ACI STRUCTURAL JOURNAL TECHNICAL PAPER

Title no. 102-S68

High-Performance Fiber-Reinforced Cement Composites:
An Alternative for Seismic Design of Structures

by Gustavo J. Parra-Montesinos

An overview of recent applications of tensile strain-hardening,
high-performance fiber-reinforced cement composites (HPFRCCs)
in earthquake-resistant structures is presented. Applications
discussed include members with shear-dominated response such
as beam-column connections, low-rise walls, and coupling
beams, as well as flexural members subjected to large displacement
reversals. The results presented in this paper show that
HPFRCC materials are effective in increasing shear strength,
displacement capacity, and damage tolerance in members subjected to
large inelagtic deformations. The use of HPFRCCs in beam-column
connections allowed total €imination of joint transverse reinforcement
while leading to outstanding damage tolerance. Smilarly,
HPFRCC low-rise walls exhibited drift capacities larger than
2.0% with only minor damage at drifts ranging between 1.0 to
1.5%. One of the most encouraging results was observed in
HPFRCC flexural members unreinforced in shear, which sustained
reversed cyclic shear stresses as high as 2.7 MPa up to 6.0% plagtic
hinge rotation.
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INTRODUCTION

The use of fiber-reinforced concrete or cement composites
(FRCCs) to enhance the performance of structural elements
has been the subject of many research projects during the
past few decades (refer to Balaguru and Shah 1992; Naaman
et a. 1996; Adebar et a. 1997; Krstulovic-Opara 1999;
Parra-Montesinos 2003). Typicaly, FRCCs have been
shown to be effectivein improving structural performancein
members under gravity loads, as well as in increasing shear
strength, ductility, energy dissipation, and damage tolerance
in members subjected to reversed cyclic loading (Henager
1977; Jiuru et a. 1992; Filiatrault, Pineau, and Houde 1995;
Vasconez, Naaman, and Wight 1998; Parra-Montesinos and
Wight 2000a,b; Bayasi and Gebman 2002). Numerous types
of FRCCsreinforced with steel, polymeric, glass, and carbon
fibers have been evaluated for structural applications. Asone
might suspect, not all FRCCs behave in a similar manner,
and thus proper material selection is critical to achieve the
desired structural performance.

To categorize FRCCs based on their tensile performance,
Naaman (1987) proposed a new class of FRCCs, referred to
as high-performance fiber-reinforced cement composites
(HPFRCCs) (refer also to Naaman and Reinhardt 1996). The
idea behind this new classification of FRCCswasto digtinguish
between the typical tensile performance obtained with
traditional FRCCs, characterized by a softened response
after first cracking, and the tensile strain-hardening response
with multiple cracking exhibited by selected types of fiber
cement composites. Figure 1 shows aqualitative comparison
between typical tensile stress-strain curves corresponding to
high-performance and regular FRCCs. As can be seen,
HPFRCCs exhibit substantially larger strain capacity and
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Fig. 1—Tensile stress-strain response of regular and high-
performance FRCCs.

toughness compared with traditional FRCCs, which makes
them ideal for use in members subjected to large inelastic
deformation demands.

While the use of regular FRCCs in earthquake-resistant
structures has led to encouraging results, far more possibilities
open with HPFRCC materials, should alow volume fraction
be sufficient to ensure a tensile strain-hardening response.
The application of HPFRCC materials to earthquake-
resistant structures has been one of the maor research
thrusts at the Department of Civil and Environmental
Engineering in the University of Michigan during the last
few years. Research areas in this topic range from fiber
and material development (Li 1993; Naaman 1999) to large-
scale structural applications (Vasconez, Naaman, and Wight
1998; Parra-Montesinos and Wight 2000ab; Xia and
Naaman 2002; Kim and Parra-Montesinos 2003; Canbolat,
Parra-Montesinos, and Wight 2005; Parra-Montesinos,
Peterfreund, and Chao 2005). Parallel to the work conducted
a the University of Michigan, researchers from other
research institutions have also looked at seismic applications
of HPFRCCs, such as precast bridge piers (Y oon and Bill-
ington 2002) and seismic upgrading of deficient structures
(Dogan and Krstulovic-Opara 2003; Kesner and Billington
2003). In this paper, results from selected research projects
on the subject are presented with the intention of increasing
awareness in the structural engineering community of the
potential of these materials for use in earthquake-resistant
structures. As it will be shown, excellent seismic perfor-
mance can be obtained in shear-critical members constructed
with HPFRCC materials, such as beam-column joints, squat
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walls, and coupling beams, as well as in flexural members
subjected to high shear stress reversals, even when little or
no transverse steel reinforcement is used.

