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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 University 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 developing
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 partnerships.

The study described in this report describes the testing performed to examine the potential use and
behavior of engineered cementitious composite (ECC) materials in lieu of traditional materials. The
materials are proposed for use in seismic strengthening and retrofit applications. Specifically, an
infill panel system was developed that uses the pseudo-strain hardening properties of the ECC
materials. Laboratory studies examined the effect of different curing and drying times, the tensile
response of different specimen geometries, and the response of ECC materials to reversed cyclic
loadings. The ECC materials investigated showed a wide range of tensile properties as a function
of specimen geometry and constituent materials. Other key findings are summarized in the
Conclusions section of the report. This study is the first to investigate the response of the ECC
materials to reversed cyclic loadings.
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ABSTRACT

The research presented herein describes the testing performed to examine the potential
use of engineered cementitious composite (ECC) materials in lieu of traditional materials. The
materials are proposed for use in seismic strengthening and retrofit applications. Specifically an
infill panel system is developed that utilizes the pseudo-strain hardening properties of the ECC
materials.

Laboratory studies were used to examine the effect of different curing and drying times,
the tensile response of different specimen geometries, and the response of ECC materials to
reversed cyclic loadings. The examination of curing and drying times indicated that extended
wet curing periods, followed by a drying period were needed to optimize the tensile strain
capacity of the material. Significant variations in tensile strain capacity were observed with
different specimen geometries. The cyclic testing results indicated the ECC materials have a
unique response to cyclic loadings with the stiffness of the material varying with the applied
strain and loading history.
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Section 1
Introduction and Overview

1.0 Introduction

The research presented herein focused on the development of an innovative composite material
for use in seismic strengthening and rehabilitation applications. Specifically, engineered
cementitious composite materials (ECC), which exhibit 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 sections describe how applications that utilize these materials are developed for
seismic strengthening and retrofit applications.

The development of seismic strengthening and retrofit applications 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 tests
are described in this report. 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 retrofits. These results are described in Kesner and Billington (2003).

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:

1. Utilize the unique properties of ECC materials in structural retrofit applications.
2. Development of retrofit strategies for critical structures such as hospitals.

The two areas of the research were essential in providing practical bounds to the research. 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.

The development of retrofit strategies for critical structures addresses some of the needs of the
MCEER research program (Program 2), which sponsored the research (MCEER, 2000). A
primary thrust of the MCEER research project has been 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 extensive damage
was observed in nonstructural components of hospitals during the Northridge earthquake
(OSHPD, 1995).



1.1 Overview

ECC materials were largely developed under the direction of Prof. Victor Li (Li and Leung,
1992). This original research focused on the evaluation of the micro-mechanical basis of ECC
materials, and how the material properties could be developed for engineering applications (L1,
1998). Section 2 presents a brief review of the engineering principles used in the development of
ECC materials. To develop strategies for the use of ECC materials, laboratory tests were needed
to examine the effects of curing and drying conditions, the use of new fiber types, and to

evaluate the response of the material to reversed cyclic loading. Results from the cyclic load
testing were used to develop a material model for the ECC (Han et al., 2003). The laboratory
test results are presented in Section 3.

A summary of the research program and conclusions are presented in Section 4. Several
suggestions for future research are included; these are intended to expand upon the research
presented in this report.



Section 2
ECC Materials Literature Review

2.0 Introduction

Engineered cementitious composite materials (ECC), which exhibit a pseudo-strain hardening
response in tension, represent an innovative composite material. The material is comprised of a
Portland cement paste or mortar matrix with a low volume fraction of fibers such as ultra high
molecular weight polyethylene (UHMWPE) or polyvinyl alcohol (PVA) fibers. The unique
feature of the material is its ability to exhibit multiple cracking in tension, which provides
significant tensile strain capacity, in contrast to the brittle behavior of traditional cementitious
materials. Continued development of the materials will give engineers greater flexibility to
design and rehabilitate structures to withstand seismic and other types of loading.

ECC materials are part of a larger class of materials, fiber reinforced concrete (FRC). In this
section, background information is presented that describes the micro-mechanical principles and
analysis used in the development of ECC materials. Some of the differences between ECC and
FRC materials will also be highlighted. A review of applications of ECC materials will also be
presented.

2.1 ECC Material Behavior

Traditional unreinforced, cementitious materials do not possess significant tensile strain capacity
(typically less than 0.015% strain) or tensile strength (typically less than 3.5 MPa). The behavior
of traditional unreinforced, cementitious materials is in contrast to ECC materials, which rely
upon a small volume fraction of fibers to bridge and stabilize the cracks that occur when the
material is loaded in tension. The fibers in ECC give the material tensile strain capacities
ranging from 0.5 to 6% and tensile strengths from 2 to 8 MPa (Li, 1998a). Figure 2-1(a) shows a
comparison of the uniaxial tension behavior of ECC with plain and traditional fiber reinforced
concrete. Figure 2-1(b) shows an example of the multiple cracks which give rise to the pseudo-
strain hardening behavior of ECC materials.

The majority of research into the development of ECC materials has been performed at the
University of Michigan under the direction of Prof. Victor Li. The approach used to develop the
material is based upon tailoring the micro-mechanical properties of the material to produce
steady-state cracking when the material is loaded in tension. Steady-state cracking refers to
cracks propagating in the material without an increase in applied load. This results in pseudo-
strain hardening behavior when multiple cracks are able to form in the material as seen in figure
2-1. (Li, 1998a) The pseudo-strain hardening in the materials refers to the increase in stress in
the materials with increasing strain after the initial crack formation. The pseudo-strain hardening
is similar in nature to plastic deformations observed in metals, however both arise from different
mechanisms.

The ductile, strain-hardening response of ECC materials to tensile loadings is a direct
consequence of the pullout of fibers from the cement matrix. In the following sections the
pullout behavior of the fibers is reviewed to highlight the micromechanical basis for the tensile



response of ECC materials. These principles are then be used to evaluate critical fiber properties
and matrix characteristics for this research.

ECC (ductile, strain-hardening) |
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Figure 2-1.  (a) Comparison of stress / strain behavior of Portland cement-based materials
under uniaxial tension, (b) and multiple cracking exhibited by ECC materials

2.1.1 Fiber Pullout Behavior

The development of ECC is based upon evaluating the pullout behavior of the fibers from the
cement matrix (Marshall, 1985). In ECC materials, the fibers are used as a traction force (force
acting across the crack faces), bridging the cracks, with the load carried by the fibers increasing
with crack extension. Increasing crack extension results in the formation of multiple tensile
cracks as the fibers continue to pullout of the matrix. During pullout the fibers remain elastic
and may eventually completely pullout from the matrix.

In ECC materials, the formation of multiple tensile cracks results in a tensile stress-strain
response that is similar to that of strain hardening metals. This type of response has been termed
“pseudo-strain hardening” (Li, 1998). Multiple cracking arises as a result of the balance between
the increase in composite toughness and the stress-intensity factor increase at the crack tips, due
to applied load during crack extension (Li and Leung, 1992). The balance can be represented for
a single crack by:

Kip = Ki+ Kb (2-1)

where: Kip = Stress intensity factor at the crack tips during crack propagation
Ky = Stress intensity factor due to fibers bridging behind the crack tips
K; = Stress intensity factor across the crack flanks due to remote loading

In the absence of fibers, (2-1) will reduce to the basic equation from fracture mechanics in which
the stress intensity at the crack tip (Kyp) 1s equivalent to the stress intensity due to the applied
load (K;) (Anderson, 1995). When the stress intensity at the crack tip reaches a critical value
(Kic), the cracks in the specimen will propagate in an uncontrolled manner resulting in fracture
of the specimen. Figure 2-2 shows a schematic of the condition represented in (2-1).
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Figure 2-2.  Schematic of fibers bridging crack

The presence of fibers acts to decrease the stress intensity at the crack tips, allowing for
increased stress intensity due to remote loading prior to failure. The toughening effect due to
fiber bridging leads to the desired steady-state cracking. By preventing the uncontrolled
propagation of a single crack, the fibers allow for the formation of multiple cracks with
continued fiber pullout and hence the desired pseudo-strain hardening behavior.

The relationship between the fiber bridging force and crack opening results from fibers bridging
across a matrix crack. Due to the lack of chemical bond between the UHMWPE fibers and the
Portland cement matrix (UHMWPE fibers are inert), the stress-crack opening relationship is
based solely upon the pullout (frictional debonding) behavior of the fibers. In contrast to the
UHMWPE fibers, PVA fibers possess significant chemical bond between the fiber and matrix
(Redon et al., 2001; Li et al., 2001; and Li et al., 2002). To utilize these fibers in ECC materials,
the fibers are surface treated to minimize the amount of chemical bond, and allow for pullout of
the fibers from the matrix (Redon et al., 2001; Li et al., 2001; and Li et al., 2002). All fibers
used in ECC materials are sized to be short enough to allow for pullout from the matrix without
rupture.

From a shear lag analysis, as shown schematically in figure 2-3a, the initial pullout force, P, of a
single fiber from a Portland cement matrix, as a function of the fiber’s displacement, o, can be
represented by the following equation (Li and Leung, 1992, based upon original derivation by
Marshall and Cox, 1985):

P(8)=="[(1+n)-Er-d’ -7-5]0'5 (e”?) (for & < ) (2-2)

oy

(4-2-7)

[(1+7) Er-dr ]
debonding is completed for a fiber with an initial embedment length, L.
d¢ = fiber diameter
T = interfacial bond strength

_(n-E)
()

where: do= corresponding to the crack opening at which frictional




V¢ = fiber volume fraction in the composite

E¢ = fiber tensile modulus of elasticity

Vi = matrix volume fraction in the composite

E., = matrix tensile modulus of elasticity

e'® = as explained below accounts for the snubbing of the fibers as they are pulled
out of the matrix

0 = matrix elongation (u) plus fiber stretching and slippage, all due to load, P.

Unbonded lengtl&/— Matrix Fiber slippage at en l.
I Ti Matrix | MT .
Lo BN L N

5 1 8 T\ Fiber 5T> 5 l T Fiber
0
P P
(a) Prior to full debonding of fiber (b) After full debonding of fiber

Figure 2-3.  Shear lag analysis of fiber pullout from matrix. (Li and Leung, 1992, based upon
original derivation by Marshall and Cox, 1985):

The exponential function at the end of (2-2) accounts for the increase in fiber pullout force for
fibers inclined at an angle (0) to the loading axis. The snubbing coefficient, f, is an
experimentally determined coefficient that is specific to a matrix and fiber combination (Li, et
al., 1990). The use of the snubbing coefficient has been found to provide a good representation
of the actual behavior of flexible fibers with only frictional bonding occurring along the fiber’s
interface with the matrix.

When the fiber is fully debonded (& > dy), the load-displacement is mainly due to fiber slippage.
If the end stretching of the fiber is neglected for simplicity (consider the end of the fiber to be
unbonded), the relation between the fiber pullout load and displacement is a function of the
frictional bond force along the embedded portion of the fiber. This is shown schematically in
figure 2-3b, and can be described by the following equation:

P(5)=7Z'T'L'df'(1—%j'(€f'¢) (for L2 > 6> &) (2-3)

Where: L¢= length of the fiber.

(2-2) and (2-3) describe the pullout behavior of a single fiber from a matrix. To predict the stress
of the composite as a function of the crack opening displacement, the contribution of the
individual fibers can be integrated over the probability distribution function of the fiber



orientation angle (¢) and the centroidal distance of the fibers from the crack plane as shown
below (Li et al., 1990):

4-Vy
os(5) (” e j [[P(5) -p(z)-0z-9¢ (2-4)
where: p(¢) and p(z) represent the probability distribution function of the orientation

angle and the centroidal distance of fibers from the crack plane, respectively. For
a uniform, three dimensional, random fiber distribution, p(¢) = sin (¢) evaluated
from 0 to /2 and p(z) = 2 / L, evaluated from 0 to ((L¢/ 2) cos (¢)) (Li, et al.,
1990)

P(9) = the result obtained from (2-2) or (2-3) depending upon the displacement
range being considered

(2-2) to (2-4) can be used to evaluate the load or stress versus displacement relationship for a
fiber reinforced cementitious composite material. (2-4) will equal the remote applied stress in a
uniaxial tension test. The maximum value of (2-4) is referred to as the maximum bridging stress.

The maximum bridging stress represents an upper limit on the stress that can be transferred by
fibers across an individual crack. This can be represented as (Li and Leung, 1992):

ow= (4] 2-5)
2 dr
where: o» = maximum bridging stress (Li and Leung, 1992)

g = snubbing factor which is related to the snubbing coefficient, f

As seen in (2-5), the maximum bridging stress is solely a function of fiber and interface
properties, and the snubbing factor, g, which accounts for the effects of inclined pullout of the
fibers from the matrix. Matrix properties only influence the snubbing factor as the fibers pull out
of the matrix and do not have a direct influence on the maximum bridging stress. The maximum
bridging stress acts as an upper limit on the stress carried during pseudo-strain hardening.

2.1.2  Steady-State Cracking

Steady-state cracking is essential for ductility in ECC. Steady-state cracking occurs under two
conditions: (1) the stress at the midpoint of the crack must equal the first crack strength; and (2)
the crack-opening displacement at the midpoint of the crack must be less than the displacement
corresponding to the maximum bridging stress (Li and Leung, 1992). These two conditions
place limits on the stress and opening size of cracks. When the first requirement is satisfied, the
continued pullout of fibers will result in the formation of new cracks without an increase in
applied load. When the second requirement is satisfied, the crack will have a parabolic shape
with the cracks tips flattened out (Marshall and Cox, 1987). The flattened shape of the crack tips
(crack flanks) allows the fibers behind the crack tip to be effective in limiting the stress intensity
at the crack tips. If condition 2 is not satisfied, the crack will have sufficient opening width to



prevent the fibers across the crack faces from being effective in bridging the cracks. This will
prevent (2-1) from being satisfied, resulting in uncontrolled propagation of the cracks and a
failure of the material.

Using a fracture mechanics based derivation and assuming the cracks are pulled out without
rupture, and assuming a penny-shaped crack with fibers bridging across the crack surfaces, the
two conditions required for steady-state cracking can be satisfied in terms of a minimum required
fiber volume fraction. The following equation is the result of the derivation (Li and Leung,
1992):

R i (2-6)
T-dr {Lf) 5*
& dr
Where: Giip = energy release rate at the crack tip

g = snubbing factor related to the snubbing coefficient, f

8" = the maximum attainable value of & (corresponding to an embedment length
of L¢/ 2)

dp = the crack opening at which frictional debonding is completed for a fiber with
embedment length, L

T = interfacial bond strength between fiber and matrix

d¢ = fiber diameter

L¢ = fiber length

For typical fibers used in ECC, the critical fiber fractions have been found to range from 0.5% to
4% (Li and Leung, 1992). (2-6) suggests that as the fracture energy (as measured by the energy
release rate at the crack tip, Gyp) of the matrix increases, the fiber-volume fraction, Vi, must
increase to maintain steady-state cracking. Examination of (2-6) also indicates that optimizing
the following fiber properties is critical in the development of ductile cementitious materials:

e Elastic tensile modulus (Ef) (due to )
e Aspect ratio (L¢/dy)
e Interfacial bond strength (7)

Table 2-1 shows representative values of these properties for fibers that have been used in ECC
materials.



Table 2-1 — Fiber Properties

Fib Fiber Properties’
1ber Tensile :
Tvpe Modulus A:};E‘tiz{[io Interfacial bond  Applicable to
yp (GPa) (I}J /dr) strength (MPa) ECC materials?
£/ df
Steel 200 100 7 Yes
UHMWPE 120 300 1.0 Yes
Polyfg)og))ylene 6 70 0.7 No
Polyvinyl 40 300 22-38° Yes
Alcohol (PVA)
Fiberglass 80 3000 0.3 No

Values reported in Li and Leung, 1992

PVA fibers also possess some amount of chemical bond strength (Redon, et al. 2001; Li, et al., 2001; and Li, et
al., 2002)

3. Range of values reported in literature. (Redon, et al. 2001, Li, et al., 2001 and Li, et al., 2002)

N —

Critical fiber volume fractions represent the volume fraction (relative to the material volume) of
fibers necessary to ensure multi-cracking (pseudo-strain hardening) in the material. The use of a
lower fiber volume fraction (less than V) will result in a brittle or quasi-brittle response in
tension (similar to the schematic results shown in figure 2-1). The use of a higher volume
fraction of fibers will ensure multi-cracking. However, the high cost of the fibers relative to the
matrix material makes increased fiber volume fractions an undesirable option.

