast concrete wall system, a retrofit cast-in-place 
concrete solid wall, and a precast concrete panel system comprised of six panels spanning across 
the frame.  All of the wall systems were tested within identical reinforced concrete frames.  The 
failure mode of the monolithically cast concrete wall was similar to that of a low-rise concrete 
shear wall.  Both the solid precast concrete shear wall and the cast-in-place concrete shear wall 
failed at the connections to the frame.  The precast panels acted as a series of deep beams, and 
failed when adjacent panels came into contact.  The monolithic shear wall was found to have the 
highest strength in the testing. 
 
In a series of papers, Dawe and associates experimentally evaluated the behavior of CMU 
infilled steel frames (Dawe and Seah, 1989 and Dawe et al., 1989).  The research involved 
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testing of 28 infilled frames.  The parameters investigated included the effect of lateral wall ties, 
frame joint rigidity, gaps at the infill-frame intersection and the effect of wall reinforcement.  
The test results further confirmed the validity of the equivalent strut concept, as the test 
specimens with conditions that disrupted the compressive diagonal were observed to have lower 
strength.  Packing of mortar to prevent gaps between the infill and frame was found to increase 
the initial stiffness of the system, but not the ultimate strength.  Panel-to-column connection ties 
were not observed to increase either the strength or stiffness of the infilled frame.  The use of 
bond beams (fully grouted and reinforced CMU sections) and other infill reinforcement was 
found to increase both the stiffness and strength of the infill frames. 
 
Several researchers at Cornell University have investigated the behavior of masonry infilled 
frames (Buonopane and White, 1999, Mosalam et al., 1997, Beres et al., 1992, and Gergely et al., 
1993).  The research involved experimental and analytical studies of concrete and steel infilled 
frames with and without openings.  The initial research focused on the evaluation of gravity-load 
designed (GLD) concrete frames under seismic conditions (Beres et al., 1992 and Gergely et al., 
1993).  Later research evaluated the capacity and energy dissipation of infilled concrete and steel 
frames (Buonopane and White, 1999 and Mosalam et al., 1997).  Research results were used to 
develop analytical models for the energy dissipation and cracking response of infilled frames. 
 
Frosch et al. (1996) developed a retrofit infill system for non-ductile concrete frames.  Their 
work built upon the previous research of Kahn and Hanson (1979). Specifically, a retrofit system 
was developed for low rise, 2 to 5 story GLD concrete frames.  In the system, precast concrete 
panels with reinforced shear key mortar joints between panels were used to increase the shear 
capacity and stiffness of the frame.  Vertical, external post-tensioning was added to increase the 
overturning capacity of the retrofitted frames, and to increase the tensile capacity of the concrete 
columns.  The panel system was developed to allow for simple installation in retrofit 
applications, which resulted in limitations on the panel size and weight.  The resulting infill 
system was found to behave similarly to a monolithically cast concrete wall system, with the 
external post-tensioning capable of preventing failure of the columns. 
 
Taghdi et al. (2000) evaluated the concept of strengthening existing infill walls via the 
application of bolted steel straps.  The use of steel straps was evaluated both as a retrofit strategy 
and a strategy for the repair of damaged walls.  Steel straps were found to be an effective 
strategy for retrofitting infill walls.  Simple strut-and-tie models were developed to evaluate the 
retrofitted wall’s capacity. 
 
Related to ECC materials, Kanda et al. (1998) examined the experimental behavior of ECC shear 
panels joined using pre-tensioned bolted connections.  A similar type of connection is proposed 
for the infill system investigated herein. 
 
2.1.2 Analytical Developments 
 
Parallel with experimental studies related to infill additions for improving lateral capacity of 
frames, analytical tools have been developed to predict the response of infilled frames.  The 
overview here will primarily focus on the development of finite element-based methods due to 
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their preponderance in modern structural engineering.  The finite element method is also used in 
the research presented herein. 
 
In a series of papers, Mallick and associates demonstrated the applicability of the finite element 
method for evaluation of solid infill wall systems in multi-story, multi-bay frames. (Mallick and 
Severn, 1967, Mallick and Severn, 1968, and Mallick and Garg, 1971). 
 
Kost et al., (1974), examined the effect of gaps between a frame and its infill panels using the 
finite element method.  The gaps occur due to incomplete filling of the frame during 
construction, and due to time dependent shrinkage of the infill material.  To evaluate the effect of 
the gaps between the infill and frame, gap elements were used.  During the cyclic displacement 
analysis, when the gaps were determined to have closed, a rigid link was inserted at the gap 
element location.  This resulted in a non-linear structural response during analysis.  The research 
concluded that pre-existing gaps between the infill and masonry have a significant effect on the 
dynamic response of the infilled system. 
 
Mosalam (1996) examined the use interface elements to represent the mortar joints in an infilled 
frame, with plane stress elements used for the CMU blocks.  The interface elements were used to 
account for the nonlinearities associated with the cracking and slipping of the mortar joints.  In 
the same work, a smeared cracking formulation was used to represent the infill.  A smeared 
cracking approach will also be used in the current research. 
 
Analytical research involving the use of ECC infill panels has been conducted.  Kabele et al. 
(1999) and Horii et al. (1998) examined the concept of ECC infill panels through a simulation-
based study of panel behavior.  The results indicated that an unreinforced ECC panel would 
provide higher shear strength and ductility when compared to a steel fiber reinforced concrete 
panel.   
 
 
2.1.3 Summary of Previous Related Research 
 
Selected previous research into the behavior of infilled frames was reviewed.  Several ideas from 
the previous research can be incorporated into the development of retrofit infill systems for 
critical facilities.  These ideas include the following: 
 

1. The use of modular infills (Kahn and Hanson, 1979, Frosch et al., 1996, Kabele et al., 
1999 and Horii et al., 1998) can be beneficial in retrofit applications. 

2. The impact of initial gaps (Kost, 1974, Dawe and Seah, 1989 and Dawe et al., 1989) 
between the infill and existing frames will need to be minimized if a complete infill is 
the desired strategy. 

3. Pretensioned bolted connections are a viable option for ECC infill panel connections. 
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2.2 ECC Infill System Development 
 
In the current research, a new type of infill system is developed that builds upon the previous 
research and also addresses the specific needs of critical facilities.  The following sections 
highlight specific features of the new infill panel system. 
 
2.2.1 Critical Facilities 
 
One of the thrust areas of the MCEER research project (MCEER, 2000) is the development of 
retrofit strategies to improve the seismic performance of critical facilities such as hospitals and 
emergency response structures.  The retrofit of critical facilities is significantly more 
complicated than the retrofit of traditional structures for several reasons.  These include: 
 

1. Critical facilities generally cannot be taken out of service for extended periods 
during retrofit installation. 

2. Critical facilities, especially hospital structures, will generally have larger and 
more complex secondary systems, such as oversized elevators and medical 
equipment, compared to traditional structures. 

3. Secondary systems in critical facilities must be sufficiently protected during 
earthquakes to allow immediate use after the earthquake. 

4. Frequent changes in use in critical facilities (such as modifications due to 
technology upgrades) require adaptable retrofit strategies. 

 
2.2.2 System Considerations 
 
The infill system under development is specifically intended for use as a retrofit system within a 
critical facility.  Installation as a retrofit system is considerably more demanding than infill 
systems that are purely intended to stiffen/strengthen existing structures.  The following items 
are some of the overall system considerations that were incorporated into the system under 
development. 
 

1. Minimize the retrofit construction time and impact on facility use. 
2. Incorporate the ability to accommodate existing and new secondary systems. 
3. Provide a system that is quickly replaceable in the event of severe damage during 

an earthquake. 
4. Provide a flexible/relocatable system to accommodate potential changes in facility 

use. 
 
2.2.3 Performance Guidelines 
 
Performance guidelines for critical facilities can be found in the NEHRP Guidelines for Seismic 
Rehabilitation of Buildings. (FEMA 273, 1999)  The guidelines describe specific performance 
requirements for both structural and non-structural (secondary) systems.  Performance guidelines 
are specific criteria, which a component (structural or nonstructural) must satisfy, such as 
limitations on structural drift during earthquakes. 
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The performance guidelines for both structural and nonstructural building components are 
combined into the building performance level.  The critical facilities under consideration in the 
present research need to satisfy the requirements of building performance level Operational 
Level 1-A.  This level is a combination of the Structural Immediate Occupancy level (S-1) for 
structural components, and the Operation N-A level for nonstructural components.   
 
Structures in the Operation Level 1-A are expected to be immediately available for use after an 
earthquake with only minor limitations in use.  The performance level is intended only for 
structures that house critical services.  Some specific requirements of this level (taken from 
FEMA 273) are summarized below: 
 

Building Element   Required Performance 
Overall damage Very light damage, no permanent drift, structure 

retains original strength and stiffness.  All systems 
important to normal operation are functional 

Nonstructural components Negligible damage occurs 
Steel moment frames Minor local yielding at a few places.  No fractures, 

buckling or permanent distortion of members 
Drift  0.7% transient1, negligible permanent. 

 
These performance criteria were used to help guide the development of the retrofit strategies 
proposed herein.  However, considering the readily replaceable nature of the infill panel system 
under development, damage to the panels requiring replacement after an earthquake is 
considered acceptable. 

 
2.2.4 ECC Infill Panel Systems 
 
To accommodate the requirements discussed in the preceding sections, two infill systems using 
precast ECC panels with pre-tensioned bolted connections were considered for further 
investigation and development.  The infill concepts are shown in figure 2.3, with the connections 
shown in figure 2.4.  In both systems the panels contain steel reinforcing bars or welded wire 
mesh. 
 
The full frame infill system (figure 2.3a) is conceptually similar to a traditional infill wall 
system, such as a CMU or concrete infill.  The full frame infill system is expected to behave as a 
shear wall and builds upon the previous work by Kahn and Hanson (1979), and Frosch et al. 
(1996).  In the system, the ECC materials are expected to be advantageous over traditional 
materials due to their high compressive and tensile strain capacities, and their ability to maintain 
integrity without spalling. 
 
In figure 2.3b a beam-type infill system is shown.  In this concept, the infill panels act as flexural 
elements, with the individual beam-type infill sections acting as fixed-fixed beams.  Thus, the 
ECC is used with tensile reinforcing steel to help carry the flexural and shear stresses in the 
beam elements.  The beam-type infill system builds on research by Fischer and Li (2002), where 
                                                 
1 Drift level is not intended to be used as an acceptance criterion, rather the level is indicative of the drift that typical 
structures may undergo when satisfying the performance limits. (FEMA-273, 1999) 
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the combination of reinforcing steel and ECC materials in tension was shown to have significant 
advantages over traditional reinforced concrete.  The combination allows for greater spreading of 
yielding in the reinforcing steel and increased energy dissipation than traditional materials. 
 
Both of the proposed panel systems specifically address the performance requirements presented 
in Section 2.2.3.  Specific features of the systems include: 
 

1. Limited panel size minimizes construction time, and allows for installation using 
simple tools. 

2. Simple bolted connections allow for ease of panel relocation and removal if damaged 
after an earthquake.  The use of bolted connections can (potentially) eliminate 
problems associated with gaps between a full infill and the existing structure 

3. Partial infill additions can be used to accommodate existing secondary systems in the 
structure. 

 
Figure 2-3. Panel infill systems considered. 

 

 

 

 

 

 

 

 

Figure 2-4. Example of connection between ECC infill panels. 
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2.3 Infill System Analysis 
 
To examine the effect of the infill panel systems on a structure, a series of analyses were 
performed.  The goals of the analyses were to: 
 

1. Determine how the addition of the infill panels affects the response of a structure 
(in this case a steel frame) to an imposed lateral load. 

2. Examine advantages and disadvantages of various infill systems. 
3. Examine the optimal size, shape and thickness of the infill panels. 
4. Determine the optimal use of ECC in the infill systems considering the results of 

the cyclic ECC material testing. 
5. Use the results from the preliminary analyses to guide the development of 

laboratory tests to develop further the infill panel system. 
 

These goals were common to the evaluation of both the full frame and beam-type infill systems. 
 
2.3.1 Analysis Method 
 
The finite element method was used to simulate the response of the different infill panel systems 
using the commercial software program DIANA (TNO 1998a and 1998b).  The DIANA program 
was selected because it has numerous material models for brittle materials such as concrete, as 
well as readily available features such as embedded reinforcement.  All of the analyses are two 
dimensional (2D), with all of the models comprised of combinations of plane stress and beam 
elements.  To evaluate the effect of the infill system, a finite element model was created of a 
single bay of a steel frame with infill panels added.  The specific properties of the elements and 
materials used in the analyses will be presented when the models are discussed. 
 
The analyses were all displacement-controlled simulations of both bare frame and ECC infilled 
frame behavior.  The regular Newton-Raphson iteration method was used for the non-linear 
analyses using an energy norm as the convergence criteria.  A convergence criterion of 0.5% was 
used in the analyses.  The size of the displacement steps varied and was selected to provide a 
balance between achieving numerical stability at each displacement step and minimizing the 
computation time. 
 
The following sections describe the analyses performed on the full frame and beam-type infill 
systems. 

 
2.4 Full Frame Infill Evaluation 
 

The initial studies of the infill wall system examined the response of a full frame infill, 
specifically, the effect of different panel geometries.  Results from preliminary studies of the full 
frame infill were shown in Kesner and Billington (2001).  The full frame infill was selected 
because it represented an outgrowth of the full frame infill systems that were discussed in 
Section 2.1.  To simplify the analysis, a single story, single bay frame was examined.  The steel 
frame used in the analysis was taken from an MCEER project hospital (Yuan and Whitaker, 
2002).  Fixed column and panel bases were assumed in the simulations. 
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2.4.1 Full Frame Infill Models 
 
To examine the response of the full frame infill a series of four models were created with 
different infill panel geometries.  The frame members were comprised of 2-noded beam 
elements.  The infill panels and connection tab members were modeled with 4-noded plane stress 
elements.  Table 2-1 shows the frame member properties.  Figure 2-5 shows the frame with the 
four different panel geometries examined in the study, with the panel dimensions given in Table 
2-2.  A spacing of 100 mm was used between all of the panels and at the connections to the 
frames. 
 
In the some of the simulations 0.5% (by area) of steel reinforcement in each direction was added 
to the panels.  The reinforcement was similar to the addition of welded wire fabric (WWF) to the 
panels.  The reinforcement was modeled as embedded reinforcement.  The concept of embedded 
reinforcement assumes that perfect bond exists between the plane stress elements of the panels 
and the reinforcement. 
 
The four different infill panel geometries were examined to study the variation in load 
distribution through different panel geometries.  The simplest geometry was a square panel, 
which was sized to allow for three panels to span from the base of the frame to the bottom of the 
beam.  Two different rectangular panel geometries were examined.  The rectangular panels have 
the advantage of needing fewer panels to fill the frame, which reduces the number of panel 
connections.  Finally, an octagonal panel geometry was created by removing the corner sections 
from the square panel.  It was believed that the octagonal panel geometry would allow for a more 
efficient infill panel system, by removing the unused material at the corners of the square panels.  
Secondary systems could also potentially be located in the holes between octagonal panels. 
 
In the models, the connection tabs between panels were located at the center of the panels with 
the tab width equal to one half of the panel side length.  To represent the connection of the 
connection tab members to the frames, multi-point constraints were used between the beam 
elements and the connection tabs (TNO 1998a).  The constraints link the nodal displacement of 
the beam elements (at the centerline of the beam elements) with the nodal displacement at the 
edge of the tab elements.  The use of multi-point constraints allows for a more accurate 
geometrical representation of the infill panels and connection tabs. 
 

Table 2-1 – Frame member properties for full infill panel system analyses 
 

Moment of 
Inertia Area Depth 

Member 
mm4 mm2 mm 

Top Beam 561,912,000 10,500 600 
Columns 222,268,000 16,700 275 
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Table 2-2 – Panel geometries examined 

 
Length Height Thickness Panel Type 

mm mm mm 

Square 1,670 1,670 100 

Octagon1 835 835 100 

Narrow 
Rectangle 787 1,700 100 

Wide Rectangle 1,930 1,016 100 
1.  Dimensions given are tab dimensions.  Panel has same length and height as square panel 

 

Figure 2-5. Infill panel geometries examined.  All frames have the same dimensions. 
 

2.4.2 Full Frame Infill Materials 
 
The ECC model used in the analysis was based on a total strain based fixed-crack model 
(Feenstra et al., 1998).  In tension, for the ECC material a multilinear stress-strain curve was 
used to represent the strain-hardening portion of the model, followed by linear softening after the 
peak tensile strain (strain at peak tensile strength) was exceeded.  The transition points on the 
tensile stress-strain diagram were obtained from uniaxial tension tests as described in Kesner and 
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Billington (2004).  In compression the ECC was modeled as elastic-perfectly plastic with a 
compressive strength of 70 MPa.  Softening of the ECC, beyond the peak compressive strength 
was not considered.  The ECC material model used secant unloading and reloading in both 
tension and compression, which compared to the cyclic testing results discussed in Kesner and 
Billington (2004), was a significant simplification of the unloading and reloading behavior of the 
materials. 
 
Figure 2-6 shows representations of the material models used for the steel (figure 2.6a) and ECC 
(figure 2.6b).  An elastoplastic material model with isotropic hardening was used for the steel 
frame, the panel connection (tab) members and the reinforcing steel (when used).  The 
Bauschinger effect was not captured in the steel model used.  
 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2-6. Representation of material models used in preliminary analysis for (a) steel and 

(b) ECC 
 
To represent the stiffness of the panel material in the connection region, the modulus of elasticity 
in the connection region was increased based upon a strain capability analysis of the different 
materials and thicknesses used in the connection region.  The analysis resulted in a composite 
modulus of 63.8 GPa for the material in the connection region.  Because of the pre-compression 
(from the pretensioned bolts) in the connection region, damage was not expected inside the 
connection regions, thus the material in the connection region was assumed to remain elastic in 
the analysis.  These assumptions will be evaluated in the laboratory tests presented in Sections 3 
and 4. 
 
Figure 2-7 shows a schematic representation of a square panel at the joint region with the 
different materials used in the analyses.  Table 2-3 shows a summary of the material properties 
used in the analyses. 
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Figure 2-7. Schematic showing different materials used in analysis 

 
Table 2-3 – Material properties used in preliminary analyses 

 
Elastic 
Mod. 

Yield/ 
Cracking 

Strain 

Yield/ 
Cracking 

Stress 

Peak 
Comp. 
Strain 

Peak 
Tens. 
Strain 

Peak 
Stress 

Material 
GPa % MPa % % MPa 

Steel – 
Frame / 

Tab 
200 0.17 345 (fy) 0.10 10 552 

Steel – 
Reinf. 200 0.207 414 0.10 10 552 

ECC 13.8 0.015 2.0 (ft) 0.005 3 3.0 / 
701 

Comp. 
Steel/ECC2 63.8 - - - - - 

1. Peak tensile strength / peak compressive strength 
2. Composite Steel/ECC assumed to be linear elastic 

 
To evaluate the response of both the bare and infilled frames, a cyclic displacement was 
simulated to three drift levels (+/-0.25%, +/-0.50%, and +/-1%).  The displacement was applied 
in equal displacement steps of 0.35 mm.  The drift was determined by dividing the top 
displacement by the frame height.  Thus, each displacement step represented 0.01% drift. 
 
2.4.3 Full Frame Infill Analysis Results 
 
Figure 2-8 shows the load-drift response obtained from the simulations.  These results were 
obtained from the simulations without reinforcement in the panels.  In the simulation results, the 
bare frame had a peak capacity of 430 kN (at 1% drift). The infilled frames had significant 
increases in capacity compared to the bare frame.  The increase in capacity (at 1% drift) ranged 
from 590% (2251 kN) for the narrow rectangular panels to 860% (3684 kN) for the square 
panels. 
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Figure 2-9 shows the results obtained from simulations of the square and octagonal panels with 
0.5% (by area) of reinforcement added to the panels. The addition of the reinforcing to the square 
and octagonal panels resulted in further increases (27% greater capacity compared to 
unreinforced panels) in the infilled frame capacity.   
 
Figures 2.10 and 2.11 show the principle tensile strain contours obtained from the simulations at 
0.25% drift from the frame infilled with reinforced and unreinforced square panels, respectively.  
The upper limit in the tensile strain contours was 0.0017, which represents the yield strain of the 
steel frame members.  Yielding of the bare frame was observed at a drift level of 0.8%.  The 
infilled frame members began yielding at the beam-column joint at drift levels as low as 0.25% 
in the case of reinforced square panel infills.  The onset of yielding can be seen in the left beam-
column joint in figure 2-11. 
 
Figures 2.12 and 2.13 show the principle compressive strain contours at 1% drift obtained from 
the frame infilled with the unreinforced and reinforced square panels, respectively.  In the results 
shown, the upper limit on the compressive strain contour was -0.005, which represents the strain 
at the peak compressive stress in the ECC material. 
 
Figures 2.14 and 2.15 show the principle tensile strain contours at 1% drift obtained from the 
frame infilled with the unreinforced and reinforced square panels, respectively.  The upper limit 
on the tensile strain contour in these figures is 0.03, which represents the strain level at the onset 
of softening in the ECC material. 
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Figure 2-8. Load-drift response of infilled frame 

Figure 2-9. Load-drift response of reinforced infill panels 
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Figure 2-10. Principle tensile strains in frame infilled with unreinforced square panels at 0.25% 

drift 
 
 

 
Figure 2-11. Principle tensile strains in frame infilled with reinforced square panels at 0.25% 

drift 
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Figure 2-12. Principle compressive strains in frame infilled with unreinforced square panels at 

1% drift 
 
 

 
Figure 2-13. Principle compressive strains in frame infilled with reinforced square panels at 

1% drift 



 

 

 

20

 

Figure 2-14. Principle tensile strains in frame infilled with reinforced square panels at 1% drift 

 
Figure 2-15. Principle tensile strains in frame infilled with reinforced square panels at 1% drift 

 
2.4.4 Discussion of Full Frame Infill Analysis 
 
The similarity in load-drift response exhibited by the square, octagonal and wide rectangle 
geometries can be explained by examining the infill frame geometries shown in figure 2-5, and 
the principle compressive strain contours at 1% drift shown in figures 2.12 to 2.13.  In the 
square, octagonal, and wide rectangular panel a straight compressive strut can be seen as a direct 
load path to the base of the model.  The compressive strut was not as direct in the narrow 
rectangular system, due to the narrower width of the panels.  The compressive strut is 
conceptually similar to the compressive strut shown in figure 2-2, with the added complication of 
the load being transferred through the connection tabs before entering the panels and frame. 
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The addition of the reinforcing steel to the panels resulted in an increase in capacity, and energy 
dissipation (figure 2-9).  The reinforcing steel did not appreciably change the load distribution 
through the panels as observed by the lack of significant differences in the strain contours. 
 
The infilled frames had substantial increases in energy dissipation compared to the bare frame.  
The area enclosed by the load vs. displacement response can be used to represent the hysteretic 
energy dissipated.  The bare frame, which yielded at 0.8% drift, had virtually no energy 
dissipation, whereas the infill additions resulted in large amounts of energy dissipation.  The 
energy was dissipated by the steel reinforcement in the panels (when used), by the ECC, and 
from yielding of the steel frame and connection tab members. 
 
The substantial increase in the load carrying capacity and energy dissipation in the frame due to 
the infills was accompanied by yielding of the members in the frame at the beam-column joint at 
low drift levels, which is inconsistent with the objectives of the retrofit installation, as discussed 
in Section 2.2.  Yielding was observed in the simulations at a drift level as low as 0.25% (figure 
2-11).  Frame yielding at low drift levels is a disadvantage of the full frame infill. 
 
A second disadvantage of the full frame infill panel system is the method in which the ECC 
material was used.  The results from reversed cyclic tests on ECC materials shown in Kesner and 
Billington (2004) indicated that when the peak compressive strength in the material was 
exceeded; the tensile strain capacity of the ECC will be reduced.  Thus, the high compressive 
strains in the ECC panels expected with the full frame infill will limit the tensile strain capacity 
in the infill panels.   
 
More specifically, the simulation results indicated that the peak compressive stress of the ECC 
was exceeded at 1% drift in portions of the infill panels (in the upper left corner), as seen in 
figures 2.12 and 2.13.  In subsequent loadings, these areas of the panels will have a reduced 
tensile strain capacity.  These panels also have tensile strains that exceed the peak strain capacity 
of the ECC material at 1% drift (figures 2.14 and 2.15).  Thus, the panels in these locations will 
have extensive compressive and tensile damage, which was not desirable.  Additionally, the 
panels in the lower corners of the frames are only lightly loaded as will be the case under 
reversed loading as well, which is an indication of an inefficient system. 
 
The results indicate that the panels in upper corners of the infill sections will be severely 
damaged under cyclic loadings.  The extent of damage cannot be readily assessed because the 
material model used in these analyses did not capture the reduction in tensile strain capacity 
when the compressive strength of the material was exceeded. 
 
2.4.5 Summary of Full Frame Infill Analysis 
 
The full frame infill additions resulted in substantial increases in strength and stiffness, when 
compared to results from a bare frame.  Reinforcement of the panels resulted in small increases 
in the capacity of the frames, and increases in energy dissipation.  The addition of reinforcement 
strengthened the panels, but did not significantly affect the distribution of the load through the 
panels as seen in figures 2.10 to 2.15. 
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The addition of the infill panels resulted in a significant decrease in the drift capacity before the 
onset of frame yielding, from 0.8% drift for the bare frame, to as low as 0.25% for the frame 
with reinforced square panels.  Yielding of the frame at low drift levels is inconsistent with the 
goals of the retrofit installation discussed in Section 2.2. 
 