RESEARCH SIGNIFICANCE

This paper discusses the potential of HPFRCCs for usein
earthquake-resistant structures. Emphasis is placed on
members with shear-dominated response or flexura
members subjected to high shear, for which extensive
transverse reinforcement detailing is required to ensure
adequate seismic behavior. It is shown that substantia
reductions or even elimination of transverse steel reinforce-
ment can be achieved through the use of HPFRCCs, simpli-
fying the construction of critical regions of earthquake-
resistant structures. Further, research resultsindicate that the
use of HPFRCC materias leads to an increase in displacement
capacity and outstanding damage tolerance, which make
these composites attractive for reducing the need for costly
post-earthquake repairs.

HPFRCC MATERIALS FOR
SEISMIC APPLICATIONS

Several HPFRCC materials have been evaluated for usein
earthquake-resistant structures during the past two decades.
Until the 1990s, the achievement of high-performance
properties or strain-hardening response in tension was
possible only by using large amounts of fibers (typically
in volume fractions V; > 6%), as was the case of slurry-
infiltrated fiber concrete (SIFCON) or slurry-infiltrated
mat concrete (SIMCON) (Krstulovic-Opara and Malak
1997). The application of materials with large fiber
volume fractions, however, was very limited due to the
tremendous difficulty in material mixing and casting, and
thus the structura engineering community has been basically
restricted to using regular FRCCs with a tensile softening
response, similar to that shown in Fig. 1. During the last few
years, several researchers have devoted significant effort in
developing new fiber cementitious composites that exhibit a
tensile strain-hardening response after first cracking while
requiring low fiber volume fractions, typicaly below 2.0%
(Li 1993; Naaman 1999). Among these materials, those
reinforced with either steel or ultra-high-molecular-weight
polyethylene (PE) fibers have been more extensively evauated
for seismic applications. Typical matrix constituents consist
of cement, fly ash, flint sand 30-70, water, and a high-range
water-reducing admixture to enhance composite work-
ability. In strain-hardening FRCCs with low volume frac-
tions, coarse aggregate is generally eliminated because it
adversely affects the tensile performance of the composite.

Two types of steel fibers have been successfully used in
earthquake-resistant elements: hooked fibers (Fig. 2(a)) and
twisted fibers (Fig. 2(b)) (Naaman 1999). Strain-hardening
response in tension with hooked steel fibers has been
obtained when added to a mortar matrix in a 2.0% volume
fraction (Kim and Parra-Montesinos 2003; Chompreda and
Parra-Montesinos 2005). In these particular cases, 30 mm
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Fig. 2—Typical fibers used for seismic applications (courtesy
of Antonine E. Naaman).
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Fig. 3—Tensile stress-strain response of steel and PE fiber
HPFRCCs.

long and 0.5 mm diameter fibers were used. With regard to
twisted steel fibers, high-performance tensile response can
be achieved with a 1.5 to 2.0% volume fraction. These fibers
comeinavariety of crosssections (that is, triangular, square)
and have alength of 15 to 50 mm and an equivalent diameter
of 0.2 to 0.7 mm. Figure 3 shows a typical tensile stress-
strain response obtained from direct tensile tests of dog-bone
specimens containing hooked and twisted steel fibers. As
can be observed, even though both materials exhibit atensile
strain-hardening response, the composite with twisted stee!
fibers exhibits superior tensle performance with larger
strength, strain, and toughness capacity compared with that
with hooked steel fibers.