(2-6) shows that the minimum volume fraction of fibers to ensure multiple cracking can be
determined from simple material properties. Multiple cracking will continue in the material until
the condition shown in (2-1) is violated, which can occur when the maximum bridging stress is
exceeded, or sufficient crack opening exists to prevent the cracks tips from being blunted. The
extent of multiple cracking (extent of strain hardening) cannot be readily predicted from the
equations in the preceding sections due to uncertainties in the location of flaws, specimen size
effects, and fiber alignment effects.

Some of the research related to the behavior of fiber reinforced ceramic composites is also
applicable to the behavior of ECC materials. This research describes statistical aspects of
ceramic matrix strengthening by the addition of fibers. The failure of these materials involves
the formation of multiple cracks in the matrix and frictional sliding of the fibers at the matrix
fracture locations. Through the use of statistical measures, which model the effects of strength
distribution in the fibers, predictions are made of the ultimate strength and strain capacity of the
materials (Curtin, 1991a, Curtin, 1991b, and Phoenix and Raj, 1992). This type of behavior is
conceptually similar to the ultimate failure of ECC materials. The application of the statistical
methods to the failure of ECC material represents an area for future research.



2.1.3 Compressive Response of ECC Materials

The compressive response of ECC materials is expected to be similar to the response of mortar.
The lack of aggregate in the ECC materials is expected to result in a lower modulus of elasticity
compared to traditional concrete materials. The lower modulus of elasticity will occur because
typical aggregate materials have a higher modulus of elasticity than a Portland cement matrix
(Mehta, 1986). Li (1998a) examined the compressive behavior of ECC materials and found the
peak compressive strength is similar to traditional concretes and FRCs, with a lower modulus of
elasticity. The lower modulus of elasticity results in a higher strain at the peak compressive
strength when compared to more traditional cementitious materials.

2.1.4 Cyclic Response of ECC Materials

The response of ECC to cyclic loadings with both tensile and compressive cycles has not been
extensively examined in previous research. Fukuyama, et al. (1999) studied the cyclic response
of a PVA fiber ECC material. In the testing, the specimens were initially loaded in tension, to a
point beyond the peak tensile stress. After unloading, the specimens were loaded in compression
to failure. This testing allowed for the shape of the tensile-compressive strength envelope to be
determined. The effect of cyclic unloading and reloading in tension or compression was not
examined. Fukuyama, et al. addressed the effect of cyclic unloading and reloading in a later
paper (2002).

2.1.5 Use of Aggregates in ECC Materials

Li, et al. (1995) examined the use of aggregates in the matrix of ECC materials. The primary
goal of the investigation was to determine the proportion of aggregates that can be used while
maintaining ECC’s desirable tensile properties. The testing was conducted using various
combinations of quartz sand with a fine gradation (maximum particle size of 0.3mm). This
aggregate size was chosen to insure the viability of the compact tension specimens as a measure
of fracture toughness. A fiber content of 2% by volume of UHMWPE fibers was used in all of
the samples.

Testing included measurement of the fracture toughness, tensile strength, compressive strength,
and compressive modulus. Testing results were used to calculate the interfacial bond strength
for the fibers from the maximum bridging stress (2-5). Interfacial bond strength was not directly
measured in the program. The fracture toughness was measured using the geometry of a
standard compact-tension specimen.

The effect of the aggregate additions on tensile test results varied significantly depending upon
the amount of aggregate used. Without aggregate, a tensile strain capacity of over 5% prior to
the onset of softening was obtained. The tensile strain capacity of the material with aggregates
decreased in proportion to the amount of aggregate added. In specimens with a cement-to-
aggregate ratio of 2 (proportions by dry weight) the tensile strain capacity was reduced to 0.2%.
The decrease in strain capacity is caused by the increase in matrix fracture toughness when
aggregates are added, which force cracks to propagate a longer distance. The first crack tensile
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strength of the materials decreased in proportion to the amount of additional aggregate used in
the material.

The elastic modulus of the ECC with aggregate additions, as expected, increased in proportion to
the amount of aggregate added. An addition of 50% sand by weight of cement increased the
elastic modulus by 28%. Further additions in the sand proportion resulted in smaller increases in
elastic modulus. The compressive strength of the ECC did not correlate with the extent of
aggregate additions. The highest compressive strength was found in specimens with a cement-
to-aggregate ratio of 2. However, the compressive strength of ECC with a cement-to-aggregate
ratio of 0.5 was lower than that of ECC made without aggregate. The reason for this variation
was not apparent (Li, et al., 1995).

The matrix fracture toughness of the material increased in proportion to the amount of aggregate
added to the material. The matrix fracture toughness of ECC with a cement-to-aggregate ratio of
2 approximately doubled compared to the material without aggregate (Li, et al., 1995). The
increase in matrix fracture toughness requires an increase in the volume fraction of fibers to
ensure steady state cracking (Li and Leung, 1992).

2.1.6 Fiber Treatments

Several researchers have studied the use plasma treatment of UHMWPE fibers (L4, et al., 1996,
and Li and Netravali, 1992). The goal of the plasma treatment is to enhance the interfacial bond
strength of the fibers from the matrix. In the research by Li, et al. (1996) the treated fibers were
used in an ECC material. Li and Netravali (1992) examined the pullout of treated fibers from an
epoxy matrix. Results from both researchers showed an increase in single fiber pullout strength
when compared to pullout loads from untreated fibers. A higher bond strength will increase the
strength of ECC compared to ECC made with untreated fibers.

Surface treatments are being investigated for use on PVA fibers to limit the chemical bonding of
the fibers to the matrix. Research by Redon, et al. (2001), focused on evaluation of the pullout
behavior of single fibers that have been treated with oil to limit the chemical bond of the fibers to
the matrix. The treated PVA fibers pulled out of the matrix without rupture of the fibers. Li, et
al. (2001 and 2002) examined the uniaxial tensile response of ECC made with oiled PVA fibers.
The amount of oil on the fibers was varied to determine the optimal amount of oil needed to
increase the strain capacity of the materials. The investigation also examined the effect of the
surface fiber treatment on the aggregate additions. The results indicated that with higher oil
contents on the fibers, larger amounts of aggregates can be used in the ECC material. The higher
oil contents probably protect the fibers from being damaged by the aggregates during fiber
pullout, and act to decrease the resulting matrix fracture toughness.

2.2 Comparison of ECC to Other Ductile Cementitious Composite Materials
ECC materials are part of a larger class of fiber reinforced concrete (FRC) materials. The
primary difference between ECC materials and FRC materials is the ductile response of ECC in

tension. However, some other materials will exhibit a ductile response in tension. Such as those
studied by Majumdar (1970); Aveston et al. (1971); Kelly (1972); Hannant (1978); and Rossi,
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(1997) as well as slurry-infiltrated fiber-reinforced concrete (SIFCON) (see for example
Balaguru and Shah, 1992). The material examined by Majumdar (1970) used a gypsum plaster
matrix instead of a Portland cement. In this section the properties of three of these materials not
related to ECC are compared with the ECC materials. An overview of FRC materials is
presented in Balaguru and Shah. (1992)

2.2.1 SIFCON/SIMCON

SIFCON (slurry infiltrated fiber concrete) is a fiber-reinforced material that is comprised of steel
fibers that are pre-placed in a form with a Portland cement-based slurry later placed to fill the
spaces between the fibers (Balaguru and Shah, 1992). SIMCON (slurry infiltrated mat concrete)
is similar. However in SIMCON, the individual steel fibers are replaced with an interwoven mat
made of individual steel fibers (Krstulovic-Opara and Malak, 1997). Typically the slurry is
Portland cement with a supplemental cementitious material such as fly ash or silica fume, water
and a superplastizer. The water-to-cementitious materials ratio in the material is typically less
than 0.30, which necessitates the use of the superplastizer to ensure filling spaces between the
fibers (Balaguru and Shah, 1992). Both SIFCON and SIMCON have fiber volume fractions
between 8 and 20 percent, depending upon the fiber geometry, orientation and size. (Balaguru
and Shah, 1992; Krstulovic-Opara and Malak, 1997)

The unique feature of the SIFCON/SIMCON materials is the high toughness (area under
compressive stress-strain curve), and strain capacity of the material in compression. In tension,
the material will exhibit a strain hardening response, with peak strengths ranging from 2.5 to
over 15 MPa and tensile strain capacities ranging from 0.5 to 2% depending upon the orientation
and amount of fibers used in the material. The response in tension is a consequence of fiber
pullout from the matrix. Tensile failure occurs when the matrix begins to spall, allowing the
cracks to localize (Balaguru and Shah, 1992). Rupture of fibers has been reported in tension
testing of SIMCON materials (Krstulovic-Opara and Malak, 1997). The combination of high
tensile strength and strain capacity make the materials advantageous in energy dissipation
applications.

In compression, both SIFCON and SIMCON exhibit a significant amount of ductility after the
peak compressive strength is reached. The shape of the stress-strain curve will vary depending
upon the type and fiber volume fraction (Homrich and Naaman, 1987).

Applications are being developed that utilize the energy dissipation capacity of both SIFCON
and SIMCON (Summary of SIFCON in Balaguru and Shah, 1992; SIMCON applications are
summarized in Krstulovic-Opara and Malak, 1997). SIMCON SIFCON has also been
investigated for use in precast joint regions for seismic resistance (Soubra, et al. 1991).

2.2.2 HPMFRCC

High performance multimodal fiber reinforced cement composites (HPMFRCC) represent
another type of highly ductile fiber reinforced cementitious composite (Rossi, 1997). The
materials are comprised of Portland cement, silica fume, fine sand aggregate (diameter 400 pm),
superplastizer, steel fibers and water. A very low water-to-cementitious material (<0.20) ratio is
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used in the materials. Two different sizes of steel fibers are used, which is referred to as
“multimodal” in the name of the material. Small diameter steel fibers are used at the “material”
level to improve the strength and ductility of the material. Larger fibers are used at the
“structural” level to improve the load bearing capacity of the material (Rossi, 1997).

The uniaxial tensile response of the material gives a strain hardening behavior with a peak tensile
strength of 15 MPa. Strain capacities of the materials were not reported. Flexural tests, similar
to the uniaxial tensile tests, indicated that the materials will have a deflection hardening response
(Rossi, 1997). Applications for these materials currently are being developed. The applications
will likely take the form of precast assemblies due to the high level of quality control needed to
make the materials (Rossi, 1997).

23 ECC Applications

The development of ECC applications can be split into two broad areas; protective applications
and structural applications. Both categories of applications utilize the large tensile strain
capacity of the ECC materials. In the following sections a brief review of ECC in protective and
structural applications is presented, with more extensive reviews presented for applications
related to the ongoing research.

An overview of the ongoing development of ECC applications was presented at the JCI (Japan
Concrete Institute) Workshop on Ductile Fiber Reinforced Cementitious Composites (DFRCC)
in Takayama, Japan in October 2002 (JCI, 2002).

2.3.1 Protective Applications

The multi-cracking of ECC materials in tension has led to several researchers evaluating their
potential use in protective repairs of concrete structures. Maleej and Li (1995) evaluated the use
of ECC materials as a protective, corrosion resistant layer in reinforced concrete structures. The
research involved a laboratory study in which the bottom portion of reinforced concrete beams
was replaced with ECC. When the beams were tested in four-point bending, smaller tensile
crack widths were found in the ECC beams compared to control beams made with concrete. It
was suggested that the smaller crack widths would reduce the potential for reinforcing steel
corrosion. The research did not include direct corrosion testing.

Lim and Li (1998) evaluated the use of ECC materials for the repair of reinforced concrete
beams, with a focus on the repair of corrosion induced delaminations. The research focused on
characterizing the interface fracture between ECC materials and a concrete substrate. The
interface fracture toughness was measured in reduced section beam specimens made with an
ECC material on one side, and concrete on the other.

Lim and Li’s research introduced the concept of a crack trapping mechanism, shown
schematically in figure 2-4. This mechanism allows for cracks at an interface between ECC and
a concrete substrate to become trapped in ECC material away from the interface. Crack trapping
prevents propagation of delaminations at the interface between materials. ECC materials,
installed as a concrete overlay, were shown to trap interface cracks effectively.
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Trapped crack in ECC

Concrete

Figure 2-4.  Schematic representation of trapped crack along ECC/concrete interface.
(Adopted from Lim and Li, 1998)

2.3.2 Structural Applications

The use of ECC materials in structural applications has been limited to date. Kanda, et al. (1998)
evaluated the use of ECC materials in shear resistant elements. Two different applications were
evaluated in the research. Using a PVA fiber ECC material the behavior of a short span “shear”
beam was studied. When compared to a traditional concrete beam, the ECC beams were found
to have an increased shear capacity when shear-compression was the dominant failure mode. A
shear-compression failure occurs when concrete crushing occurs at the top of shear cracks
(MacGregor, 1992). When shear-tension was the dominant failure mode (failure initiated by
bond failure along the longitudinal reinforcement), both the strength and ductility of the beams
were increased compared to the control concrete beams.

The second application involved ECC shear panels joined using pre-tensioned bolted
connections. The panels were tested as shown in figure 2-5. The bolts used in the test were 16
mm in diameter with a tensile capacity of 165 kN. Prior to testing, the bolts were tensioned to
104 kN, with the bolt tension value measured via strain gages. The panels failed in compression
at the supports. No failure was observed in the bolted connections.
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Figure 2-5.  Schematic representation of ECC panel test (Adopted from Kanda, et al. 1998.)

Kabele, et al. (1999) and Horii, et al. (1998) further examined the concept of ECC infill panels.
A material model for use in finite-element based simulations of ECC was developed (Kabele,
2001). The model allowed for simulations of ECC infill panel behavior. In the simulations, the
panels were connected to stiff lateral elements and subjected to a pure shear displacement. The
results indicated that the ECC material would provide higher shear strength and ductility when
compared to an unreinforced concrete panel. In the simulations the panels were observed to fail
in compression at the support areas.

Fischer and Li (2000 and 2002) examined the behavior of small-scale cantilever beams made
with ECC. Both traditional reinforcing steel and fiber reinforced plastic (FRP) rods were used as
the primary tensile (longitudinal) reinforcement. The research involved testing of three laterally
loaded stub sections to evaluate both the load-deflection behavior of the ECC and the interaction
of the ECC with FRP reinforcement. The control specimen was fabricated with steel
reinforcement as both the primary tensile reinforcement and for the transverse “hoop” steel. The
specimen showed a ductile response at drifts up to 13% without significant decrease in capacity.
Failure of the specimen due to rupture of the vertical steel occurred at a drift of 15%.

The second and third specimens were tested using FRP as the main tensile reinforcement, with
steel as the transverse reinforcement in the second specimen and no transverse steel in the third.
The FRP reinforcement was designed to provide the same ultimate tensile capacity as the steel
reinforcement in the control specimen. In the second specimen, the peak load in each cycle was
observed to increase linearly up to 10% drift, with the final failure occurring at approximately
15% drift. Due to the linear elastic behavior of the FRP reinforcement, only small residual
displacements were observed at drifts below 5%. The third specimen behaved similarly to the
second specimen. However, the lack of transverse reinforcement resulted in a larger portion of

15



the shear being carried in the FRP bars. This was observed to limit the maximum drift to 12%.
The large drift limits reached in these experiments demonstrate the ability of the ECC materials
to maintain integrity under severe loadings.

Parra-Montesinos and Wight (2000) furthered examined the use of ECC in lieu of traditional
concrete and transverse steel. The investigation focused on the evaluation of the seismic
response of steel composite reinforced concrete (RSC) beam-column joints. In typical RSC
joints, stirrups are used to provide for confinement of the concrete in the joint region and to
increase the shear strength of the steel beam webs in the joint region. In one specimen ECC was
used without stirrups. Elimination of the stirrups simplified construction and reduced the cost of
the connection. Test results showed that the ECC specimens had a 50% increase in strength and
higher energy dissipation compared to the control specimen made with concrete and steel
stirrups. The ECC specimen was observed to have a higher amount of joint shear deformation
compared to the other specimens. However, the higher deformation did not result in excessive
damage in the connection region, and spalling of the ECC material was not observed.

In a later study, Fisher and Li (2002) examined the tensile response of ECC and concrete prisms
containing a 25 mm diameter deformed steel reinforcing bar, which extended out of the
specimens. The tensile response of a prism containing a notch at mid-height and unnotched
specimens was examined. Testing was performed in a displacement controlled testing machine,
which gripped the steel bar. Testing of the notched specimens indicated that prior to the
formation of cracks at the notch, both the concrete and ECC specimens had similar load
distributions. After the formation of cracks at the notch, the concrete material lost its ability to
carry tensile stresses, leading to localized yielding of the bar at the notch location. In the ECC
specimens the formation of multiple cracks in the ECC material allowed for a more even
distribution of strain in the steel through the specimen.