The simulation results also indicated that the peak compressive strength of the infill panels 
would be easily exceeded.  The ECC tensile capacity will be reduced in these areas.  The high 
damage to the panels in these areas suggests an alternate method to strengthen the frame will be 
desirable.  The inability of the selected material model to capture the reduction in tensile capacity 
in these areas limits the accuracy of the simulation results. 
 
2.5 Beam-Type Infill Evaluation 
 
To address some of the limitations of the full frame infill system, a beam-type infill system was 
developed.  Figure 2-3b shows the beam-type infill concept.  In the beam-type system, the infill 
elements under lateral load act as fixed-fixed beams in flexure and shear.  When the panels are 
steel reinforced, this arrangement can more effectively use the desirable tensile properties of the 
ECC material than the full frame system. 
 
To examine the response of the beam-type infill system, a series of finite element studies were 
performed.  In particular, these analyses were conducted to examine the effect of the infill 
addition on the strength/stiffness of the frame, examine the load distribution through the panels, 
and determine the effectiveness of the infill addition in satisfying the requirements presented in 
Section 2.2.3.  An additional goal of the evaluation of beam-type infills was to determine if the 
panel geometry can be optimized to minimize infill system cost. 
 
2.5.1 Beam-Type Infill Models 
 
The initial analysis of the beam-type infill system involved the simulation of a frame with six 
beam-type infills added.  The finite-element models used the features discussed in Section 2.4.2.  
For simplicity, and to allow for comparisons with the previous analyses, the frame from Section 
2.4 was used in these analyses.  The frame properties are given in Table 2-1. 
 
The materials properties used in the simulations are given in Table 2-3.  The ECC material used 
in the current simulations was modified to allow for parabolic softening of the material in 
compression.  Figure 2-16 shows a schematic representation of the ECC material model used.  
The compressive fracture energy (G) of the ECC was assumed to be 2.5 MPa-mm. 
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Figure 2-16. Schematic representation of ECC material model used in beam-type infill 

evaluation 
 
In the simulations 0.5% (by area) of steel reinforcement (welded wire fabric (WWF)) in each 
direction was added in all of the panels.  In addition to the WWF reinforcement, a 9.5 mm 
perimeter bar was added to the panels.  Figure 2-17 shows a schematic representation of a single 
ECC infill panel.  The panel shown in figure 2-17 represents one-half of a beam-type infill 
section.  The reinforcement of the panels is intended to help the beam-type infill sections act as 
flexural members and provide the advantages of steel reinforced ECC (Fischer and Li, 2002). 
 
Figure 2-18 shows a schematic of the beam-type infill system.  The beam-type infills were 
placed with the centerline of the panel group at the midpoint of the beam span.  The location was 
selected to correspond with the inflection point of the beam where the beam bending moment 
will be zero.  The grouping of the panels near the inflection point was expected to result in a 
shear displacement applied to the panels, and minimize the bending moment applied to the 
panels by the beam. 
 
The beam-type infills were comprised of two panel sections 762 mm in width by 1524 mm tall 
with a thickness of 100 mm, resulting in an approximate panel aspect ratio of 4:1 (height/width).  
A 50 mm gap was used at mid-height between the panels, with a 25 mm gap used at the top and 
bottom of the infill elements.  The connection tab extended 125 mm onto the top and bottom of 
the panel to form the connection region.  A spacing of 50 mm was used between the beam-type 
infills.  This infill arrangement resulted in a gap of approximately 700 mm between the infill 
panels and the columns on the left and right sides of the model. 
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Figure 2-17. Beam type infill panel with reinforcement 

 

Figure 2-18. Schematic of frame with 6 beam-type infill sections added (not to scale) 
 
Two additional beam-type infill models were created by removing pairs of beam-type infill 
sections from the model shown in figure 2-18.  The pairs of infill sections were removed from 
the outside edge of the models resulting in models with 4 and 2 beam-type infill sections as 
shown in figures 2.19 and 2.20, respectively.  The models with the reduced number of infill 
additions were examined to determine how the beam-type infill system could be tailored to 
provide different amounts of strengthening and stiffening to a frame. 
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To evaluate the response of these configurations, a cyclic displacement was applied to the 
models to five drift levels (+/-0.10%, +/-0.25%, +/-0.50%, +/-0.75%, and +/-1%).  The 
displacement step size was identical to that in the analyses of the full frame infill. 

 

 
Figure 2-19. Schematic of frame with 4 beam-type infill sections added (not to scale) 

 

 
Figure 2-20. Schematic of frame with 2 beam-type infill sections added (not to scale) 

 
2.5.2 Beam-Type Infill - Initial Results 
 
Figure 2-21 shows the load-drift results obtained from the simulation of the cyclic displacement 
of the frame with 6 beam-type infill sections added.  The results from the bare frame simulation 
are also shown.  Figure 2-22 shows the load-drift response obtained from the simulations with 2, 
4, and 6 beam-type infill section additions as well as the bare frame. 
 
Figures 2.23 and 2.24 show the principle tensile strain contours obtained from the model with 6 
beam-type infill sections at 1% drift.  In figure 2-23, the upper limit of the tensile strain contour 
is 0.0017, which represents the yield strain of the frame members.  In figure 2-24, the upper limit 
of the tensile strain contour is 0.03, which represents the strain level at the onset of softening in 
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the ECC material.  Figure 2-25 shows the principle compressive strain contours from the same 
simulation.  The lower limit in the compressive strain contour was –0.005, which is the strain 
level at the onset of compressive softening of ECC.  Similar tensile and compressive strain 
contours were obtained from the simulations with 2 and 4 beam-type infill section additions and 
are not shown here. 
 

Figure 2-21. Load-drift response from frame with 6 beam type infills compared to results from 
bare frame 
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Figure 2-22. Load-drift response from frame with 2, 4 and 6 beam type infill sections 

compared to results from bare frame 
 

Figure 2-23. Principle tensile strain contour from simulation with 6 beam-type infill sections 
added at 1% drift  
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Figure 2-24. Principle tensile strain contour from simulation with 6 beam-type infill sections 
added at 1% drift 

 

 
 

Figure 2-25. Principle compressive strain contour from simulation with 6 beam-type infill 
sections added at 1% drift 

 
The results of the analysis indicate that the addition of 6 beam-type infill sections will increase 
the strength of the bare frame.  At 1% drift the load in the infilled frame was 1034 kN compared 
to 430 kN in the bare frame.  As expected, the addition of 2 and 4 beam-type infill sections 
resulted in smaller increases in load at 1% drift (637 kN and 832 kN, respectively) when 
compared to the 6 beam-type infill section additions. 
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Yielding of the frame members was apparent at 1% drift in the simulation results with 6 infill 
sections added, as seen in figure 2-23.  The bare frame began to yield at a drift level of 0.80%.  
The onset of yielding in the infilled frames (2, 4 and 6 infill section additions) was observed to 
begin at a drift level of 0.75%.  Yielding of the frame can be seen in figure 2-26 (upper tensile 
strain limit of 0.0017), which shows a principle strain contour at 0.75% drift from the simulation 
with 6 beam-type infill sections added. 
 

 
Figure 2-26. Principle tensile strain contour from simulation with 6 beam-type infill sections 

added at 0.75% drift 
 
2.5.3 Discussion of Initial Beam-Type Infill Results 
 
The results shown in the previous section indicate that the beam-type infill sections can 
significantly increase the stiffness of the frame, as well as the hysteretic energy dissipation 
during cyclic loading.  The nonlinear load-drift response shown in figures 2.21 and 2.22 was due 
to the strain hardening behavior of the ECC coupled with the plastic deformation of the 
reinforcement in the panel.  At drift levels above 0.75%, the yielding of the frame contributed to 
the nonlinear load-drift response. 
 
The energy dissipation in the frames with the beam-type infill additions was attributed to energy 
dissipated by the reinforced ECC at drift levels below 0.75%.  The energy dissipation by the 
reinforced ECC occurs primarily due to the yielding of the panel reinforcement, with a small 
contribution from cracking of the ECC material.  At higher drift levels the yielding of the frame 
will also contribute to the energy dissipation.  The energy dissipation by the frame was not a 
desirable result. 
 
The beam-type infill additions appear to represent an efficient use of the ECC material as can be 
seen in figures 2.24 and 2.25.  At 1% drift, the tensile strains (figure 2-24) in the panel sections 
were below the strain level at the onset of softening (0.03) of ECC.  Similarly, only very small 
sections of the infill panel have exceeded the compressive strain (–0.005) by 1% drift.  Thus, the 
ECC material in the infill sections at 1% drift (the peak drift) has approached failure, but has not 
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failed.  Similar results were obtained from the simulations with 2 and 4 beam-type infill section 
additions.  Additionally, as seen in figure 2-23, the tensile strain (and thus cracking) in the panels 
has spread over a large portion of the panel indicating that the majority of the panels was being 
used. 
 
In the analysis of the bare frame, yielding was observed at the base of the columns at 
approximately 0.80% drift.  Yielding was apparent as the load-drift response from the bare frame 
deviated from a linear response (figure 2-21).  In the infilled frame with 6 infill sections, yielding 
was observed at a drift level of 0.75%, which was very close to the bare frame result.  The 
similarity in drift level at the onset of frame yielding indicates the beam-type infill additions can 
in this case maintain roughly the same frame response while increasing the strength and energy 
dissipation of the system. 
 
These results demonstrate the variation in strength and stiffness increase that can be achieved 
with different levels of beam-type infill addition. 
 
2.5.4 Examination of Infill Section Aspect Ratio  

 
In Section 2.5.2, the addition of beam-type infills sections with a constant aspect ratio of 

approximately 4:1 was examined.  In this section, the effect of different infill section aspect 
ratios is examined. 
 
Simulations were performed using different infill section aspect ratios (height/depth).  The 
simulations were performed using the load-drift history used in Section 2.5.1.  In the simulations, 
the number of infill sections was varied such that 33 to 46% of frame area was infilled with 
reinforced ECC panels.  These simulations used the same spacing between infill sections, and the 
same panel thickness as in the analyses presented in Section 2.5.1.  However, the infill sections 
only contained 0.5% WWF reinforcement with no perimeter bar.  Table 2-4 summarizes the 
different infill section geometries examined.  Figures 2.27 to 2.29 show the finite-element 
meshes used in the simulations. 
 

Table 2-4 – Panel geometries examined in study of different panel aspect ratios 
 

Aspect Ratio1 
Infill Section 

Depth 
(mm) 

Infill Section 
Height 
(mm) 

Number of 
infill sections 

added 

% Infill 
Area2 

2:1 1,752 3,505 2 44% 

2.75:1 1,219 3,505 3 46% 

5:1 660 3,505 4 33% 
1. Approximate aspect ratio 
2. Percentage of area inside frame occupied by infill sections 
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Figure 2-27. 2 panels with 2:1 aspect ratio 

 

 
Figure 2-28. 3 infill sections with 2.75:1 aspect ratio 
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Figure 2-29. 4 infill sections with 5:1 aspect ratio 
 
Figure 2-30 shows the load-drift response from the simulations, along with the result obtained 
from the simulation of the bare frame.  The results indicate that the aspect ratio of the infill 
sections will have a significant effect on the load-drift response of the infilled frame.  At 1% 
drift, the 2 infill sections with the 2:1 aspect ratio panels had the highest capacity (1484 kN), 
followed by the 3 infill sections with the 2.75:1 aspect ratio (933 kN).  The lowest capacity (736 
kN) at 1% drift came from the 4 infill sections with the 5:1 aspect ratio.  All of the infilled 
frames had significant increases in strength compared to the bare frame. 
 
The results shown in figure 2-30 indicate that the addition of two infill sections with a 2:1 aspect 
ratio resulted in a higher stiffness and capacity than three infill sections with a 2.75:1 aspect ratio 
despite filling a lower percentage (46 versus 44%) of the frame area.  The difference in stiffness 
can be explained by considering the moment of inertia of the infill sections.  Calculations show 
that the two infill sections with the 2:1 aspect ratio have a 50% higher moment of inertia than the 
three panels with the higher aspect ratio.  The greater moment of inertia results in the greater 
stiffness.  The higher capacity is a consequence of the greater section depth with increases the 
flexural and shear capacity of the panels. 
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Figure 2-30. Load-drift response from frame with different aspect ratio beam-type infill 

sections 
 
Similar to the results shown in Section 2.5.2, yielding of the frame was observed at drift levels of 
0.75% in the simulations with the variable aspect ratio infill sections.  Yielding of the bare frame 
occurred at 0.8% drift. 
 
Figures 2.31 and 2.32 show principle tensile strain contours from the simulations with the two 
2:1 aspect ratio infill sections and the four 5:1 aspect ratio infill sections at 1% drift.  In both 
figures, the upper limit on the tensile strain was 0.03 (onset of softening in the ECC).  The results 
show the strain in the majority of the panels was well below the peak strain in the panel.  A more 
effective geometry for the beam-type infill sections, one that uses more of the panels in tension, 
will be discussed in the following sections. 
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Figure 2-31. Principle tensile strain contour from simulation with 2 panels with 2:1 aspect ratio 
at 1% drift 

 

 
Figure 2-32. Principle tensile strain contour from simulation with 4 panels with 5:1 aspect ratio 

at 1% drift 
 
2.5.5 Examination of Tapered Panel Geometries 
 
In figures 2.24, 2.31 and 2.32, principle tensile strain contours at 1% drift from simulation results 
of various infill geometries were presented.  In the figures, the highest strains in the panels were 
concentrated in the maximum moment region of the panel at the top and bottom of the panels, 
with very low strains near the middle of the infill sections (point of inflection).  To use the ECC 
material more effectively, an alternate geometry that more uniformly distributes the strains in the 
panel was needed. 
 
To use the ECC material more efficiently, the middle portion of the infill section was tapered to 
produce an infill section with an hourglass shape.  A linear taper was used to correspond with the 
shape of the moment diagram in the infill section.  Figure 2-33 shows six different taper 
geometries that were studied, with the relative dimensions of the panels shown.  The different 
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geometries were based upon a 4:1 rectangular aspect ratio to allow for direct comparisons with 
the results presented in Section 2.5.2.  Both the width of the top portion of the panels and the 
height of the rectangular base section were varied.   
 
The panel geometries shown in figure 2-33 were analyzed to determine the optimal geometry of 
the tapered infill section.  In the simulations, only the portion shown in figure 2-33 was 
considered, which represented one half of an infill section.  Figure 2-34 shows a typical finite 
element mesh from the tapered panels simulations (geometry F) with the boundary and loading 
conditions indicated.  The models used the material models described in Section 2.4.2, and 
contained 0.5% by area of steel reinforcement in the vertical and horizontal direction.  The 
loading in the analysis consisted of a simple displacement (push over analysis) of the top of the 
panel section.  Displacements were increased until a drop in capacity was observed. 
 
Figure 2-35 shows the pushover analysis results.  The drift levels in figure 2-35 were determined 
by dividing the top panel displacement by the panel height.  The load-drift results indicated four 
of the taper geometries (C-F) had similar capacities at drift levels of 2% drift.  Figure 2-36 shows 
the principle tensile strain contour at 1% drift with the maximum strain limited to 0.03 (onset of 
softening in the ECC) for each panel.  The load on the panel represents the panel capacity at 1% 
drift.  Based upon the results, taper geometry “D” was selected as it provided the best 
distribution of strains through the height of the panel. 

Figure 2-33. Tapered panel geometries examined with relative dimensions shown.  All panels 
have fixed base condition. 
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Figure 2-34. Finite element mesh from simulation of geometry F (figure 2-33).  Panel has fixed 

base condition. 

Figure 2-35. Load-drift results from pushover analysis of tapered panels 
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Figure 2-36. Principle strain contour at 1% drift from simulations of tapered geometries 

 
2.5.6 Examination of Tapered Panels in Frames 
 
To examine the response of the tapered panel geometry selected in Section 2.5.5, the analyses 
presented in Section 2.5.2 were repeated.  In the analyses, the addition of 6, 4 and 2 tapered infill 
sections was performed using taper geometry “D” from figure 2-36.  The panel spacing and 
reinforcement discussed in Section 2.5.1 were used in the analysis.  Figure 2-37 shows the finite-
element mesh with 6 tapered infill sections.  The base of the panels and frame columns were 
fixed and the loading was applied at the top of the columns.  The models with 4 and 2 taped infill 
sections were created by removing the outer panels from the model, in the same manner as 
shown in Figures 2.19 and 2.20. 
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Figure 2-37. Finite-element model from simulation of 6 tapered infill sections added to bare 

frame 
 
Figure 2-38 shows the load-drift results of the simulations with 6 tapered infill sections added to 
the frame.  For comparison purposes the results of the simulations of the 6 rectangular beam-type 
infills (figure 2-18) are also shown.  Figure 2-39 shows the load-drift results from the simulations 
with 2 and 6 tapered infill sections compared with the results from the simulation with 2 and 6 
rectangular infill sections and the bare frame. 
 
The load-drift results show that the tapered infill sections provide a very similar response to the 
rectangular infill sections.  There were two major differences in the load-drift responses between 
the tapered and rectangular infill sections; the tapered infill sections had lower capacities at each 
drift level, and they had smaller residual displacements when unloaded.  The capacity of the 
tapered infill sections decreased by 7% for the 6-infill section addition and 8% for the 2-infill 
section addition.  The residual displacements were observed to decrease by 5% in results from 
both the 6- and 2-infill section additions. 
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Figure 2-38. Load-drift response from frame with 6 taper infills compared to results from bare 
frame and results with 6 rectangular panels 

 
Figure 2-39. Load-drift response from frame with tapered and rectangular infills  
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The lower capacity at any given drift level resulted from the lower stiffness of the tapered infill 
sections relative to the rectangular infill sections.  The decrease in amount of steel yielding will 
result in less permanent deformation in the steel, and hence produce smaller residual 
displacements for the panels. 
 
In the tapered infill section simulations, yielding of the steel frame began at a drift level of 
0.75%, which was similar to the results from the rectangular infill section (0.75%) and the bare 
frame (0.80%).  The onset of yielding in the frame with 6 tapered infill sections can be seen in 
Figure 2-40, which shows a principle tensile strain contour at 0.75% drift.  The upper strain limit 
in the contour was 0.0017, which represents the yield strain in the frame steel.  Figure 2-41 
shows the same information at 1% drift.  In the figure, the yielding of the frame members can be 
seen at the column base.  The results from the simulations with 2 and 4 tapered infill sections 
were similar to the 6 tapered infill section results. 
 
Figures 2.42 and 2.43 show tensile and compressive strain contours, respectively, at 1% drift 
obtained from the simulations with 6 tapered infill sections added.  The upper limit in the tensile 
strain contour (figure 2-42) was 0.03 (onset of softening the in the ECC) and -0.05 (onset of 
compressive softening) in the compressive strain contour (figure 2-43).  The strain contours 
show the ability of the tapered geometry to use the ECC material effectively.  In the tensile 
contour, the strains were distributed along the panel height instead of being concentrated at the 
base of the panel as was observed in the rectangular infill section simulation results (figure 2-24).  
The compressive strain contour shows that only very small sections of the panels have began to 
soften in compression, as was also seen in the rectangular panels (figure 2-25).  The spreading of 
tensile strains in the tapered panel geometry demonstrates how the tapered geometry can use the 
ECC material more efficiently than the rectangular geometry. 

 

Figure 2-40. Principle tensile strain contour at 0.75% drift from simulation with 6 tapered infill 
sections added  
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Figure 2-41. Principle tensile strain contour at 1% drift from simulation with 6 tapered infill 

sections added  
 

 
 

Figure 2-42. Principle tensile strain contour at 1% drift from simulation with 6 tapered infill 
sections added  
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Figure 2-43. Principle tensile strain contour at 1% drift from simulation with 6 tapered infill 
sections added  

 
2.5.7 Beam-Type Infill Panel Reactions 
 
The simulation results shown in Sections 2.5.2 to 2.5.4 demonstrate the potential for the beam-
type infill system to increase the capacity and stiffness of a bare steel frame.  For the infill 
sections to strengthen a structure the loads from the infill system will need to be transferred from 
the infill member into the structure.  The simulation results in Sections 2.5.5 to 2.5.6 can be used 
to determine the loads to be transferred through the connection regions.  The required number of 
bolts to transfer the panel loads is then obtained by dividing the connection load by the bolt 
capacity. 
 
Table 2-5 shows a summary of the base reactions from individual beam-type infill sections 
obtained from the simulations.  For simplicity, only the results at 1% drift are shown.  The loads 
shown in the table include the distributed shear load at the panel base, and the compressive and 
tensile loads that occur in the connection region due to flexure in the panel. 
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Table 2-5 – Summary of reactions1 obtained from beam-type infill simulations 
 

Panel 
Geometry 

Number of 
Panels 

Aspect 
Ratio 

Lateral Shear 
Load2 (kN) 

Tensile Load2,3 
(kN) 

Rectangular 2 2:1 484 789 

Rectangular 3 2.75:1 216 531 

Rectangular 2 4:1 106 330 

Rectangular 4 4:1 102 320 

Rectangular 6 4:1 106 321 

Rectangular 4 5:1 61 254 

Taper 2 4:1 92 282 

Taper 4 4:1 89 275 

Taper 6 4:1 89 280 
1. Reactions per beam-type infill at 1% drift. 
2. Loads are an average of the loads on each panel 
3. Compressive loads have same magnitude with opposite sign 
 

The loads shown in table 2-5 would need to be transferred through pre-tensioned bolted 
connections to the frame members.  The load transfer mechanism can be conceptually identical 
to slip critical connections in steel structures.  The procedures in the AISC manual (1988) for slip 
critical connections can be used to estimate of the number and size of connection bolts.  
However, experimental tests will be needed to verify the connection capacity (presented in 
Section 3). 

 
2.5.8 Discussion of Beam-Type Infill Simulation Results 
 
The performance of the beam-type infill system in terms of increasing the strength, stiffness and 
energy dissipation of a steel frame was analyzed using finite element-based simulations.  The 
frames with the beam-type infill sections were found to yield at similar drift levels as the bare 
frame.  Therefore the frames can be strengthened by the infill installation without causing 
damage in the frames at low drift levels (less than 0.75%). 
 
At drift levels below yielding of the frame, the reinforced ECC infill sections examined in the 
current study dissipate energy through yielding of the steel reinforcement and through the 
formation of multiple cracks in the ECC material.  The results indicated that the energy 
dissipation was occurring without exceeding the tensile or compressive strain limits (strain levels 
at the onset of tensile or compressive softening) in the ECC materials.  At drift levels above 
0.75%, the yielding of the steel frame will contribute to the observed energy dissipation. 
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Comparison of the load-drift results shown in figures 2.22, 2.30 and 2.39 show the different 
levels of strength and stiffness that can be achieved by the addition of various amounts of beam-
type infill sections.  The ability to produce varying levels of strength and stiffness allows the 
strengthening measures to be tailored to the demand placed on the structure. 
 
The reactions at the base of the beam-type infill sections were summarized in table 2-5.  These 
forces need to be transferred via the pretensioned bolted connections into the existing frame.    
Experimental testing was needed to verify the performance of the proposed connections. 
 
To verify the performance of the proposed beam-type infill system, experimental testing was 
required.  Specifically, the ability of the proposed connections to transfer loads and the overall 
response and failure modes of the panels with different geometries, and types of reinforcement 
needed to be investigated. 
 
The ability of the beam type infill sections to partially infill a frame is an important aspect of the 
retrofit system.  Existing secondary systems in buildings can be located in the gaps between 
panels and or an unfilled portion of the frame.  The ability to minimize the impact of the retrofit 
installation on existing systems is consistent with the overall retrofit goals presented in Section 
2.2. 
 
2.6 SUMMARY 
 
In this chapter several important areas related to the development of seismic retrofit strategies for 
critical facilities were addressed.  Section 2.1 summarized past research related to the testing and 
evaluation of infilled walled systems in structures.  The review facilitated incorporating 
previously developed retrofit concepts into the current work.  The previous research was 
reviewed to examine how the desirable properties of the ECC materials can be incorporated into 
the infill systems under development. 
 
The current research focuses on the development of retrofit strategies for critical facilities.  To 
guide the research, a series of requirements for the retrofit of critical facilities were presented.  
The requirements include minimizing construction time, accommodating existing secondary 
systems, and development of a replaceable system in the event of severe damage.  Seismic 
retrofit guidelines (FEMA 273, 1999) were also reviewed to evaluate performance guidelines for 
the retrofit development. 
 
Two infill concepts were developed that build upon previous related research, and that satisfy 
constraints of critical facilities.  To examine the infill concepts a series of finite element-based 
simulations were performed.  The goal of the simulations was to examine how the infill additions 
affected the strength, stiffness and energy dissipation of a steel frame.  The simulations were also 
used to examine if the infill systems can satisfy critical facility performance requirements, in 
particular limit yielding of the frame members. 
 
The results from simulations of the full frame system were presented in Section 2.4.  The 
addition of full frame infills resulted in substantial increases in both the strength and stiffness of 
the infilled frame.  Substantial increases in energy dissipation were also observed. 
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Two disadvantages were observed in the full frame results.  Yielding of the frame members was 
observed at drift levels as low as 0.25%, which was lower than the results obtained from the bare 
frame (0.8%).  The second disadvantage of the full frame infill system was in the use of the ECC 
materials.  The peak compressive and tensile strains were exceeded at drifts greater than 0.25% 
which indicates both compressive and tensile softening of the ECC was occurring.  These two 
factors indicate that the full frame infill system will not satisfy the requirements for the retrofit of 
critical facilities at high drift levels. 
 