Polymeric fibers have aso been extensively used in
HPFRCC earthquake-resistant members. In particular, ultra-
high molecular-weight polyethylene (PE) fibers (Fig. 2(c))
in volume fractions ranging between 1.5 and 2.0% have been
shown to lead to excellent tensile response with multiple
cracking patterns (Kim and Parra-Montesinos 2003; Parra-
Montesinos, Peterfreund, and Chao 2005; Chompreda and
Parra-Montesinos 2005). These fibers have atensile strength
of 2590 MPa and an elastic modulus of 117 GPa, and are
commonly used in lengths ranging between 15 and 38 mm
with a diameter of 0.038 mm. A typical tensile stress-strain
response obtained with an HPFRCC mortar containing PE
fibers in a 1.5% volume fraction is shown in Fig. 3.
Compared to steel fiber HPFRCCs, PE fiber HPFRCCs
generally exhibit a larger strain capacity before damage
localization (peak post-cracking strength). However, they
also exhibit a softer postcracking ascending branch with a
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Fig. 4—Compressive stress-strain response of steel and PE
fiber HPFRCCs.
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Fig. 5—Potential applications of HPFRCCs in earthquake-
resistant structures (Parra-Montesinos 2003).
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descending tail similar to that of HPFRCCs with twisted
steel fibers.

With regard to the response of HPFRCCs in compression,
they also exhibit superior behavior with large strain capacity
compared to regular concrete. Figure 4 shows compressive
stress-strain curves obtained from PE fiber and hooked and
twisted steel fiber HPFRCC cylinders. Also shownin Fig. 4
are idealized stress-strain curves for regular concrete with
the same compressive strength (Ahmad 1981). Clearly, the
ascending branch of HPFRCCs is softer compared to that of
typical concretes due to the lack of coarse aggregate. The
post-peak response, however, resembles that of a well-
confined concrete and, as shown in Fig. 4, compression
strain capacities larger than 1.0% in an unconfined state are
possible with these materials. Thus, HPFRCC materials are
not only attractive to increase shear strength and distortion
capacity in structural members, but also to relax confinement
reinforcement requirementsin critical regions of earthquake-
resistant structures while providing an adequate level of
ductility (Campione, Mindess, and Zingone 1999; Parra
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Montesinos, Peterfreund, and Chao 2005; Chompreda and
Parra-Montesinos 2005).

TARGET APPLICATIONS FOR
HPFRCC MATERIALS IN
EARTHQUAKE-RESISTANT STRUCTURES

Because of the increase in construction costs associated
with the addition of fibers to the cementitious matrix,
HPFRCCs are generaly intended for use only in critical
regions where inelastic deformation demands may be large
and substantial reinforcement detailing is required to ensure
satisfactory behavior during an earthquake. In particular, the
excelent tensile behavior exhibited by HPFRCC materids
makes them attractive for members with shear-dominated
response, such as beam-column connections, squat walls,
and coupling beams, aswell asin regions of flexural members
subjected to large inel astic deformations combined with high
shear, such as column and structural wall bases, and selected
beam plastic hinge regions in frame structures (Fig. 5).

Inthefallowing, resultsfrom recent studies on the gpplication
of HPFRCCs in members subjected to large displacement
reversals are discussed to illustrate their potential for
improving structural performance while allowing for
sgnificant reductions to, or even dimination of, transverse
reinforcement requirements.

Members with shear-dominated response

Because of the large tensile strength and strain capacity
exhibited by HPFRCC materials, their use in members with
alow aspect ratio offers an alternative to increase distortion
capacity, shear strength, and damage tolerance. Severa
applications have been investigated at the University of
Michigan—in particular, beam-column connections, low-
rise walls, and coupling beams.