The unnotched specimens displayed similar trends to the notched specimens. In the concrete
prisms, the strain in the reinforcement quickly concentrated at the location of pre-existing
shrinkage cracks in the specimen. The ECC specimen was able to develop multiple parallel
cracks in the specimen, which resulted in a uniform distribution of strain in the reinforcement.
Strain compatibility between the ECC and steel continued to large strain levels. The continued
strain compatibility between the ECC materials and steel is a major advantage of these materials
as the compatibility allows for higher amounts of distributed plastic deformations in steel
reinforced ECC members, which results in increased energy dissipation compared to regular
reinforced concrete members.

Fischer and Li (2002) developed a composite moment resisting frame with self-centering and
energy dissipation capabilities. The frame uses ECC in both the columns and beam. The
columns are reinforced with FRP bars with steel bars in the beam member. The basic concept of
the frame is the FRP reinforced column members are able to achieve sufficient lateral
deformation to allow for the formation of plastic hinges in the beam members. Thus, the column
members stay undamaged, while the beam elements dissipate energy under lateral loadings. The
system utilizes the ability of the ECC to distribute flexural deformations over a large portion of
the member.
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Xia and Naaman (2002) examined the behavior of infill damper elements (IDE), which act as
coupling beams between steel building columns. The IDE devices act as energy dissipators and
dampers under reversed cyclic loadings. The energy dissipation is by a shear friction mechanism
with the IDE devices intended to fail prior to the yielding of the steel columns. The use of ECC
materials in the IDE was examined and compared to a SIFCON material and a traditional fiber
reinforced concrete. The results indicated that the SIFCON IDE had the highest strength and
energy dissipation. Both ECC and SIFCON were recommended for construction of IDE
elements.

Fukuyama, et al. (2002) developed a damper system for the retrofit of reinforced concrete
structures. The dampers took the form of steel reinforced wall panel sections added as a form of
retrofit shear wall. Typically, the reinforcement was installed to form an X-shape in the panels.
The location of the retrofit panels in the structure, and the method of attachment to the structure
were not addressed in the paper. To examine the performance of the retrofits a series of
laboratory tests were performed. A shear loading was applied to the panels. However, the
loading mechanism was not addressed in the paper. The testing of specimens made with an ECC
material showed stable hysteretic behavior to relatively large deformations when the rotational
deformation of the damper was controlled. It was concluded that the ECC wall sections could
act as a damper for structural control.

Yoon (2002) and Rouse (2003) have investigated the use of ECC segments for energy dissipation
in precast segmental bridge piers, with unbonded posttensioning. In the research the ECC
segments were used to increase the energy dissipation in the systems. The results from small-
scale experiments (Yoon, 2002) showed greater energy dissipation up to drift levels of 3-6%.

The ECC segments, fabricated without confinement steel, maintained their integrity much better
than traditional concrete. Large-scale experiments are currently being conducted (Rouse, 2003).

24 Summary and Discussion

The micro-mechanical basis for the behavior of ECC materials was reviewed. A review of ECC
applications was also given to evaluate previous application-based research. The information
presented in this section provides the background for the ECC material testing presented in
Section 3 as well as for investigations on an ECC retrofit applications presented in a companion
report (Kesner and Billington, 2004).

In examining previous research on the behavior of ECC materials, it is clear that additional
research to develop ECC materials further is needed. One of the major areas for additional
research is in the cyclic response of the materials. Only a small amount of information is
available in this area. Needed research includes the development of a cyclic ECC material model
for use in finite element based simulations of ECC applications.

Another area of additional research needed is in the dimensional stability (creep and shrinkage
behavior) of ECC materials. The high Portland cement content of ECC materials will likely
increase the amount of both creep and shrinkage compared to traditional cementitious materials,
particularly in applications that will result in sustained compressive loadings on the materials.
Concurrent with the examination of creep and shrinkage behavior an examination of the effect of
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curing time and conditions is needed. Better knowledge of the effect of curing time and
conditions will facilitate optimization of the material’s behavior. The area is currently under
investigation by Rouse (2003).

In previous research the use of finely graded silica sands in ECC has been examined (Li, et al.,
1995). Additional research is needed to examine how alternate types of aggregates can be used
in ECC. Of particular interest is the use of aggregates with low fracture toughness, such as
expanded shale. The use of this type of material may be able to produce an ECC with higher
aggregate contents while maintaining the desired tensile properties of the material.

In the current research four areas related to ECC material development are addressed and
presented in the next section. The primary area was an assessment of the response of ECC
materials to reversed cyclic loadings. The other areas included an assessment of the impact of
different curing and drying times on the tensile response of the materials, an examination of the
tensile response from different specimen geometries, and an examination different fibers and mix
designs in ECC.
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Section 3
ECC Material Testing

3.0 Introduction

In this section the results of small-scale tests on ECC materials will be presented. The three
primary goals of the material testing described in this section are as follows:

1. Evaluate the effect of different curing and drying periods on the performance of ECC
materials. An understanding of these effects is needed to determine optimal
conditions for the production of ECC structural components.

2. Evaluate the use of different fiber types and supplemental cementitious materials
(silica fume/fly ash) to determine how they can be used to develop ECC materials
consistent with the theoretical background presented in Section 2.

3. Evaluate the effect of different specimen geometries on the tensile response of ECC
materials. This testing is needed to examine how different geometries affect the
tensile strain capacity of the materials.

4. Evaluate the response of ECC materials under reversed cyclic loadings to develop an
understanding of the unloading and reloading behavior of the material and to facilitate
the development of constitutive models for use in finite-element based simulations.

In this section, both the methods used in developing the tests, and the test results will be
presented. The presentation of the results is in four sections that correspond to the testing goals
presented above. A brief summary of the salient points presented concludes this section.

The information presented in this section represents a bridge between the theoretical background
information presented in Section 2, and the applications investigated in a companion report
(Kesner and Billington, 2004). The experience gained in the fabrication of the ECC materials
used in this testing described in the section provided the groundwork for fabrication of larger
ECC specimens described in Kesner and Billington (2004).

3.1 Evaluation of Different Curing and Drying Periods

Traditional concrete materials are typically moist cured for a period of time to enhance desirable
properties of the material such as compressive strength and resistance to drying shrinkage
cracking (Mehta, 1986). The wet curing period for typical concrete structures will vary widely
depending upon the type of construction and materials being placed. The variability in curing
time in field applications is in contrast to standardized laboratory testing of concrete materials in
compression, where a wet curing period of 28 days is used prior to testing (ASTM C-39, 2002).
However, different curing periods have been suggested for laboratory testing to better represent
the actual curing conditions experienced by materials in the field (Poston et al., 1998). A similar
approach as taken by Poston et al. was used here to examine the impact of different wet curing
and drying periods on the tensile response of ECC materials.

In previous research of ECC materials, a 28-day wet curing period has been used (Li, 1998). In
the previous work by Li, the specimens were reported to be stored under laboratory conditions
(approximately 22 deg. C, and 50% relative humidity) after the cessation of wet curing. The
exact length of the drying period prior to testing was not typically specified in the literature.
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Drying time is expected to affect the behavior of the specimens due to the strain gradients that
occur as a result of changes in relative humidity from the center of the specimen to its exterior.
At the time of casting and during wet curing, the specimen is at 100% relative humidity. At the
end of the wet curing period, a relative humidity gradient develops as the specimen loses
moisture from the edges while the center of specimen retains its high relative humidity. This
drying shrinkage of the cement matrix produces a strain gradient with tensile stresses at the
exterior of the specimen, which are equilibrated by compressive stresses at the center of the
specimen (van Mier, 1997) (figure 3-1). The effect of these tensile stresses on the strain capacity
of ECC materials was examined here. Determining the effect of drying time was necessary to
develop guidelines both for continued laboratory testing and to develop and understanding of
issues related to casting of large ECC structural elements.

— Early ages
- — Later ages
100%
ST Tension ———)
50% N / 0.0
Compression
Relative Humidity Stress

Figure 3-1.  Effect of drying on tensile stress in cementitious material (adapted from van Mier,
1997)

3.1.1 Test Series

To study the effect of curing and drying periods, eight sets of three tensile specimens were cast.
A summary of the conditions evaluated is shown in table 3-1. In sets A, B, and C, the wet curing
time was varied, with the specimens tested 28 days after casting. In the remainder of the sets
(sets D, E, F, G, and H) both the wet curing period and specimen age at testing was varied. Due
to the limited size of the mortar mixers, each set of three specimens was cast in a separate batch
with the same mix design in each set. Wet curing involved placing the specimens in a curing
tank filled with lime-saturated water. After wet curing, the specimens were placed in a chamber
that was kept at a relative humidity of approximately 50% until testing. The change in weight of
the specimens was recorded during the drying period to evaluate the extent of moisture loss in
the specimens.
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Table 3-1 — Summary of curing and drying conditions evaluated

Series Wet curing Drying  Age at testing

(days) (days) (days)
A 6 22 28
B 11 17 28
C 16 12 28
D 2 0 2
E 3 1 4
F 3 4 7
G 3 11 14
H 3 25 28

3.1.2 ECC Casting

The ECC specimens consist of Portland cement, silica fume, water and fibers, and were cast
using a small-scale mortar mixer. In previous research on ECC materials, an ultra high
molecular weight polyethylene (UHMWPE) fiber with a diameter of 38 microns (trade name
Spectra) and a length of 12.7mm (aspect ratio, or length-to-diameter ratio of 335) was found to
provide a ductile tensile response. These fibers were used in this initial testing.

The mixing procedure consisted of initially combining the Portland cement and silica fume. The
mix water and admixtures were then added. The mixing was typically stopped at least twice to
allow the sides of the mixing bowl to be scraped to ensure complete mixing. The fibers were
added after the mortar was completely mixed. Prior to adding the fibers, the fibers were
separated either by hand or using compressed air. This additional step was necessary for uniform
distribution of the fibers in the cement-based matrix.

After completion of mixing, the specimens were cast in rigid plastic molds. The molds were
greased to facilitate removal of the specimens. After placement of the ECC, the molds were
vibrated to consolidate and minimize voids in the specimens.

The mix designs used in this study are shown in table 3-2. In the table, the name of the mix
design (SP for example) was used to provide information about the fibers used (in this case SP
stands for Spectra fibers). This naming system will be augmented in later sections of this report.
The mix designs were adopted from previous research on ECC materials. (Li, 1998)
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Table 3-2 —Mix designs used in testing

Material SP! Paste'
Water/cm® 0.35 0.35
Type I Portland Cement (kg/m’) 1295 1321
Water (kg/m’) 504 514
Silica Fume (SF) (kg/m®) 144 147
SF/cm 0.10 0.10
Fiber (Spectra 900) (kg/m’) 19.4 0
Fiber volume fraction 2% 0

1. Superplastizer added at 2.2mL per kg of cement
2. cm: cementitious materials

3.1.3 ECC Tensile Testing Set-up and Protocol

The tensile specimens were rectangular prisms; 25 mm thick by 75Smm wide by 300mm long.
The width and length of the prism was adopted from previous research (Li, 1998). However the
thickness was increased to 25 mm from 12.7 mm in the current research. The greater thickness
was selected to minimize fiber alignment and be more representative of a larger volume of ECC,
which would be used in structural applications.

Uniaxial tensile load was applied through end caps epoxied to the specimen ends (figure 3-2).
The specimen end caps were sized to have sufficient depth to provide a near uniform stress to the
specimens. However, some non-uniformity in stress will still occur at the ends of the specimens
due to the difference in Poisson’s ratio between the ECC and the steel end cap. Bolted
connections were used between the end caps and the testing machine. A similar method to
provide a near uniform stress on tensile specimens was reported by Zheng, et al. (2001) after this
testing was conducted. Swivels were used in and out-of-plane to allow for the rotation of the
specimen during testing. Two displacement transducers (LVDTs) were used to monitor the
displacement of the specimen during the testing (figure 3-2).

All of the tests were conducted at a constant engineering strain rate of 0.2% /minute. The testing
was performed in a 25 kN closed loop testing frame. The testing was stopped when the
displacement limit of the LVDTs was reached (at approximately 3.5% strain) or when the
specimen lost a significant portion of its tensile strength. However, in some of the specimens
only a small decrease occurred in load capacity (less than 25%) when the LVDT capacity was
reached.
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Figure 3-2.  Schematic of prismatic ECC tensile specimen
3.1.4 Testing Results

The tensile testing revealed significant variations in the tensile strain capacity of the materials
when subjected to differing curing and drying times. Figure 3-3 shows the effects of curing time
on tensile behavior through a comparison of specimen sets A, B, and C (table 3-1) and a paste
specimen which was wet cured for 28 days. All of the ECC specimens were 28 days old at the
time of testing, and were wet cured for different time periods. Only the most ductile of each of
the three specimens are shown for clarity. The comparison shown in figure 3-3 represents the
general trend seen between all of the results in the test series.

The results of all of the tests are summarized in table 3-3. In the table, the peak strain capacity is
defined as the strain capacity at the onset of material softening (decrease in load capacity), as
shown in figure 3-3. In table 3-3, the failure location refers to where failure in the specimen was
observed to initiate. The typical failure mechanism was localization (formation of a single
dominant crack) in the central portion of the specimen, away from the specimen ends. Abnormal
types of specimen failures such as failures near the specimen ends are also noted in the table.
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In figure 3-3, an increase in tensile strain capacity is apparent with the longer wet curing periods
(Series B and C). There is not a significant difference in first cracking strength for the specimens
(average values ranged from 1.4 to 2.0 MPa), or in the peak tensile strength (average values
ranged from 2.3 to 2.4 MPa). There is a trend of increasing peak strain capacity with increased
curing time (from series A to series C), if specimen C-3 is removed (the average strain capacity
of Series C is then 2.6%). Specimen C-3, was an anomaly because it had a large internal flaw
(“bughole”), where failure initiated at low strain. The increased peak strain capacity in series C
is attributed to the longer length of wet curing time.

It was expected that the highest strain capacity would occur for specimens that have reached an
equilibrium weight. As shown in figure 3-4, all of the specimens had reached an equilibrium
weight at the time of testing. The difference in pseudo-strain hardening behavior between the
specimens is therefore attributed to the length of wet curing time prior to testing.

3.0
1 Onset of softening - Series A
] ‘Z Onset of softening - Series C
i e
2.0 +
= i
[a¥
s -
2 Onset of softening - Series B
ﬁ 4
10 - \ SPMortar
1 — SP - Series A
1 — SP - Series B
| — SP - Series C
| — SPMortar - 28 days wet cure
0.0 1 1 1
0.0% 1.0% 2.0% 3.0% 4.0%

Tensile Strain

Figure 3-3.  Comparison of tensile strain capacity from test series A, B and C
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Table 3-3 — Summary of test results from series A, B and C

ege 1l
'Il‘l:elr:ls?:e Peak Tensile Peak
Series Specimen Strength Strain Failure Location
Strength e 2
(MPa) (MPa) Capacity
1 1.9 2.5 0.9% Center third
A 2 2.0 2.1 0.6% Center third
3 1.7 2.5 0.5% Center third
Average 1.9 24 0.7% -
1 1.9 2.3 2.2% Center third
B 2 2.2 2.4 2.4% Center third
3 1.9 2.4 2.4% Center third
Average 2.0 24 2.3% -
1 1.7 2.4 3.0% Center third
C 2 2.0 2.4 2.1% Center third
3 1.9 2.0 0.6% Top third near grip
Average 1.9 2.3 1.9% -

1. Tensile strength at the formation the first crack.
2. Strain capacity at the onset of softening.
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Figure 3-4. Comparison of specimen weights during drying period for tensile specimens
shown in figure 3-3
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Test series D-H, which were the specimens wet-cured for three days (2 days for series D) and
tested after varying amounts of drying time, showed higher amounts of variability in the results
when compared to the results from series A, B and C. Figure 3-5 shows a representative test
result from series D to H; similar to figure 3-3, the specimen with the highest strain capacity is
presented. All of the test results are summarized in table 3-4. The average peak tensile strain
capacities for series D to H ranged from 0.1% to 1.6%. There was a significant difference in first
cracking strength for the specimens (average values ranged from 1.2 to 3.0 MPa), and in the peak
tensile strength (average values ranged from 1.8 to 3.3 MPa). The reason for the higher than
average strength observed in Series G is not clear (average 3.0 MPa first cracking strength and
3.3 MPa peak tensile strength).