In Section 2.5 the results from simulations using the beam-type infill system were presented.  
The results indicated that the beam type infill system was desirable in terms of the ability of the 
system to increase the strength, stiffness, and energy dissipation of the frame without exceeding 
the peak strains in the ECC.  Yielding of the frames with the beam-type infill systems was 
observed to occur at similar drift levels as the bare frame. 
 
The simulation results also indicated that different levels of strength and stiffness can be 
achieved by varying the size (aspect ratio) or the number of beam-type infills added to the frame.  
These results point to the ability of the infill additions to be tailored to provide the desired level 
of strength or stiffness for a given facility. 
 
To develop an efficient beam-type infill system further, tapered panel geometries were evaluated 
and presented in Sections 2.5.5 and 2.5.6.  The tapered panel geometry removes ECC material 
from the middle of the infill sections, resulting in an infill section with an hourglass shape.  The 
load-drift response of a frame with tapered infill sections behaved in a similar manner as the 
rectangular infill sections.  The tapered panel geometry resulted in a more efficient use of the 
ECC material than the rectangular panels. 
 
The preliminary analyses of the infill systems suggest several areas for laboratory testing to 
develop the infill panel concepts presented here.  Testing to verify the ability of the pretensioned 
connections to safely transmit the loads shown in Table 2-5 is needed.  Testing is also needed to 
verify infill panel construction methods, as well as the strength, stiffness and energy dissipation 
in the panels.  Finally, infill panel testing is needed to examine the response of larger-scale ECC 
elements. 
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Section 3 
Laboratory Testing of Infill System Connections 

 
3.0 Introduction 
 
In the preceding chapter an infill panel concept was presented which used pretensioned bolted 
connections both between panels and at the connection of the panels to a steel frame.  In this 
chapter the strength of the pretensioned connections for the ECC infill panels, and long-term 
connection performance will be evaluated.  Specific goals of the testing included: 

1. Examination of connection strength under various load orientations 
2. Examination of the time-dependent losses in bolt tension 
3. Examination of the confined and composite properties of the material in the 

connection region 
The laboratory connection test results will be used to design the connections for the panel 

tests and to provide data for further studies of pretensioned bolted connections between ECC 
sections. 
 
3.1 Connection Strength Tests 
 
The infill panel concept being developed uses pre-tensioned bolted connections both between the 
panels and at the connection of the panels to the frame.  Figure 3-1 shows a schematic 
representation of the proposed connections.  In this application the behavior of the bolted 
connections is conceptually similar to slip-critical connections in steel structures.  Slip critical 
connections are commonly used in structures where reversals in load or significant vibrations are 
expected (Salmon and Johnson, 1990).  As discussed in Section 2.1, Kanda et al., (1998) first 
investigated the concept of using pre-tensioned bolted connections between ECC panels.  The 
geometry of their tested specimens resulted in a compression failure of the specimens outside of 
the connection region.  In their testing, no attempts were made to enhance the friction between 
the ECC segment and the steel members. 
 
In this research, both the capacity and long-term performance of the proposed connections was 
evaluated.  The composite behavior of the ECC material confined in the connection area was also 
examined.  Results of these tests were then used to determine the number and size of the bolts 
needed for laboratory tests of infill panels (described in Section 4).  The connection test results in 
combination with the infill test results can later be used later to design various infill schemes in 
steel framed structures. 
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Figure 3-1. Concept of pre-tensioned bolted connection between panels 
 
3.1.1 Test Series 
 
To evaluate the connection region of precast panel segments using pre-tensioned bolted 
connections a series of laboratory tests were developed.  The goals of the tests were to evaluate 
the following variables: 
 

1. The effect of interface roughness between the ECC and the steel members 
2. The effect of load orientation with respect to the bolt line  axis 

 
Table 3-1 shows a summary of the three series of tests.  In the first test series the specimens are 
oriented to simulate a compressive (vertical load in figure 3-1) loading on the connection.  These 
tests served as a baseline for comparisons with the second and third test series.  In the second 
series the effect of surface roughness was investigated.  In the third series, the effect of load 
orientation with respect to the load axis was evaluated by simulating a shear (lateral load in 
figure 3-1) loading on the connection.  An additional set of tests (presented in Section 3.2) was 
performed to examine the loss of bolt tension with time due to creep and shrinkage of the ECC 
and relaxation of the steel bolts. 
 

Table 3-1 - Summary of connection test variables 
 

Test 

Series 
# Specimens 

Parameter of 

Interest 
Surface 

Bolt 

Orientation 

1 3 Strength Plain-formed Horizontal 

2 3 Strength Sandblasted Horizontal 

3 3 Strength Sandblasted Vertical 

 
Intentional roughening by sandblasting or other means was expected to increase the amount of 
friction between the ECC and steel element.  Connections with the sandblasted surfaces were 
expected to have a higher load capacity prior to slippage than connections with plain-formed 
surfaces.  Test series 1 and 2 were designed to test this hypothesis.  In the tests both the ECC 

elevation

panel

gap between 
panels

Bolts

Steel tab

plan elevation

panel

gap between 
panels

Bolts

Steel tab

panel

gap between 
panels

Bolts

Steel tab

plan



 

 

  

49

specimen and the steel angles were sandblasted.  Sandblasting was selected for surface 
enhancement due to its ease of use, and common use in the precast concrete industry.  Figure 3-2 
shows a comparison of the relatively smooth formed surface and rougher sandblasted surface. 
 

  (a) plain-formed   (b) sandblasted 

Figure 3-2. Comparison of tested ECC block surfaces 
 
To examine the effect of load orientation with respect to bolt orientation results from test series 1 
(or 2) and 3 will be compared.  The comparison was necessary to examine the effect of 
compression or shear loading on the infill panels.  Bolt orientation was not expected to have a 
significant effect on the peak load capacity of the joints.  In the design of slip critical steel 
connections, load orientation does not influence the connection strength when standard and 
oversized holes are used in the connections (Salmon and Johnson, 1990). 
 
All of the ECC specimens used in the evaluation were cast using the SP mix design, shown in 
table 4-1.  All of the ECC specimens were wet cured for 28 days and allowed to dry for at least 
14 days prior to testing.  The curing and drying period was selected to optimize the performance 
of the ECC materials. 
 
3.1.2 Connection Test Setup 
 
Figure 3-3 shows the geometry of test series 1 and 2.  This geometry represents the compression 
capacity in a connection such as shown in figure 3-1.  The bolt size and location in the specimen 
was designed based on the panel reactions obtained in the analyses presented in Section 2.5.  The 
ECC block (representing a panel segment) was sized to prevent a compression failure of the 
block outside of the connection area prior to connection slippage.  In test series 3 the bolt 
orientation was rotated 90 degrees, as shown in figure 3-4.  Again, this specimen orientation 
simulated a shear loading on the connection. 
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Figure 3-3. Connection test setup with load oriented perpendicular to axis of bolts 

 

 

Figure 3-4. Connection test setup with load oriented parallel to axis of bolts 
 
The bolts used in the connections were 19 mm ASTM A490 high strength bolts with a 
pretensioning load of 133 kN per bolt, which is slightly below the AISC (1988) specified load of 
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156 kN for 19mm bolts in slip critical connections.  The pretensioning load was selected to be 
slightly lower than the AISC specified load so as to limit the compressive stresses within the 
connection region and therefore prevent localized crushing during bolt tensioning.  To provide 
additional space for alignment of the connections, the bolt holes in both the steel angles and ECC 
blocks were 22 mm in diameter, which was 1.4 mm larger than AISC (1988) specifications. 
 
The pre-tensioning load in the bolts was monitored using load cell washers, which allowed the 
variation in bolt load to be recorded during testing.  In addition to the load cell washers, direct 
tension indicator (DTI) washers were used.  These washers have raised sections that compress at 
the AISC specified loads for pretensioned connections.  The purpose of the DTI washers was to 
examine their acceptability in lieu of load cells washers in larger test specimens and in full-scale 
installations. 
 
Prior to testing, the bolts were loaded to the desired pre-tensioning levels using a long handled 
torque wrench.  During tightening, the bolt load versus applied torque data was recorded.  This 
information was used to evaluate the use of torque wrenches as a method of evaluating bolt 
tension in larger specimens.  Testing of the specimens started a minimum of 4 hours after 
completion of the initial bolt tensioning.  The bolt tension levels were reset to the desired values 
immediately prior to testing to eliminate early age bolt tension loss due to ECC creep and 
shrinkage.  The loss in bolt tension prior to testing was less than 5 kN. 
 
The testing was performed in a displacement-controlled, 2670 kN MTS test frame at an 
approximate displacement rate of 4 mm per minute.  To ensure uniform bearing on the loaded 
face of the specimen, a hydrostone layer was placed on top of the ECC block prior to testing.  
During testing 6 displacement transducers (3 per side) (LVDTs) were used to monitor the 
deformation and slip of the specimen.  The location of the transducers is shown in figures 3.3 
and 3.4.  Figure 3-5 shows a test specimen in the test frame prior to testing. 

 
Figure 3-5. ECC connection specimen in test frame with LVDTs prior to testing 
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3.1.3 Connection Test Results 
 
Figure 3-6 shows the load-displacement response from the 3 test specimens with a plain-formed 
ECC surface with the load oriented perpendicular to the axis of the bolts (Test series 1, Table 3-
1).  In the figure, the displacements recorded at the top of the specimen, at the top of the angle 
section (dashed line) and bottom of the specimen are plotted versus the applied load.  The 
specimens began to slip at an average load of approximately 300 kN.  Slippage of the specimen 
was considered to occur when a significant change in the load-displacement plot occurred, as 
indicated in figure 3-6.  After the specimen began to slip, the load gradually increased until a 
compressive failure occurred in the top section.  The compressive failure initiated as the ECC 
began bearing on the bolts in the connection region. 
 
In all three specimens the displacements recorded by the LVDTs followed similar trends before 
the onset of ECC block slippage.  The top displacement was the largest in all tests; this was 
expected as it includes both the elastic deformation of the unconfined section of the ECC block 
and the deformation in the confined region.  The bottom LVDT recorded the smallest 
displacement in all three specimens.  The deflection of the bottom LVDT represents the 
displacement of the ECC block relative to the steel angles.  Slippage of the ECC block relative to 
the angles was not expected to be significant due to the clamping force provided by the 
pretensioned bolts.  Prior to the onset of slippage, there was only a small difference between the 
displacement at the bottom of the specimen and the displacement at the top of the angles.  The 
difference in the amount of displacement between the bottom of the specimen and at the top of 
the angle (dashed) represents the displacement of the ECC confined within the connection 
region.  The variability of the results before slippage can be attributed to differences in interfacial 
contact between the plain-formed surfaces and the steel angles. 
 
In all three specimens slippage occurred at a load below the peak level.  After the slippage 
occurred, the load increased to a peak value as the ECC block began to bear on the bolts.  In 
specimens a and c, the slippage of the specimen is gradual and occurred without large changes in 
the applied load.  In specimen b, large drops in load were observed.  The large load drops 
occurred as a consequence of the displacement control of the tests.  As the specimen began to 
slip, the load dropped to prevent the actuator from exceeding the desired displacement. 
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Figure 3-6.  Results from connection test Series 1 (plain-formed surface and load 

perpendicular to axis of bolts) 
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Figure 3-7 shows the results from the specimens with sandblasted surfaces (Test series 2, Table 
3-1).  The sandblasted specimens had an average capacity of 480 kN at the onset of slippage 
which is significantly higher than the 300 kN average capacity of the plain-formed specimens.  
Sandblasting the surfaces increased the interfacial shear capacity of the connection region.  The 
shape of the load displacement response was generally similar to the results from the formed 
surfaces, shown in figure 3-6.  However, compared to the results shown in figure 3-6 there was 
little increase in load (i.e., hardening) after slippage began in the sandblasted specimens. The 
lack of a hardening region was due to the higher capacity of the sandblasted specimens prior to 
slippage, which approached the capacity of the ECC.  There was no additional capacity for 
hardening to occur. 
 
The effect of the sandblasted surfaces also can be seen in a comparison of the pre-slip response 
in figure 3-7 with the pre-slip response in figure 3-6.  The sandblasted specimens show less 
variability in the pre-softening response, which indicates better interfacial contact between the 
ECC specimen and the steel angles. 
 
Figure 3-8 shows a comparison of plain-formed (Series 1 a) and sandblasted (Series 2 b) 
specimens after completion of testing.  Both of the specimens show large deformation of the 
material at the edges of the specimen near the bolt holes.  This material spalled as the load began 
to drop.  The portion of the specimens above the connection region remained largely intact 
throughout the tests until the final failure of the bolt holes.  The large deformation capacity of the 
ECC material can be seen in figure 3-9, which shows a comparison of a bolt hole in a 
sandblasted specimen before and after testing. 
 
Figure 3-10 shows the results from the tests with the load inline with the bolt axis (Test Series 3, 
Table 3-1).  The specimens were sandblasted prior to testing to maximize the connection 
capacity as demonstrated in the previous test series.  The average load in these tests at the onset 
of slippage was 445 kN and was similar in magnitude to the previous tests with sandblasted 
surfaces (Test Series 2, 480 kN).  The pre-slip response of the Test Series 3 specimens was also 
similar to the results observed in Test Series 2 (figure 3-7). 
 
The primary difference in the results from Test series 2 and 3 was in the slip and softening 
(dropping in load) region.  The results from the inline bolt tests showed a rapid decrease in load 
after the onset of slip.  This rapid decrease is caused by the confined area around the bolts acting 
to split the specimen (causing a shear failure) as the specimen began to bear on the bolts.  As a 
result, cracks propagate into the unconfined portion of the ECC block specimen, splitting the 
specimen.  The splitting of this region results in the rapid post-peak load softening seen in figure 
3-10.  This softening was in contrast to the less rapid softening typically seen in the previous test 
series, as shown in figures 3.6 and 3.7.  The splitting of the specimen can be seen in figure 3-11, 
which shows two of the specimens after completion of testing. 
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Figure 3-7.  Results from connection tests with sandblasted surface and load perpendicular to 
axis of bolts 
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(a) plain-formed (Series 1 a)    (b) sandblasted (Series 2 b) 
 
Figure 3-8. Comparison of specimens (a) plain-formed and (b) sandblasted after completion 

of testing 
 

(a) before test         (b) after test  (c) close-up 

Figure 3-9. Comparison of bolt holes in sandblasted specimen 
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Figure 3-10. Results from connection tests with sandblasted surface and load parallel to axis of 
bolts 
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         Series 3 a    Series 3 b 
 

Figure 3-11. Splitting of specimens after testing 
 
Table 3-2 shows a summary of the bolted connection test results from both bolt orientations and 
interface conditions (Test Series 1-3, table 3-1).  In table 3-2 the slip coefficient, ks was 
calculated using (3-1), shown below, which was adopted from the AISC (1988) specifications for 
the use of high strength bolts. 

 

2
sk

sl
cf

=
⋅              (3-1) 

 
where: 
  ks = slip (interface friction) coefficient 

cf = total bolt pretensioning force 
  sl = load at which the deformation rate increases 
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Table 3-2 - Summary of average panel connection strength tests 

 

Test 
Series 

Bolt 
Orientation1 

Interface 
type 

Clamping 
force (kN) 

Average 
Slip load 

(kN) 

Slip 
coefficient 

(ks) 
1 Perpendicular Formed 267 301 0.56 
2 Perpendicular Sandblasted 267 480 0.90 
3 Inline Sandblasted 267 445 0.83 

1.  Orientation of the axis of the bolts relative to the applied load. 

 
3.1.4 Discussion of Connection Test Results 
 
The results shown in the Section 3.1.3 demonstrated the concept of using pretensioned bolted 
connection as a part of the infill wall system under development.  The results indicated that 
sandblasting both the ECC and steel in the connection region will increase the capacity of the 
connections.  The plain-formed specimens were observed to have a lower capacity at the onset of 
softening and more variability in the pre-slip region. 
 
The orientation of the bolts with respect to the load was not found to have a significant effect on 
the capacity of the connection.  The slip coefficient values obtained from the testing can be used 
to evaluate the size and number of bolts required between precast ECC panels and at the 
connections to steel frames. 
 
During bolt tensioning, a calibrated torque wrench was used to tighten the bolts, with the loads 
recorded to establish a calibration curve for the torque wrench.  Load-indicating (DTI) washers 
were also used to indicate the load in the bolts.  It was found that both methods can be used to 
determine the appropriate load on the bolts during installation.  However, the torque wrench 
would need to be calibrated to the specific procedure used in the installation. 
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3.2 Time-Dependent Loss of Bolt Tension 
 
The loss of pretensioning force due to time dependent effects such as concrete creep, concrete 
shrinkage and steel relaxation can be a significant factor in prestressed concrete design.  
However losses in pretensioning force are not considered in the design of slip critical steel 
connections (Salmon and Johnson, 1990).  This dichotomy, plus the high level of creep expected 
in the ECC material (Rouse, 2003) resulted in the decision to examine the loss of bolt tensioning 
force over time.  Due to the behavioral similarity to prestressed concrete, some measure of bolt 
tensioning force is expected to be lost over time, primarily due to creep and shrinkage of the 
ECC material and possibly from relaxation of the high strength steel bolts. 

 
3.2.1 Test Series 
 
To evaluate time-dependent losses in bolt tension, a series of tests were performed using the test 
setup from test series 2 (table 3-1).  Six ECC specimens were tested.  To distinguish between 
losses in bolt tension force due to ECC creep and shrinkage and the losses due to relaxation of 
the steel bolts a companion steel specimen that would not exhibit creep or shrinkage strains was 
also tested.  The companion steel specimen was made from a piece of cold rolled steel plate with 
the same geometry as the ECC specimens.  Figure 3-12 shows a picture of the steel specimen and 
one of the six ECC specimens. 

 

 
Figure 3-12. Steel and ECC specimens used to examine time dependent loss of bolt tension 

 
In these tests, the load in the bolts was monitored using bolt load cells.  Figure 3-13 shows a 
picture of a bolt load cell.  The bolt load cells were made by installing strain gages in a full 
bridge orientation on high strength steel bolts (ASTM A-490, 2002) and calibrating the load 
cell’s output with the applied loads.  The bolt load cell connections to the data acquisition system 
are also visible in figures 3-12 and 3-13. 
 
At the start of testing the bolts were tightened in the same manner as described in Section 3.1.2.  
To examine the effects of retensioning of the bolts, three of the six specimens were retensioned 
28 days after initial loading.  The load in the connection bolts was monitored for 140 days. 
 

Steel specimen ECC specimen

Bolt load cell

Steel specimen ECC specimen

Bolt load cell

ECC specimen

Bolt load cell
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Figure 3-13. Bolt load cell used in testing 

 
3.2.2 Test Results 
 
Figures 3.14 and 3.15 show the testing results from the 6 ECC specimens.  In each figure the 
results from 3 ECC specimens were shown, with the results obtained from each bolt (bolt a and 
b) plotted.  The specimens shown in figure 3-14 were not retensioned during the testing period, 
while the specimens shown in figure 3-15 were retensioned after 28 days.  Figure 3-16 shows the 
results obtained from the companion steel specimen.  Table 3-3 gives a summary of the results 
obtained from all of the specimens at different times. 

 
Table 3-3 - Summary of average1 results from ECC specimens in bolt tension investigation 

 

Specimens Initial Force 
(kN) 

Force at 28 
days (kN) 

Force at 135 
days (kN) 

% Loss in 
bolt tension 
at 135 days 

ECC 1 to 3 130 99 86 35 
ECC 4 to 6 130 982 105 19 

Steel 137 136 134 2 
1. Average of two bolts on three specimens 
2. Re-tensioned to 130 kN after measured at 98 kN 

 
The results shown in figures 3.14 to 3.16 indicate that losses in bolt tension occur in the ECC 
specimens, while only negligible losses occur in the steel specimen.  The ECC specimens with 
only an initial tensioning (figure 3-14) lost an average of 35% of the initial bolt tension force, 
compared to 19% for the retensioned specimens.  The all steel specimen only lost 2% of the 
initial bolt tension force.  Based upon these results, the loss in bolt tension can be attributed to 
primarily to creep and shrinkage of the ECC materials. 

 

Bolt load cell

Connection to data acquisition system

Bolt load cell

Connection to data acquisition system
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Figure 3-14. Loss in bolt tension over time in ECC specimens 

 
Figure 3-15. Loss in bolt tension over time in ECC specimens with bolts retensioned after 28 

days 
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Figure 3-16. Loss in bolt tension over time in steel specimens 

 
Creep and shrinkage of the ECC will result in significant losses in bolt tension and will need to 
be addressed in ECC infill panel connection design.  Retensioning of the bolts can be used to 
mitigate the effects of creep and shrinkage, as seen in figure 3-15.  While losses in bolt tension 
continued to occur after retensioning (as expected).  However, the final bolt tension was higher 
at 135 days. 
 
Several strategies are available to mitigate the effect of bolt tension losses, these include use of 
fine aggregates in the ECC to reduce the creep and shrinkage in the material (Rouse, 2003), 
retensioning of the bolts (as shown above), and sufficiently over-tensioning the bolts to allow for 
the desired level of bolt tension to be achieved after losses have occurred. 
 
Prediction of the magnitude of the losses will be difficult.  There is considerable variation in the 
creep and shrinkage of cementitious materials due to factors such as the age at initial loading, 
curing time, and ambient conditions (Mehta, 1986 and Rouse, 2003).  The confined geometry 
and variable stress condition in the connection region will also complicate predictions of the 
magnitude of bolt tensioning losses.  Additional research on the behavior of the ECC under 
constant load, with multi-axial confining boundary conditions will be needed to accurately 
predict the loss of bolt tension in the connection region. 
 
3.3 Evaluation of Confined Material 

 
The load-displacement results from the connection tests can be used to evaluate the modulus of 
elasticity of the ECC material inside the connection region.  As discussed in Section 2.4.2, an 
accurate assessment of the material properties in the connection region is needed for accurate 
simulation results.  In Section 2.4.2, a composite modulus, determined from a strain 
compatibility analysis, was used to represent the stiffness of both the steel tab and ECC in the 
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connection regions.  In the strain compatibility analysis, the modulus of elasticity of the ECC 
materials was based upon the results from unconfined compression tests.  To accurately assess 
the stiffness of the ECC, the effect of the lateral confinement by the bolts is determined here. 

 
3.3.1 Confined Material Evaluation and Results 
 
To examine the confined modulus of the ECC within the connection region, the results from the 
LVDTs and the applied loads can be used.  The orientation of the connection region is shown in 
figure 3-17.  To determine the confined modulus the strain in the confined material can be 
determined using Hooke’s Law as shown below: 

( )( )1
x x y z

E
ε σ υ σ σ= − +             (3-2) 

where:  εx = εc = the average vertical strain in the confined material 
  E = modulus of elasticity of unconfined ECC 
  σx = applied stress in the confined material 

 ν = Poisson’s ratio of the confined material (assumed to be 0.18) 
 σz = measured lateral stress on confined ECC from pretensioned bolts. 
 σy = 0 

 
The modulus of elasticity of the unconfined ECC material was calculated from the displacement 
of the ECC section above the angles, prior to slip of the block.  The average modulus of the 6 
specimens was 10.2 GPa.  The value for the unconfined modulus of elasticity was similar 
(though lower) to the value measured in compression testing on cylinders of mix design SP 
(Table 4-3).  The confined modulus of the ECC was then determined as: 

x
c

c
E σ

ε
=               (3-3) 

where:  Ec = confined modulus of ECC 
  εc = strain in confined ECC calculated using (3-2) 
  σx = applied stress in the x-direction on the confined material 
 

Table 3-4 summarizes of the confined modulus values for the ECC calculated from the test 
results.  The unconfined modulus results are also shown.  The results shown in table 3-4 were 
obtained from specimens with the bolts oriented perpendicular with respect to the applied load 
(Test Series 2) because the horizontal orientation of the bolts was expected to provide a more 
uniform distribution of stress across the specimen at the bolt level than in the specimens with the 
load oriented inline with the axis of the bolts (Test Series 3).   
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Figure 3-17. Orientation of stresses in confined region 

 
The confined modulus of elasticity of the ECC can then be used in the strain compatibility 
analysis to determine the composite modulus of the connection region.  The values obtained for 
the composite steel ECC region from the strain compatibility analysis with the confined ECC are 
shown in table 3-4.  Note that in the analysis presented in Sections 2.3 to 2.5, the composite 
modulus of the ECC was based upon an assumed ECC modulus of elasticity of 13.8 GPa, which 
resulted in a composite modulus of 114 GPa in the connection for the geometry used in the 
connection tests.  The values obtained from the strain compatibility analysis with the confined 
ECC are shown in table 3-4.   