Beam-column connections—Beam-column connections of
reinforced concrete frame structures are often subjected to
large shear stress demands during earthquakes. To ensure
adequate performance under load reversals, Joint ACI-
ASCE Committee 352 recommendations (Joint ACI-ASCE
Committee 352 2002) include special provisionsfor seismic
detailing of beam-column connections. These provisions
include substantial transverse reinforcement to provide
confinement to the connection region, upper limits for joint
shear stress, aswell as minimum anchorage lengthsfor longi-
tudinal beam and column bars. Traditionally, reinforced
concrete beam-column connections have been designed
following a strength-based approach. Recently, with the
increasing attention paid to structural performance and
damage estimation during earthquakes, several researchers
have focused on studying not only the strength, but also the
deformation capacity of reinforced concrete beam-column
connections (Pantazopoul ou and Bonacci 1992; Bonacci and
Wight 1996; and Parra-Montesinos and Wight 2002). If
damage is to be controlled in reinforced concrete connec-
tions, then joint shear distortions should be kept low, roughly
below 0.5% for only minor to moderate damage, and below
1.0% to prevent severe damage. An alternate philosophy that
could be followed in connection design consists of the use of
highly damage-tolerant materias, such as HPFRCCs, to allow
larger joint deformations yet with little damage, and thus
relieving other structural membersfrom large inelagtic deforma-
tion demands during earthquakes.

The potential of HPFRCC materials for use in hybrid
reinforced concrete column-sted beam (RCS) connections, and,
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more recently, in connections of reinforced concrete
framed structures, was investigated by Parra-Montesinos
and Wight (2000a,b), and Parra-Montesinos, Peterfreund,
and Chao (2005), respectively. Figure 6 shows the details
used in astandard RCS connection. In these RCS connec-
tions, the steel beam passes continuously through the rein-
forced concrete column. Connection confinement is
commonly provided through overlapping U-shaped stirrups
passing through holes drilled in the web of the steel beam. In
addition, closely spaced stirrups are required just above and
below the steel beam flanges to increase concrete bearing
strength as well as to transfer shear to the regions of the
connection outside the width of the beam flanges.

To eliminate the need for hoops over the beam depth, as
well as to increase bearing damage tolerance, an HPFRCC
material (referred to as engineered cementitious composite
[ECC] [Li 1993]) was proposed for use in RCS connections
by Parra-Montesinos and Wight (2000a,b). This ECC material
contained PE fibers in a 1.5% volume fraction. One
approximately 3/4-scale exterior beam-column subassembly
wastested under large displacement reversalsto eva uate the
potential of HPFRCC materials as a replacement of joint
transverse reinforcement. Figure 7(a) and (b) show the joint
condition at the end of the test and the shear force versus
shear deformation response of the ECC connection,
respectively. As can be observed in Fig. 7(a), the specimen
with ECC material exhibited a large number of hairline
diagonal cracks with little damage at the end of the test
(5.0% drift). In terms of shear distortion response (Fig. 7(b)),
it is clear that the ECC connection exhibited excellent
performance during the test, even though no transverse steel
reinforcement was used in the connection region. The fact
that the ECC connection sustained a peak shear distortion of
approximately 2.0% with only little damage gives an indication
of its outstanding damage tolerance. In addition, this
HPFRCC connection was 50% stronger than a companion
standard RCS connection constructed with overlapping U-
shaped stirrups and regular concrete.

Figure 8(a) and (b) show a close look at the cracking
pattern exhibited by a regular concrete RCS connection
similar to that shown in Fig. 6 and the ECC connection,
respectively. Ascan be seen, the regular concrete connection
sustained severe damage with diagonal crack widths
exceeding 5 mm. The ECC connection, on the other hand,
exhibited a substantially larger number of cracks of much
smaller widths compared to the regular concrete joint. While
the cracks in the ECC connection were difficult to notice
even at afew centimeters from the column face, the cracks
in the regular concrete connection could easily be identified
severa meters away from the specimen. It is worth
mentioning that only limited damage due to bearing of the
steel beam on the surrounding concrete was observed in the
ECC connection, contrary to the wide vertical cracks that
formed in the front and back column faces of the regular
concrete connection.