4.0
| Series G — SP - Series D — SP - Series E
1 — SP - Series F — SP - Series G
30 1+ — SP - Series H

Series H

. Series E

Stress (MPa)
=)

Series D
Series F

0.0% 1.0% 2.0% 3.0%
Tensile Strain

Figure 3-5.  Representative tensile test results from series D to H.

The reason for the variation in strength relative to Series A-C can be attributed to the shorter
initial curing of these specimens, and the shorter drying period (particularly for series D). The
shorter wet curing period results in less cement hydration, which contributes to the lower
strength of the materials. The shorter drying period results in large tensile strains due to
shrinkage, and possibly preexisting tensile cracks in the materials. These “flaws” can contribute
to the lower strain capacity. The shorter drying times in Series D-H may also contribute to a
higher level of variability in the results as the shorter drying periods allows less time for the
mitigation of initial variations in cement hydration. The effect of drying conditions on tensile
strength is further discussed in van Mier (1997).
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Table 3-4 — Summary of test results from sets D to H

Initial' .
. . Tensile Peak Tensile Peak Strain Failure
Series Specimen Strength o 2 .
S(tll\'/t[%il)g;h (MPa) Capacity Location
a
1 1.7 1.7 0.1% Near top grip
D 2 1.9 1.9 0.1% Center third
3 1.8 1.8 0.1% Center third
Average 1.8 1.8 0.1% -
1 1.0 2.1 1.9% Center third
E 2 1.4 24 1.2% Near top grip
3 1.3 2.3 1.8% Near top grip
Average 1.2 2.3 1.6% -
1 1.2 2.0 1.7% Center third
F 2 1.3 2.0 0.8% Center third
3 1.2 2.0 0.6% Near top grip
Average 1.2 2.0 1.0% -
1 3.9 3.9 0.4% Top third
G 2 2.6 3.0 0.7% Center third
3 2.5 3.1 1.3% Center third
Average 3.0 33 0.9% -
1 2.2 2.5 1.2% Center third
H 2 1.0 2.1 2.0% Center third
3 2.2 2.5 0.5% Center third
Average 1.8 24 1.2% -

1. Tensile strength at the formation the first crack.
2. Strain capacity at the onset of softening.

In the testing, several of the specimens failed near the top grip, close to the epoxy connection.
This failure location was more prevalent in the specimens with shorter curing periods, possibly
due to moisture in the specimens affecting the strength of the epoxy connection. Small voids
were also observed near the ends of some of the specimens that experiences grip failures.

The trends in results from Series E, F and H follow the trend shown in van Mier (1997, figure 3-
57) for concrete tensile specimens that are initially wet cured, then allowed to cure (dry) in air.
In those reported results, a decrease in strain capacity and ultimate strength occurred during the
drying period (Series F), followed by an increase in strength and strain capacity with longer
drying (Series H). van Meir (1997) explains this effect as a consequence of the mitigation of
drying stresses in the material.

3.1.5 Discussion of Test Results

Based upon the results of this test series, it is shown that a longer wet curing period can enhance
the tensile strain capacity of ECC materials. It is also shown that a sufficient drying period is
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necessary to mitigate the effects of shrinkage strains prior to testing. Both of these findings were
adopted in the remaining testing.

In the tensile testing, the failure of the specimens was often initiated at internal flaws in the
specimens. In some of the test series, Series C and H in particular, the presence of an internal
flaw in one specimen led to significant decreases in the average strain capacity of the set. The
effect of internal flaws is not discussed in previous literature on ECC materials, and was not
expected in these test results. The sensitivity to flaws was, possibly, more pronounced in the
current research due to the use of thicker (25 mm thick versus the 12.7 mm thick used by Li
(1998)) specimens.

The impact of internal flaws on the results highlights the need for careful fabrication of the
specimens. To prevent the formation of large voids (“bugholes”), both mechanical consolidation
and electrical vibration of the specimens is recommended. Mitigation of internal flaws will
become a more critical issue in the casting of larger (structural-scale) ECC elements. Larger
elements will also need additional drying time for the mitigation of moisture gradients prior to
the use of ECC elements in a structure.

3.1.6 Summary of Curing and Drying Study

The results of the curing and drying study indicated that extended wet curing and a drying period
was necessary to maximize the tensile strain capacity of ECC materials. The sensitivity of ECC
to different curing and drying conditions has not previously been documented in the literature.
The tensile test results also indicated that ECC materials in tensile tests were sensitive to the
presence of internal flaws. The longer curing period and drying period were adopted in the
remaining testing reported here.

3.2 Evaluation of Tensile Specimen Geometry

The objectives of this research included providing tensile test data for the development of
constitutive models for finite element-based simulations. In particular, uniaxial tensile test
properties were needed to examine the response of the ECC to varying tensile load conditions.
Uniaxial tension tests are not commonly performed on cementitious materials; typically the
tensile strength is inferred from indirect tensile tests such as split cylinder or modulus of rupture
tests (Mehta, 1986). Split cylinder and modulus of rupture tests provide only an indirect
assessment of the uniaxial tension strength of materials, and do not provide the type of
information, such as stress-strain response, fracture energy, loading and unloading behavior, etc.,
that is needed for the development of constitutive models. Currently there is no standard method
for tension testing that can provide the necessary information for constitutive model
development.

In the current research, the tensile strength and strain capacity of ECC materials was tested in
uniaxial tension using three different tensile specimen geometries, a rectangular prism specimen
(see figure 3-2), a dog-bone shaped specimen and a cylindrical specimen. Figure 3-6 shows the
geometry of the dogbone and cylindrical specimens. The goal of the testing was to examine the
uniaxial tension response from the different specimen geometries. Again, this information was
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ultimately used to guide constitutive model development for finite element-based simulations. In
previous research, various sizes of prismatic and dogbone shaped tension specimens have been
tested although never compared directly (Kelly, 1972, Li, 1998, and Li et al.,, 2001, Billington
and Kesner, 2001).

Dogbone shaped specimens are commonly used in tensile testing because the reduced cross-
section allows for a uniform tensile stress on the sample. The dogbone shape also helps to
eliminate the effects of end conditions by locating the expected failure region away from the
specimen ends. The cylindrical specimens were selected in addition to the typically used
dogbone geometry because of their standard use in compression testing of cementitious
materials. Similar to the prism specimens, load was applied to the dogbone and cylindrical
specimens through end caps epoxied to the specimen ends. A swivel was used on top of both the
dogbone and cylindrical specimens to help eliminate the introduction of bending stresses in the
specimens during testing.

m

5 B

ECC
Dogbone
[]
= =
o o
3 3

50mm

ECC

Cylinder
7’ (50mm
25mm x 25mm ! diameter)
cross-section

Bolt to test frame

Bolt to test frame

(a) (b)
Figure 3-6. Dogbone (a) and cylinder specimens (b) used in uniaxial tension testing
(Drawings not to scale)

3.2.1 Test Series

To examine the response from the different geometries, a series of 9 specimens (3 for each
geometry) was fabricated using the SP mix design shown in table 3-2. The specimens were cast
using the procedure described in Section 3.1.1. Different batches of material were prepared for
each of the three tested geometries. Consistent with the results presented in the previous section,
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the specimens were wet cured for 28 days, and then allowed to dry to an equilibrium weight prior
to testing.

Two different testing setups were used in the testing. The prism specimens were tested in a 25
kN closed loop testing frame, using the test setup described in Section 3.1.1. The testing was
stopped when the displacement limit of the LVDTs was reached (at approximately 3.5% strain)
or the specimen lost a significant portion of its tensile strength (approximately 60% loss).

The dogbone and cylinder specimens were tested in a 225 kN closed loop test frame, using two
LVDTs to record the specimen displacement (figure 3-6). On the dogbone specimens the
displacement was measured over a 50 mm gage length on the central straight portion of the
specimen. On the cylindrical specimens, the displacement was measured over the full 100 mm
length of the specimen.

In the test setup used on the 225 kN machine, the measured displacement from the LVDTs was
used as the control parameter in the testing. Thus, the actuator of the testing machine was
controlled by the displacement measured on the specimen. This control method eliminated the
need to use the actuator displacement as the control mechanism. Use of the actuator
displacement was undesirable because its displacement was influenced by the flexibility of the
testing machine.

The LVDTs used in the testing had a displacement capacity of 5 mm. This provided an upper
limit of 5% on the strain capacity of the cylinder specimens and 10% on the dogbone specimens.
All specimens were tested until complete tensile failure, or until the strain capacity of the LVDTs
was exceeded. In a few cases, testing of the dogbone specimens was stopped at 5% tensile
strain, prior to complete tensile failure.

3.2.2 Test Results

The results of the uniaxial tension testing revealed significant variations in both the strength and
strain capacity between the different geometries. A representative test result from the different
geometries is shown in figure 3-7, with the results from the sets of specimens shown in figures
3.8, 3.9 and 3.10 for the dogbone, prism and cylinder geometries, respectively. Note, that the
scale on the x-axis (strain) varies in the figures. The testing results are summarized in table 3-5.

The results indicated that the dogbone specimens had both the highest average strength and strain
capacity, followed by the prism and cylinder geometries, which were very similar.
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Figure 3-7.  Comparison of representative results from three different geometries
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Figure 3-8.  Uniaxial tensile test response of dogbone specimens
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Figure 3-10. Uniaxial tensile test response of cylinder specimens
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Table 3-5 — Summary of test results from specimen geometry study

Initial’ Peak
. . Peak .
. Tensile Tensile . Failure
Geometry Specimen Strain .
Strength Strength Capacity? Location
(MPa) (MPa) pacity
1 1.5 2.1 1.8% Center third
Prism 2 1.6 2.2 2.2% Center third
3 1.6 2.3 3.0% Center third
Average 1.6 2.2 2.3% -
1 1.0 2.0 5.0% Center third
Dosbone 2 1.0 1.8 6.4% Center third
g 3 15 2.8 6.4%  Center third
Average 1.2 2.2 6.0% -
1 1.4 1.8 3.3% Center third
2 12 1.4 2.0% TOpr?ear
Cylinder Tog rfear
3 12 1.4 1.3% p1
grip
Average 1.3 1.5 2.2% -

1. Tensile strength at the formation the first crack.
2. Strain capacity at onset of softening.

3.2.3 Discussion of Test Results

The major difference observed in the test results was the substantial increase in tensile strain
capacity observed when results from dogbone specimens (6.0% average) were compared with
results from prism and cylinder (2.3 and 2.2% average) specimens. The initial cracking strength
of all of the materials was generally similar; the prism specimens had a slightly higher initial
strength. Similar peak tensile strengths were obtained from the dogbone and prism geometries,
while the cylinder specimens had a lower peak tensile strength.

The difference in tensile strength and strain capacity between the geometries can be attributed to
several factors; these include variations in initial imperfections (e.g. entrapped air, shrinkage
cracks, bugholes), variations in fiber alignment, and specimen end effects. Initial imperfections
cause local stress concentrations in the material. Specimens with a larger number and size of
initial imperfections will have a lower initial tensile strength. Initial imperfections can also serve
as the location for eventual crack localization. Casting of the thinner prism and dogbone
specimens on a flat surface allowed for better material consolidation resulting in fewer initial
flaws compared to the cylindrical specimens, which were thicker and cast upright. The effect of
specimen size and initial flaws are further discussed in van Vliet (2000) and van Mier (1997).

Fiber alignment effects will also contribute to the higher strengths in the prism and dogbone
specimens, as materials with a higher percentage of aligned fibers are more effectively reinforced
(Hannant, 1978). The casting procedure for the prism and dogbone specimens facilitates better
alignment of the fibers in the loading direction than the upright casting of the cylinders.
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Finally, specimen end effects may also contribute to the observed variation in peak strength
between the three geometries. Both the cylindrical and prism specimens will have some non-
uniformity in stress at the ends of the specimens due to differences in Poisson’s ratio for the ECC
and the steel end plates. This effect will not occur in the reduced section of the dogbone
specimens. Localized cracks near the ends of the specimens were observed in the some of the
cylindrical and prism specimens, which could be from a combination of initial imperfections and
the non-uniformity in stress near the ends.

3.2.4 Summary of Test Results

Significant differences were observed in the uniaxial tensile response of ECC materials with
different specimen geometries. The difference in size of the three geometries studied would, in
particular, affect the number and size of initial imperfections, which could alter the material’s
strain hardening capacity. To develop material models, the results from the prism and cylinder
specimens were most appropriate. Direct use of the dogbone results will, in all probability, result
in over estimations of the strain capacity of ECC in structural applications. Further investigation
is needed to understand and predict the performance of ECC materials in applications of varying
size and geometry.

3.3 Evaluation of Different Fibers in ECC Materials

In this section, several different fibers were examined for potential use in ECC materials. The
goal of evaluating different fibers was to verify that the response of ECC materials made with
different fiber types was consistent with the background theory summarized in Section 2, and in
the literature. The evaluation of different fibers was motivated primarily by cost, since a fiber
with a lower cost (PVA fiber) and similar performance will be advantageous over a more
expensive fiber (UHMWPE fiber).

3.3.1 Previous Work

In previous research, both in the literature (Li, 1998) and in the preceding sections, a UHMWPE
fiber (trade name Spectra) was found to provide the right combination of fiber geometry and
mechanical properties for use in ECC materials. In the original development of ECC material,
several other fiber types were examined in addition to the UHMWPE fibers (Li and Leung,
1992). Other fiber types included steel, polypropylene, fiberglass, and polyvinyl alcohol fibers
(see table 2-1). The initial examination concluded that the steel, polyvinyl alcohol and
UHMWPE fibers possessed the necessary combination of geometry and mechanical properties to
create the desired tensile response. The UHMWPE fibers were typically selected for further
research as they provided tensile strain hardening with the lowest volume fraction of fibers (Li
and Leung, 1992).

3.3.2 Fibers Examined

In this investigation, three new commercially available fibers were evaluated, described in table
3-6. One of the fibers (trade name Dyneema) is also a UHMWPE fiber. However the Dyneema
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fibers have a smaller diameter than the Spectra fibers. The other fibers (trade names Kuralon II
REC-15 and Kuralon II RECS-15) are both polyvinyl alcohol fibers (PVA), which have been
specifically developed for use in ECC materials by the Kuraray Company, LTD. (Li et al., 2001).

The four fibers, as seen in table 3-6, have similar geometric properties (with the exception of the
much finer Dyneema fiber) and elastic modulus. The primary difference between the fibers is in
their interfacial bond strength to a Portland cement matrix. As discussed in Section 2, interfacial
bond strength is a key parameter in the response of ECC materials. The PVA fibers possess
greater interfacial bond strength due to the significant chemical bond of the fibers to the matrix
in addition to frictional bond strength (Redon, et al., 2001). It should be noted that the bond
strengths shown in table 3-6 are from values in the literature and were not directly measured as a
part of this work. The values in table 3-6 for the Spectra and Dyneema fibers were similar to
values obtained in limited testing by Tay (2001).

The two types of PVA fibers are nominally identical, and are both surface treated to reduce the
strong interfacial chemical bond that will occur between the fiber and matrix. The difference in
the PVA fibers is that prior to use, the REC fibers required pre-soaking in water for
approximately 24 hours to minimize absorption of water by the fiber. The RECS fibers were
stored in a moisture-controlled environment (and were supplied by the manufacturer in sealed
bags), and were not required to be pre-soaked. The REC and RECS fibers were also treated to
help them disperse during mixing, thus eliminating the need for these fibers to be separated using
air pressure.

Table 3-6 — Summary of pertinent fiber characteristics

Aspect Interfacial
Modulus Diameter Length P bond
. . ratio 2
Fiber Material strength
GPa pm mm  Lgd{ GPa
Spectra  UHMWPE 73 38 12.7 335 0.5t0 1.0
Dyneema UHMWPE 73 10 6.7 670 0.5t0 1.0
Kuralon II
REC PVA 39 40 12.7 318 3.8
Kuralon II
RECS PVA 39 40 12.7 318 3.8
1. L¢: length of fiber; d¢ : diameter of fiber
2. Range of values taken from Redon et al., 2001.