 

Table 3-4 - Summary of average1 results of confined modulus evaluation 
 

Bolt 

Orientation2 

Surface 

Condition 

Measured 

Unconfined 

Modulus 

(GPa) 

Measured 

Confined 

Modulus (GPa) 

Computed 

Composite 

Steel/Confined 

ECC modulus 

(GPa) 

Perpendicular Plain-formed 10.2 11.3 111 

Perpendicular Sandblasted 10.2 13.8 114 
1. Average of three specimens 
2. Bolt orientation with respect to applied load 
3. ECC modulus of 13.8 GPa used in calculation 

σx

z

σx

z
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3.3.2. Discussion of Confined Material 
 
The sandblasted specimens had a greater confined modulus due to reduced slip in the connection 
region.  These values can be used in the strain compatibility analysis to determine the composite 
modulus of the connection regions of the ECC materials.  The calculated confined modulus for 
the sandblasted specimens was identical to the value used in Chapter 2, (only because of the 
estimated value of the modulus of ECC used in the analysis).  The use of the confined modulus 
will increase the composite modulus of the confined ECC.  However, the test results will not be 
significantly impacted if the simple to determine unconfined modulus value is used for the ECC 
in the strain compatibility analysis. 
 
3.4 Summary of Connection Test Results 
 
The connection testing presented in Sections 3.1 to 3.2 demonstrated the viability of 
pretensioned bolted connections for ECC panels.  The slip coefficient values obtained from the 
testing can be used to evaluate the size and number of bolts required between precast panels and 
at the connections to steel frames.  The test results indicated that a single line of bolts is a viable 
strategy for the connection of ECC panels.  The test results also indicate that connections can be 
designed with sufficient strength to prevent connection slippage and failure prior to failure in the 
panel. 
 
To enhance the strength of the specimens, sandblasting of the connection region of the 
specimens is recommended.  In the testing, sandblasted specimens had a 37% higher slip 
coefficient compared to the plain-formed specimens.  Due to the common use of sandblasting in 
precast concrete, the additional step of sandblasting the connection region is unlikely to have a 
substantial impact on the overall cost of the panels. 
 
The time-dependent tests indicated that some measure of bolt retensioning over time may be 
required for in-service infill panel installations.  The loss of bolt tensioning force was significant 
and was related to the creep and shrinkage of the ECC material in the connection region.  
Prediction of the magnitude of losses will be difficult due to variations in the age at initial 
loading and the variable stress state in the connection region.  Strategies to mitigate the effect of 
bolt tension losses include the use of bolt tension monitoring devices, establishment of bolt 
retensioning schedules and development of ECC materials that exhibit lower creep and 
shrinkage. 
 
To determine a composite modulus for the ECC in the connection region the recorded 
displacements of the ECC in the confined region were evaluated along with the recorded 
variation in bolt force.  The tests results were used to develop a composite modulus that 
represents the stiffness of the material in the connection region.  These results will be used in the 
finite element models presented in Section 5. 
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Section 4 
Laboratory Testing of Infill Panels 

 
4.0 Introduction 
 
In Section 2 an infill panel concept was presented which used steel reinforced ECC infill panel 
sections in lieu of traditional materials.  In this chapter a series of laboratory tests are used to 
examine the response of infill panels to lateral loads.  Specific goals of the testing included: 
 

1. Examination of peak load and drift capacity of a variety of infill panel types 
2. Examination of the shape of the load-drift response and energy dissipation of infill 

panels 
3. Examination of infill panel failure mechanisms  
 
The infill panel test results will be used to evaluate the material model discussed in 

Kesner and Billington (2004) for nonlinear finite element simulations.  The infill panel tests will 
also provide benchmark data for future studies of the performance of ECC infilled frames. 

 
4.1 Infill Panel Test Series and Setup 
 
To evaluate the beam-type infill system developed in Section 2 a series of infill panels were 
tested.  To simplify the testing a single panel test was developed as shown in figure 4-1.  The 
tested panel represents one half of a beam-type infill section.  The effect of different ECC mix 
designs, reinforcement details and panel shape were examined in the testing program.  The 
performance of the infill panels was evaluated in terms of the goals shown above.  The 
construction, instrumentation, installation procedures and loading scheme applied to the test 
panels are described here. 
 

 
Figure 4-1. Single panel test setup for beam type infill 

 
4.1.1 Test Series 
 
Table 4-1 shows a summary of the panels tested in the program.  The ECC mix designs used in 
the testing, shown in table 4-2, were adopted from the investigation of the cyclic response of 
ECC materials (Kesner and Billington, 2004).  The concrete panel was tested for comparison 
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purposes using a mix design adopted from an investigation of ECC in precast bridge piers (Yoon, 
2002).  The materials used in the panels are further discussed in Section 4.1.3. 
 
The basic panel geometry of 1220 mm tall by 610 mm wide by 75 mm thick was selected to 
represent an approximately ¾-scale panel in a typical hospital structure being investigated by 
MCEER (MCEER, 2000).  The tapered panel has a reduced width (305 mm) at the top of the 
panel, with the tapered section starting 150 mm above the base of the panel.  This geometry was 
selected to use the ECC material more effectively as discussed in Section 2.5.6. 
 
All of the panels used a 150 mm tall connection angle at the top and bottom of the panel.  The 
connection angle was located to allow 25 mm of clear space below panel bottom.  The 25 mm 
space at the base of the panel resulted in 125 mm of the panel being confined by the steel 
connection angle.  In actual structures, the connection angle will need to be sized to match the 
beam flange width.  Figure 4-2 shows a schematic comparison of the different panel geometries. 
 

Table 4-1 - Summary of Panel Specimens 
 

Panel  Geometry ECC Material Reinforcement 
1 Rectangular SP 0.44% WWF1 

2 Rectangular SP 0.44% WWF with 9.5 mm 
perimeter bar 

3 Rectangular SP-A 0.44% WWF with 9.5 mm 
perimeter bar 

4 Rectangular RECS-A 0.44% WWF with 9.5 mm 
perimeter bar 

5 Rectangular Concrete 0.44% WWF with 9.5 mm 
perimeter bar 

6 Taper RECS-A 0.44% WWF with 9.5 mm 
perimeter bar 

 1. WWF = welded wire fabric (W4 wire 5.7mm diameter) 
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Table 4-2 – Mix designs used in the panel testing 
 

Material SP1 SP-A1 RECS-A2,3 Concrete 

Water / cm4 0.35 0.35 0.39 0.35 
Type I Portland Cement 

(kg/m3) 1295 1016 733 493 

Water (kg/m3) 504 345 408 192 

Silica Fume (SF) (kg/m3) 144 113 0 54.8 

SF/cm 0.10 0.10 0 0.10 

Fly ash5 (kg/m3) 0 0 314 0 

Fly ash5 / cm 0 0 0.3 0 

Fine Aggregate (kg/m3) 0 565 523 664 

Fine Aggregate / cm 0 0.5 0.5 1.21 

Coarse Aggregate 0 0 0 1020 

Coarse Aggregate / cm 0 0 0 1.86 

Fiber (kg/m3) 19.4 19.4 26.0 0 

Fiber volume fraction 2% 2% 2% 0 
1. Superplastizer (Daracem 100) added at 22mL per kg of cement 
2. Superplastizer (Daracem ML 330) added at 3mL per kg of cement 
3. Methylcellulose (Methocel 228 by Dow Corning) added as an admixture (0.1% by weight) 
4. cm: cementitious materials 
5. Class F Fly ash obtained from AES Cayuga, Lansing, NY. 
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Figure 4-2. Configuration of test panels (a) panel with WWF, (b) panel with WWF and 
perimeter bar and (c) tapered panel 

 
In all panels, a bolt spacing of 76 mm was used on the top and bottom of the panel, with the 
centerline of the bolts located 76 mm from the bottom and side edge of panels.  This bolt spacing 
resulted in seven bolts being installed across of top and bottom of the rectangular panels.  Three 
bolts were used at the top of the tapered panel.  A bolt size of 19 mm was used in the panels, 
which, based upon the results of the connection tests and preliminary analysis (Sections 3.1 and 
2.5, respectively), would provide ample capacity to the panel connections. 
 
The basic reinforcement used in the panel was welded wire fabric (WWF), which was detailed to 
provide for 76 mm spacing between wires.  The wire diameter was 5.7 mm.  This wire spacing 
allowed for the reinforcement to be centered between the bolts.  Figure 4-3 shows a schematic 
drawing of the reinforcement at the bottom edge of the panel.  As seen in the figure, the spacing 
of the reinforcement and bolts results in approximately 38 mm of clear cover for the 
reinforcement.  The WWF reinforcement used in the panel provided a 0.44% reinforcement area.  
In addition to the WWF reinforcement, a 9.5 mm reinforcing steel perimeter bar was used in the 
majority of the panels to provide additional tensile reinforcement.  The combination of the 
perimeter bar and WWF provided sufficient distributed reinforcement in the panel, without 
creating consolidation problems due to reinforcement congestion.  The ultimate strength (lateral 
load capacity) of the panels was estimated to be 44 kN for the panels with WWF, and 54 kN for 
the panels with both the WWF and the perimeter bar.  The ultimate panel strength estimate 
included the tensile contribution of both the ECC and the mild reinforcing steel at ultimate 
strength. 
 

Tapered panelPerimeter bar

9.5 mm perimeter bar

WWF reinforcement
(a) (b) (c)

Tapered panelPerimeter bar

9.5 mm perimeter bar

WWF reinforcement
(a) (b) (c)
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Figure 4-3. Panel and reinforcement spacing at base of panel 

 
4.1.2 Panel Fabrication 
 
The rectangular panels were cast on their sides (the tapered panel was cast flat) in clear Plexiglas 
forms stiffened with wood.  Figure 4-4 shows the form at the start of casting.  The Plexiglas 
forms were selected to help ensure consolidation by allowing the flow of the material to be seen 
during casting and to provide a smooth finished surface.  After completion of casting the exposed 
panel surface was covered with wet burlap and plastic.  Fans were used to dissipate the heat 
generated by the hydration of the cement.  The panels were removed from the forms 
approximately 48 hours after casting, and were then wet cured under burlap and plastic until 28 
days after casting.  The panels were allowed to dry under laboratory conditions (roughly 21° C. 
and 50% RH) after the wet curing period and prior to testing to minimize the effects of drying 
shrinkage stresses as discussed in Kesner and Billington (2004). 

 
Figure 4-4. Panel form at the start of casting 

 
Prior to testing, the boltholes were placed in the panels using a 22 mm diamond edged core drill.  
Similar to the panel connection tests (Section 3.1) the boltholes in the panels were slightly 
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oversized to provide room to accommodate construction variation.  After coring, the connection 
regions were sandblasted to maximize the connection capacity.  The surface was sandblasted to 
the same level of roughness as the ECC connection block specimens shown in figure 3.2b. 
 
4.1.3 Material Properties 
 
Material tests were performed to determine the properties of both the ECC and concrete 
materials and the reinforcing steel prior to panel testing.  Table 4-3 shows a summary of 
pertinent properties for the ECC and concrete materials.  The concrete properties shown in table 
4-3 were obtained from testing 100 mm by 200 mm cylinders in accordance with standard test 
methods.  Similar to the ECC specimens, the concrete cylinders were wet cured for 28 days after 
casting and then stored under laboratory conditions until testing. 
 

Table 4-3 – Properties of Cementitious Materials Used in Panel Testing 
 

Material 

First 
Cracking 
Strength 
(MPa) 

Ultimate 
Tensile 

Strength 
(MPa) 

Tensile 
Strain 

Capacity1 
(%) 

Compressive 
Strength 
(MPa) 

Compressive 
Modulus 

(GPa) 

SP2 1.2 1.5 2.3 63 13.8 

SP-A2 1.2 1.4 0.8 38 11.2 

RECS-A2 1.4 2.1 0.5 41 12.1 

Concrete3 3.64 - - 36 28.6 
1. Tensile strain capacity defined as strain capacity at the onset of softening 
2. Properties of ECC materials obtained from cylindrical specimens (Kesner and Billington, 2004) 
3. Compressive strength of concrete measured in accordance with ASTM C-39 (1995) 
4. Splitting tensile strength of concrete measured in accordance with ASTM C-496 (1995) 

 
The properties of the WWF and reinforcing steel were obtained from uniaxial tension tests on 
samples of the material, using bonded electrical strain gages to record the strains.  A minimum of 
three samples of each material was tested, with the average test results summarized in table 4-4. 
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Table 4-4 – Properties of Reinforcing Materials Used in Panel Testing 
 

Material 
Yield 

Strength1 
(MPa) 

Ultimate Tensile 
Strength2 (MPa) 

Ultimate Strain 
Capacity 

Modulus of 
Elasticity (GPa) 

9.5 mm bar 427 667 1.65% 200 

W4 wire 500 640 1.75% 200 
1. Stress at 0.2% strain 
2. Determined at wire or bar fracture  

 
 
4.1.4 Test Frame 
 
The test frame was formed by anchoring a heavily stiffened beam to the floor in the George 
Winter Laboratory for Structural Engineering Research at Cornell University (as seen in figure 
4-5).  Above the reaction beam, a 222 kN actuator was installed on a strong column.  The 
actuator had a maximum stroke of +/- 64 mm.  To simplify installation of the panels, the actuator 
was mounted on a swivel, which allowed the actuator to be temporarily moved to ease panel 
installation.  Two steel sections were anchored to the reaction beam to serve as mounting areas 
for the displacement transducers (LVDTs).  Figure 4-5 shows the test frame prior to the 
installation of the panel.  Angle sections (150 mm by 100 mm by 12.7 mm) were used to connect 
the panel to the reaction beam at the bottom of the panel and to the actuator at the top of the 
panel.  A single 25 mm diameter pin was used to connect the actuator to the angle section, 
allowing for only lateral displacements (horizontal loading) to be transmitted to the panel.  
Figure 4-6 shows the pin connection in place on a panel prior to testing.  The connection pin was 
located 75 mm above the top of the connection angle. 
 

 
Figure 4-5. Test frame prior to installation of panel 

 

Stiffened reaction beam

Instrumentation mounting bar

LVDT

Stiffened reaction beam
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Figure 4-6 Connection of actuator to test panel 

 
4.1.5 Panel Instrumentation 
 
To evaluate the load-drift response of the infill panels, a variety of instrumentation devices were 
used.  Prior to casting a series of bonded electrical strain gages were installed on both the WWF 
reinforcing and 9.5 mm perimeter bars (if used) in the panel.  Figure 4-7 shows a schematic 
drawing of the strain gage locations on a rectangular panel with WWF reinforcing, while figure 
4-8 shows the same information for a rectangular panel with both the WWF and the perimeter 
reinforcing bar.  The gages on the tapered panel were installed in the same locations as on the 
rectangular panel as shown in figure 4-8.  The gages were oriented to examine the distribution of 
the strains in the panel during testing.  In addition to the strain distribution, the results from the 
strain gages can be used to locate areas where plastic deformation of the reinforcing steel 
occurred. 
 
Sixteen LVDTs were used in each panel test.  Ten are used to monitor the horizontal 
displacement profile of the panel.  The remaining LVDTs are used to record the diagonal 
displacement, the slip of the panels at the base connections, and the out-of-plane displacement of 
the panels.  Figure 4-9 shows the location of the horizontal LVDTs on a rectangular panel.  The 
horizontal LVDTs were installed in the same location on the tapered panel. 
 
Load cells were used to measure the actuator load applied to the panel and to monitor the load in 
the connection bolts.  Four load cells were installed on the panels at the connection of the panel 
to the steel angles (ECC panel bolts), two at the top and two at the bottom as seen in figure 4-9.  
Twelve load cells were used to measure the load transferred from the base angles into the 
reaction beam.  Figure 4-10 shows a plan view of the panel base with the panel connection load 
cells, with the cross-section of the base shown in figure 4-11.  Figure 4-12 shows an 
instrumented panel prior to testing with the instrumentation devices in place. 

Actuator connection pin

Actuator extension

Connection angle

Actuator connection pin

Actuator extension

Connection angle
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Figure 4-7. Location of strain gages on panel with WWF 

Figure 4-8. Location of strain gages on panel with WWF and perimeter reinforcing bar  
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Figure 4-9. Location of horizontal LVDTs above stiffened reaction beam and panel bolt load 

cells 

 

Figure 4-10. Plan view of panel base with location of panel connection bolts 
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Figure 4-11. Cross-section of panel base.  Reaction beam stiffeners not shown 

 
Figure 4-12. Panel with instrumentation in place at start of testing 
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4.1.6 Panel Installation 
 
The panel was moved into the test frame using an overhead crane.  The panel was placed to 
allow a 25 mm clear space between the panel and the base reaction beam.  After placing and 
plumbing the panel, the panel bolts at the base and top of the panel were torqued to provide a 
pretensioning load of 133 kN in each bolt.  To limit non-uniform stresses being placed on the 
bottom of the panel, the panel bolts were tensioned in three stages, with approximately 45 kN 
applied in each stage.  To mitigate the effects of bolt tension loss due to ECC creep and 
shrinkage, the bolts were tensioned approximately 24 hours prior to testing and were then 
retensioned immediately prior to the start of testing.   
 
The panel connection bolts that connect the angles to the reaction beam were pre-tensioned after 
the installation of the ECC panel bolts.  All of the panel connection bolts were tensioned to near 
identical values.  However, in the tests, two different levels of pretensioning were used on the 
panel connection bolts.  In Panels 1, 2, and 6 a pretensioning force of 67 kN was used, while on 
Panels 3, 4 and 5, a pretensioning force of 111 kN was used.  The different loads were used to 
examine the impact of different clamping forces on the connections. 
 
The LVDTs were installed and zeroed after completion of the panel connection bolt tensioning.  
The last step in the panel installation was the connection of the strain gages to the data 
acquisition system.  
 
4.1.7 Panel Loading 
 
To evaluate the load-drift response of the ECC panels each panel was subjected to a symmetric 
cyclic loading to various drift levels, with the panel displacement (the average reading of the two 
LVDTs located at the top of the panels) used as the control parameter.  The loading scheme was 
similar to the loading used in the preliminary infill analysis (Section 2.5).  However, more 
loading cycles at high drifts were applied in the testing to ensure complete failure of the panel.  
Figure 4-13 shows the drift history used in the panel tests.  Beyond 3% drift, the panels exceeded 
the maximum stroke of the actuator.  The panel drift (typically expressed as a percentage) was 
defined as: 

drift  (  / h)δ=              (4-1) 
 

where: δ = average displacement measured at the level of the top bolts in the 
panel 

   h = panel height (1220mm) 
 
The panel testing was controlled by a computerized data acquisition system, which both 
incremented the actuator displacement and recorded data from the measuring instruments.  The 
control system was capable of providing a minimum displacement step size of 0.03 mm to the 
panel.  At each step in the testing, the data acquisition system recorded data from each of the 51 
measuring instruments used in the test.  During each test, approximately 2,000 data readings 
were captured by the data acquisition with the data written to a computer hard drive.  The testing 
was performed at a quasi-static rate, with each panel test requiring about 8 hours to complete 
(exclusive of panel installation time). 
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Figure 4-13. Drift history used in panel testing 
 
As each drift level was reached the loading was temporarily paused to allow for cracks to be 
marked and photographs of the panel to be taken.  Two different colors were used to mark the 
cracks, with the different colors corresponding to negative and positive drifts.  Following the 
photographs, the loading direction was reversed until the next drift level was reached.  The 
loading was continued until the panel failed (defined as a near complete loss of load carrying 
capacity) or until the displacement capacity of the actuator was reached. 
 
4.2 Infill Panel Test Results 

 
The following sections present the results obtained during the panel testing.  The key parameters 
of interest in the panel tests were the peak load and drift capacity of the panel, the shape of the 
load-drift response, the amount of energy dissipation in the panels, and the panel failure 
mechanisms.  Comparisons between results from different panels are presented in Section 4.3. 

 
4.2.1 Load vs. Drift Response 
 
The load vs. drift responses from the infill panels are shown in figures 4.14 to 4.19.  Table 4-5 
shows a summary of the peak load applied to the panel, the drift level at the onset of softening 
(defined as the drift level when noticeable drops in the panel capacity occur), the panel stiffness 
at 0.5% drift and the residual panel strength.  The panel stiffness was determined by dividing the 
average load (load at positive and negative drift) in the panel at 0.5% drift by the panel 
displacement at 0.5% drift (6.1 mm).  The residual strength is defined as the panel load at the 
maximum drift level prior to completion of testing.   
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Figure 4-14. Load-drift response from Panel 1 
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Figure 4-15. Load-drift response from Panel 2 
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Figure 4-16. Load-drift response from Panel 3 

 

Figure 4-17. Load-drift response from Panel 4 
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Figure 4-18. Load-drift response from Panel 5 
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Figure 4-19. Load-drift response from Panel 6 
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Table 4-5 – Summary of Results from Infill Panel Tests 
 

Panel 
Peak Load 

(kN) 
Drift at onset 
of softening 

Average Stiffness at 
0.5% drift1 (kN/mm) 

Residual 
Strength2 (kN) 

1 45 -1.5% 5.37 7 

2 53 -1.33% 6.84 32 

3 51 -0.75% 8.03 24 

4 54 0.75% 8.15 25 

5 37 0.5% 5.82 16 

6 47 -0.75% 6.85 24 
1. Using average load and average displacements at positive and negative 0.5% drift 
2. Strength at maximum drift level prior to completion of test 

 
The loading portion of the load vs. drift response was non-linear as a consequence of the 
cracking and strain hardening of the ECC and yielding of the reinforcing steel.  The response 
was similar to that observed in the cyclic testing of the ECC materials, with the added effect of 
the reinforcing steel.  As the ECC material was loaded, the cracks gradually open, and steel starts 
carrying load with the ECC.  The portion of load carried by the reinforcing steel was a function 
of the amount and position of the reinforcing in the panel. 
 
The unloading response was also related to the multiple cracking in the ECC material and the 
strain in the reinforcing steel.  The initial unloading of the panel was elastic, which occurs 
primarily due to the elastic unloading of the reinforcing steel.  As discussed in Kesner and 
Billington (2004), the ECC materials only have small amounts of elastic energy.  After the 
removal of load, the pinching of the load-drift response occurs as the cracks in the ECC material 
were gradually closed.  During the closure of cracks the ECC material has very little stiffness as 
discussed in Kesner and Billington (2004).  The panel load increases as the cracks fully close and 
bear in compression. 
 
During reloading, the load on the panel increases until the existing cracks are fully reopened.  
The increase in load capacity, above the capacity at the previous drift level, occurs as new cracks 
form in the ECC material resulting in additional pseudo-strain hardening of the ECC, and 
yielding of the reinforcing steel.  The panel load increases until the peak strain capacity of the 
ECC is reached.  After the peak strain capacity is reached, strength degradation occurs as load 
can no longer be carried by the ECC and is carried only by the steel reinforcement.   
 
The variation in initial stiffness between the panels shown in table 4-5 is attributed to the 
difference in panel materials, reinforcement details, and panel geometry.  The highest initial 
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stiffness was achieved with the rectangular panels that contained both the WWF and the 
perimeter bar, and ECC that contained aggregate. 
 
In table 4-5, the average panel load at each drift level was used to calculate the panel stiffness 
because the load-drift response of the panels was not symmetric.  The non-symmetry of the 
response was due to small amounts of slip of the panels in the connection, and from the cracking 
of the ECC.  The slip of panels in the connection region is further discussed in Sections 4.2.5 and 
4.3.6. 
 
The residual strength in the panels varied from 7 to 32 kN.  The high amount of variation in 
residual strength and the strength degradation of the panels will be further discussed in Section 
4.2.3. 
 
4.2.2 Cracking Response 
 
The cracking response of the panels varied with the drift level in the panel, and with the various 
panel materials.  As described in Section 4.1.7, during the testing as each drift level was reached 
the location of cracks was marked on the panels.  Table 4-6 shows a summary of the cracking 
response of the panels.  The crack distribution column in the table represents a relative visual 
assessment of the extent of distribution of cracking in the panel.  An excellent crack distribution 
refers to a uniform spacing of cracks, without large caps between cracks.  Good crack spacing 
has isolated gaps in the spacing of the cracks.  Poor crack spacing was typified by a spacing 
between cracks of greater than 50 mm.   In all of the panels, the crack formation was similar at 
both the positive and negative drift levels.  The following paragraphs describe the cracking 
observed at various drift levels in the different panels.  Due to the similarity in cracking 
response, the discussion of cracking at the positive and negative drift levels is combined. 

 

Table 4-6 – Summary of Cracking Response in Infill Panels 
 

Panel Drift at 1st 
crack 

Crack 
Distribution 

Location of dominant 
crack 

1 0.1% Excellent ¼ of the way up panel 

2 0.25% Excellent Panel base 

3 0.1% Good Panel base 

4 0.1% Good Panel base 

5 0.1% Poor Panel base 

6 0.1% Good Panel base 
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The initial crack formation in all but one of the panels (Panel 2) was observed at a drift of 0.1%, 
with the initial crack typically located in the bottom ¼ of the panel.  In Panel 2 the first crack 
was observed at 0.25% drift.  In Panel 1, the initial crack occurred at approximately ¼ of the 
panel height on the edge of the panel.  The initial cracks in the other panels were observed on the 
panel faces.  All of the initial cracks were fine cracks (less than 0.1 mm in width).  Figure 4-20 
shows the first cracks, which occurred in Panels 1, 3 and 6. 
 

Figure 4-20. Initial crack on Panels 1, 3 and 6 at 0.1% drift 
 
At 0.25% drift the formation of multiple cracks was seen in all of the panels.  Figure 4-21 shows 
the cracking in Panels 2 and 4.  The cracking in Panel 5 (concrete panel) was different from the 
remaining panels at this drift level.  The cracks in Panel 5 extended nearly across the full panel 
width, as seen in figure 4-22.  This was in contrast to the results obtained in the ECC panels 
(figure 4-21). 