Similar results were obtained from the tests of two reinforced
concrete beam-column connections in which confinement
reinforcement was fully eliminated by using an HPFRCC
material containing PE fibersin a 1.5% volume fraction
(Parra-Montesinos, Peterfreund, and Chao 2005). These
connections were able to sustain shear stress demands
comparable to the maximum limit allowed in Chapter 21
of the ACI 318-02 (ACI Committee 318 2002) with only
minor damage.
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HPFRCC materials were also found to be effective in
reducing dip of reinforcing bars passing through beam-
column connections. In the tests of RCS and reinforced
concrete beam-column connections, the bond between the
steel reinforcing bars and the surrounding HPFRCC material
remained almost intact even after bar yielding, preventing
the occurrence of large concentrated rotations at the joint
faces with the associated reduction in stiffness and energy
dissipation capacity. For the case of reinforced concrete
connections, a peak average bond stress of 10 MPa was
calculated at bar tensile strains in excess of 1.0%.

Low-rise walls—HPFRCCs have been successfully used
in lightly reinforced low-rise walls (Kim and Para
Montesinos 2003) to increase their displacement capacity
when subjected to large displacement reversals. Reinforced
concrete squat walls exhibit limited drift capacities, typically
below 1.0%. In addition, proper steel reinforcement detailing
isrequired to avoid premature diagona tension or compression
failures, diding shear failure, and crushing of the wall
boundary regions. To evaluate the feasibility of increasing
drift capacity in squat walls through the use of advanced
cementitious materials, two low-rise wallswith a shear span-
to-depth ratio of 1.5 were recently tested by Kim and Parra-
Montesinos (2003). One wall was constructed with an
HPFRCC containing PE fibers in a 1.5% volume fraction,
while the HPFRCC in the other specimen contained a 2.0%
volume fraction of hooked stedl fibers. Also, both wall spec-
imens were designed to exhibit a diagonal tension failure
with limited flexura yielding to better evaluate wall shear
distortion capacity and contribution of fibersto shear strength.
Vertica and horizontal reinforcement ratios of 0.21 and
0.13% were provided in each wall, which are lower than the
minimum specified in the ACI Building Code (ACI
Committee 318 2002). In addition, no confinement rein-
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Fig. 9—Seismic behavior of HPFRCC low-rise walls (Kim
and Parra-Montesinos 2003).
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(Canbolat, Parra-Montesinos, and Wight 2005).

forcement was used in the wall boundary zones to evaluate
the compression strain capacity of unconfined HPFRCC
materials and their ability to provide lateral support to the
main longitudinal bars.
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Figure 9(a) and (b) show the lateral load versus drift
response and the cracking pattern at 2.0% drift for the wall
with PE fibers, which were similar to those in the steel fiber
HPFRCC wall. As can be seen, this wall exhibited a drift
capacity of 2.5% with only moderate damage at 2.0% drift.
Ultimately, the fibers pulled out, leading to a diagona
tension failure. Even though a 2.5% drift could be considered
well above any reasonable drift demand for alow-rise wall,
larger drift capacities could have been obtained if the specimens
were designed to sustain more significant flexural inelastic
deformations. Besides increasing wall displacement
capacity, the fibers in the concrete matrix contributed
significantly to wall shear strength (estimated at approxi-
mately 80%). With regard to the behavior of the wall
boundary zones, no significant distress was observed
throughout the tests, even though no confinement reinforce-
ment was provided and compression strains as large as 1.0%
were attained at the extreme wall fibers. It is worth
mentioning that even though the hysteretic behavior of both
wall specimenswas nearly identical, the HPFRCC wall with
PE fibers exhibited a larger number of cracks of smaller
width and larger damage tolerance compared to the wall
with hooked stedl fibers.