3.3.3 ECC Mix Designs

The mix designs used in the study are shown in table 3-7. In the mix design names, the
designation: “-A”, refers to mix designs that contain aggregate. Mix design SP was used in in
the experiments reported in Sections 3.1 and 3.2. As seen in table 3-7, the mix designs with the
PVA fibers (REC-A and RECS-A) utilize a fly ash in lieu of the silica fume used in the previous
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tests. The PVA fiber mix designs also utilize another admixture, methylcellulose, in addition to
the superplastizer. The methylcellulose acts as a fluidifying agent during mixing, and helps to
prevent the settlement of the fibers from the mix during mixing and casting. The higher specific
gravity of the PVA fibers (1.3 compared to 0.97 for UHMWPE) makes them potentially prone to
settlement to the bottom of specimens during casting. The use of fly ash, methylcellulose, and
the proportions were based upon mix designs provided by the fiber manufacturer (Kuraray,
2002).

In the majority of the tested materials, a fine aggregate' (<0.3 mm) was used. The size of the
aggregates in the matrix must be limited to minimize the matrix fracture toughness of the
resulting composites (Section 2.1.5 and Li, et al., 1995). The use of aggregates helps reduce the
creep and drying shrinkage of the specimens (Billington and Rouse, 2003), and also reduces the
cost of the material.

All of the specimens examined in this study were wet cured for 28 days prior to testing. At the
end of the wet curing period, the specimens were allowed to dry for a minimum of 14 days under
laboratory conditions prior to testing.

' F-70 Silica Sand by US Silica. (http://www.u-s-silica.com/prod_info/PDS/Ottawa/ottawaFs2002.PDF)
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Table 3-7 -Mix designs used in the fiber evaluation testing

Material Sp' DYN-A' SP-A' REC-A*  RECS-A™
Water / cm* 0.35 0.35 0.35 0.39 0.39
Type I Portland 1295 1016 1016 733 733
Cement (kg/m3)
Water (kg/m’) 504 345 345 408 408
Silica Fume (SF) 144 113 113 0 0
(kg/m’)
SF/cm 0.10 0.10 0.10 0 0
Fly ash® (kg/m’) 0 0 0 314 314
Fly ash / cm 0 0 0 0.3 0.3
Aggregate (kg/m’) 0 565 565 523 523
Aggregate / cm 0 0.5 0.5 0.5 0.5
Fiber (kg/m") 19.4 19.4 19.4 26.0 26.0
Fiber volume 2% 2% 2% 2% 2%
fraction
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.

3.3.4 Predicted Response

The micromechanical basis of the ECC materials, as discussed in Section 2, allows for the effects
of variations in fiber and matrix parameters to be evaluated. In the current study, there were two
major differences in the properties of the fibers studied; the higher interfacial bond strength of
the REC and RECS fibers compared to the Spectra and Dyneema fibers, and the aspect ratio
difference between the Dyneema compared to the Spectra, REC and RECS fibers. The expected
effect on the tensile response due to the difference in fiber properties can be examined using
Equations 2-2 to 2-4 shown in Section 2 and is also discussed in Li and Leung (1992).

The higher interfacial bond strength of the REC and RECS fibers will result in higher pullout
strengths for the individual fibers from the matrix. This should result in higher strengths both at
initial cracking and at ultimate tensile capacity in the ECC. The higher interfacial bond strength
should also result in smaller crack widths at a given load. This can be shown using Equations 2-
2 to 2-5.
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The use of the same volume fraction of the smaller diameter (higher aspect ratio) Dyneema
fibers will result in ECC samples with a higher number of individual fibers when compared to
samples with Spectra, REC or RECS fibers. Assuming the matrix and fiber material properties
remain constant, the fibers with the higher aspect ratio should have smaller crack widths for a
given load (Equation 2-2 to 2-4). In addition, as the diameter of the fibers decrease, the first
crack strength should increase. The fibers with a higher aspect ratio should also provide a higher
bridging stress, allowing a higher ultimate strength (Equation 2-5).

Predictions of the strain capacity of the materials cannot be readily made from an examination of
the fiber and matrix properties. The inability to predict strain capacity is a consequence of the
random internal flaws in the materials, which act to limit the strain capacity of the materials.

The inability to predict tensile strain capacity can be seen in the preceding section, where tension
tests showed large variations in strain capacity with test geometries, despite testing nominally
identical materials.

3.3.5 Test Series

To examine the effect of the different fibers, a series of three dogbone and three cylinder
specimens were cast using each of the mix designs shown in table 3-7. One exception was that
cylinder specimens were not cast with mix design DYN-A. The dogbone geometry was selected
for the fiber evaluation because it provided the most ductile response in the geometry evaluation
(Section 3.2). The cylinders were selected because they represent the most common geometry
for testing of cementitious materials. Uniaxial tensile tests were performed on the specimens
using the procedure described in Section 3.2.1 in the 225 kN testing machine. Testing was
carried out until complete failure of the specimens as defined by exceeding the displacement
limit of the LVDT’s or a greater than 60% loss from the peak tensile strength. The testing of
some of the dogbone specimens (indicated in the results) was stopped at 5% strain.

3.3.6 Test Results

Representative uniaxial tension test results from the dogbone specimens are shown in figure 3-
11, while representative results from the cylindrical specimens are shown in figure 3-12. The
number following the mix design name (1, 2, or 3) refers to the specimen number from that
particular set. Similar to the results presented in Section 3.2, the cylindrical specimens had both
lower strengths and strain capacities compared to the dogbone geometry. Figures 3.13 to 3.19
show the results from the tests of each mix design that contained aggregate (note the x-axis
scales differ). The results from the SP mix designs, without aggregate, are shown in figures 3.8
and 3.10. The testing results are summarized in tables 3-8 and 3-9 for the dogbone and
cylindrical geometries, respectively.

Consistent with theory, the specimens made with the higher aspect ratio Dyneema fibers (DYN-
A) had visibly finer cracks widths when compared to specimens the Spectra fibers. Similarly,
the use of REC and RECS fibers also resulted in visibly finer crack widths, due to greater bond
strength compared to the Spectra fibers.
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Figure 3-11. Comparison of uniaxial tensile test results from dogbone specimens (Specimen
SP-A stopped at 5% strain)
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Figure 3-12. Comparison of uniaxial tensile test results from cylindrical specimens
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Figure 3-13. Uniaxial tensile test response of dogbone specimens using SP-A mix design
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Figure 3-14. Uniaxial tensile test response of dogbone specimens using DYN-A mix design
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Figure 3-17. Uniaxial tensile test response of cylinder specimens using SP-A mix design
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Figure 3-18. Uniaxial tensile test response of cylinder specimens using REC-A mix design
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Figure 3-19. Uniaxial tensile test response of cylinder specimens using RECS-A mix design
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Table 3-8 — Summary of uniaxial tensile test results from dogbone specimens

eye 3l
. Imm.ll Peak Tensile Peak .
Mix . Tensile . Failure
. Specimen Strength Strain .
Design Strength (MPa) Capaci tyz Location
(MPa)
1 1.0 2.0 5.0% Center third
SP 2 1.0 1.8 6.4% Center third
3 1.5 2.8 6.4% Center third
Average 1.2 2.2 5.9% -
1 1.2 2.6 5.0% Center third
SP-A 2 1.2 2.5 4.2% Center third
3 1.2 2.2 4.1% Center third
Average 1.2 2.2 4.4% -
1 1.8 3.1 5.0% Center third
2 2.4 2.8 3.9% Center third
DYN-A 3 1.2 2.5 3.1% Center third
Average 1.8 2.8 4.0% -
1 2.0 4.9 3.1% Center third
2 2.0 4.4 1.8% Center third
REC-A 3 2.0 3.7 1.6% Center third
Average 2.0 4.3 2.2% -
1 2.2 4.9 3.4% Center third
2 2.2 3.9 2.2% Center third
RECS-A 3 2.2 3.5 2.4% Center third
Average 2.2 4.1 2.8% -

1. Tensile strength at the formation the first crack.
2. Strain capacity at onset of softening.
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Table 3-9 — Summary of uniaxial tensile test results from cylinder specimens

ege 1l
. Imm.ll Peak Tensile Peak .
Mix . Tensile . Failure
. Specimen Strength Strain .
Design Strength (MPa) Capaci tyz Location
(MPa)
1 1.2 1.3 1.6% Top third
SP 2 1.2 1.4 2.0% Center third
3 1.2 1.8 3.3% Top third
Average 1.2 1.5 2.3% -
1 1.1 1.2 0.5% Center third
SP-A 2 1.1 1.4 1.3% Center third
3 1.1 1.7 0.6% Center third
Average 1.2 1.4 0.8% -
1 1.2 1.4 0.5% Center third
o -
oA 2 b o
. . . 0
Average 1.1 1.6 0.5% -
1 1.2 2.3 0.6% Center third
o -
oA 2l a0 sk G
. . . 0
Average 1.4 2.1 0.5% -

1. Tensile strength at the formation the first crack.
2. Strain capacity at onset of softening.

3.3.7 Discussion of Test Results

Results from the uniaxial tensile tests were found to be consistent with the micromechanical
principles for ECC materials presented in Section 2, and briefly discussed in Section 3.3.2. The
higher (reported) interfacial bond strength of the REC and RECS fibers resulted in higher initial
and peak strengths compared to Spectra and Dyneema fibers. Similarly, the higher aspect ratio
Dyneema fiber specimens achieved a higher initial and peak tensile strength, compared to the
materials with Spectra fiber. Where dogbone and cylinder specimens were tested, the trend of
increased initial and peak strengths with increased bond strength and higher aspect ratio fibers
can be seen in the results from both the dogbone and cylindrical specimens. The trend was more
apparent in the dogbone specimens due to their typically higher strain capacity. As mentioned in
Section 3.3.6, the crack widths in the ECC made with the fibers with higher bond strength and
with the higher aspect ratio fibers had visibly smaller crack widths (the crack widths were visibly
compared, but not directly measured). Clearly, ECC materials with varying properties can be
fabricated using the micromechanical principles presented in Section 2.

The results from the SP and SP-A mix designs (SP in figures 3.8 and 3.10, and SP-A in figures
3.13 and 3.17) show the effect of the aggregate additions. These mix designs are nominally
identical, except the SP-A contains aggregate. The SP-A mix design had lower strain capacities
than the SP mix design, this trend was observed in both specimen geometries. The lower strain
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capacity of the ECC materials with aggregate was consistent with previous research results
which showed that aggregate additions have the effect of increasing the fracture toughness of the
materials, which results in a lower strain capacity (Li, et al., 1995). The initial and peak tensile
strength was not affected by the aggregate addition.

The mix designs used in the tests used different supplementary cementitious materials (silica
fume and fly ash), and different amounts of the materials. A comparison of the effects of the
supplementary cementitious materials was not included in the research, and the limited number
of mix designs used in the study precludes direct comparisons on the results of the additions.
This topic can be addressed in future research.

3.3.8 Summary of Test Results

The results of the testing showed the variation in tensile response that can occur through the use
of different fibers and fiber-matrix combinations. The tensile response of the ECC material with
different fibers was consistent with the micromechanical principles reviewed in Section 2.
Aggregate additions to the ECC were observed to decrease the tensile strain capacity of the
materials, but did not have a significant effect on the materials initial or peak tensile strength.
Additional study will be required to fully understand effect of different supplementary
cementitious materials used in the research.

3.4  Cyclic Testing of ECC Materials

This section presents the results of an experimental investigation of ECC materials subjected to
monotonic and cyclic uniaxial loading. The main objective of this portion of the research was to
identify ECC material response to various cyclic loading schemes. The results were used by
colleagues to develop a constitutive model for nonlinear cyclic finite-element analyses (Han et
al., 2003). The main variables in the experiments were different mix designs, and different
loading schemes.

The cyclic response of ECC materials has not been extensively examined to date and was
necessary to evaluate the unloading and reloading response of the ECC materials. . Due to the
high strain capacity and pseudo-strain hardening of ECC materials it was expected that the cyclic
response of ECC materials would be different from conventional concrete materials. For
constitutive model development, the complete tensile response of ECC including post-peak
behavior must be known. An accurate material model was need for the finite element-based
simulations of ECC performance in the retrofit applications being investigated as a part of the
larger research project.

3.4.1 Previous Work

The cyclic behavior of concrete materials has been extensively studied in previous experimental
research (summaries in CEB, 1996 and van Mier, 1997). Numerous constitutive models have
also been developed that describe the response of concrete to cyclic compressive and tensile
loads (e.g., Sinha, et al. 1964; Karsan and Jirsa, 1969; Yankelevsky and Reinhardt, 1987; and
summary in CEB, 1996).
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The pseudo-strain hardening behavior of ECC materials in tension is significantly different than
the tensile behavior of conventional cementitious materials. Therefore direct application of
many previously developed models was not possible for the simulation of ECC response to
cyclic loading. Kabele (2001) proposed a constitutive model for ECC based on the theoretical
micro-mechanics of the material response. This model was used to simulate the cyclic response
of ECC infill panels. To date, no material models for ECC have been developed based on
reversed cyclic loading experiments. Similarly, very few reversed-cyclic loading experiments
have been reported on ECC materials (See Section 2.1.4). Fukuyama, et al. (1999) examined the
tension-compression envelope behavior of ECC material made with PVA fibers. In a later study,
Sato et al. (2001), and Fukuyama et al., (2002) included multiple loadings in the tensile regime
of the loading cycle. The specimens were loaded in tension to predetermined strain levels,
unloaded, and then loaded in compression to a stress equivalent to one third of the compressive
strength of the material. Following the compressive loading the tensile loading was repeated to a
higher strain level.

3.4.2 Test Program

To evaluate the cyclic response of ECC materials a testing program was developed with the
following objectives:
e Determine the nature of the unloading and reloading behavior of ECC in tension
and compression.
e Determine if the results from monotonic uniaxial tests can be used in a cyclic
material model.
e Determine if cyclic loadings affect the peak compressive or tensile stress, or the
strain at the peak stress levels relative to monotonic response.
e Evaluate how repeatable the results from tests on ECC materials are.

The cyclic testing included monotonic uniaxial compression, cyclic uniaxial compression and
reversed uniaxial cyclic tension/compression experiments. Cylindrical specimens were used in
all of the tests. Unless specifically noted, a minimum of three specimens was tested for each
loading condition to evaluate the reproducibility of the results.

3.4.3 Material Composition

The testing described in this section utilized the mix designs described in Section 3.3; with the
exception of mix DYN-A, which was not used. To develop a greater understanding of the
influence of the fibers on the compressive response of the material, additional specimens were
cast using the SP and RECS-A mix design without fibers. These mix designs were termed Paste
and Mortar, respectively. Table 3-10 shows all the mix designs used in the cyclic testing. The
specimens were cast and cured in an identical manner to the specimens described in Section 3.2.
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Table 3-10 — Mix designs used in the cyclic testing

Material Sp! Paste SP-A'  REC-A™  RECS-A™  Mortar™
Water / cm* 0.35 0.35 0.35 0.39 0.39 0.39
Type I Portland | 1295 1321 1016 733 733 747
Cement (kg/m3)
Water (kg/m’) 504 514 345 408 408 416
Silica Fume (SF) | 144 147 113 0 0 0
(kg/m’)
SF/cm 0.10 0.10 0.10 0 0 0
Fly ash’ (kg/m’) 0 0 0 314 314 320
Fly ash / em 0 0 0 0.3 0.3 0.3
Aggregate (kg/m’) 0 0 565 523 523 534
Aggregate / cm 0 0 0.5 0.5 0.5 0.5
Fiber (kg/m’) 19.4 0 19.4 26.0 26.0 0
Fiber volume 2% 0 2% 2% 2% 0
fraction
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.

3.4.4 Test Results - Monotonic Tension Testing

Tension testing was performed in the previously reported studies (Sections 3.2 and 3.3) to
examine the effect of the different mix designs and specimen geometry on the tensile strain
capacity of the materials. Results from cylindrical specimens were shown in figures 3.10, 3.12,
3.17-3.19, and were summarized in table 3-9 for the various mix designs. The results of these
tension tests serve as benchmarks for evaluation of the effects of cyclic loadings on the ECC
tensile response envelope. Due to the expected low strain capacity of the Paste and Mortar
mixes, uniaxial tension tests were not performed on those materials.

3.4.5 Test Results - Monotonic Compression Testing

The monotonic compressive response was needed to serve as a benchmark for examination of the
cyclic compressive response of the ECC materials. Specifically, comparison of monotonic and
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cyclic compressive test results will allow for the potential impact of cyclic loadings on the
compressive strength of the ECC materials to be examined. Comparisons between the
monotonic and cyclic compressive tests results will be shown in Section 3.4.6.