Figure 4-21. Cracks in Panels 2 and 4 at 0.25% drift 

Panel 1 Panel 3 Panel 6Panel 1 Panel 3 Panel 6

Panel 2 Panel 4Panel 2 Panel 4Panel 2 Panel 4
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Figure 4-22. Cracks in Panel 5 at 0.25% drift 
 
At 0.5% drift, the formation of a localized crack was observed across the base of Panel 5 
(concrete).  The crack at the panel edge can be seen in figure 4-23.  The crack propagated 
immediately below the edge of the connection angle, which prevented good photographs from 
being taken.  The ECC panels continued to form new cracks, with existing cracks propagating.  
At 0.5% drift, cracks from different panel sides were observed to have intersected with cracks 
from the other side.  The cracks were well distributed along the panel height.  Figure 4-24 shows 
typical cracking patterns in Panels 2 and 4 at 0.5% drift. 

 

Figure 4-23. Localized crack at edge of Panel 5 (0.5% drift) 
 

Panel 5Panel 5

Panel 5Panel 5
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Figure 4-24. Cracks in Panels 2 and 4 at 0.5% drift 
 
At 0.75%, localized cracks were observed to form in Panels 3, 4 and 6.  Similar to Panel 5, the 
localized crack was difficult to photograph as it was obscured by the connection angle.  Figure 4-
25 shows the base of Panels 3 and 4.  In the figures, the distribution of cracking in the panel at 
the onset of softening can be seen.  Figure 4-26 shows the distribution in cracking in Panels 1 
and 2 at 0.75% drift.  In Panel 5, the localized crack could clearly be seen at 0.75% drift (figure 
4-27). 

Figure 4-25. Cracking in Panels 3 and 4 at 0.75% drift  
Panel 3 Panel 4Panel 3 Panel 4

Panel 2 Panel 4Panel 2 Panel 4
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Figure 4-26. Cracking in Panels 1 and 2 at 0.75% drift 

 

Figure 4-27. Localized crack in Panel 5 at 0.75% drift 
 
At a drift level of 1.5%, localization of a crack occurred on Panels 1 and 2, as seen in figure 4-
28.  In Panel 1, the localization occurred approximately 230 mm above the base of the panel, and 
was the only panel to localize away from the panel base.  In the other panels, the cracking 
became concentrated at the base.  Figure 4-29 shows localized cracks in Panels 4 and 6, which 
were typical results at higher drift levels. 

Panel 1 Panel 2Panel 1 Panel 2

Panel 5 Panel 5Panel 5 Panel 5
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Figure 4-28. Localized cracks in Panels 1 and 2 at 1.5% drift  

 

Figure 4-29. Localized cracks in Panels 4 and 6 at 1.5% drift 
 
At higher drift levels, the localized cracks continued to grow larger until testing was stopped.  
The formation of new cracks was not observed after the localization of a crack near the panel 
base. 
 
The greatest number of individual cracks was observed in the panels made with ECC mix SP 
(Panel 1 and 2).  These panels also achieved the highest drift capacities before localization of a 

Panel 1 Panel 2Panel 1 Panel 2

Panel 4 Panel 6Panel 4 Panel 6
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crack.  The greater number of individual cracks in Panels 1 and 2 compared to Panels 3 and 4 can 
be seen in a comparison of figures 4.25 and 4.26. 
 
4.2.3 Failure Mechanisms 
 
In table 4-5, the peak load and drift level at the onset of panel softening (drop in load carrying 
capacity) observed in the panel testing was presented.  The softening of the panel was considered 
the onset of panel failure.  In all of the panels made with an ECC material, the failure of the 
panels initiated with the softening of (i.e. localization of strain at a dominant crack in) the ECC 
material.  However, the reinforcing details affected the failure shape.  The following paragraphs 
discuss the failures observed in the individual panels.  To avoid repetition, the panel results were 
grouped based upon the panel reinforcing. The concrete panel (Panel 5) was observed to have a 
slightly different failure mechanism than the ECC panels, and will be discussed separately. 
 
In Panel 1 (which was reinforced with only WWF mesh), the onset of softening occurred at a 
drift level of 1.5%, as seen in figure 4-14.  Fracture of some of the WWF reinforcing steel was 
observed.  The sudden drops of load seen in figure 4-14 were the result of both fracture and 
development failure of the WWF.  Figure 4-30 shows a fractured WWF wire (photograph taken 
after completion of testing).  After the softening of the ECC, the load in the panel was carried 
solely by the remaining intact WWF.  The small amount of intact reinforcement resulted in the 
low residual strength in Panel 1. 
 

Figure 4-30 Fractured WWF at the base of Panel 1 
 

Panels 2, 3, 4, and 6 used a combination of WWF reinforcement and a perimeter reinforcing bar 
for reinforcement.  In all four of the panels the onset of softening occurred as the ECC material 
began to soften due to localization of strain at a single crack.  As shown in table 4-5, and 
discussed in Section 4.3.2, the drift level at the onset of panel softening varied with the ECC 
material used in the panels.  After localization of the ECC material occurred, some fracture or 
development failure of the WWF reinforcing steel occurred.  Again, the sudden drops seen in the 
load-drift response of the panels indicated WWF failure. 
 

Fractured wireFractured wire
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The strain localization of the ECC material occurs at the base of the panel in the area 
immediately above the connection region.  Figure 4-31 shows a photograph of localization in the 
ECC material in Panel 2.  After the localization of the ECC material, the reinforcing steel holds 
the panel together, and the load carrying capacity of the panel is equivalent to the flexural 
capacity of the steel in tension and ECC in compression.  Eventually, steel fractures in the WWF 
were observed.  Fracture of the 9.5 mm reinforcing bar did not occur in any of the test panels.   
 
In the base connection region, damage was only observed at the panel edges.  The 
precompression of panel bolts held the material at the base of the panel intact.  Figures 4.31and 
4.32 show the intact portions of the connection region of Panels 2 and 6 after completion of 
testing.  The intact material served to develop the perimeter reinforcing bar.  The perimeter bar 
then served to provide the residual strength of Panels 2, 3, 4 and 6. 

 

Figure 4-31. Connection region of Panel 2 after completion of testing 

 

Figure 4-32. Connection region of Panel 6 after completion of testing 
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The failure of the concrete panel (Panel 5) was different in nature than that observed in the ECC 
panels.  The low tensile strain capacity of the concrete resulted in the localization of a crack 
across the panel at low drift levels.  After the localization of the concrete across the panel width, 
the reinforcing steel carried the panel load.  Similar to the other panels, fracture and development 
failure of the WWF occurred during the testing.  The low inherent toughness of the concrete, 
relative to the ECC, resulted in extensive spalling of the concrete in the connection region 
starting at approximately 1% drift; as is shown in figure 4-33. The spalling occurred as a 
consequence of the development failure of the perimeter bar at the base of the panel.  Figure 4-34 
shows the panel after completion of testing.  Spalling of the concrete in the connect region 
resulted in the lower residual strength of Panel 5 relative to the ECC panels with similar 
reinforcement as the perimeter bar in Panel 5 was not fully developed. 

 

Figure 4-33. Spalling in connection region of Panel 5 at 1% drift 

 

Figure 4-34. Connection region of Panel 5 after completion of testing 

Concrete spallingConcrete spalling
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4.2.4  Panel Displaced Shape 
 
The ten LVDTs installed on the panel sides allowed for the displaced shape of the panels to be 
examined.  Figures 4.35 and 4.36 show typical load-displacement data obtained from the LVDTs 
from the east and west sides, respectively, of Panel 1. 
 

Figure 4-35. Panel displacement variation on east side of Panel 1 
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Figure 4-36. Panel displacement variation on west side of Panel 1 

 
The displaced shape was investigated to try to observe flexural vs. shear deformation.  To 
evaluate the panel displacements, the data shown in figures 4.35 and 4.36 was reduced to 
determine the displacement profiles at different drift levels.  Figures 4.37 to 4.39 show typical 
displacement distributions, over the panel height, obtained from Panels 1, 3 and 6 at different 
drift levels.  The displacements shown in the figures were obtained by averaging the recorded 
displacements on two panel edges. 
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Figure 4-37. – Displacement profile across height of Panel 1 

Figure 4-38. – Displacement profile across height of Panel 3 

 

0

305

610

915

1220

-20.00 -10.00 0.00 10.00 20.00
Displacement (mm)

H
ei

gh
t o

n 
Pa

ne
l (

m
m

)

0.1%
-0.1%
0.25%
-0.25%
0.5%
-0.5%
1%
-1%
1.5%
-1.5%

0

305

610

915

1220

-20.00 -10.00 0.00 10.00 20.00
Displacement (mm)

H
ei

gh
t o

n 
Pa

ne
l (

m
m

)

0.10%
-0.10%
0.25%
-0.25%
0.50%
-0.50%
1.00%
-1.00%
1.50%
-1.50%



 

 

 

96 
 

 
Figure 4-39. – Displacement profile across height of Panel 6 

 
In the displacement profiles at drift levels before the onset of panel softening (mostly 0.75% to 
1%), the response was indicative of predominantly flexural displacements.  At higher drift levels, 
panel deformation was concentrated at the panel base causing the displacement profile to 
approach that of a rigid body.   

 
4.2.5 Panel Slip 
 
In the panel testing, two LVDTs were used to record the slip of the panels relative to the 
connection angles.  To measure the slip, the LVDTs were installed at the base of the panels, with 
the rod of the LVDT attached to a tab, which was glued to the bottom of the panel.  Figure 4-40 
shows one of the LVDTs in place during testing on Panel 1. 
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Figure 4-40. Panel slip LVDT in place 
 
Slip of the panel base was not desirable because excessive slippage can result in the panel 
bearing on the connection bolts, which will decrease the capacity of the connections.  Slip of the 
panel was also an indicator of rigid body motion of the panel. If excessive rigid body motion 
occurs the panel will not effectively dissipate energy by cracking of the ECC and yielding of the 
reinforcement.  Figures 4.41 to 4.46 show the load versus slip displacement recorded during the 
tests on Panels 1 to 6.  In the figures, increasing positive displacement indicates upward motion 
of the panel. 
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Figure 4-41. Slip at base of Panel 1 

Figure 4-42. Slip at base of Panel 2 
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Figure 4-43. Slip at base of Panel 3 

Figure 4-44. Slip at base of Panel 4 

-60

-40

-20

0

20

40

60

-5 0 5 10 15 20

Slip Displacement (mm)

A
pp

lie
d 

Lo
ad

 (k
N

)

East Slip
West Slip

-60

-40

-20

0

20

40

60

-5 0 5 10 15 20

Slip Displacement (mm)

A
pp

lie
d 

Lo
ad

 (k
N

)

East Slip
West Slip



 

 

 

100 
 

 

Figure 4-45. Slip at base of Panel 5 

Figure 4-46. Slip at base of Panel 6 
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The results in figures 4.41 and 4.46 show the significant variation in slip observed in the testing 
results.  The reason for the different magnitudes of panel slip was not apparent from the results.  
Panel 1 showed the lowest amount of panel slip (less than 2 mm) during the test.  The remaining 
5 panels showed larger amounts of slip on at least one side.  In Panels 3, 4 and 6 the slip was not 
uniform, with one side showing significantly more slip, Panels 2 and 5 showed nearly even 
amounts of slip on both sides of the panel. 
 
In general, the largest panel slip occurred after the onset of panel softening, with softening 
indicated by the drop in load capacity.  The slip of the panels was also a contributing factor in the 
unsymmetrical load-drift response of the panels.  For example, the results from Panel 2 show a 
relatively large slip occurred (approximately 2 mm) on the west side of the panel before the peak 
load was reached.  The slippage of the panel was indicative of rigid body motion of the panel and 
contributed to the observed unsymmetrical load-drift response (see figure 4-15). 
 
4.2.6 Out-of-plane Displacements 
 
Out-of-plane displacement was measured to assess potential damage to the panels due to 
twisting.  Out-of-plane displacements were recorded during all panel tests with the exception of 
Panel 1.  Figure 4-47 shows an LVDT used to measure out-of-plane displacement during testing 
on Panel 4.  The LVDTs were located on opposite corners at the top of the panel.  The selected 
orientation of the LVDTs resulted in the LVDT displacement having the same sign when 
twisting of the panel occurs.  Figure 4-48 shows typical output from the out-of-plane LVDTs 
from Panel 3. 
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Figure 4-47. LVDT used for measurement of out-of-plane panel displacement 

 
Figure 4-48. Out-of-plane displacements measured on Panel 3 

 
The out-of-plane displacement of the panels was typically less than 5 mm (0.4%) before the 
onset of panel softening.  Table 4-7 shows a summary of the measured out-of-plane 
displacements.  The out-of-plane displacement of the panels was not found to have an impact on 
the peak strength of the panels or the drift at the onset of softening. 
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Table 4-7 – Summary of out-of-plane panel displacements 

 

Panel1 
Average 

Displacement at 
Peak Load (mm) 

Average 
Displacement at 
±1% Drift (mm) 

Average 
Displacement at 
±2% Drift (mm) 

2 3.1 3.0 / 6.3 6.3 / 12 

3 1.9 7.7 / 2.8 12 / 2.9 

4 1.1 2.3 / 2.3 5.7 / 4.7 

5 2.9 2.7 / 2.9 3.6 / 6.3 

6 2.5 2.3 / 1.9 17 / 14 
1. Out-of-plane displacements were not recorded on Panel 1 

 
4.2.7 Steel Reinforcement Response 
 
In the panel testing, bonded electrical strain gages were used to monitor the strain levels in the 
panel reinforcing steel.  The location of the strain gages on the panels was shown in figures 4.7 
(Panel 1) and 4.8 (Panels 2 to 6).  Figures 4.49 to 4.52 show the applied load vs. measured strain 
from the strain gages on the reinforcing steel at the base of Panels 1 and 2.  For simplicity the 
results were split into two groups representing the east (figures 4.49 and 4.51) and west (figures 
4.50 and 4.52) sides of panels.   
 
The results from the strain gages indicate the extent of yielding of the reinforcing steel.  Yielding 
of the reinforcing steel occurred when the strain level exceeded approximately 0.00207 strain 
(2,070 microstrain), as determined from tension tests.  Measured strains above this value indicate 
that energy dissipation due to plastic deformation of the steel has occurred.   
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Figure 4-49. Strain gage results from base of Panel 1 (East side) 
 

Figure 4-50. Strain gage results from base of Panel 1 (West side) 
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Figure 4-51. Strain gage results from base of Panel 2 (East side) 

Figure 4-52. Strain gage results from base of Panel 2 (West side) 
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The results shown in figures 4.49 to 4.52 were representative of the results obtained from the 
strain gages.  To simplify the examination of the strain gage results, tables 4-8 to 4-13 
summarize the results from all of the panels.  In the tables, data from strain gages from the panel 
base and middle of the panels at drift levels of +/-0.10%, +/- 0.25%, +/- 0.5% and +/- 1.0% are 
presented.  These drift levels were selected to correspond to infill frame drift levels of interest as 
discussed in Section 4.5.  The bold values in the tables were the measured strain values in excess 
of 2000 microstrain, which was the approximate yield strain in the reinforcing steel. 
 
The results shown in tables 4-8 to 4-13 identify areas where the panel reinforcing steel has 
yielded.  The use of strain gages to examine yielding of reinforcing steel was somewhat limited 
due to failure of some of the gages before and during testing.  Furthermore, the yielding of the 
steel must occur at the location of the strain gage to be recorded.  Yielding of the reinforcing 
steel away from the strain gages will not be captured by the strain gages.   
 

Table 4-8 – Summary of strain1 gage results from Panel 1 
 

Drift Level Strain 

gage +/- 0.10% +/- 0.25% +/- 0.50% +/- 1% 

BW1 -347 / 644 -619 / 1834 -1001 / 2656 -1662 / 227 

BW2 131 / -75 534 / 134 2130 / 538 5423 / 3030 

BW3 757 / -422 1540 / -741 2558 / -1178 3041 / 2444 

MW1 -362 / 307 635 / 177 1385 / 436 -936 / 356 

MW2 -10 / 204 1385 / 436 2989 / 808 2989 / 808 

MW3 696 / -289 2410 / -650 3910 / -1215 1153 / -1327 
1. All strain in microstrain 
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Table 4-9 – Summary of strain1 gage results from Panel 2 
 

Drift Level Strain 

gage +/- 0.10% +/- 0.25% +/- 0.50% +/- 1% 

BB1 -223 / 396 -427 / 1018 -534 / 1829 1280 / 2508 

BB2 350 / -221 1056 / -401 1395 / -468 1526 / 222 

BB3 -261 / 400 -486 / 938 -611 / 1575 202 / 692 

BB4 348 / -219 1177 / -457 2202 / -606 2973 / -1018 

BW1 -222 / 496 -485 / 1502 -667 / 4463 311 / 3449 

BW2 -10 / 110 377 / 436 1138 / 1486 686 / 1087 

BW3 -128 / 232 -220 / 637 -340 / 852 -26 / 729 

BW4 585 / -246 2256 / -339 1689 / -990 *2 / * 

BW5 407 / -272 1330 / -506 2134 / -842 * / * 

BW6 -260 / 591 -556 / 1468 -662 / 2715 -174 / 3640 

BW7 49 / 224 426 / 942 * / * * / * 

BW8 416 / -339 1166 / -665 1823 / -910 2166 / -980 

MB1 -214 / 255 -500 / 765 -703 / 1533 -661 / 1364 

MW2 -21 / 62 -2 / 173 474 / 1760 -225 / 1445 

MB2 342 / -241 955 / -490 2225 / -608 3919 / -863 
1. All strain in microstrain 
2. * - Strain gage failed 
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Table 4-10 – Summary of strain1 gage results from Panel 3 
 

Drift Level Strain 

gage +/- 0.10% +/- 0.25% +/- 0.50% +/- 1% 

BB1 -287 / 946 -437 / 1992 -577 / 5301 *2 / * 

BB2 341 / -268 2816 / -487 2598 / 861 * / * 

BB3 -304 / 559 -495 / 1519 -645 / 2082 -677 / 2048 

BB4 292 / -259 1519 / -460 1669 / -595 2142 / -445 

BW1 * / * * / * * / * * / * 

BW2 -204 / 1010 -251 / 1229 -460 / 1348 -9 / 1544 

BW3 221 / 421 -734 / 1108 * / * * / * 

BW4 773 / -173 824 / 97 462 / 122 1340 / 885 

BW5 852 / -168 1944 / -305 2584 / -147 2000 / -119 

BW6 -188 / 532 -146 / 1923 -75 / 3752 -514 / 3269 

BW7 89 / 296 901 / 1127 1918 / 2237 * / * 

BW8 642 / -145 2088 / -376 703 / -79 419 / -74 

MB1 249 / -138 1020 / -232 1810 / -378 1932 / -240 

MW2 37 / 89 234 / 279 967 / 1218 1554 / 1562 

MB2 * / * * / * * / * * / * 
1. All strain in microstrain 
2. * - Strain gage failed 
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Table 4-11 – Summary of strain1 gage results from Panel 4 
 

Drift Level Strain 

gage +/- 0.10% +/- 0.25% +/- 0.50% +/- 1% 

BB1 -83 / 90 -172 / 335 -225 / 590 *2 / * 

BB2 162 / -61 334 / -43 1401 / 157 1572 / -459 

BB3 -218 / 658 -548 / 1714 -727 / 2701 -1698 / 4334 

BB4 658 / -167 775 / -256 1147 / -378 1101 / -120 

BW1 -252 / 323 -433 / 937 -660 / 1983 * / * 

BW2 -56 / 454 -325 / 1839 -629 / 1826 -207 / 394 

BW3 60 / 40 237 / 125 840 / 357 * / * 

BW4 441 / -127 1126 / -235 * / * * / * 

BW5 852 / -275 -626 / -649 -14 / -615 -119 / -455 

BW6 -175 / 396 -221 / 540 -185 / 586 -53 / 957 

BW7 157 / 30 388 / 169 -364 / 536 1345 / 1222 

BW8 165 / -92 85 / -128 68 / -202 38 / -321 

MB1 -111 / 513 -330 / -1386 -500 / -2423 -438 / -2760 

MW2 29 / 43 162 / 91 701 / 266 656 / 373 

MB2 * / * * / * * / * * / * 
1. All strain in microstrain 
2. * - Strain gage failed 
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Table 4-12 – Summary of strain1 gage results from Panel 5 
 

Drift Level Strain 

gage +/- 0.10% +/- 0.25% +/- 0.50% +/- 1% 

BB1 -64 / -33 -75 / -109 -91 / -236 -185 / -68 

BB2 *2 / * * / * * / * * / * 

BB3 -275 / 1230 -479 / 1977 -508 / 2734 -632 / 2702 

BB4 -159 / -10 -97 / -12 -29 / 48 2 / 59 

BW1 -117 / 47 -82 / 191 6 / 435 129 / -2097 

BW2 -133 / -143 -80 / -148 4 / -133 7 / -5 

BW3 89 / -7 264 / 309 374 / 784 146 / 861 

BW4 102 / -117 129 / -371 * / * * / * 

BW5 852 / -275 -626 / -649 -14 / -615 -119 / -455 

BW6 -175 / 396 -221 / 540 -185 / 586 -53 / 957 

BW7 157 / 30 388 / 169 -364 / 536 1345 / 1222 

BW8 165 / -92 85 / -128 68 / -202 38 / -321 

MB1 -111 / 513 -330 / -1386 -500 / -2423 -438 / -2760 

MW2 29 / 43 162 / 91 701 / 266 656 / 373 

MB2 * / * * / * * / * * / * 
1. All strain in microstrain 
2. * - Strain gage failed 
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Table 4-13 – Summary of strain1 gage results from Panel 6 
 

Drift Level Strain 

gage +/- 0.10% +/- 0.25% +/- 0.50% +/- 1% 

BB1 -53 / 167 -84 / 541 62 / 571 69 / 925 

BB2 156 / -196 627 / -300 *2 / *  / * 

BB3 -151 / 531 -285 / 1401 -429 / 2734 -875 / 2915 

BB4 185 / -277 934 / -460 1997 / -536 2257 / -730 

BW1 -128 / 352 -228 / 1044 683 / -3399 930 / 1315 

BW2 14 / 527 -27 / -1825 -451 / 1615 947 / 1091 

BW3 20 / 193 -92 / 355 24 / 591 91 / 927 

BW4 279 / -281 1317 / -425 7373 / -651 * / * 

BW5 108 / -275 22 / -147 -78 / -302 120 / -112 

BW6 -88 / -124 -39 / 1482 -370 / 2182 -446 / 2135 

BW7 82 / 213 117 / 653 254 / 1006 556 / 1510 

BW8 196 / -239 1055 / -290 1977 / -262 * / * 

MB1 -226 / 552 -391 / 1456 -806 / 2700 -768 / 2571 

MW2 42 / 227 767 / 1707 559 / 1579 473 / 888 

MB2 310 / -380 1334 / -608 2337 / -804 2339 / -718 
1. All strain in microstrain 
3. * - Strain gage failed 

 
All of the panels showed some amount of reinforcing steel yielding, with yielding typically 
observed to start at a drift of 0.25%.  The extent of yielding varied in the tested panels.  In Panel 
1, yielding was observed in nearly all of the strain gages at 1% drift, including the gages located 
at mid-height of the panels.  The extensive yielding of reinforcing in the panel was consistent 
with the large number of cracks observed in the ECC (figure 4-27).  The strains at the panel 
bottom were observed to be generally symmetric, which was seen in comparisons of results from 
gages BW1 and BW3 (located on opposite sides of the panel) at all drift levels.  The panel’s 
load-drift response was also symmetric as seen in figure 4-14. 
 
The results from Panel 2 were generally similar to Panel 1, with large amounts of reinforcing 
steel yielding in the panel.  Below 0.5% drift, the strains at the panel base were symmetric 
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(comparison of gages BB1 and BB3 or BB2 and BB4).  Above 0.5%, the strains become less 
symmetric. 
 
In Panel 3, less yielding of the reinforcing steel occurred, compared to Panels 1 and 2.  Yielding 
of the gages at mid-height was not observed in Panel 3.  The results from Panel 3 were somewhat 
limited by the premature failure of three of the fifteen gages on the panel. 
 
Panel 4 showed the lowest amount of yielding of the tested ECC panels, possibly due to the 
gages not being located at the crack locations.  Yielding was observed in three of the strain gages 
in the panel.  In addition to the low number of yielded gages, the gage readings were not 
symmetric in nature at low drift levels.  The lack of symmetry in the results was not observed in 
the load-drift response or the cracking response. 
 
The results from the concrete panel (Panel 5) were similar to those from Panel 4.  Yielding of the 
reinforcing steel was observed in only two locations.  The development failure or fracture of the 
reinforcing was apparent in the very low strains recorded by gages BB4, BW2 and BW8 at 1% 
drift.  The low strain level in these gages was consistent with the low residual strength in the 
panel. 
 
The tapered panel (Panel 6) showed extensive yielding of the reinforcing steel, beginning at 
0.5% drift, in gages both at the panel base and at mid-height in the panel.  At mid-height of the 
panel symmetric yielding of the reinforcing steel was observed.  These results demonstrate the 
effectiveness of the tapered geometry in distributing strains in the panels. 
 