Coupling beams—Beams coupling structural walls have
long represented a challenge for structural engineers due to
the high shear demandsimposed during earthquakes. During
the 1970s, extensive research work was performed,
primarily at the University of Canterbury by Paulay and
collaborators (Paulay 1971; Paulay and Binney 1974), to
develop reinforcement details that would ensure satisfactory
behavior at large distortion demands. From theseinvestigations,
anew reinforcement detail for coupling beams that consists
of diagona reinforcement cages resembling a truss was
developed (Fig. 10(a)). However, the stringent transverse
reinforcement requirements for these diagonal cages often
lead to severe reinforcement congestion with the associated
congtruction difficulties. In addition, the diagonal reinforcement
cages must lie on different planes, requiring an increase in
coupling beam width.

As an alternative to the traditional diagonally reinforced
concrete coupling beams, the use of HPFRCCs was studied
by Canbolat, Parra-Montesinos, and Wight (2005) to iminate
the need for transverse reinforcement around the main
diagonal bars. Two HPFRCC materials were investigated:
one with PE fibers in a 2.0% volume fraction, and the other
with twisted steel fibers in a 1.5% volume fraction. Even
though reinforcement requirements are simplified, the use of
cast-in-place HPFRCC coupling beams would impose
additional challenges from acongtruction viewpoint. Therefore,
the use of precast HPFRCC beams, in combination with
regular reinforced concrete structural walls, was proposed to
facilitate construction and ensure adequate material quality
control. Figure 10(b) showsthereinforcement detailsused in
the HPFRCC coupling beam with twisted steel fibers. Ascan
be observed, only one layer of diagonal reinforcement with
no transverse reinforcement around it was used in the
coupling beam. It should be mentioned that a reduction in
diagonal reinforcement of HPFRCC coupling beams can be
achieved without compromising shear strength due to the
additional contribution of fibersto diagonal tension strength.

Figure 11(a) and (b) show the cracking pattern at 2.0%
drift and the average shear stress versusdrift responsefor the
coupling beam with twisted steel fibers, respectively
(Canbolat, Parra-Montesinos, and Wight 2005). As
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expected, an extensive number of diagonal cracks of small
widths formed in the specimen during the early loading
cycles, as opposed to the formation of a few wide diagonal
cracks, which is typical of reinforced concrete coupling
beams. This HPFRCC specimen sustained a peak shear
stress demand of approximately 8.6 M Pa(l.l\/fé MPa) up to
3.0% and 4.0% drift for the positive and negative loading
directions, respectively. At larger drifts, a strength decay
process began as the stedl fibers pulled out. This strength
decay was gradual, however, because the loss of diagonal
tension capacity of the fiber cementitious materia was
partially compensated by an increase in the contribution
from the diagona bars, which by those drift levels were
behaving in the strain-hardening range. The steel fiber
HPFRCC coupling beam was cycled up to 6.0% drift, and
then loaded monotonically up to 8.0% drift, the displacement
at which fracture of the diagonal bars occurred. With regard
to shear distortion capacity, this coupling beam sustained a
distortion of 3.0% during the reversed loading cycles, and
dlightly larger than 6.0% during the final pushover. It should
be mentioned that the HPFRCC material was effective in
preventing buckling of the diagonal bars, even after damage
localization occurred.

Flexural members under large shear reversals

In end regions of beams and columns of earthquake-
resistant frame structures, a large number of closely spaced
hoops are required to provide concrete confinement, shear
resistance, and lateral support to longitudinal bars. Because
of the degradation of shear-resisting mechanismsin flexural
members under displacement reversals (Wight and Sozen
1975; Aschheim and Moehle 1992; Martin-Pérez and
Pantazopoulou 1998), the ACI Building Code (ACI
Committee 318 2002) requires the use of sufficient transverse
stedl reinforcement so that the shear strength developed
through a truss mechanism is larger than the shear demand
when plastic hinges form at beam ends. With regard to
reinforced concrete columns, athough some concrete
contribution to shear strength may be assumed, stringent
transverse reinforcement requirements are also specified in
design codes. Thus, a research program was recently
conducted at the University of Michigan (Chompreda and
Parra-Montesinos 2005) to study the potential use of
HPFRCCsto relax transverse reinforcement requirementsin
plastic hinge regions of flexural members.