The compressive strength of the ECC materials was evaluated using the same testing setup and
instrumentation used in the uniaxial tension testing (Section 3.2 and 3.3). The compressive
strength test results are summarized in table 3-11. The compressive strength of the ECC
materials was similar both to traditional cementitious materials with similar water-to-
cementitious material (w/cm) ratios (Mehta, 1986), and to the specimens made without fibers.
Aggregate additions resulted in a decrease in compressive strength. The decrease in strength
occurs because the aggregate pieces act as stress risers, contributing to the propagation of tensile
cracks in the material (van Mier, 1997). The effect of the aggregate additions was most
pronounced in the material with the lower w/cm ratio (SP and Paste compared to SP-A), which is
consistent with previous research results (Mehta, 1986).

The modulus of elasticity of the ECC materials is comparable to cementitious pastes (e.g..
Spooner, 1972). Similarities between cement pastes and ECC materials were expected due to the

relatively low volume fraction of aggregate in the ECC.

Table 3-11 — Summary of Uniaxial Compression Test Results'

Mix Desien Compressive (f\(/igldp];lfls:i:fe Maximum Compressive
8 Strength (MPa) Elasticity (GPa) Strain®

SP 63 13.8 0.5%
Paste 57 10.0 0.6%
SP-A 38 11.2 0.4%
REC-A 48 12.9 0.5%
RECS-A 41 12.1 0.4%
Mortar 52 14.8 0.5%

1. Average results from three specimens
2. Strain at the onset of softening

Figure 3-20 compares a representative compressive response of ECC materials made with and
without fine aggregate (SP-A, REC-A, RECS-A, and SP, respectively), and without fibers (Paste
and Mortar). The effect of the aggregate can be seen in the pre-peak portion of the response. SP
and Paste were nearly linear elastic until the peak stress was reached, whereas SP-A, RECS-A
and Mortar deviate from linear elastic behavior at roughly 75% of their peak stress. The
deviation is attributed to the propagation of bond cracks between the aggregate and cement paste
during loading. The largest difference in the response was between the ECC materials (SP, SP-
A, REC-A and RECS-A) and the materials without fibers (Paste and Mortar). The materials
without fibers fail in a brittle manner, in contrast to the extensive softening of in the ECC
materials.
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Figure 3-20 Uniaxial compressive test results from various mix designs

All of the ECC materials show a generally similar response in the post-peak region. After the
peak compressive stress is reached, the load initially drops steeply followed by a long softening
region. The shape of the post-peak curves was similar to reported results from traditional
concretes (e.g., Yankelevsky and Reinhardt, 1987; Karsan and Jirsa, 1969; Sinha et al., 1964)
and mortars (e.g., Maher and Darwin, 1982). However the post-peak strain levels reached in the
ECC corresponding to certain percentages of peak stress were in general higher than those
reached in traditional concretes and mortars. The compression testing on the materials without
fibers (Paste and Mortar) did not effectively capture the post-peak portion of their compressive
response. This was due to the inability of the hydraulic test frame to unload the specimen rapidly
enough to prevent the complete, brittle failure of the specimens as they began to soften in
compression.

Figures3-21 to 3.26 show the results from the compression specimens with the different mix
designs. All three specimens for each mix design have similar peak compressive strengths,
initial compressive moduli of elasticity, strain levels at failure, and envelope shapes in the post-
peak region. The variation observed here between specimens with fibers was small and was
similar to the variation observed in compression tests of steel fiber-reinforced cementitious
materials (Otter and Naaman, 1988). The effect of the fibers was apparent in comparing the
large strain capacities (figures 3.21, 3.22, 3.24 and 3.25) in the fiber reinforced materials with the
Paste and Mortar (figures 3.23 and 3.26) which exhibited a brittle response.
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Figure 3-21. Uniaxial compressive response of mix SP
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Figure 3-22. Uniaxial compressive response of mix SP -A
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Figure 3-23. Uniaxial compressive response of mix Paste
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Figure 3-24. Uniaxial compressive response of mix REC-A
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Figure 3-25. Uniaxial compressive response of mix RECS-A
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Figure 3-26. Uniaxial compressive response of mix Mortar
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3.4.6 Test Results - Cyclic Testing

To examine the cyclic response of ECC, three different loading schemes were used; cyclic
compression and two cyclic loading schemes that included reversals in load from tension to
compression. These three schemes facilitated examining how cyclic loading affects the strength
envelope observed in uniaxial tension and compression tests. The presentation of the replicate
results was intended to demonstratse the reproducibility of the cyclic response of ECC materials.
All of the cyclic tests were performed using cylindrical test specimens.

Cyclic Compression

The cyclic compressive testing involved loading and unloading to strain levels of 0.1%, 0.2%,
0.3%, 0.4%, 0.5%, 0.75%, 1%, 2%, 3% and 5%. Similar to the tensile testing, the specimens
were initially loaded at a strain rate of 0.1% per minute. After 2% strain was reached the loading
rate was increased to 1% per minute. Figures 3.27 to 3.30 show the results obtained from the
cyclic compression tests on the different ECC mix designs. For comparison purposes the results
from the Paste and Mortar mix designs are shown in figures 3.31 and 3.32, respectively.
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Figure 3-27. Cyclic compression response of mix design SP
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Figure 3-28. Cyclic compression response of mix design SP-A
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Figure 3-29. Cyclic compression response of mix design REC-A
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Figure 3-31. Cyclic compression response of mix design Paste
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Figure 3-32. Cyclic compression response of mix design Mortar

From figures 3.27 to 3.30, it can be seen that the various mix designs for the ECC showed
similar unloading and reloading responses under cyclic compression with only small differences.
Prior to reaching the peak compressive stress elastic unloading was observed. However, the mix
designs with aggregate (SP-A and REC-A and REC-A) required a tensile force for the specimen
to return to its initial length during these elastic unloading cycles. The tensile loading was
required to overcome the damage from bond cracks that formed between the paste and aggregate
under compression. The Paste (figure 3-31) and Mortar (figure 3-32) materials failed in a brittle
manner during the cyclic testing.

After the peak stress was reached and compressive softening began, the initial portion of any
unloading was elastic, followed by a parabolic unloading. The parabolic portion of the
unloading was a consequence of the permanent deformation that occurred while the material was
softening in compression. When the parabolic unloading reached low strain levels (typically less
than 0.5% in compression), tensile loads were required for all specimens to return to their
original lengths. The reloading of the specimen in compression was then parabolic, until
reaching the strain at which the unloading from that direction had begun. After reaching this
strain, the specimen continued to undergo strength degradation along the envelope curve.

The repeatability of the cyclic-compressive test results can be seen in figures 3.27 to 3.30, which
show the results from the different mix designs. All of the mix designs showed similar amounts
of variation with slightly more variability in the post-peak residual strength for the REC-A and
RECS-A specimens.
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The effect of the fibers in maintaining the integrity of the specimens can be seen in a comparison
of figures 3.27 (SP) and 3.31 (Paste) and figures 3.30 (RECS) and 3.32 (Mortar). These figures
compare results from the ECC specimens with specimens of the same mix design cast without
fibers. Prior to reaching the peak compressive strength, the results from the ECC and fiber free
specimens are nearly identical, in unloading and reloading behavior. After the peak compressive
strength is reached, the specimens without fibers rapidly lost integrity, disintegrated, and were
unable to reach the same strain levels as the ECC specimens.

Figure 3-33 shows typical cyclic compression test results from specimens of mix SP and SP-A,
while figure 3-34 shows cyclic compression results from mix REC-A. Also plotted on the
figures is a typical monotonic compression curve for each mix. The cyclic compression results
were similar to the uniaxial compression results in both the peak compressive strength, and the
strain level at the onset of softening. The results shown in figures 3.33 and 3.34 indicate that the
cyclic loadings do not effect the peak compressive strength of the ECC or the shape of the
compressive softening envelope.
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Figure 3-33. Comparison of cyclic and monotonic compression test results from mix designs
SP and SP-A
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Figure 3-34. Comparison of cyclic and monotonic compression tests results from mix design
REC-A

Cyclic Tension/Compression

Cyclic tension/compression tests were conducted to examine how ECC behaves in the transition
from tension to compression. This transition behavior can occur for instance under seismic,
fatigue or wind loadings. To evaluate different reversed cyclic loading situations, two loading
schemes were applied. One of the loading schemes approximates previous cyclic
tension/compression tests by Yankelevsky and Reinhardt (1989). This scheme, referred to as a
Y-R loading here, examines if a cyclic tensile loading has an effect on the peak tensile strain
capacity of the material. The Y-R load scheme determines the complete shape of the tensile
unloading and reloading curves.

With the Y-R loading, the specimens were loaded to tensile strain levels of 0.1%, 0.25%, 0.5%,
1%, 2%, and 3%. A strain rate of 0.1% per minute was applied. After each predetermined strain
level was reached the specimen was unloaded and then loaded in compression. To ensure
complete closure of tensile cracks the specimen was loaded in compression until the stiffness of
the specimen was similar to that observed in a uniaxial compression test. Increasing amounts of
compressive stress were required as higher tensile strain levels were reached. At no time was the
compressive strength of the specimen exceeded during a test. The upper tensile strain limit was
reached when the ECC material began to soften (i.e., lose strength) in tension. After this tensile
strain limit was reached the specimen was unloaded and testing was stopped. Figures 3.35 to
3.38 show the results obtained from the Y-R loadings on the different mix designs.

Variations in peak tensile strain capacity were observed between the different mix designs. The
results from mix design SP showed the highest average peak strain capacity (approximately 2%),
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while mix design REC-A and RECS-A had lower strain capacities (approximately 0.5%). These
results were consistent with the tensile results summarized in table 3-9.

Stress (MPa)

Stress (MPa)

Stress (MPa)

Strain

Figure 3-35. Cyclic tension/compression response of SP mix design using Y-R loading
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Figure 3-36. Cyclic tension/compression response of SP-A mix design using Y-R loading
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Figure 3-37. Cyclic tension/compression response of REC-A mix design using Y-R loading
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Figure 3-38. Cyclic tension/compression response of RECS-A mix design using Y-R loading
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Figure 3-39 shows a typical result from a Y-R loading, in this case on a SP specimen. Three
distinct regions of response can be seen in both the unloading and reloading portions of the
curve. Figure 3-40 highlights these regions on a single loading and unloading cycle. The
unloading regions, labeled in italics, were the initial elastic unloading, the cracks closing with
low compressive stiffness (similar to a slip region), and the increasing compressive stiffness as
the cracks close and the specimen begins to bear compressive stress. The reloading regions,
labeled in bold, are the initial elastic unloading, crack opening with low stiffness, and increasing
tensile stiffness with increasing crack opening. The tensile strain capacity shown in figure 3-39
was similar to the uniaxial tension test results for the SP mix (results given in table 3-9). The Y-
R loading, which was predominantly a cyclic tensile loading, does not limit the tensile strain
capacity of the material. Similar behavior was seen for all mix designs shown in figures 3.35 to

3.38.

3.00% 3.50%

Stress (MPa)

Strain

Figure 3-39. Result from Y-R loading on SP material (SP — 2)
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Figure 3-40. Results from single cycle, with distinct regions highlighted

A second cyclic loading scheme was developed to examine how compressive softening of ECC
affects the tensile response. To evaluate this effect, specimens were alternately loaded in
compression, followed by tension, to progressively increasing strain levels. This loading scheme
is termed balanced loading here. The strain levels used in the balanced loading were 0.1%,
0.2%, 0.3%, 0.4%, 0.5%, 0.75%, 1%, 2%, 3%, 4%, and 5%, with all of the testing performed at a
strain rate of 0.1% per minute. The strain rate was increased to 1% per minute after 2% strain.
In a few cases, some of the higher drift levels (e.g. 4%) were skipped. The REC-A mix design
was not tested using this loading scheme. Figures 3.41 to 3.43 show the results obtained from
the balanced loadings on the different mix designs. The reason for the lower compressive
strength of the specimens made with the RECS-A mix design relative to the uniaxial
compression tests (table 3-11 and figure 3-25) is not apparent.
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Figure 3-41. Cyclic tension compression response of SP mix design using balanced loading
scheme
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Figure 3-42. Cyclic tension compression response of SP-A mix design using balanced loading
scheme

67



2.0% 4.0% 6.0%

Stress (MPa)

—RECS-A -1

Strain

4.0% 6.0%

Stress (MPa)

+ —RECS-A -2

Strain

0% 2.0% 4.0% 6.0%

Stress (MPa)

+ —RECS-A -3

Strain

Figure 3-43. Cyclic tension compression response of RECS-A mix design using balanced
loading scheme
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Figure 3-44 shows a typical result from a balanced loading test, in this case on a SP-A specimen.
A close-up of the tensile regime is shown in figure 3-45 along with a typical uniaxial tension test
result from the same mix design. As expected the shape of the tensile unloading and reloading
was similar to the response seen from the Y-R loading at low tensile strain levels, prior to
reaching the peak compressive stress and strain (prior to 0.5% tensile strain in figure 3-45).

Indicated on figure 3-45 is the tensile strain cycle reached immediately after softening had begun
in compression. After the onset of compressive softening, the tensile capacity of the material
decreased as it continued to strain in tension. Tensile cracks began to localize where significant
lateral and diagonal cracking occurred due to the compressive softening of the material as seen in
figure 3-46.

4% 6%

Stress (MPa)

Strain

Figure 3-44. Typical result from a balanced loading test from mix design SP (Specimen SP-2)

69



3.0
’ — SP - Cyclic Balanced - 2

— SP - Tension -1

S
je)
|
T

Stress (MPa)

—_
o

0.0
0.0% 1.0% 2.0% 3.0% 4.0% 5.0%

Strain

Figure 3-45. Close up of tensile region shown in figure 3-44, with uniaxial tensile response
added for comparison

Figure 3-47 shows a typical crack pattern on a specimen after a balanced loading test. Vertical
cracks in the loading direction due to lateral expansion as well as horizontal tensile cracks are
visible. This orthogonal cracking is distinctive of ECC materials, which are in general very
tough and do not spall even after large load reversals (Billington and Yoon, 2002).

Figures 3.41 to 3.43 show the variability among three specimens of the same mix design
subjected to the balanced loading scheme. The response to the balanced cyclic loading was quite
similar in all three tested specimens. The softening in tension and corresponding inability of the
material to continue to strain harden corresponds directly to the beginning of softening in
compression. This loss of tensile strain hardening capacity was again due to the damage caused
by the high compressive loads. Again, it was observed during the experiments that tensile crack
localization typically occurred where lateral and diagonal cracking from compression existed.
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Figure 3-46. Tensile localization in balanced loading specimen at location of compressive
damage.

Figure 3-47. Typical orthogonal crack pattern in ECC materials observed during cyclic
loading.

3.4.7 Discussion of Cyclic Response
The response of ECC materials as they unload from tension and transition into compression
detailed in figure 3-40 can be explained by considering the interaction of the fibers and the

matrix. As discussed in Section 2.1.1, in ECC materials with polyethylene fibers, fiber pullout
from the matrix is a frictional debonding process that occurs with increasing levels of tensile
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strain. With PVA fibers (such as the REC and RECS fibers used in this research), chemical
debonding occurs followed by frictional debonding. Both types of fiber are unable to retract into
the matrix after the debonding processes occur and the fibers are pulled out.

When specimens in tension are unloaded, the initial elastic unloading behavior occurs as the
elastic strain is removed from uncracked areas in the ECC and very small elastic strains are
removed from the fibers that have begun pulling out of the matrix. Once the elastic strain is
removed, the cracks with fibers bridging them begin to close. The low stiffness in the crack
closing portion of the response occurs because the pulled out fibers that cross the cracks lack
compressive stiffness without the lateral support of the matrix. The stiffness of the specimen
increases as the cracks close and bear compressive stress. As the compressive stress increases,
the stiffness of the specimen increases eventually reaching similar stiffness to that observed in
the monotonic compression tests.

The response of ECC materials transitioning from compression to tension is also a result of fiber-
matrix interactions. The level of compressive strain imposed on the specimen determines the
nature of the transition from compression to tension. Specimens that have not reached their peak
compressive stress will unload elastically. When tensile strain is then applied, the specimen will
have a low initial stiffness as the compressed fibers stretch while the cracks are reopening. The
increasing stiffness occurs as the fibers begin to carry load with increasing crack opening
displacement. When the peak tensile strain from the previous cycle is reached the cracks will
have fully reopened. At this point, additional tensile strains will result in both the formation of
new cracks and additional extension of existing cracks, provided that the strain localization in a
single crack has not yet occurred.