4.2.8 Energy Dissipation 
 
One of the primary motivations for the installation of the ECC infill retrofits is to increase the 
energy dissipation in a structure.  The energy dissipation in the tested panels can be evaluated by 
calculating the area enclosed by the hysteretic loops (from load vs. displacement graphs) for each 
cycle during the test.  To calculate the area, the trapezoidal rule can be used as shown in figure 4-
53, using (4-3) for the calculation.  The results of the energy dissipation calculations are 
summarized in table 4-14, and shown graphically in figure 4-54.  
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Figure 4-53. – Graphical explanation of trapezoidal rule to calculate energy dissipation from 

load-displacement results 
 

loading unloadingE = A  - A
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where: 
 

 E = Energy dissipated during hysteretic loop 
 Aloading = Area under loading curve 
 Aunloading = Area under unloading curve 
 p_load = number of points on loading curve 
 p_unload = number of points on unloading curve 
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Table 4-14 - Summary of Energy Dissipation in Tested Panels 
 

Energy Dissipation (kN-m) at Different Panel Drift Levels 
Panel 

0.1% 0.25% 0.5% 0.75% 1% 1.5% 2% 

1 0.0183 0.0762 0.238 0.533 1.01 2.01 2.96 

2 0.0149 0.0794 0.273 0.680 1.25 2.11 3.44 

3 0.0281 0.129 0.449 0.981 1.65 2.71 3.71 

4 0.0229 0.105 0.353 0.836 1.55 -1 3.20 

5 0.0259 0.102 0.324 0.669 1.04 1.53 1.83 

6 0.0216 0.0963 0.323 0.750 1.32 2.21 3.10 
1. Panel 4 was inadvertently not unloaded at 1.5% drift 

 

Figure 4-54. Comparison of energy dissipation at various drift levels 
 
The energy dissipation in Panels 2, 3, 4 and 6 were generally similar, with Panel 3 having the 
highest energy dissipation at all drift levels.  At low drift levels (less than 0.75%) Panel 1 had the 
lowest energy dissipation; while at higher drifts Panel 5 had the lowest energy dissipation. 
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The energy dissipation in the panels occurs as a consequence of the strain hardening of the ECC 
materials and plastic deformation of the reinforcing steel.  The extent of reinforcing steel strain 
in an individual panel can be estimated using the results shown in tables 4-8 to 4-13.   
 
The large amount of reinforcing steel yielding in Panel 6 (table 4-13) results in the large amount 
of energy dissipation the panel despite its lower stiffness and peak strength (table 4-5) when 
compared to Panels 2, 3 and 4.  The tapered geometry of Panel 6 resulted in efficient spreading 
of cracking in the panel and allowed for significant yielding of the reinforcing steel.  The energy 
dissipation observed in Panel 4 was inconsistent with the low amount of yielded reinforcing steel 
measured (table 4-11).  The amount of energy dissipation in the panel suggests that yielding of 
the reinforcing steel in Panel 4 was not captured by the strain gages. 
 
4.2.9 Panel Bolt Load Cells 
 
During testing, four load cells were used to monitor the loads in the panel bolts.  The location of 
the panel bolt load cells was shown in figure 4-9.  The bolt forces measured during testing can be 
used to determine if significant losses in bolt tension, due to ECC creep and shrinkage, occur 
during the testing period.  The load cells at the base of the panel also indicate damage in the 
connection region.  Figures 4.55 and 4.56 show the measured bolt force versus panel drift results 
obtained from Panels 2 and 3, respectively.  These results were selected as they represent typical 
test data. 

Figure 4-55. Variation of load in panel bolts versus drift in Panel 2 
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Figure 4-56. Variation of load in panel bolts versus drift in Panel 3 
 

In the figures, the top panel bolts show very small changes in bolt force during the testing period.  
This indicates that losses in bolt tensioning force due to ECC creep and shrinkage during testing 
was not significant.  Losses due to panel damage would not be expected at the top of the panel. 
 
The results from the panel bolts at the base of the panel showed significant changes in bolt force 
during the testing.  The decrease in bolt tension increased with increasing levels of drift.  The 
loss of bolt tension was due to damage in the connection regions.  The interaction of the variation 
in panel bolt tension force with the observed panel slip (discussed in Section 4.2.5) will be 
further examined in Section 4.3. 
 
4.2.10 Panel Connection Bolts 
 
The variation in the connection bolt loads (connecting the angles with the reaction beam) during 
testing partially represents the distribution of load across the base of the panel.  The orientation 
of the connection bolts was shown in figure 4-10.  To determine the distribution of load across 
the panel, the results from the bolts pairs (e.g., bolts 1 and 7) at the same distance from the panel 
edge were grouped.  The relative change in bolt tension pairs during testing was evaluated by 
subtracting the initial load in the bolt from the measured bolt load.  This information was used to 
examine the tensile load applied by the panel to the stiffened reaction beam. 
 
Prior to examining the results of load distribution across the base, the drift in bolt tension was 
removed.  The drift in bolt tension occurred due to small changes in the location of the panel 
during testing, such as movement caused by slip of the panels.  The small changes resulted in 
changes in the location and relative orientation of the steel connection angles, and hence changes 
in measured connection bolt tension. 

60

80

100

120

140

160

-6% -4% -2% 0% 2% 4% 6%

Panel Drift (%)

B
ol

t L
oa

d 
(k

N
)

Top East
Top West
Bottom East
Bottom West



 

 

 

117 
 

 
The drift was removed by locating the test points with zero load applied to the panels.  The value 
of the bolt tension at these points was set to equal the initial bolt tension (removing the drift in 
bolt tension).  The points in between the zero points were linearly adjusted, by applying a 
weighted average of the offset values applied at the zero points.  Figure 4-57 shows the raw 
tension bolt data obtained from Panel 6, while figure 4-58 shows the same data with the drift 
removed. 
 
The corrected change in connection bolt tension results for Panels 1-5 are shown in figures 4.59 
to 4.63.  In these figures, the x-axis represents the test step number.  In figures 4.59 to 4.63 the 
positive values represent the increase in panel connection bolt tension due to applied tensile 
loads in the connections.  The panel connection bolts provide the only means in the panel tests 
for the transfer of tensile loads.  In contrast, bearing of the connection angles on the stiffened 
reaction beam carries the compressive loads.  Because the compressive loads were carried in 
bearing, the decrease in bolt tension when the bolts are in a compression region cannot be 
analyzed to aid in the determination of load distribution in the connection region. 

Figure 4-57. Raw data from Panel 6 connection bolts 
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Figure 4-58. Results from Panel 6 connection bolts with drift removed 

Figure 4-59. Results from Panel 1 connection bolts with drift removed  
 

-4

-2

0

2

4

6

8

10

0 500 1000 1500 2000

Step #

C
ha

ng
e 

in
 B

ol
t L

oa
d 

(k
N

)
1 and 7
2 and 8
3 and 9
4 and 10
5 and 11
6 and 12

-4

-2

0

2

4

6

8

10

0 500 1000 1500 2000

Step #

C
ha

ng
e 

in
 B

ol
t L

oa
d 

(k
N

)

1 and 7
2 and 8
3 and 9
4 and 10
5 and 11
6 and 12



 

 

 

119 
 

 

Figure 4-60. Results from Panel 2 connection bolts with drift removed 

Figure 4-61. Results from Panel 3 connection bolts with drift removed 
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Figure 4-62. Results from Panel 4 connection bolts with drift removed 

 

Figure 4-63. Results from Panel 5 connection bolts with drift removed 
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In all panel results, a greater change in load was observed in the second set of bolts from the 
panel edge (Pairs 2 and 8 or 5 and 11), than in the bolts closest to the edge.  This observation will 
be addressed further in Section 5.2.5. 
 
In the panel installation two different pretensioning values were used for the panel connection 
bolts (Section 4.1.6).  The magnitude of change in bolt load shown in figures 4.58 to 4.63 was 
related to the magnitude of the pretensioning force.  Panels 1, 2 and 6 used a pretensioning force 
of 67 kN on the bolts, and show greater changes in bolt tension that was observed in Panels 3, 4 
and 5 which used a pretensioning force of 111 kN.  The greater clamping force provided by the 
higher preload resulted in the smaller observed changes in bolt load during testing, i.e., the panel 
was better held in place by the bolts during testing.  The results in figures 4-58 to 4.63 will be 
further analyzed in the Section 4.3.6 to evaluate the transfer of load in the connection region.   
 
4.3 Evaluation of Infill Test Results 
 
The infill panel tests were developed to examine the effect of different variables such as ECC 
mix designs, reinforcement details and panel shape on various measures of performance.  The 
most important measures used to compare the different panel types were the load-drift response, 
peak load and drift capacity, energy dissipation and failure mechanisms.  In this section, the 
effect of the different panel variables on these performance measures is examined.  The results 
are further studied in Sections 4.3.6 to 4.3.8 to determine how the panel behavior and 
construction can be improved for future study. 
 
4.3.1 Comparison of Panel Strength and Stiffness 
 
The loads applied to the panels at various drift levels are summarized in tables 4-15 and 4-16.  
Table 4-17 shows the stiffness of the panels at each drift level.  The stiffness was determined by 
dividing the average load (at positive and negative drift) by the displacement at each drift level.  
These results show the variation in strength and stiffness that can be achieved with the different 
reinforcement levels and materials used.   
 
The highest strength was achieved in Panels 3 and 4, which were identically reinforced, and 
made with the SP-A and RECS-A material, respectively.  The lowest peak strength was observed 
in Panel 1, which was cast without the 9.5 mm perimeter bar.  However, Panel 1 was able to 
reach the highest drift level before a decrease in capacity occurred.  Panel 6, which had a reduced 
cross-section, had similar strengths as Panels 2, 3, and 4.  The panel stiffness variation follows 
the same trends as observed in the strength.  The observed variations in strength and stiffness 
will be further discussed in Sections 4.3.2 to 4.3.4. 
 
The peak strength of Panel 1 (45 kN) was nearly identical to its calculated ultimate strength of 44 
kN.  Similarly the ultimate strengths of Panels 2-4 (53, 51 and 54 kN) compared favorably with 
the calculated strength of 54 kN.  The observed peak strength of the tapered panel (47 kN) was 
slightly lower than the expected 54 kN. 
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Table 4-15 - Summary of Panel Loads at Positive Drift Levels 
 

Panel Load (kN) at various drifts 
Panel 

0.1% 0.25% 0.5% 0.75% 1% 1.5% 2% 

1 12.9 21.9 34.0 41.7 45.0 45.5 29.9 

2 17.6 32.0 47.2 52.3 52.7 47.6 38.1 

3 22.7 35.9 46.7 47.7 44.0 33.9 26.3 

4 21.3 36.8 51.8 53.8 45.9 40.21 35.4 

5 21.3 33.5 36.1 31.3 24.7 18.2 12.4 

6 17.7 28.4 38.7 39.9 34.7 26.8 26.0 
1. Panel 4 was inadvertently not unloaded at 1.5% drift, load shown was obtained on loading to 2% drift 

 

Table 4-16 - Summary of Panel Loads at Negative Drift Levels 
 

Panel Load (kN) at various drifts 
Panel 

-0.1% -0.25% -0.5% -0.75% -1% -1.5% -2% 

1 11.5  18.8 31.4 39.1 41.4 26. 9.0 

2 10.6 22.5 36.2 43.3 43.2 42.9 26.9 

3 22.7 39.3 51.1 51.2 47.6 38.2 23.9 

4 18.2 31.4 47.5 52.8 50.1 25.71 26.9 

5 17.2 26.6 34.8 32.7 29.1 23.5 13.6 

6 23.2 34.7 44.7 47.3 41.2 32.8 25.8 
1. Panel 4 was inadvertently not unloaded at 1.5% drift, load shown was obtained on loading to 2% drift 
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Table 4-17 - Summary of Panel Stiffness at Various Drift Levels 
 

Panel Stiffness (kN / mm) at various drifts 
Panel 

0.1% 0.25% 0.5% 0.75% 1% 1.5% 2% 

1 10.0 16.7 10.7 6.6 3.5 2.0 0.8 

2 11.6 22.3 13.7 7.8 3.9 2.5 1.3 

3 18.6 30.8 16.0 8.1 3.8 2.0 1.0 

4 16.2 28.0 16.3 8.7 3.9 1.8 1.3 

5 15.8 24.6 11.6 5.2 2.2 1.1 0.5 

6 16.8 25.9 13.7 7.1 3.1 1.6 1.1 
 
 
4.3.2 Effect of Reinforcing Type 
 
Two different reinforcement types were used in the panel construction.  Panel 1 had 0.44% 
WWF (by area), while the remaining panels were reinforced with the same amount of WWF and 
an additional 9.5 mm perimeter bar.  Figure 4-64 shows a comparison of the load-drift response 
from Panels 1 and 2, which are both made with the SP material.  The comparison in figure 4-64 
as well as tables 4-15 to 4-17, show that the perimeter bar increase the strength by 5 kN (10%) 
and stiffness by 11% at 1% drift.  Energy dissipation was increased by 25% due to yielding of 
the perimeter bar.  The perimeter bar also increased the residual strength of the panels, as seen in 
Table 4-5. 
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Figure 4-64. – Comparison of load vs. drift response from Panels 1 and 2 
 
4.3.3 Effect of Panel Material 
 
Panels 2, 3, 4 and 5 were constructed with identical reinforcement, using three different ECC 
materials and a regular concrete.  The three identically reinforced ECC panels had similar 
strength and stiffness as seen in Table 4-15 to 4-17.  The concrete panel (Panel 5) had a lower 
peak strength and stiffness.  Figure 4-65 shows a comparison of the load-drift response from the 
Panels 2, 3 and 4.  Panels 3 and 4 (both made from ECC with aggregate) were found to have 
similar load-drift responses.  Both panels began to lose capacity at a lower drift level (0.75%) 
compared to Panel 2 (1.33%).  The ECC in Panels 3 and 4 (SP-A and RECS-A) localized and 
lost strength at a lower strain level compared to the material without aggregate (SP) (See Kesner 
and Billington, 2004).   
 
Figure 4-66 shows the load-drift response of Panels 2, 4 and 5. The concrete panel (Panel 5) 
showed lower peak strength, lower drift level at peak strength, and lower energy dissipation 
compared to the other panels, due to the near immediate softening of the concrete as it cracked.  
The concrete panel failed due to a combination of fracture and development failure of the WWF 
and development failure of the perimeter bar from the connection region.  Because Panels 2-5 
were identically reinforced, the difference in response between Panel 5, and Panels 2, 3, and 4 
can be attributed to the ability of the ECC to strain harden and deform compatibly with the 
yielding steel, which was consistent with the observations of Fischer and Li (2002). 
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Figure 4-65. Comparison of load-drift response from Panels 2, 3 and 4 

Figure 4-66. Comparison of load-drift response from Panels 2, 4 and 5 
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4.3.4 Effect of Panel Shape 
 
Panel 6 had a tapered cross-section that was designed to utilize the ECC material more 
efficiently by reducing the stress concentration at the base of the panel (Section 2.5.5).  Figure 4-
67 shows a comparison of the load-drift response of Panels 4 and 6, which were constructed with 
identical materials (RECS-A).  As expected the tapered panel reaches slightly lower loads than 
the rectangular panel at similar drift levels due to lower panel stiffness.  However, as seen in 
Table 4-14, and figure 4-54, the tapered panel has comparable (slightly lower) levels of energy 
dissipation as the full rectangular panels.  These results confirm the viability of the modified 
geometry as an efficient retrofit option. 

Figure 4-67. Comparison of load-drift response from Panels 4 and 6 
 
4.3.5 Examination of Load Distribution at Panel Base 
 
The analyses shown in Sections 2.4 and 2.5 examined the effect of an infill panel installation on 
the global load-drift response of an infilled frame.  To investigate if the infill addition has any 
adverse effects on the frame, the local effect of the infill addition was examined.  The load 
distribution across the base of the panel is a critical factor in evaluating the local impact the 
retrofit installation on an existing structure.  Loads transferred from the panel connection bolts to 
a frame beam flange will have to be then transferred from the beam flange through the beam.  
Depending upon the magnitude of load transferred from the panel connection bolts and the size 
of the beam flange, localized damage to the beam could possibly occur when the load is 
transferred. 
 
The infill panel test setup used pretensioned bolted connections to connect the angles at the base 
of the panels to the stiffened reaction beam.  No other method was provided to transfer the panel 
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tension loads to the stiffened reaction beam.  As discussed in Section 4.2.10, load cells were used 
to monitor the load in the panel connection bolts during testing.  Results from the panel 
connection bolts can only provide direct information about the tensile load and not the 
compressive load at the panel base.  The angles, which bear on the stiffened reaction beams, will 
transfer the compressive load from the panel and cause a loss of tension in the bolts. 
 
The measured variation in the tensile load in the panel connection bolts was used to evaluate the 
load distribution across the connection.  Due to the pretensioning of the connections, the applied 
load at the connection was not equal to the change in panel connection bolt load.  The load 
transferred in the connection region was higher than the change in panel connection bolt load 
because the connection region has a greater stiffness than the pretensioned bolt (Bickford, 1995). 
 
To determine the load transferred through the connection region, the following equation, which 
relates the change in panel connection bolt tension to the connection region load, was used 
(Bickford, 1995): 

 

( )b
b a

b j

KP F
K K

∆ =
+

             (4-4) 

 where: 
 

 ∆Pb = Measured load change in pretensioned bolt 
 Kb = Stiffness of bolt 

Kj = Stiffness of connection region 
Fa = Load applied the region 

  
 The stiffness of the bolt and connection region was evaluated using the following 
equations: 

 

 b b
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A EK
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=               (4-5) 
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j

lc j

A E A EK
L L

= +              (4-6) 

 where: 
 
 Ab = Bolt area 
 Lb = Bolt length 
 Eb = Bolt modulus of elasticity 
 Alc = Load cell area 
 Llc = Load cell length 
 Elc = Load cell modulus of elasticity 
 Aj = Connection area 

Lj = Connection length = depth of stiffened reaction beam and connection angle 
 Ej = Connection modulus of elasticity 
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Equations (4-5) and (4-6) were used to evaluate the stiffness of the joint and bolt.  The 
connection stiffness, Kj, includes the effect of the load cell at the bolt.  The connection area (Aj) 
takes into account the effect of the precompression in the circumferential area around the load 
cell in connection region.  The area was estimated based upon suggestions in Bickford (1995) 
and from finite-element simulations.  After determining the relative stiffness of the connection 
members, (4-4) was then used to determine the load applied by the panel connection bolts to the 
joint.  Table 4-18 shows a summary of the values used in (4-5) and (4-6). 

 

Table 4-18 – Summary of Values Used in Equations 4-5 and 4-6 
 

Bolt 
Pretension 

(kN) 

Modulus of 
Elasticity1 

(GPa) 

Ab 
(mm2) 

Lb 
(mm)

Alc 
(mm2) 

Llc 
(mm) 

Aj 
(mm2) 

Lj 
(mm) 

67 200 284 178 1,219 146 161 44.5 

111 200 284 178 1,219 146 1,262 44.5 
1. Steel modulus used for all materials 
 
The change in connection bolt tension (Fa) results were shown in figures 4.58 to 4.63.  These 
results were analyzed using equation (4-4) to determine the loads transferred through the 
connection region (Figures 4.68 to 4.73).  These results will be further compared with results 
from finite element-based simulations in Section 5, where the effect of these loads on hospital 
frame members is evaluated.   
 
The results in figures 4.68 to 4.73 represent the load transferred by the bolt pairs at the base of 
the panel.  The positive (tensile) loads shown in the figures represent the tension force 
transferred at the base of the panel.  The negative values have no meaning as the compressive 
load in the connections was transferred through bearing of the connection angles on the reaction 
beam. 
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Figure 4-68. Load transferred at base of Panel 1 

 

Figure 4-69. Load transferred at base of Panel 2 
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Figure 4-70. Load transferred at base of Panel 3 

 

Figure 4-71. Load transferred at base of Panel 4 
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Figure 4-72. Load transferred at base of Panel 5 

Figure 4-73. Load transferred at base of Panel 6 
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The tensile forces were multiplied by their moment arm at the panel base, to obtain an estimate 
of the bending moment at the panel base.  This calculated moment was then compared to the 
applied bending moment (panel load multiplied by the distance from the base to the point of load 
application).  As a simplification, the tensile forces were summed and the length of a single 
moment arm was determined from the approximate centroid of the tensile and compressive 
forces (figure 4-74) determined from the panel connection bolts.  The neutral axis location was 
estimated from the relative values of the tensile and compressive bolt forces as seen in figure 4-
74.  The compressive stress block was assumed to be triangular due to the expected linear elastic 
behavior in the steel connections.  The distance to the centroid of the tensile force was estimated 
from the magnitude of the bolt loads.  The comparison of bending moment calculated from the 
panel connection bolts and the applied moment serves as an equilibrium check. 

 
Figure 4-74. Estimation of moment arm from distribution of panel tension load 

 
Tables 4-19 and 4-20 show a comparison between the bending moment applied to the panel and 
the bending moment calculated using the bolt tensile forces at drift levels of +/-0.50%, and +/-
1%, respectively.  The results generally show good agreement between the calculated and the 
measured bending moments. 
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Table 4-19 – Comparison of Applied and Calculated Bending Moment (kN-m) at +/-0.5% Drift 
 

+ 0.5% - 0.5% 

Panel Applied 
Moment 
(kN-m) 

Calculated 
Moment 
(kN-m) 

Error 
Applied 
Moment 
 (kN-m) 

Calculated 
Moment 
(kN-m) 

Error 

1 43.0 46.2 7.4% 46.7 38.0 -19% 

2 64.7 73.2 13% 49.6 43.9 -11% 

3 64.4 73.2 14% 69.8 69.0 -1.1% 

4 66.3 79.1 19% 65.0 68.1 4.8% 

5 46.9 47.1 0.43% 49.5 46.2 6.7% 

6 54.0 57.2 5.9% 54.2 50.8 -6.3% 

 
Table 4-20 – Comparison of Applied and Calculated Bending Moment (kN-m) at +/-1% Drift 
  

+ 1% - 1% 

Panel Applied 
Moment 
(kN-m) 

Calculated
Moment  
(kN-m) 

Error 
Applied 
Moment 
(kN-m) 

Calculated 
Moment 
(kN-m) 

Error 

1 56.8 57.3 0.88% 61.5 61.3 -0.3% 

2 72.2 78.2 8.3% 59.2 56.1 -5.2% 

3 60.3 62.6 3.8% 65.0 65.4 0.62% 

4 62.8 70.7 13% 68.5 70.3 2.6% 

5 39.7 36.8 -7.3% 33.8 33.6 0.59% 

6 47.6 49.8 4.6% 56.5 53.3 -5.7% 
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4.3.5 Examination of Panel Base Slip and Base Confinement 
 
The infill panels exhibited a significant loss in capacity when localization of the ECC material (a 
single dominant crack) occurred at the base of the panel.  Prior to crack localization in the 
panels, slippage at the connection region caused rigid body motion, which reduced the stiffness 
and energy dissipation in the panels.  The panel slip also led to a decrease in the confinement of 
the panel base.  The slip in the panel was captured by the LVDTs measuring vertical 
displacement at the panel base, as seen in figure 4-40.   
 
Figure 4-75 shows the panel drift versus panel slip at the base of Panel 2, up to a drift level of 
0.5%.  The magnitude of slip on Panel 2 was representative of the trends observed in the testing.  
However panel slip began at a lower drift level in Panel 2 than in other panels.  In figure 4-76 the 
same results are shown up to 1% drift.  As mentioned in Section 4.2.5, positive slip indicates 
upward motion of the panel.  In figure 4-75, the results indicated that the West side of Panel 2 
began to move in a roughly linear (up and down) manner at very low drift levels.  The East side 
began to move downward as the panel drift approached 0.25%.  At higher drift levels (figure 4-
76), the measured slippage on both sides of the panel increased.  The net motion of the panel was 
upward at increasing drift levels (e.g., after 1% drift there was a residual upward displacement of 
1 mm at the west end). In particular, the motion of the west side of the panel appears to ratchet 
upward with increasing drift levels. 

 

Figure 4-75. Panel base slip versus drift on Panel 2.  Limited to 0.5% drift 
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Figure 4-76. Panel base slip versus drift on Panel 2.  Limited to 1% drift 
 
The observed upward panel slip is attributed to the change in load of the panel base bolts.  Figure 
4-77 shows the variation in panel slippage compared to the base bolt (at the edge of the panel) 
load up to 0.5% drift.  Figure 4-78 shows the same information with the drift limit increased to 
1%.  The figures show the decrease in bolt load (from the initial pretensioning force of 
approximately 140 kN) with the upward ratcheting of the panel slip.  The decrease in bolt tension 
is attributed to the Poisson contraction of the panel as it was loaded in tension and subsequent 
damage during slippage.  The decrease in panel thickness would have allowed for a decrease in 
pre-tensioned bolt load, which would not be recovered if the panel slip resulted in damage to the 
panel faces, thus precluding the panel from returning to its original position.  With increasing 
numbers of cycles the panels base bolts exhibited a net loss of tension, decreasing the 
confinement of the panel base. 
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Figure 4-77. Comparison of Panel 2 base bolt load versus slip up to 0.5% drift  
 

Figure 4-78. Comparison of Panel 2 base bolt load versus slip up to 1% drift 
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4.3.7 Testing Limitations 
 
The infill panel testing described in this chapter was intended to examine the response of a single 
infill panel to quasi-statically applied cyclic loads. 
 
One limitation of the testing was the single panel test method used.  The single panel may not 
represent the full infill response, as vertical displacements at the top of the panel were not 
prevented as discussed in Section 4.2.5.  Prevention of the vertical panel motion will likely 
increase the energy dissipation in the panels, because tensile cracks in the panels will more fully 
close during testing.  This limitation was not expected to have a significant impact on the panel 
response. 
 