From reversed cyclic load tests of five HPFRCC flexura
members with no axia load conducted by Chompreda and
Parra-Montesinos (2005), as well as from test results reported
by other researchers (Mishra and Li 1995; Fischer and Li
2002), it has become clear that HPFRCCs represent a viable
aternative to reduce or even eliminate transverse reinforce-
ment in plastic hinge regions. Figure 12 shows the test setup
and aplot of average shear stress versus plastic hinge rotation
response for a flexural member with no transverse reinforce-
ment tested by Chompredaand Parra-Montesinos (2005). This
member was constructed with an HPFRCC material reinforced
with a 2.0% volume fraction of PE fibers and contained only
longitudinal bars representing a 1.1% reinforcement ratio. As
can be observed, this HPFRCC flexural member exhibited an
excellent response with a peak shear stress of 2.7 MPa
(0.40Vf!, MPa) at plastic hinge rotations of up to 6.0%. With
regard to damage tolerance, Fig. 13 showsthe condition of the
plastic hinge region in the HPFRCC member and in a rein-
forced concrete member designed according to Chapter 21 of

ACI Structural Journal/September-October 2005

N
i Load,
... HPFRCCBeam J displacement

Shear Stress (MPa)

H Piastic Hinges

5

ey
2 { TL, £

a3 L
008 005 004 002 0 002 004 006 008

Plastic Hinge Rotation (rad)

a) HPFRCC Beam Specimens b} Average Shear Stress versus

Plastic Hinge Rotation Response

Fig. 12—Behavior of HPFRCC flexural member with no
transverse steel reinforcement (Chompreda and Parra-
Montesinos 2005).

a| HRFRGLS Marrhas
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4.0% drift.

the ACI 318-02 (ACI Committee 318 2002) at 4.0% drift. As
can be seen, even though a shear stress demand of 2.7 MPa
was imposed to the HPFRCC specimen, only hairline diagonal
cracks had formed in the plastic hinge region. On the other
hand, the reinforced concrete specimen had sustained signifi-
cant damage with wide flexural and diagonal cracks. It is
worth mentioning that the HPFRCC material was effectivein
providing lateral support to the longitudinal beam barsup to a
plastic hinge rotation of 4.0%. At large rotations, bar buckling
initiated, which ultimately led to reinforcement fracture due to
low-cyclefatigue. Therefore, depending on the expected rota-
tion demands, the use of transverse reinforcement could be
either discarded or provided in reduced amounts compared to
that required by current building codes.

Seismic rehabilitation

Several investigations have been conducted to evaluate the
feasibility of seismically upgrading structures through the
use of FRCCs (Brunnhoeffer et a. 2000; Krstulovic-Opara
et a. 2000; Griezic, Cook, and Mitchell 2001; Dogan and
Krstulovic-Opara 2003). However, only a few studies have
focused on the application of HPFRCC materials with low
fiber volume fractions. Xia and Naaman (2002) evaluated
the use of precast HPFRCC infill damper elements for
seismic upgrading of steel structures. In that investigation,
the middle region of the damper elements was designed with
a reduced section, where most of the inelastic deformations
wereintended to occur. Figure 14 shows apicture of aspecimen
tested in that investigation. Research has aso been
conducted at Stanford University (Kesner and Billington
2004) on the use of HPFRCCs for seismic upgrading of
deficient framed structures. In particular, the use of lightly
reinforced precast HPFRCC infill panels to increase
strength, stiffness, and energy dissipation capacity of
existing steel framed structures was experimentally and
analytically evaluated. Figure 15(a) shows a sketch of the
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Fig. 14—HPFRCC damper element for seismic upgrading
of steel structures (courtesy of Antoine E. Naaman).