A specimen that has begun to soften in compression will have little stiffness after the removal of
the elastic stress. This lack of stiffness is caused by both the permanent deformation of the
specimen due to bond cracking between the aggregate and paste, and due to the opening of
previously existing tensile cracks. As additional tensile strain is applied, the stiffness of the
specimen will eventually increase. The amount of stiffness increase will be dependent upon the
extent of cracking caused by compression as well as the amount of pre-existing tensile cracks.

Significant differences were not observed when comparing the cyclic response characteristics of
the different mix designs. The differences between mix designs in cyclic response were
consistent with the results of monotonic tests. For example, the RECS-A mix design had a
similar tensile capacity in both monotonic and cyclic tests.

3.4.8 Cyclic Material Model Development

A major goal of the cyclic testing was to provide data for the development of constitutive models
for ECC materials. Models that incorporate the unique cyclic response of ECC are needed to
accurately simulate the behavior of ECC in cyclically loaded applications. The large variation in
stiftness of ECC materials as a function of strain level and loading history will preclude the
direct use of many previously developed concrete constitutive models. One model for ECC has
been developed based in part on the experiments performed and presented here (Han et al.,
2003). This model uses a multi-linear curve to model both the tensile and compressive strength
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envelopes. The unloading/reloading behavior in compression and in tension before the onset of
tensile softening was modeled using power laws. Unloading in the tensile softening regime is
assumed to be linear. The model was implemented as a total strain based co-axial model
(Feenstra et al., 1998).

The cyclic testing indicated that results from monotonic uniaxial tension and compression tests
could be used to provide input parameters (e.g. modulus of elasticity, peak stress, peak strain) for
an ECC cyclic material model that uses uniaxial stress-strain data provided that the compressive
strength of the material is not anticipated to be exceeded. Where the compressive strength is
expected to be exceeded, a reduced tensile response would be necessary.

3.4.9 Summary of Cyclic Test Results

The response of ECC materials to cyclic uniaxial tensile and compressive loading was evaluated.
The ECC materials were observed to have a distinctive loading and unloading response in both
tension and compression. The inability of the fibers to rebond/retract into the matrix after
pullout produced a low stiffness area in the cyclic stress-strain response. In compression, the
behavior of the ECC materials studied here was largely similar to traditional cementitious
materials.

The experimental results indicated that reversed cyclic tension-compression loading did not limit
the tensile strain capacity of ECC materials, provided that the compressive strength of the
material was not exceeded. When the compressive strength of the material was exceeded, the
tensile strain capacity of the material was reduced. The reduction in tensile stress and strain
capacity occurs because tensile cracks localize in areas where compressive damage has begun, as
evidenced by lateral expansion cracks. Significant differences were not observed when
comparing the cyclic response characteristics of the different mix designs.

Key parameters for an ECC material model can be obtained from the results of monotonic
uniaxial tension and compression tests (e.g., modulus of elasticity, peak stress, peak strain). The
use of values from monotonic tests must take into consideration the reduction in tensile strain
capacity that will occur if the peak compressive strength of the material is exceeded.

Three specimens of each material were tested in each loading scheme. This amount of testing
was performed to examine the reproducibility and variability of the cyclic test results. The
results indicated that the cyclic response of the ECC materials was in general quite reproducible,
with minor variations between specimens as shown for example in figures 3.41 to 3.43.

3.5 Implications for ECC Applications
The primary difference in ECC response from conventional concrete was the tensile and cyclic
tensile response. ECC materials under cyclic loading have a large variation in stiffness as a

function of the extent of tensile crack opening and whether the material is being unloaded or
reloaded.
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For reverse cyclic load applications where compression softening is not anticipated in the design,
the tensile stress and strain capacity is not expected to be limited relative to uniaxial tensile
capacities. However if compressive softening is anticipated, tensile capacities will be reduced.
This limitation must be considered in the development of ECC applications.

Significant differences were observed in the uniaxial tensile response of ECC materials with
different specimen geometries. The difference in size of the two geometries studied would, in
particular, affect the number and size of initial imperfections, which could alter the material’s
strain hardening capacity. Further investigation is needed to understand and predict the
performance of ECC materials in applications of varying size and geometry.

Additional research is necessary to examine the causes of the observed variations in tensile
response due to specimen geometry. Standard test methods that best capture the response of
ECC in engineering applications need to be developed. Furthermore, the experimental testing
here was conducted at a slow strain rate, with a limited number of testing cycles. To develop
practical applications for ECC materials additional testing is needed at higher strain rates to
examine the rate sensitivity of ECC materials. Finally, for the use of ECC materials in
applications with repeated loadings, additional testing with a higher number of cycles to evaluate
fatigue effects is needed.

3.6 Summary

The research presented in this section examined the response of small-scale ECC specimens to
various and environmental loading conditions. The goals of this portion of the research were to
examine the effect of curing and drying conditions, to examine the tensile specimen response of
different geometries, to examine the use of new fibers in ECC materials, and to evaluate the
cyclic response of ECC materials. Results obtained in this section were used for two different
purposes:

1. Provide test data needed to develop full-scale ECC applications
2. Provide test data needed to develop constitutive models for finite element-based
simulations of ECC behavior in structural applications

Results of the curing and drying condition testing indicated that extended wet curing periods (28
days) followed by a drying period of sufficient length to mitigate the effects of differential
relative humidity will produce the highest strain capacity in the material. These findings were
used to determine optimal conditions for the production of ECC structural components for later
testing.

The investigation of tensile specimen geometries revealed significant variations in the strain
capacity of ECC materials as a function of the specimen geometry. The differences in response
can be attributed to several factors including, fiber alignment effects, specimen end conditions,
and variations in initial flaw sizes. An understanding of these geometry effects was necessary to
predict accurately the response of larger ECC specimens, and to determine the appropriate size
and geometry of ECC specimens for quality purposes. The studies here indicate that further
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investigation is needed to understand and predict the performance of ECC materials in
applications of varying size and geometry.

A study of the use of different fiber types indicated that the differences in response can be
predicted using the micromechanical principles reviewed in Section 2. These results can be used
to develop ECC materials with different properties for varying applications.

The response of ECC materials to cyclic loadings to fully reversed cyclic loadings (tension-
compression) was examined. The response of the material to cyclic loading was found to be
dependent upon both the previous loading applied to the specimen and the applied strain. The
observed cyclic response was explained by considering the matrix-fiber interactions during
loading and unloading. These testing results are to be used to develop seismic retrofit strategies
that optimally use the desirable properties of ECC materials. The testing results were also
essential for the development of a constitutive model for use in finite element-based simulations.
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Section 4
Summary and Conclusions

4.0 Summary

The research focused on the development of ECC materials for use in seismic retrofit
development. Laboratory tests were developed after completion of a literature review. The
laboratory testing in the research focused on an examination of properties of the ECC materials
as needed for retrofit applications. Uniaxial testing was performed to evaluate the effect of
different curing and drying times, and specimen geometries on monotonic tensile results, and the
effect of different constituent (fiber and matrix) materials on the monotonic tensile response and
compressive response as well as cyclic tension-compression response (“reversed cyclic
loading”). The impact of curing and drying periods on the tensile and compressive response of
the materials was not previously documented. Furthermore, this research represents one of the
first investigations into the response of the ECC materials to reversed cyclic loadings.

4.1 Conclusions
The key findings and conclusions from the ECC material evaluation in this research were:

e The tensile strain capacity of the ECC materials was observed to be sensitive to
the length of specimen curing and drying times. Greater tensile strain capacity
was obtained with increased wet curing periods. However, sufficient drying time
after the cessation of wet curing must be provided to minimize the impact of
relative humidity gradients on tensile behavior. Short drying periods were
observed to limit the tensile strain capacity of the ECC.

e The uniaxial tensile response of ECC specimens made with different fiber types
was observed to be consistent with the micromechanical theory present by Li
(1998).

e Tensile specimen geometry was found to have a significant effect on the tensile
strain capacity of ECC materials. The highest tensile strain capacity was obtained
from dogbone-shaped geometry specimens. Prismatic and cylindrical specimens
resulted in lower tensile strain capacities. The variation in strain capacity is
attributed to differences in fiber alignment, specimen thickness and the effect of
initial flaws.

e A unique response was observed when the ECC materials were subjected to
reversed cyclic loadings. The stiffness of the material under cyclic loadings

varied as a function of the imposed strain, loading direction, and loading history.

e The shape of the cyclic response curve was not affected by fiber type.
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e During cyclic testing, the onset of compressive softening (exceeding the peak
compressive strength) in the ECC was observed to limit the tensile strain capacity
of the material.

e Provided the compressive strength of the ECC has not been exceeded, the results
from monotonic tests can be used to define the strength envelope for cyclic tests.

4.2 Recommendations for Future Work

The ECC materials investigated here showed a wide range of tensile properties as a function of
specimen geometry and constituent materials. Additional testing is required to examine further
the effects of specimen geometry on the tensile response of the materials. The testing needs to
include methods to examine the distribution of both the fibers and internal flaws in the materials.
Concurrent with the examination of fiber and internal flaw distribution; casting methods need to
be developed that minimize the impact of fiber and flaw distribution on the tensile performance
of the materials.

Another area for future research is an examination of the fiber distribution and orientation in the
materials, and the development of methods to evaluate the impact of fiber distribution and
orientation on the tensile response of the materials. Statistical methods can be used to develop
representative samples of the fiber orientation, and interfacial bond strength of the fibers.

The material testing performed in the current research was performed at a constant strain rate,
which was similar to the strain rate used in previous testing (Li, 1998). To develop a greater
understanding into the behavior of ECC material, the uniaxial and cyclic testing described in
Section 3 should be repeated at different strain rates. Such testing would provide insight into the
behavior of the ECC in structural applications where higher strain rates are expected, such as for
seismic design or impact and blast loading.
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7/15/88, (PB89-189617, A04, MF-A0Q1).

"SARCF User's Guide: Seismic Analysis of Reinforced Concrete Frames," by Y.S. Chung, C. Meyer and M.
Shinozuka, 11/9/88, (PB89-174452, A08, MF-AO01).

"First Expert Panel Meeting on Disaster Research and Planning," edited by J. Pantelic and J. Stoyle, 9/15/88,
(PB89-174460, A05, MF-A01).

"Preliminary Studies of the Effect of Degrading Infill Walls on the Nonlinear Seismic Response of Steel
Frames," by C.Z. Chrysostomou, P. Gergely and J.F. Abel, 12/19/88, (PB89-208383, A05, MF-A01).

"Reinforced Concrete Frame Component Testing Facility - Design, Construction, Instrumentation and
Operation," by S.P. Pessiki, C. Conley, T. Bond, P. Gergely and R.N. White, 12/16/88, (PB89-174478, A04,
MF-A01).

"Effects of Protective Cushion and Soil Compliancy on the Response of Equipment Within a Seismically
Excited Building," by J.A. HoLung, 2/16/89, (PB89-207179, A04, MF-A01).

"Statistical Evaluation of Response Modification Factors for Reinforced Concrete Structures," by H.H-M.
Hwang and J-W. Jaw, 2/17/89, (PB89-207187, A05, MF-A01).

"Hysteretic Columns Under Random Excitation," by G-Q. Cai and Y.K. Lin, 1/9/89, (PB89-196513, A03,
MF-AO01).

"Experimental Study of 'Elephant Foot Bulge' Instability of Thin-Walled Metal Tanks," by Z-H. Jia and R.L.
Ketter, 2/22/89, (PB89-207195, A03, MF-A01).

"Experiment on Performance of Buried Pipelines Across San Andreas Fault," by J. Isenberg, E. Richardson
and T.D. O'Rourke, 3/10/89, (PB89-218440, A04, MF-A01). This report is available only through NTIS (see
address given above).

"A Knowledge-Based Approach to Structural Design of Earthquake-Resistant Buildings," by M. Subramani,
P. Gergely, C.H. Conley, J.F. Abel and A.H. Zaghw, 1/15/89, (PB89-218465, A06, MF-A01).

"Liquefaction Hazards and Their Effects on Buried Pipelines," by T.D. O'Rourke and P.A. Lane, 2/1/89,
(PB89-218481, A09, MF-A01).

"Fundamentals of System Identification in Structural Dynamics," by H. Imai, C-B. Yun, O. Maruyama and
M. Shinozuka, 1/26/89, (PB89-207211, A04, MF-A01).

"Effects of the 1985 Michoacan Earthquake on Water Systems and Other Buried Lifelines in Mexico," by
A.G. Ayala and M.J. O'Rourke, 3/8/89, (PB89-207229, A06, MF-A01).

"NCEER Bibliography of Earthquake Education Materials," by K.E.K. Ross, Second Revision, 9/1/89,
(PB90-125352, A05, MF-AO01). This report is replaced by NCEER-92-0018.

"Inelastic Three-Dimensional Response Analysis of Reinforced Concrete Building Structures (IDARC-3D),
Part I - Modeling," by S.K. Kunnath and A.M. Reinhorn, 4/17/89, (PB90-114612, A07, MF-AO01). This
report is available only through NTIS (see address given above).

"Recommended Modifications to ATC-14," by C.D. Poland and J.O. Malley, 4/12/89, (PB90-108648, A1S5,
MF-AO01).

"Repair and Strengthening of Beam-to-Column Connections Subjected to Earthquake Loading," by M.
Corazao and A.J. Durrani, 2/28/89, (PB90-109885, A06, MF-AO01).

Formerly the National Center for Earthquake Engineering Research 91



NCEER-89-0014

NCEER-89-0015

NCEER-89-0016

NCEER-89-P017

NCEER-89-0017

NCEER-89-0018

NCEER-89-0019

NCEER-89-0020

NCEER-89-0021

NCEER-89-0022

NCEER-89-0023

NCEER-89-0024

NCEER-89-0025

NCEER-89-0026

NCEER-89-0027

NCEER-89-0028

NCEER-89-0029

NCEER-89-0030

NCEER-89-0031

"Program EXKAL2 for Identification of Structural Dynamic Systems," by O. Maruyama, C-B. Yun, M.
Hoshiya and M. Shinozuka, 5/19/89, (PB90-109877, A09, MF-AO01).

"Response of Frames With Bolted Semi-Rigid Connections, Part I - Experimental Study and Analytical
Predictions," by P.J. DiCorso, A.M. Reinhorn, J.R. Dickerson, J.B. Radziminski and W.L. Harper, 6/1/89, to
be published.

"ARMA Monte Carlo Simulation in Probabilistic Structural Analysis," by P.D. Spanos and M.P. Mignolet,
7/10/89, (PB90-109893, A03, MF-A0Q1).

"Preliminary Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake
Education in Our Schools," Edited by K.E.K. Ross, 6/23/89, (PB90-108606, A03, MF-A01).

"Proceedings from the Conference on Disaster Preparedness - The Place of Earthquake Education in Our
Schools," Edited by K.E.K. Ross, 12/31/89, (PB90-207895, A012, MF-A02). This report is available only
through NTIS (see address given above).

"Multidimensional Models of Hysteretic Material Behavior for Vibration Analysis of Shape Memory Energy
Absorbing Devices, by E.J. Graesser and F.A. Cozzarelli, 6/7/89, (PB90-164146, A04, MF-AOQ1).

"Nonlinear Dynamic Analysis of Three-Dimensional Base Isolated Structures (3D-BASIS)," by S.
Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 8/3/89, (PB90-161936, A06, MF-AO01). This report has
been replaced by NCEER-93-0011.

"Structural Control Considering Time-Rate of Control Forces and Control Rate Constraints," by F.Y. Cheng
and C.P. Pantelides, 8/3/89, (PB90-120445, A04, MF-A01).

"Subsurface Conditions of Memphis and Shelby County," by K.W. Ng, T-S. Chang and H-H.M. Hwang,
7/26/89, (PB90-120437, A03, MF-A0Q1).

"Seismic Wave Propagation Effects on Straight Jointed Buried Pipelines," by K. Elhmadi and M.J. O'Rourke,
8/24/89, (PB90-162322, A10, MF-A02).

"Workshop on Serviceability Analysis of Water Delivery Systems," edited by M. Grigoriu, 3/6/89, (PB90-
127424, A03, MF-A01).

"Shaking Table Study of a 1/5 Scale Steel Frame Composed of Tapered Members," by K.C. Chang, J.S.
Hwang and G.C. Lee, 9/18/89, (PB90-160169, A04, MF-AO01).

"DYNAID: A Computer Program for Nonlinear Seismic Site Response Analysis - Technical
Documentation," by Jean H. Prevost, 9/14/89, (PB90-161944, A07, MF-AO01). This report is available only
through NTIS (see address given above).