An additional limitation of the testing method was the simple quasi-static cyclic displacement of 
the panels.  The selected loading pattern, while essential for determining the cyclic strength 
envelope and response of the panels, represents a significant simplification when compared to a 
true seismic loading.  To develop the infill panel concept further, more experimental testing is 
required.  The primary areas for future testing include: 

 
1. An assessment of loading rate sensitivity on the response of the panels, in particular 

the ECC. 
2. Testing of full height infill sections (with a connection between panels) installed in a 

frame.  In the current testing, the panels were attached to a rigid base beam.  Testing 
of the full infill sections in a frame will also allow for the effect of a non-rigid base to 
be assessed 

3. Cyclic and/or seismic testing of full frames infilled with the proposed panels. 
 
4.3.8 Panel Improvements 
 
The infill panel testing presented in this chapter demonstrated the viability of the panel system 
with pretensioned bolted connections.  The primary limitation on the panel effectiveness was the 
slip at the panel base.  To improve the panel performance, it is desirable to mitigate this slip.  
One approach to prevent the slip would be to fill the space between panels and the base (figure 4-
11) with either a rigid shim, or non-shrink cementitious material.  A cementitious material will 
provide the advantage of allowing for variable spacing between panels. 
 
There are two major disadvantages to placing material between the panels.  First, the addition of 
the shims or a cementitious material is an additional construction step.  Second, a cementitious 
material causes difficulties when the panels need to be relocated or replaced.  The use of bond 
breakers, which prevent bond between the cementitious material and the panel, could limit this 
problem.  Bond breakers will allow the cementitious material to act as a shim in compression.  
Compression would be transferred through both the shim and the angles.  The tension loads 
would still be transferred through the bolts in the connections. 
 
Another way to improve the performance of the panels would be to decrease the clear cover to 
the reinforcing steel.  In Section 4.1.1, the clear cover to the reinforcing steel was reported as 30 
mm.  The cover could be decreased, resulting in the perimeter reinforcing steel being further 
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from the neutral axis of the panel, which will increase the reinforcing steel strain.  Greater strain 
in the reinforcing steel will increase the panel energy dissipation.  The adjustment can only be 
made if adequate consolidation can be achieved with the decreased cover. 
 
4.4 Summary of Infill Panel Test Results 
 
This Section presented the results from a laboratory investigation of the response of ECC infill 
panels fabricated with different ECC materials, reinforcement layouts, and panel shapes.  The 
testing was an outgrowth of the simulation results presented in Section 2, which identified 
promising infill systems, and the results presented in Sections 3.1 and 3.2, which demonstrated 
the feasibility of the connection concept proposed for the system.  The goal of the testing was to 
establish the shape of the panel’s load vs. drift response, peak load, peak drift capacity, energy 
dissipation, failure mechanisms, and to examine the effect of test variables. 
 
The results of the infill panel testing showed the variation in strength, stiffness and energy 
dissipation that can be achieved with variations in ECC materials, reinforcement and geometry.  
The experimental results will be used in Section 5 to validate a constitutive model for ECC 
materials. 
 
The load drift response was nonlinear as a consequence of the multi-cracking response of ECC 
and of steel reinforcement yielding.  The nonlinear response of the panels resulted in variations 
in strength and stiffness of the panels.  Examination of the panel’s displaced shaped, as 
determined by LVDT data, indicated that the displacement of the panel was primarily due to 
flexure at low displacement levels. 
 
The extent of cracking in the panels varied with the panel material.  The greatest number of 
cracks was observed in the panels made with mix design SP (Panels 1 and 2), which contained 
no aggregate.  Lesser amounts of cracking were observed in the panels made with mix designs 
SP-A and RECS-A (Panels 3, 4 and 6), which contained fine aggregate.  The least extensive 
cracking was observed in Panel 5, which was made with an ordinary concrete.  The panels with 
the most extensive cracking also had the highest drift capacity (approximately 1.5% for Panels 1 
and 2) prior to strength degradation.  The higher drift capacity of the panels was related to the 
higher strain capacity of the ECC material. 
 
The failure of the ECC panels was predominantly flexural and occurred as the ECC materials 
began to soften, and form localized cracks near the panel base.  The softening of the ECC was 
followed by failure of the WWF mesh, either by fracture or development failure.  The perimeter 
reinforcing steel bar maintained its capacity in the ECC panels due to the precompression of the 
connection region by the panel bolts, which helped develop the bar.  The failure of the concrete 
panel occurred at a lower drift level than the ECC panels, and was accompanied by extensive 
spalling of the concrete in the connection region, leading to reinforcement development failure. 
 
The residual strength of the panels was a function of the type of panel reinforcing.  In Panel 1, 
only WWF was used to reinforce the panel.  The failure of the WWF resulted in a low residual 
strength of Panel 1 relative to the panels with both the perimeter bar and WWF.  Extensive 
spalling of the concrete in the connection region of Panel 5 resulted in a development failure of 
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the perimeter reinforcing bar which reduced the residual strength of the panel.  Panels 2. 3, 4 and 
6, which had identical reinforcement all has similar residual strength. 
 
The energy dissipation of the panels was observed to vary as a function of the panel material and 
reinforcement.  The highest energy dissipation was observed in the rectangular ECC panels (2, 3, 
and 4) with the perimeter bar.  The tapered panel (Panel 6) was found to have slightly lower 
amounts of energy dissipation than rectangular panels made with the same material (Panel 4).  
Lower amounts of energy dissipation were observed in the concrete panel (Panel 5) and the ECC 
panel without the perimeter bar (Panel 1).  The energy dissipation in the panels was generally 
attributed to the yielding of the reinforcing steel with some additional contribution from 
multiple-cracking in the ECC material.  Strain gage results verified that both the WWF and 
perimeter bars yielded during testing.  
 
In the testing, the response of an ordinary concrete and ECC material were compared.  The ECC 
panels exhibited greater strength, stiffness and energy dissipation, compared to the concrete 
panel.  This demonstrates the improvement the ECC material provides over a conventional 
concrete.  The ECC materials that showed the highest strain capacity in uniaxial tests also led to 
the highest drift capacity before the onset of softening when used in the panels. 
 
Two different types of reinforcing were used in the panels.  Using a 9.5 mm perimeter bar in 
addition to the WWF reinforcement was found to significantly increase the stiffness, strength 
(peak and residual) and energy dissipation in the panels relative to the panel with only WWF.  
Furthermore, two different panel shapes were examined, a rectangular panel and a tapered panel.  
The tapered panel was developed to represent a more optimal panel shape.  Testing results 
indicated that the tapered panel can provide similar levels of strength, stiffness and energy 
dissipation, when compared to the rectangular panels. 
 
During testing, the load in the panel connection bolts was monitored to evaluate the load 
distribution in the connection region.  The results verified that the bending moment estimated 
from the tensile loads in the panel connection bolts generally matched the bending moment 
applied to the panel.  The measured loads can be used to evaluate the impact of the retrofit on the 
existing structure.  The panel connection bolts loads will be further examined in Section 5.  The 
panel bolt loads at the top of the panel were not observed to vary significantly during testing.  
The bottom panel bolt loads decreased with increasing slip at the panel base.  The decrease in 
load was attributed to damage in the connection region. 
 
The primary limitation of the panels was the slip of the panel base in the connection region.  The 
slip of the panel meant that the panels were acting partly as rigid bodies instead of flexure/shear 
elements, which was not desirable in terms of dissipating energy.  The cause of the slip was not 
apparent in the test results.  To address the slip, grouting of the connection regions has been 
suggested. 
 
To develop the infill panel concept further, additional testing is required.  Future testing should 
include more realistic seismic loadings and testing of full height (double panel) sections.  These 
tests will provide a more accurate means of assessing the infill panel concept.  Finally, full frame 
infills should be tested as well. 
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Section 5 
Simulation of ECC Infill Performance 

 
5.1 Introduction 
 
In Sections 2, 3 and 4, preliminary analysis of the infill panel concept and results from laboratory 
tests on connection details and infill panels were presented.  In this section the experimental 
results are integrated with additional finite element analyses to examine the effectiveness of the 
infill panel system further, and to examine the impact of the infill addition on an existing 
structure. 
 
The results presented in this section are divided into three sections.  Section 5.1 presents a 
material model developed by colleagues (Han, et al., 2003) for ECC materials, which was based 
on the cyclic material test results presented in Kesner and Billington (2004).  Section 5.2 utilizes 
the ECC material model to simulate the response of the tested infill panels presented in Section 
4.  The final section, Section 5.3, examines the impact of the infill installation on the overall 
response of a steel frame to lateral loadings.  Specifically, the impact of the retrofits is examined 
to determine if the retrofit installation would cause locally adverse effects such as yielding at the 
connection of the ECC panels to the steel structure. 

 
5.1 Modeling of ECC Material Behavior 
 
In Kesner and Billington (2004), the results of cyclic testing on ECC materials were presented.  
The goal of these tests was to determine the response of ECC to reversed cyclic (tension-
compression) loadings.  The results were used to develop a constitutive model for ECC 
materials, which incorporated the cyclic response.  The model is capable of predicting the 
behavior of ECC materials in cyclically loaded applications (Han et al., 2003). 
 
5.1.1 ECC Material Model 
 
In the preliminary analysis of the infill wall system, presented in Section 2, a simplified material 
model was used for the 2D finite-element analyses to represent the ECC material.  The primary 
limitation of the simplified model was the use of secant unloading and reloading for the ECC 
materials.  The secant unloading and reloading scheme underestimates the hysteretic energy 
dissipation of ECC materials. 
 
To capture the response of the ECC materials more accurately, a model has been developed (Han 
et al., 2003) based in part on the experiments presented in Kesner and Billington (2004).  This 
model is for 2D finite-element analyses and uses a uniaxial, multi-linear curve to represent both 
the tensile and compressive strength envelopes.  The unloading/reloading behavior in 
compression and in tension before the onset of tensile softening is modeled using power laws.  
Unloading in the tensile softening regime is assumed to be linear.  The model uses a total strain 
based approach (Feenstra et al., 1998) and was implemented as a user supplied material model in 
the finite element program Diana (TNO, 1998a and 1998b).  All of the simulations presented in 
this chapter were performed using this model and Diana. 
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Figure 5-1 shows a result from a single element test of the material model using a four noded 
plane-stress element.  The tensile region of figure 5-1 is expanded in figure 5-2.  Table 5-1 
shows the ECC material properties used in the simulation.  In the simulation a simple cyclic 
displacement of the element was performed up to +/- 4% displacement.  For comparison 
purposes, figure 5-3 shows one of the experimental results from the balanced cyclic loading of 
the ECC specimens, as discussed in Kesner and Billington (2004).  There is good agreement 
between the unloading and reloading curves in both the simulation and experimental results. 
 
The ECC model in its current form has two limitations.  The first limitation is that it cannot 
capture the decrease in tensile capacity in the ECC that was observed when the material was 
loaded in tension after the onset of softening in compression (discussed in Kesner and Billington, 
2004).  The second limitation is the assumption of linear softening in compression, which is 
slightly different from the softening curve observed in the testing (compare figure 5-1 and figure 
5-3).  These limitations were not addressed in the current implementation of the model. 
 

Table 5-1 - ECC material properties used in single element simulation 
 

ECC Property Value 

Initial Cracking Strength (MPa) 1.72 

Modulus of Elasticity (GPa) 11.5 

Initial Cracking Strain 0.000125 

Ultimate Tensile Strength (MPa) 2.41 

Ultimate Tensile Strain 0.035 

Peak Compressive Strength (MPa) 55.2 

Ultimate Compressive Strain -0.05 
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Figure 5-1. Results from single element simulation of ECC model response 

 

Figure 5-2. Results from tensile region of single element simulation of ECC model response 
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Figure 5-3. Results from balanced cyclic test on ECC material from specimen SP-2 (Kesner 
and Billington, 2004) 

 
5.2 Simulation of Infill Panel Response 
 
Simulations were performed to model the experiments on precast infill panels made with 
different ECC materials, reinforcing configurations and specimen geometries.  The goal of the 
simulations was to verify the ability of the ECC material model, discussed in Section 5.1, to 
model the strength, stiffness, energy dissipation and residual strength in the panels. 
 
Simulations also were performed using a more detailed model of the panel base and its 
connection to the stiffened reaction beam.  The detailed models were used to verify the change in 
bolt forces observed in the panel testing (Sections 4.2.10 and 4.3.5) and to determine the stress 
distribution across the base connection.  The inclusion of the connection to the stiffened beam in 
the detailed models allowed for a preliminary examination of the local impact of the retrofit 
installation on an existing structure. 

 
5.2.1 Infill Panel Models 
 
A series of finite element models of the infill panel test configuration were created.  The models 
used the same features (discussed below) as the infill panel models discussed in Section 2.  
Figure 5-4 shows a typical rectangular panel model, adjacent to a finite element mesh of the 
panel.  Figure 5-5 shows the same information for the tapered panel.  Figure 5-6 shows how the 
connection region of the panels was idealized for the model (side view). 
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The two-dimensional finite element rectangular panel model was comprised of four-noded plane-
stress elements with the overall physical dimensions of the model selected to match the 
experiments described in Section 4.  In the simulation of the tapered panel, the tapered section of 
the panel was modeled using three-noded, triangular plane stress elements.  No attempt was 
made to model the observed slippage (see Section 4.2.5) of the panel in the connection region.  
The panel bolts were also not included in the two-dimensional models. 

 

 
Figure 5-4. Schematic representation of rectangular panel and corresponding finite element 
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Figure 5-5. Schematic representation of tapered panel and corresponding finite element mesh 
 

 

 
Figure 5-6. Schematic representation of connection region in panel simulations 

 
The material properties used in the analyses are summarized in table 5-2.  The material for the 
steel tab and reinforcing steel were elasto-plastic with a Von Mises yield criterion.  The yield 
strength, yield strain and ultimate strength the material testing results are presented in Section 
4.1.3 (Tables 4-3 and 4-4). 
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The reinforcement in the panels was modeled as embedded reinforcement (perfect bond), with 
the reinforcement area and location selected to correspond with the experiments.  The 
reinforcement model did not include tensile fracture or the possibility of development failure of 
the reinforcement. 
 
The ECC material properties were based upon results measured in the uniaxial tension testing on 
cylindrical specimens as discussed in Kesner and Billington, 2004.  In the uniaxial tensile tests, a 
higher strain capacity was observed in mix SP, compared to the mixes with aggregate (SP-A and 
RECS-A).  As discussed in Section 4, mix SP was used in casting of Panels 1 and 2, while mixes 
SP-A and RECS-A were used in Panels 3 (SP-A), 4 and 6 (RECS-A).  To account for the 
differences in the strain capacity of the ECC materials used in panel testing, two different peak 
tensile strain capacities were used in the analyses.  ECC1 corresponds to the SP mix design, and 
ECC2 corresponds to the SP-A and RECS-A mix design.  The strain capacities in the materials 
were selected to correspond with the different strain capacities observed in the uniaxial tensile 
testing (see Section 2.4 in Kesner and Billington, 2004).  The peak compressive strength of the 
ECC materials was not varied in the simulations.  Compressive failure of the panel was not 
observed in any of the experimental results.  The confined ECC at the base of the panels was 
modeled as elastic, with a composite compressive modulus determined from a strain 
compatibility analysis of the steel and ECC together in the connection region. 
 
For the simulations, the modulus of elasticity of the ECC was reduced by 75% for ECC1 and by 
50% for ECC2 compared to the experimental stiffness from compressive test results.  These 
values were chosen to correlate the simulation results with the experiments.  The reduction 
accounts for the initial cracking in the ECC due to shrinkage, as well as the decrease in panel 
stiffness due to slip of the panel in the connection region.  The need to reduce the modulus of 
elasticity of cement-based materials to account for shrinkage cracking was been documented in 
several previous simulation studies (Han, 2001, El-Attar, et al., 1991; Bracci, et al., 1992; 
Shahrooz and Moehle, 1987; and D’Ambrisi and Filippou, 1997).  However, based upon the 
amount of panel slip observed (Section 4.2.5), the majority of the decrease in modulus of 
elasticity represents slip of the panels.  A more explicit treatment of slip in simulations of panel 
response is given in Douglas et al. (2004). 
 
To simulate the experimental panel tests, the controlled cyclic displacement pattern from the 
experiments was used (figure 4.13) for the simulations.  Displacements were stepped 
incrementally.  The displacement step size was selected to prevent numerical divergence of the 
solutions.  A Newton-Raphson iterative scheme was used with an energy norm for convergence 
criteria with a tolerance of 0.05%.  A maximum of ten iterations was allowed at each 
displacement step.  After 10 iterations, the simulations were allowed to continue, even if 
convergence had not occurred.  During unloading from high drift levels (at low loads), the lack 
of convergence resulted in jumps in the load-drift response.  These areas will be indicated in the 
discussion of the simulations. 
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Table 5-2 – Steel and ECC material properties used in panel simulations 
 

Material 
Elastic 

Modulus 
(GPa) 

Initial 
(yield) 

Strength 
(MPa) 

Cracking 
(yield) 
Strain 

Peak 
Tensile 

Strength1 
(MPa) 

Peak 

Tensile 
Strain1 

Peak 

Comp. 
Strength1 

(MPa) 

Peak 
Comp. 
Strain1 
(MPa) 

Composite 
ECC2 64 - - - - - - 

Steel tab 200 345 0.0017 552 0.1 345 -0.1 
Reinf. 
steel 200 414 0.0027 552 0.1 414 -0.1 

ECC 13 3.5 1.2 0.0003 2.0 0.025 55 -0.016 
ECC 24 6.9 1.2 0.0002 2.0 0.005 55 -0.08 
1. Strength/strain at the onset of strength degradation 
2. Confined material in connection region at base of panel (Section 5.3) 
3. Similar to SP mix design in Chapter 3 
4. Similar to SP-A or RECS-A mix design in Chapter 3 

 
5.2.2 Infill Panel Simulation Results 
 
Figure 5-7 shows the load-drift response from simulations of rectangular panels to +/- 3% drift 
using the two different ECC material models.  The reinforcement in the panels in these 
simulations was identical to Panel 1 (0.44% WWF mesh).  The results have two major 
differences; the initial stiffness of the model, and the peak drift capacity.  The greater initial 
stiffness in the panel with ECC2 was a consequence of the higher modulus of elasticity of ECC2 
relative to ECC1.  The difference in drift at peak capacity (drift capacity after which a decrease 
in strength occurs) is a consequence of the difference in the ECC material’s strain capacity.  The 
panel with the ECC1 (which has a higher tensile strain capacity) had a higher drift at peak 
capacity, than the panel with ECC2.   
 
The similarity in peak loads is consistent with both ECC materials having the same peak tensile 
strength.  The slightly higher load (1 kN) in the simulation with ECC1 is due to the greater 
amount of reinforcing steel strain at the higher drift level.  The identical reinforcement in both 
panels leads to the nearly identical residual strength at higher drift levels.  The effect of non-
converged steps can be seen in both simulations results.  The non-converged steps caused the 
jumps during the unloading from -2 and -3% drift. 
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Figure 5-8 shows principle tensile strain contours at 1% drift (ECC1) and 0.5% (ECC2), which 
represent the drift level at the peak load in the simulations.  In both figures, the peak strain at the 
base of the panel corresponds to the peak strain capacity of the ECC material.  The softening of 
the simulation at a lower drift level with ECC2 resulted in less hysteretic energy dissipation 
relative to the simulation with ECC1. 

Figure 5-7. Comparison of load vs. drift response from simulations 
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Figure 5-8. Comparison of principle tensile strain contours at peak load 
 
5.2.3 Comparison of Simulation and Experimental Results 
 
Figure 5-9 shows a comparison of the load-drift results from the simulation of the rectangular 
panel with ECC1 and the experimental results from Panel 1.  In the figure, the simulation results 
are limited to +/- 3% drift.  The simulation was able to match the load capacity approximately at 
various drift levels, and also capture the residual displacement of the panels, up to roughly 2% 
drift.  At higher drift levels, the simulation overestimates the residual strength of the panel.  The 
overestimation was due to the perfect bond modeling and the lack of modeling fracture in the 
reinforcing steel.  Recall that in the experiment for Panel 1, both WWF fracture and development 
failure were observed. 

ECC1 at 1% ECC2 at 0.5%ECC1 at 1% ECC2 at 0.5%
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Figure 5-9. Comparison of simulation and experimental results with ECC1 

 
Figure 5-10 compares the results of a simulation of a rectangular panel with ECC2, and the 
experimental results from Panels 3 and 4.  Panels 3 and 4 were observed to have a very similar 
load-drift response, and softened at nearly identical drift levels.  The ECC2 material used in the 
simulations represents SP-A and RECS-A.  As discussed above, the simulation over estimates 
the residual strength.  A comparison of the strength and energy dissipation between the 
experimental and simulation results is shown in tables 5-3 and 5-4.  Prior to panel softening the 
simulation approximately captures the strength and energy dissipation observed in the 
experiments.  At higher drift levels, the large jumps in the simulations results, near zero load, 
were caused by a lack of convergence of the solution. 
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Figure 5-10. Comparison of simulation and experimental results with ECC2 

 
Figure 5-11 shows the results of the simulation of the tapered panel compared to the 
experimental results.  Similar to the rectangular panels, the simulations nearly matched the peak 
load, onset of strength degradation, and residual displacements with the experimental results.  
The pinching response of the panel seen in the experiment was not captured by the simulation.  
Similar to the previous results the simulation also overestimates the residual strength of the 
panel. 
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Figure 5-11. Comparison of simulation and experimental results with ECC2 

 
Tables 5-3 and 5-4 show a comparison of the strength and energy dissipation, respectively, 
between the simulation and experiments at various drift levels.  The energy dissipation in the 
simulation results was calculated using Equation 4-3.  At drift levels past the onset of softening, 
the simulations significantly overestimated the panel’s residual strength.  The overestimation 
occurred because the reinforcing steel cannot fail in these models but rather continues to harden 
to high strain levels.  The fracture of the reinforcing steel was not included in the models. The 
embedded reinforcement used in the simulations assumes perfect bond of the steel to the ECC, 
thus development failure and bond slip was not included in the simulations.  As a result, the 
pinching behavior typical of bond slip, for instance, was not captured. 
 
The simulation results were nearly symmetric, in contrast to the experimental results.  As 
discussed in Section 4.2.5, the lack of symmetry in the experiments occurred due to slip in the 
connection regions, which was not considered in the models. 
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Table 5-3 - Comparison of Loads in Panels at Positive Drift Levels 
 

Panel Load (kN) at various Panel Drifts 
Panel 

0.1% 0.25% 0.5% 0.75% 1% 1.5% 2% 

Panel 1 
(Exp.) 12.9 21.9 34.0 41.7 45.0 45.5 29.9 

ECC1 
(Sim.) 12.4 25.5 35.8 39.8 41.9 38.9 33.2 

Panel 4 
(Exp.) 22.7 35.9 46.7 47.7 44.0 33.9 26.3 

ECC2 
(Sim.) 22.4 41.1 52.7 51.3 49.4 45.2 42.1 

Panel 6 
(Exp.) 21.3 28.4 38.7 39.9 34.7 26.8 26.0 

ECC2 
Taper 
(Sim.) 

16.1 28.8 43.1 44.0 41.7 42.0 37.7 

 

Table 5-4 – Comparison of Energy Dissipation in Experimental and Simulation Results 
 

Energy Dissipation (kN-m) at Different Panel Drift Levels 
Panel 

0.1% 0.25% 0.5% 0.75% 1% 1.5% 2% 
Panel 1 
(Exp.) 0.0183 0.0762 0.238 0.533 1.01 2.01 2.96 

ECC1 
(Sim.) 5.4e-5 0.00946 0.102 0.335 0.717 1.71 2.45 

Panel 4 
(Exp.) 0.0281 0.129 0.449 0.981 1.65 2.71 3.71 

ECC2 
(Sim.) 0.0074 .0499 0.285 0.853 1.81 3.53 5.82 

Panel 6 
(Exp.) 0.0216 0.0963 0.323 0.750 1.32 2.21 3.10 

ECC 2 
Taper 
(Sim.) 

0.0058 0.0365 0.147 0.479 1.12 2.50 4.10 
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5.2.4 Panel Connection Bolt Models 
 
In Sections 4.2.10 and 4.3.5, the experimental results from the panel connection bolts at the panel 
base were presented.  These pretensioned bolts connected the angles at the base of the panel to 
the stiffened reaction beam.  No other connections were used to connect the panel to the reaction 
beam.  During panel testing the measured force in the pretensioned connection bolts varied with 
the lateral load applied to the panel. 
 
To examine the variation in panel connection bolt force, a series of simulations were performed 
with a more detailed model of the connection region between the base of the panel (Panel 2) and 
the stiffened reaction beam.  A picture of the reaction beam is given in figure 4.5.  Figure 5-12 
shows a schematic of the panel base, with the finite element mesh shown in figure 5-13.  Figure 
5-14 shows a schematic side view of the connection region.  The finite element model included 
the stiffened reaction beam, the load cells, panel connection bolts and the connection angles.  
The models were comprised of two-dimensional plane stress elements. 
 
In the finite element model, a row of interface elements was used at the interface of the steel 
angle and the stiffened beam.  The interface elements did not allow the transfer of tensile loads 
from the angle to the stiffened beam.  Two-noded truss elements were used in the model to 
represent the pretensioned connection bolts.  The truss elements provided a mechanism for the 
transfer of tensile loads from the angles to the stiffened beam.  Beam elements, representing the 
load cells also were used in the model.  The truss elements were only connected to the model at 
the angle and at the bottom end of the beam element.  The load cell elements and bolt elements 
overlap in figures 5-12 to 5-14.   The truss elements had the same length as the panel connection 
bolts in the experiment.  The two panel connection bolts in the model were combined as one bolt 
in the two-dimensional model based upon their position along the panel base.  Figure 4.10 shows 
a plan view of the panel base, with the bolt groupings indicated. 
 
The model was simplified by only including the top flange of the stiffened beam, which was 
assumed to be continually supported in the vertical direction.  The large number of vertical 
stiffeners along the beam length, combined with the vertical support provided by the beam web 
justify this assumption (figure 4-5).  The remaining portions of the base connection bolt models 
were identical to the models described in Section 5.2.1. 
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Figure 5-12. Schematic of infill panel test setup 
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Figure 5-13. Finite element mesh from detailed simulation of panel base 
 

 
Figure 5-14. Side view of panel base 
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To examine the response of the pretensioned bolts, a cyclic displacement to +/- 1% drift was 
simulated.  Two different levels of pre-tensioning in the bolts (67 kN and 111 kN) were 
considered in the simulations.  The levels of pretensioning were selected to approximate the 
values used in the experiments.  The principle strain contours at different drift levels were 
examined to determine if localized yielding occurred in either the connection members or in the 
top flange of the stiffened reaction beam.  The load drift response of the panel was also examined 
to verify if the detailed base simulations matched the results of the simulations using a simplified 
model of the base (Section 5.2.2). 
 
A primary goal of the simulations was to examine the variation in pretensioned connection bolts 
to evaluate the behavior observed in the experimental results.  In the experimental results 
(discussed in Section 4.2.10), the second set of bolts from the panel end (bolt pairs 2 and 8 or 5 
and 11) showed a higher increase in load than the bolts closest to the edge of the panel (bolts 
pairs 1 and 7 or 6 and 12).  The simulation results were used to evaluate this observation.  The 
results were also examined to verify the experimentally observed load distribution across the 
base of the panel. 
 
5.2.5 Panel Connection Bolt Results 
 
The initial results from the simulations, not presented here, showed a greater change in bolt force 
in the bolt pair at the edge of the panel connection (bolts pairs 1 and 7 or 6 and 12) than in the 
second set of bolt pairs, which was inconsistent with the experimental results.  The reason for the 
lack of agreement was explained by examining the transfer of load through the connection region 
as follows. 
 
In the simulations, the material in the connection region was assumed to be elastic across the 
length of the connection.  The assumption of linear behavior in the connection region was based 
upon a further assumption that the pretensioned panel bolts would provide precompression that 
prevented damage of the confined material.  However in the experimental results, cracking was 
observed at the exposed edges of the panel.  The cracking can be seen in figures 5-15 and 5-16, 
which show pictures taken during testing of Panels 1 and 3, respectively.  The extent of cracking 
damage in the connection region can be seen in figures 5-17 and 5-18, which show the 
connection region of Panels 2 and 4, respectively, after completion of testing. 
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Figure 5-15. Cracking in connection region of Panel 1 during test 
 

 
Figure 5-16. Cracking (highlighted for clarity) in connection region of Panel 3 during test 
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Figure 5-17. Cracking in connection region of Panel 2 after test 
 

 
Figure 5-18. Cracking in connection region of Panel 4 after test 

 
The cracking of the ECC at the periphery of the connection region resulted in a decrease in 
stiffness and strength of the cracked material relative to the uncracked material in the core of the 
connection region.  By not allowing this damage to occur in the model, more load could be 
carried in the end bolt pairs in the simulations. 
 
To account for the damage in the material at the perimeter of the connection region, the finite 
element model was modified.  The modification consisted of changing the material model in the 
elements at the edge of the panel from the composite confined material to the ECC material.  The 
modification resulted in the steel at the edge of the connections not contributing to the stiffness 
of the connection region, which was appropriate since the steel in the area was not physically 
connected to the panel as evidenced by the cracking of the ECC and measured slip in the 
connection region (Section 4.2.5).  The reinforcing steel geometry in the connection region was 
also rounded to model the shape of the perimeter bar more accurately. 
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The simulations were repeated with modifications described above.  Figure 5-19 shows a 
comparison of the results (up to 1% drift) from the simulations with the detailed base model 
compared with the experimental results obtained from Panel 2 (using ECC1) and from a 
simulation using the simplified base model.  The results show the ability of the detailed 
connection model to capture the test results with similar accuracy as the simplified model. 

 
Figure 5-19. Comparison of simulation and experimental results from Panel 2 

 
The change in bolt force results shown in this section were obtained using the procedure 
discussed in Section 4.3.6.  Figure 5-20a and 5-20b show comparisons between the variations in 
panel connection bolt force obtained from the simulations and the measured experimental results 
from Panel 2.  A pretensioning force of 67 kN was used in these simulations.  To simplify the 
graphs, three pairs of bolts are presented in each figure. 
 
The results indicate that the simulated bolt tension forces followed the same trends and had 
similar magnitudes as the experimental results from Panel 2.  The difference between bolt pairs 2 
and 8 in the simulations and experimental results was a consequence of the lack of symmetry in 
the experimental results.  As seen in the experimental results in figure 4-70, the change in bolt 
load in bolt pairs 2 and 8 was lower than that observed in bolt pairs 5 and 11.  The simulation 
results from the same bolt pairs were symmetric.  Similar results were obtained from the 
simulations with a bolt pretensioning force of 111 kN (representing Panel 3, 4 and 5). 
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Figure 5-20. Comparison of simulation and experimental results from Panel 2 connection bolts  
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21 shows a close-up view of the displaced shape of the base of the panel at 0.75% drift.  The 
damage in the confined ECC at the connection edge precludes the material from carrying load.  
The greater elongation and thus higher load of the second bolt pair, relative to the first is 
apparent in the figure. 
 
To examine the impact of the retrofit installation on the connection region, the principle strains 
in the simulation results can be studied.  Figure 5-22 and 5-23 show the principle tensile and 
compressive strain contours, respectively, obtained from the simulation with a 67 kN initial 
pretensioning force in the panel connection bolts at 1% panel drift.  The upper and lower limits 
of the tensile strain contours were equivalent to the yield strain of the steel reaction beam and 
connection angles in the connection region.  As seen in the figure, the strains in the steel 
members in the connection region were well below the yield strain.  Yielding of the steel 
members in the connection regions was not observed in any of the simulation results (i.e. 
different panels and different initial pretensioning levels) up to 1% panel drift.  The 1% drift 
limit corresponded to the maximum drift level examined in the frame analysis. 

 

 

 

 

 

 

 

 

 
Figure 5-21. Displaced shape of connection bolt model at 0.75% drift with tensile strain limit 

of 0.0017 
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Figure 5-22. Principle tensile strain contour with strain limit of 0.0017 

 

Figure 5-23. Principle compressive strain contour with strain limit of -0.0017 
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5.2.6 Summary of Infill Panel Simulations 
 
In Section 4, the results from experimental tests on ECC infill panel tests were presented.  In this 
section, finite element-based simulations were performed to model the experimental results.  The 
material model used for the ECC material was developed based upon the material testing results 
presented in Sections 2.3 and 2.4 of Kesner and Billington (2004).  In Section 5.1, the model was 
shown to capture general features of the cyclic response of ECC materials. 
 
The infill panel simulations demonstrated the ability of the modeling approach to capture the 
experimental response of the infill panels.  The results from uniaxial tension and compression 
tests on ECC and steel were used as input parameters for the material models.  The simulations 
were able to capture the variation in stiffness, load capacity, and the onset of softening observed 
in the experimental results.  Energy dissipation and residual strength was not captured as well 
due to the lack of modeling development failure (e.g. bondslip) and fracture of the 
reinforcement. 
 
Detailed models of the panel connection bolt region were used to examine the transfer of load 
from the panel into the connection area.  The variation in panel connection bolt tension in the 
simulations was consistent with the observed experimental results.  Agreement between the 
results allows for the simulation results to be used in the design of ECC infill panel connections. 
 
The results of the panel connection bolt simulations indicated that local yielding in the 
connection regions (e.g. the base beam) does not occur as a consequence of the infill panel 
installation.  This an important observation within the context of using the infill panels to prevent 
damage in structures during seismic events.  The impact of infill panel installation on the 
structure is further evaluated in Section 5.3. 
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5.3 Examination of Infill Installation in Existing Structures 
 
In Section 2.5, the results from analyses of a one story, one bay steel frame with infill panels 
installed were presented.  These analyses demonstrated the ability of the beam-type ECC infill 
sections to increase the strength, stiffness and energy dissipation capabilities of the frame 
without causing premature damage to the frame. 
 
In the initial analyses, presented in Section 2.5, the frame members were modeled using two-
noded beam elements, with the infill panels linked to the frame with nodal constraints.  To 
examine further the impact of the retrofit installation on the frame, more detailed models of the 
connection between the beam-type infill sections and the frame members were used. 
 
In the detailed analyses presented in this section the response of the bare frame as well as the 
frame with two and six beam-type infill sections are presented .  These results are used to assess 
the impact of the beam-type infill sections on the frame. 
 
5.3.1 Model Descriptions 
 
To examine the impact of the retrofit installation on the frame, the initial analyses from Section 
2.5 were repeated using two-dimensional continuum models comprised of four-noded plane 
stress elements for the frame.  The infill panels and the connection of the infill panels to the 
frame were simulated using the approach discussed in Section 5.2.5.  These detailed models 
provided a more realistic representation of the connection of the infill section to the frame 
members than the simplified methods used in Section 2.5. 
 
Figure 5-24 shows the finite element model of the bare frame.  The frame member geometries 
are summarized in table 5-5.  Figure 5-25 shows a model with the infill panels added.  Similar to 
the geometry used in Section 4.5, the infill panels in the models were 762 mm wide by 1549 mm 
tall by 100 mm thick.  Two infill panels comprise a beam-type infill section.  A gap of 50 mm 
was used between the beam-type infills.  A gap of 25 mm was used between the top (or bottom) 
of the panels and the frame, and a 50 mm gap was used between the halves of the beam-type 
infill sections.  The connection members were 25 mm thick (the equivalent of two 12.7 mm thick 
connection tabs).  The bases of the column members were fixed.  The beam-column joints were 
assumed to be full moment connections.  Results from these models will be compared to results 
obtained from models in which the frame members are comprised of beam elements. 
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Figure 5-24. Finite element model of bare frame 

 

Figure 5-25. Finite element model of frame with infill sections added 
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Table 5-5 – Frame Member Geometric Properties (in mm) 
 

Member Flange width Flange 
thickness  Web thickness Member 

depth 

Column 254 15.2 9.4 254 

Beam 229 17.8 11.2 635 

 
Two types of connections were used between the infill sections and the frame member.  The 
connections were intended to simulate either bolted or welded connections between the bottom 
flange of the beam member and the beam-type infill sections.  The bolted connection was 
simulated using interface elements between the bottom flange of the beam and the infill 
connection member (as described in Section 5.2.5).  Six pairs of bolts, spaced 75 mm apart were 
simulated in the connection.  In the welded connections, the bottom flange and infill connection 
elements were connected at common nodes. 
 
To examine the response of the models, a cyclic displacement to varying drift levels (+/-0.1%, 
0.25%, 0.50%, 0.75% and 1.0%) was simulated.  The loading history was selected to correspond 
to the results presented in Section 2.5.  The material properties used in the analysis are shown in 
table 5-2.  The ECC1 material model was used in these analyses. 
 
5.3.2 Bare Frame Results 
 
Figure 5-26 shows the load-drift response of the bare frame, comparing the beam model (frame 
members modeled using beam elements) from Section 2.5 with the plane stress model.  The 
results from the beam model were slightly stiffer than the results from the plane stress element 
model.   
 
Figures 5-27 to 5-29 show principle strain contours at drift levels of 0.5%, 0.75% and 1.0% drift 
from the bare frame with plane stress elements.  The upper limit on the strain contour is 0.0017, 
which is the yield strain of the steel in the bare frame.  The load-drift results and the principle 
strain contours show the onset of yielding at a drift level of 0.75% in the plane stress models.  
The onset of yielding occurred at a similar drift level in the beam element model.  Yielding of 
the steel members was confined to the beam-column joint region in both models.  These results 
serve as baseline values to assess the impact of the beam-type infill sections on the frame. 
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Figure 5-26. Comparison of results from simulations of bare frame 

 

Figure 5-27. Principle strain contour from bare frame at 0.5% drift 
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Figure 5-28. Principle strain contour from bare frame at 0.75% drift 

Figure 5-29. Principle strain contour from bare frame at 1.0% drift 
 
5.3.3 Infilled Frame Results 
 
To assess the impact of the beam-type infill on a steel frame, the installation of two and six 
beam-type infill sections was examined.  Figures 5-30 and 5-31 show the load-drift results 
obtained from simulations with the two and six beam-type infill section additions, respectively.  
The results obtained from the simulation with the beam elements (Section 2.5) are also shown in 
the figures. 
 
Only minor differences in the load-drift response were observed between the different 
connection types. The models made with the plane stress elements have a lower stiffness than the 
simulations with the beam elements, as was seen in the bare frame simulations.  Consistent with 
the results presented in Section 2.5, the beam-type infill additions resulted in significant 
increases in the stiffness, strength and energy dissipation compared to the bare frame. 
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Figure 5-30. Comparison of results from simulations of frame with 2 beam-type infills added 

 

 
Figure 5-31. Comparison of results from simulations of frame with 6 beam-type infill sections 
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A primary goal of the simulations was to examine the local impact of the beam-type infill 
sections on the frames.  The impact of the infill installation on the existing frame can be assessed 
from an examination of the principle strain contours obtained in the simulations.  Figure 5-32 
and 5-33 show principle strain contours obtained from the two and six beam-type infill additions, 
respectively, with bolted connections.  Figures 5-34 and 5-35 show the same results with the 
welded connections.  All of the strain contours were taken at a drift of 1%.  The upper limit in 
the strain contours is again 0.0017, the yield strain of the steel frame members (0.0017 is well 
below the 0.025 peak strain in the ECC). 
 
In the strain contours shown, localized yielding of the frame members was not observed at the 
infill-to-beam connection regions.  All of the yielding in the structures was confined to the beam-
column joints and the column bases.  Similar to the results of the bare frame simulations, 
yielding of the frame with the beam-type infill additions began at a drift level of approximately 
0.75%.  Significant differences were not observed between the modeling of bolted and welded 
connections.  It is noted that these results are specific to the retrofit and frame modeled here and 
serve only as an indication of the impact of beam-type infills.  The impact is expected to vary 
depending on the type of frame being retrofit. 

 

 
Figure 5-32. Principle strain contour from frame with 2-beam type infill sections added (bolted 

connections) at 1% drift 
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Figure 5-33. Principle strain contour from frame with 6 beam-type infill sections added (bolted 

connections) at 1% drift 

 

 
Figure 5-34. Principle strain contour from frame with 2 beam-type infill sections added 

(welded connections) at 1% drift 
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Figure 5-35. Principle strain contour from frame with 6 beam type infill sections added 

(welded connections) at 1% drift 
 
5.3.4 Examination of ECC Compressive Softening 
 
In Section 2.4 of Kesner and Billington (2004), the results of cyclic testing on ECC materials 
were presented.  One of the key findings in the testing was a limitation on the tensile strain 
capacity of the ECC material when the peak compressive stress (stress at the onset of 
compressive softening) was exceeded.  This limitation on tensile strain capacity is not included 
in the formulation of the ECC material model used (Section 5.1). 
 
To determine if compressive softening occurred, the principle compressive strain contours were 
examined.  Figure 5-36 and 5-37 show the contours for the models with 2 and 6 beam-type infill 
elements respectively, at 1% drift.  The upper limit of the strain contours was –0.008, which 
represents the strain level at the onset of compressive softening.  It should be noted that the value 
of –0.008 is lower than used in the comparisons discussed in Section 2.5.  The difference 
occurred due to the reduction in the ECC modulus of elasticity.  In both of the models the 
compressive strains in the infill sections were below -0.008, which indicates compressive 
softening has not occurred in the panels.  The lack of compressive failure of the ECC was 
consistent with the laboratory test results presented in Section 4. 
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Figure 5-36. Principle strain contour from frame with 2 beam-type infill sections added 

(welded connections) at 1% drift 
 

 
Figure 5-37. Principle strain contour from frame with 6 beam-type infill sections added 

(welded connections) at 1% drift 
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5.3.5 Summary of Installation Simulation Results 
 
The analyses presented in this section facilitated evaluating the impact of the beam-type infills 
on steel frames.  The 2-dimensional continuum models were comprised of plane stress elements.  
The models were intended to provide a more accurate representation of the connections between 
the ECC infill sections and the frame members than the analyses presented in Chapter 2.  The 
simulation results were also used to determine if the peak compressive strength of the ECC in the 
panels would be exceeded at 1% drift.  The three major findings from the simulations were: 
 

1. The infill additions will not result in localized yielding at the connection of the infills 
to the frame members for the retrofit and frame system investigated here. 

2. Compressive softening of the ECC infill sections was not observed at the peak drift 
level (1% drift) in the simulation. 

3. The drift level at the onset of yielding in the infilled frame was similar to the drift 
level at the onset of yielding in the bare frame.  This indicates the infill additions did 
not result in premature yielding of the frame examined here. 

 
These findings point to the potential of an ECC infill system to retrofit structures 

effectively.  However the ability of the ECC infill system to either delay or cause a premature 
onset of yielding in a frame will depend on the retrofit arrangement and the existing frame being 
retrofitted.. 
 
5.4 Summary of Infill Simulations 
 
The results presented in this section focused on the use of finite element simulations to examine 
the behavior of the ECC infill system under investigation.  The simulations utilized a material 
model specifically developed from the cyclic test results presented in Section 2.5 of Kesner and 
Billington (2004).  The material model used the results from uniaxial tension and compression 
tests as the input parameters. 
 
The ECC material model was used to simulate the single panel infill tests, as presented in 
Section 4.  The simulations were able to capture the strength, stiffness, and onset of softening 
obtained in the panel tests with reasonable accuracy.  Residual strength and energy dissipation 
were not captured as well due to a lack of modeling bond, development and fracture failure of 
the steel reinforcement.  To capture accurately the strength, stiffness and onset of softening from 
the experimental results, the modulus of elasticity of the ECC needed to be reduced by 50-75%.  
The reduction accounts for the effects of shrinkage cracking and slippage in the connection 
regions.  Based upon the experimental results presented in Section 4.3.6, slippage was the 
primary cause of the stiffness decrease. 
 
Simulations were also performed to examine the transfer of load from the panels into the base 
structure.  These simulations used a more detailed model of the connection region than was used 
in the panel test simulations.  The simulations were able to predict approximately the variation in 
panel connection bolt force measured during the panel tests as well as demonstrate the reason for 
an interior set of bolts carrying more load than the exterior bolts.  Such simulations can be used 
to design connections in the infill system. 



 

 177 
 

 
The effect of the addition of ECC infill sections on an existing structure was examined by 
repeating some of the analyses presented in Section 2.5 with more detailed models.  The new 
models used the detailed connection models and a more detailed representation of the steel 
frame.  The results indicated that the ECC infill sections will not result in localized yielding at 
the connection of the infill section to the particular frame under investigation.  Furthermore, as 
identified in Section 2, the infill installation did not lead to premature yielding of this frame 
relative to the bare (unretrofitted) frame. 
 
The simulation results also were examined to determine if the compressive stresses in the ECC 
infill sections exceeded the peak compressive stress in the material, which would limit the 
advantageous tensile strain capacity of the ECC.  The results indicated that compressive 
softening of the ECC does not occur up to drifts of 1%.  Further simulations are needed beyond 
1% drift and should include bond, development and fracture failure modes for the reinforcement 
to study the compressive and tensile performance of ECC at higher drifts. 
 
The findings presented in this chapter indicate that the ECC infill system is a viable and effective 
approach to retrofitting steel framed structures.  Further research is necessary prior to 
implementation, as discussed in Section 6. 
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Section 6 
Summary and Conclusions 

 
6.0 Introduction 
 
The research presented herein developed an infill wall system for use as a retrofit system in 
critical facilities with steel frames.  The proposed infill system was unique in its use of an ECC 
material in lieu of a traditional concrete or masonry.  The focus on retrofit strategy development 
for critical structures addressed the needs of the MCEER research program (Program 2) that 
sponsored this research (MCEER, 2000).   
 
The research was divided into two main areas.  The first area developed the infill panel system to 
address the specific needs of critical facilities.  The second area of the research used a 
combination of large-scale experiments and finite element simulations to evaluate the 
performance of the infill system. 
 
The following sections provide a summary of the specific areas of the project and present 
conclusions from the work.  The final section ends this report with suggestions for future 
research that will build upon this work and facilitate implementation of the developed retrofit 
system in practice. 
 
6.1 Summary 
 
The infill system was developed to address the specific needs of critical facilities.  Aspects of 
previous infill research were combined with the specific needs of critical facilities.  The resulting 
system uses precast ECC infill panels with pretensioned bolted connections between the panel 
sections and at the existing structure.  Based upon the results of finite element simulations, a 
beam-type infill orientation that partially filled a structural frame was determined to be 
preferential over a traditional full frame infill (wall) system. 
 
Initial simulations were used to design and conduct a series of experimental tests on connection 
details and full size infill sections.  The connection tests verified the suitability of the 
pretensioned connections.  The infill panel tests evaluated the response of the infill panels, made 
with different ECC materials, reinforcement and geometries to cyclic loadings.  The results 
indicated that different amounts of strength, stiffness, and energy dissipation in the panels can be 
obtained from the panels.  All of the panels tested failed in a predominantly flexural mode.   
 
Finite element simulations were used to study further the effect of infill additions on the response 
of a frame to cyclic loadings.  These simulations used a material model for the ECC that was 
developed by colleagues (Han, et al., 2003) from the cyclic testing on the materials performed 
described in Kesner and Billington (2004).  The simulations confirmed that the beam-type infill 
additions will increase the strength, stiffness and energy dissipation of the structures.  Adverse 
effects, such as localized yielding at the connection regions between the infill sections and the 
frame were not observed in the simulation results.  Furthermore, the compressive strains in the 
retrofit were below the peak compressive strain level (strain level at the onset of softening), 
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which was important as compressive strain above the peak act to reduce the tensile strain 
capacity of the material. 
 
6.2 Conclusions 
 
The key findings and conclusions from the infill system investigations and development were: 
 

• A beam-type infill system using precast ECC infill sections is advantageous over 
a traditional full wall infill.  The beam-type infill was found to increase the 
strength, stiffness and energy dissipation in a prototype frame, while protecting 
the frame from yielding.  The full frame (wall) infill caused premature yielding of 
the frame members at low drift levels.  Further, the beam-type infill uses the ECC 
material more efficiently by allowing the tensile strain capacity of the ECC to be 
used in conjunction with steel reinforcement. 

 
• Pretensioned bolted connections are a viable method to connect ECC infill 

sections. 
 

• A variety of performance characteristics can be obtained with different materials, 
panel geometries, and reinforcement orientations in the infill panel system.  Such 
variety makes the system an ideal choice for performance-based design. 

 
• The infill panels are expected to fail at structural drift levels above 1%, with panel 

failure cause by localization of a crack at the panel base leading to ECC failure (in 
tension) and reinforcement fracture. 

 
• 2D finite element simulations were able to capture the experimental response of 

the infill panels with reasonable accuracy using a material model based on the 
results of the uniaxial tension and compression tests performed in another part of 
this research. 

 
• The simulation results indicated that the infilled frame studied can reach drift 

levels of 0.75% without damage to the existing structure.  A drift of 0.75% is at 
the upper drift limit suggested in the building performance guidelines for critical 
facilities (FEMA-273, 1999) 

 
• Detailed simulations were able to verify the ability of the proposed infill system 

to strengthen and stiffen existing structures without localized damage at panel 
locations. 
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6.3 Recommendations for Future Work 

 
In the preceding sections, an ECC panel infill system was developed and investigated as a 
possible retrofit strategy for critical structures.  To develop the system for implementation, 
additional research will be needed.  The following sections briefly describe some of the required 
research. 

 
6.3.1 Full Scale Testing and Simulation 
 
In Section 4, the results of single panel tests on ECC infill sections were presented.  These results 
were augmented by simulations of infill system performance in a single story, single bay frame 
(presented in Section 5).  To develop the system for implementation, additional testing and 
simulation on larger scale structures are needed. 
 
Larger scale testing of infilled frame sections is also needed to verify construction methods and 
performance of the larger infill sections.  The testing will need to include more complicated 
loadings at variable strain rates than the simple cyclic displacements used in the current study, 
and must also include the effects of possible axial loads on the panels. 
 
Larger scale simulations are also needed to examine the effect of infill additions on multi-story, 
multi-bay frames.  In particular, the ability of the infilled structures to satisfy the performance 
limits of critical facilities needs to be evaluated (ongoing work being conducted by other 
MCEER researchers). 

 
6.3.2 Cost Evaluation 
 
The proposed retrofit system has the potential to improve the performance of critical facilities 
during seismic events.  However, the system will not be viable as a retrofit strategy unless it 
provides the desired level of performance at a cost that is competitive with other retrofit 
strategies.  Realistic assessment of the infill system cost must include both the cost of retrofit 
installation and an examination of the advantages of the proposed system (such as minimizing 
the need for utility relocation, minimizing construction time, ease of future infill 
relocation/replacement) over traditional retrofit systems. 
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