"1:4 Scale Model Studies of Active Tendon Systems and Active Mass Dampers for Aseismic Protection," by
AM. Reinhorn, T.T. Soong, R.C. Lin, Y.P. Yang, Y. Fukao, H. Abe and M. Nakai, 9/15/89, (PB90-173246,
A10, MF-A02). This report is available only through NTIS (see address given above).

"Scattering of Waves by Inclusions in a Nonhomogeneous Elastic Half Space Solved by Boundary Element
Methods," by P.K. Hadley, A. Askar and A.S. Cakmak, 6/15/89, (PB90-145699, A07, MF-AO01).

"Statistical Evaluation of Deflection Amplification Factors for Reinforced Concrete Structures,”" by H.H.M.
Hwang, J-W. Jaw and A.L. Ch'ng, 8/31/89, (PB90-164633, A05, MF-A01).

"Bedrock Accelerations in Memphis Area Due to Large New Madrid Earthquakes," by H.H.M. Hwang,
C.H.S. Chen and G. Yu, 11/7/89, (PB90-162330, A04, MF-A01).

"Seismic Behavior and Response Sensitivity of Secondary Structural Systems,”" by Y.Q. Chen and T.T.
Soong, 10/23/89, (PB90-164658, A0S, MF-A01).

"Random Vibration and Reliability Analysis of Primary-Secondary Structural Systems," by Y. Ibrahim, M.
Grigoriu and T.T. Soong, 11/10/89, (PB90-161951, A04, MF-A01).
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"Proceedings from the Second U.S. - Japan Workshop on Liquefaction, Large Ground Deformation and
Their Effects on Lifelines, September 26-29, 1989," Edited by T.D. O'Rourke and M. Hamada, 12/1/89,
(PB90-209388, A22, MF-A03).

"Deterministic Model for Seismic Damage Evaluation of Reinforced Concrete Structures," by J.M. Bracci,
A.M. Reinhorn, J.B. Mander and S.K. Kunnath, 9/27/89, (PB91-108803, A06, MF-A01).

"On the Relation Between Local and Global Damage Indices," by E. DiPasquale and A.S. Cakmak, 8/15/89,
(PB90-173865, A05, MF-A01).

"Cyclic Undrained Behavior of Nonplastic and Low Plasticity Silts," by A.J. Walker and H.E. Stewart,
7/26/89, (PB90-183518, A10, MF-A01).

"Liquefaction Potential of Surficial Deposits in the City of Buffalo, New York," by M. Budhu, R. Giese and
L. Baumgrass, 1/17/89, (PB90-208455, A04, MF-A01).

"A Deterministic Assessment of Effects of Ground Motion Incoherence,”" by A.S. Veletsos and Y. Tang,
7/15/89, (PB90-164294, A03, MF-A0Q1).

"Workshop on Ground Motion Parameters for Seismic Hazard Mapping," July 17-18, 1989, edited by R.V.
Whitman, 12/1/89, (PB90-173923, A04, MF-AO01).

"Seismic Effects on Elevated Transit Lines of the New York City Transit Authority," by C.J. Costantino,
C.A. Miller and E. Heymsfield, 12/26/89, (PB90-207887, A06, MF-A01).

"Centrifugal Modeling of Dynamic Soil-Structure Interaction," by K. Weissman, Supervised by J.H. Prevost,
5/10/89, (PB90-207879, A07, MF-A0Q1).

"Linearized Identification of Buildings With Cores for Seismic Vulnerability Assessment,”" by I-K. Ho and
A.E. Aktan, 11/1/89, (PB90-251943, A07, MF-A01).

"Geotechnical and Lifeline Aspects of the October 17, 1989 Loma Prieta Earthquake in San Francisco," by
T.D. O'Rourke, H.E. Stewart, F.T. Blackburn and T.S. Dickerman, 1/90, (PB90-208596, A0S, MF-AO01).

"Nonnormal Secondary Response Due to Yielding in a Primary Structure," by D.C.K. Chen and L.D. Lutes,
2/28/90, (PB90-251976, A07, MF-A01).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/16/90, (PB91-251984, A05, MF-
A05). This report has been replaced by NCEER-92-0018.

"Catalog of Strong Motion Stations in Eastern North America," by R.W. Busby, 4/3/90, (PB90-251984, A0S,
MF-A01).

"NCEER Strong-Motion Data Base: A User Manual for the GeoBase Release (Version 1.0 for the Sun3)," by
P. Friberg and K. Jacob, 3/31/90 (PB90-258062, A04, MF-AO01).

"Seismic Hazard Along a Crude Oil Pipeline in the Event of an 1811-1812 Type New Madrid Earthquake,"
by H.H.M. Hwang and C-H.S. Chen, 4/16/90, (PB90-258054, A04, MF-A01).

"Site-Specific Response Spectra for Memphis Sheahan Pumping Station," by H.H.M. Hwang and C.S. Lee,
5/15/90, (PB91-108811, A0S, MF-AO01).

"Pilot Study on Seismic Vulnerability of Crude Oil Transmission Systems," by T. Ariman, R. Dobry, M.
Grigoriu, F. Kozin, M. O'Rourke, T. O'Rourke and M. Shinozuka, 5/25/90, (PB91-108837, A06, MF-A01).

"A Program to Generate Site Dependent Time Histories: EQGEN," by G.W. Ellis, M. Srinivasan and A.S.
Cakmak, 1/30/90, (PB91-108829, A04, MF-A01).

"Active Isolation for Seismic Protection of Operating Rooms," by M.E. Talbott, Supervised by M.
Shinozuka, 6/8/9, (PB91-110205, A05, MF-A01).
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"Program LINEARID for Identification of Linear Structural Dynamic Systems," by C-B. Yun and M.
Shinozuka, 6/25/90, (PB91-110312, A08, MF-AO01).

"Two-Dimensional Two-Phase Elasto-Plastic Seismic Response of Earth Dams," by A.N. Yiagos, Supervised
by J.H. Prevost, 6/20/90, (PB91-110197, A13, MF-AQ2).

"Secondary Systems in Base-Isolated Structures: Experimental Investigation, Stochastic Response and
Stochastic Sensitivity," by G.D. Manolis, G. Juhn, M.C. Constantinou and A.M. Reinhorn, 7/1/90, (PB91-
110320, A08, MF-A01).

"Seismic Behavior of Lightly-Reinforced Concrete Column and Beam-Column Joint Details," by S.P.
Pessiki, C.H. Conley, P. Gergely and R.N. White, 8/22/90, (PB91-108795, A11, MF-A02).

"Two Hybrid Control Systems for Building Structures Under Strong Earthquakes," by J.N. Yang and A.
Danielians, 6/29/90, (PB91-125393, A04, MF-AO01).

"Instantaneous Optimal Control with Acceleration and Velocity Feedback," by J.N. Yang and Z. Li, 6/29/90,
(PB91-125401, A03, MF-A01).

"Reconnaissance Report on the Northern Iran Earthquake of June 21, 1990," by M. Mehrain, 10/4/90, (PB91-
125377, A03, MF-AO01).

"Evaluation of Liquefaction Potential in Memphis and Shelby County," by T.S. Chang, P.S. Tang, C.S. Lee
and H. Hwang, 8/10/90, (PB91-125427, A09, MF-A01).

"Experimental and Analytical Study of a Combined Sliding Disc Bearing and Helical Steel Spring Isolation
System," by M.C. Constantinou, A.S. Mokha and A.M. Reinhorn, 10/4/90, (PB91-125385, A06, MF-AO01).
This report is available only through NTIS (see address given above).

"Experimental Study and Analytical Prediction of Earthquake Response of a Sliding Isolation System with a
Spherical Surface," by A.S. Mokha, M.C. Constantinou and A.M. Reinhorn, 10/11/90, (PB91-125419, A0S,
MF-A01).

"Dynamic Interaction Factors for Floating Pile Groups," by G. Gazetas, K. Fan, A. Kaynia and E. Kausel,
9/10/90, (PB91-170381, A05, MF-A01).

"Evaluation of Seismic Damage Indices for Reinforced Concrete Structures,”" by S. Rodriguez-Gomez and
A.S. Cakmak, 9/30/90, PB91-171322, A06, MF-A01).

"Study of Site Response at a Selected Memphis Site," by H. Desai, S. Ahmad, E.S. Gazetas and M.R. Oh,
10/11/90, (PB91-196857, A03, MF-A01).

"A User's Guide to Strongmo: Version 1.0 of NCEER's Strong-Motion Data Access Tool for PCs and
Terminals," by P.A. Friberg and C.A.T. Susch, 11/15/90, (PB91-171272, A03, MF-AO01).

"A Three-Dimensional Analytical Study of Spatial Variability of Seismic Ground Motions," by L-L. Hong
and A.H.-S. Ang, 10/30/90, (PB91-170399, A09, MF-A01).

"MUMOID User's Guide - A Program for the Identification of Modal Parameters," by S. Rodriguez-Gomez
and E. DiPasquale, 9/30/90, (PB91-171298, A04, MF-AO01).

"SARCEF-II User's Guide - Seismic Analysis of Reinforced Concrete Frames," by S. Rodriguez-Gomez, Y.S.
Chung and C. Meyer, 9/30/90, (PB91-171280, A05, MF-A01).

"Viscous Dampers: Testing, Modeling and Application in Vibration and Seismic Isolation," by N. Makris
and M.C. Constantinou, 12/20/90 (PB91-190561, A06, MF-AO01).

"Soil Effects on Earthquake Ground Motions in the Memphis Area," by H. Hwang, C.S. Lee, K.W. Ng and
T.S. Chang, 8/2/90, (PB91-190751, A05, MF-A01).
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"Proceedings from the Third Japan-U.S. Workshop on Earthquake Resistant Design of Lifeline Facilities and
Countermeasures for Soil Liquefaction, December 17-19, 1990," edited by T.D. O'Rourke and M. Hamada,
2/1/91, (PB91-179259, A99, MF-A04).

"Physical Space Solutions of Non-Proportionally Damped Systems," by M. Tong, Z. Liang and G.C. Lee,
1/15/91, (PB91-179242, A04, MF-A01).

"Seismic Response of Single Piles and Pile Groups," by K. Fan and G. Gazetas, 1/10/91, (PB92-174994,
A04, MF-AO01).

"Damping of Structures: Part 1 - Theory of Complex Damping," by Z. Liang and G. Lee, 10/10/91, (PB92-
197235, A12, MF-AO03).

"3D-BASIS - Nonlinear Dynamic Analysis of Three Dimensional Base Isolated Structures: Part IL," by S.
Nagarajaiah, A.M. Reinhorn and M.C. Constantinou, 2/28/91, (PB91-190553, A07, MF-AO01). This report
has been replaced by NCEER-93-0011.

"A Multidimensional Hysteretic Model for Plasticity Deforming Metals in Energy Absorbing Devices," by
E.J. Graesser and F.A. Cozzarelli, 4/9/91, (PB92-108364, A04, MF-AO01).

"A Framework for Customizable Knowledge-Based Expert Systems with an Application to a KBES for
Evaluating the Seismic Resistance of Existing Buildings," by E.G. Ibarra-Anaya and S.J. Fenves, 4/9/91,
(PB91-210930, A08, MF-A01).

"Nonlinear Analysis of Steel Frames with Semi-Rigid Connections Using the Capacity Spectrum Method,"
by G.G. Deierlein, S-H. Hsieh, Y-J. Shen and J.F. Abel, 7/2/91, (PB92-113828, A05, MF-A01).

"Earthquake Education Materials for Grades K-12," by K.E.K. Ross, 4/30/91, (PB91-212142, A06, MF-
A01). This report has been replaced by NCEER-92-0018.

"Phase Wave Velocities and Displacement Phase Differences in a Harmonically Oscillating Pile," by N.
Makris and G. Gazetas, 7/8/91, (PB92-108356, A04, MF-A01).

"Dynamic Characteristics of a Full-Size Five-Story Steel Structure and a 2/5 Scale Model," by K.C. Chang,
G.C. Yao, G.C. Lee, D.S. Hao and Y.C. Yeh," 7/2/91, (PB93-116648, A06, MF-A02).

"Seismic Response of a 2/5 Scale Steel Structure with Added Viscoelastic Dampers," by K.C. Chang, T.T.
Soong, S-T. Oh and M.L. Lai, 5/17/91, (PB92-110816, A05, MF-A01).

"Earthquake Response of Retaining Walls; Full-Scale Testing and Computational Modeling," by S.
Alampalli and A-W.M. Elgamal, 6/20/91, to be published.

"3D-BASIS-M: Nonlinear Dynamic Analysis of Multiple Building Base Isolated Structures," by P.C.
Tsopelas, S. Nagarajaiah, M.C. Constantinou and A.M. Reinhorn, 5/28/91, (PB92-113885, A09, MF-A02).

"Evaluation of SEAOC Design Requirements for Sliding Isolated Structures," by D. Theodossiou and M.C.
Constantinou, 6/10/91, (PB92-114602, A11, MF-A03).

"Closed-Loop Modal Testing of a 27-Story Reinforced Concrete Flat Plate-Core Building," by H.R.
Somaprasad, T. Toksoy, H. Yoshiyuki and A.E. Aktan, 7/15/91, (PB92-129980, A07, MF-A02).

"Shake Table Test of a 1/6 Scale Two-Story Lightly Reinforced Concrete Building," by A.G. El-Attar, R.N.
White and P. Gergely, 2/28/91, (PB92-222447, A06, MF-A02).

"Shake Table Test of a 1/8 Scale Three-Story Lightly Reinforced Concrete Building," by A.G. El-Attar, R.N.
White and P. Gergely, 2/28/91, (PB93-116630, A08, MF-A02).

"Transfer Functions for Rigid Rectangular Foundations," by A.S. Veletsos, A.M. Prasad and W.H. Wu,
7/31/91, to be published.
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"Hybrid Control of Seismic-Excited Nonlinear and Inelastic Structural Systems," by J.N. Yang, Z. Li and A.
Danielians, 8/1/91, (PB92-143171, A06, MF-A02).

"The NCEER-91 Earthquake Catalog: Improved Intensity-Based Magnitudes and Recurrence Relations for
U.S. Earthquakes East of New Madrid," by L. Seeber and J.G. Armbruster, 8/28/91, (PB92-176742, A06,
MF-A02).

"Proceedings from the Implementation of Earthquake Planning and Education in Schools: The Need for
Change - The Roles of the Changemakers," by K.E.K. Ross and F. Winslow, 7/23/91, (PB92-129998, A12,
MF-A03).

"A Study of Reliability-Based Criteria for Seismic Design of Reinforced Concrete Frame Buildings," by
H.H.M. Hwang and H-M. Hsu, 8/10/91, (PB92-140235, A09, MF-A02).

"Experimental Verification of a Number of Structural System Identification Algorithms," by R.G. Ghanem,
H. Gavin and M. Shinozuka, 9/18/91, (PB92-176577, A18, MF-A04).

"Probabilistic Evaluation of Liquefaction Potential," by H.H.M. Hwang and C.S. Lee," 11/25/91, (PB92-
143429, A05, MF-A01).

"Instantaneous Optimal Control for Linear, Nonlinear and Hysteretic Structures - Stable Controllers," by J.N.
Yang and Z. Li, 11/15/91, (PB92-163807, A04, MF-A01).

"Experimental and Theoretical Study of a Sliding Isolation System for Bridges," by M.C. Constantinou, A.
Kartoum, A.M. Reinhorn and P. Bradford, 11/15/91, (PB92-176973, A10, MF-AO03).

"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 1: Japanese Case
Studies," Edited by M. Hamada and T. O'Rourke, 2/17/92, (PB92-197243, A18, MF-A04).

"Case Studies of Liquefaction and Lifeline Performance During Past Earthquakes, Volume 2: United States
Case Studies," Edited by T. O'Rourke and M. Hamada, 2/17/92, (PB92-197250, A20, MF-A04).

"Issues in Earthquake Education," Edited by K. Ross, 2/3/92, (PB92-222389, A07, MF-A02).

"Proceedings from the First U.S. - Japan Workshop on Earthquake Protective Systems for Bridges," Edited
by I.G. Buckle, 2/4/92, (PB94-142239, A99, MF-A06).

"Seismic Ground Motion from a Haskell-Type Source in a Multiple-Layered Half-Space," A.P. Theoharis, G.
Deodatis and M. Shinozuka, 1/2/92, to be published.

"Proceedings from the Site Effects Workshop," Edited by R. Whitman, 2/29/92, (PB92-197201, A04, MF-
A01).

"Engineering Evaluation of Permanent Ground Deformations Due to Seismically-Induced Liquefaction," by
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