Steel Frame
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—Panel 2

A |
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HPFRCC Panel Connections -Drift %)

a) Proposed Retrofit System b) Hysteretic Response of HPFRCC Panel

Fig. 15—HPFRCC precast panels for seismic upgrading of
stedl framed structures (Kesner and Billington 2004).

retrofit technique proposed by Kesner and Billington, which
consists of the addition of light infill panels bolted to the
beams of steel frames. The hysteretic behavior obtained
from the test of an isolated HPFRCC infill panel is shownin
Fig. 15(b). As can be seen, a stable response can be obtained
in the precast panels with little reinforcement detailing up to
a drift of approximately 1.5%, which, given the additional
strength and stiffness added to the structure, should be
sufficient to ensure adequate seismic behavior of the retro-
fitted framed structure.

CURRENT NEEDS

Although extensive work has been conducted on the use of
advanced fiber cementitious materials in earthquake-resistant
structures, there are still significant research needs from both
material and structural viewpoints. In terms of materia
research, there is need to improve the workability of
HPFRCCs with various fiber types such that they can be
mixed and cast in large-scale operations using currently avail-
able construction techniques. Materia research is also needed
on the devel opment of low-cost fibers and geometry optimiza-
tion for high-performance response, aswell asmaterial consti-
tutive models for a wide range of HPFRCCs under various
loading conditions. It should be mentioned that some of this
work is currently underway (for example, Han, Feenstra, and
Billington 2003), and thus it is not unrealistic to expect these
advanced materialsto be widely available in the near future.

To be in tune with performance-based seismic design
procedures, behavioral and design models not only for
strength prediction but also for deformation and damage
estimations are required for various structural applications
of HPFRCCs. To achieve this goal, damage progress
models, correlated with various performance states, need to
be developed for flexural and shear-critical members. In
addition, design guidelines are needed such that appropriate
relaxations in conventional transverse reinforcement
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requirements can be applied based on expected demands
without compromising structural safety. Parallel to these
developments, extensive experimental research on
behavior of HPFRCC members under displacement
reversals is essential for calibration of performance-
based design models.

SUMMARY AND CONCLUSIONS

A brief overview of recent and potential applications of
HPFRCCs in earthquake-resistant structures is given in this
paper. Because of their tensile strain-hardening response,
HPFRCC materials are idea for use in members with shear-
dominated behavior or in flexural members under high shear
stresses, for which substantial reinforcement detailing is
required to ensure adequate seismic behavior. In addition,
the large compression strain capacity of HPFRCCs makes
these materials attractive for reducing the amount of
confinement reinforcement required to increase concrete
ductility. Through results from several experimental
investigations, it has been shown that HPFRCC materials
represent a viable alternative to enhance structural
performance in members subjected to large displacement
reversals. In particular, HPFRCC materials were shown to
increase shear strength, displacement capacity, and damage
tolerance of flexura and shear-critical members, even when
little or no transverse reinforcement was used.

HPFRCC members with shear-dominated response
possess excellent shear distortion and damage tolerance
capacity, as evidenced by test results of beam-column
connections, low-rise walls, and coupling beams. HPFRCC
materials have also shown tremendous potentia for use in
plastic hinge regions of flexura members. Beam plastic
hinge regions with no transverse reinforcement under
reversed cyclic shear stresses as high as 0.4\/f’C (MPa) have
exhibited rotation capacities of up to 6.0% with no significant
shear strength decay. In addition, compression strain capacities
in excess of 1.0% have been measured in unconfined HPFRCC
members. All of this indicates that substantial reductions or
even elimination of transverse reinforcement requirements
are possible through the use of HPFRCC materials.

In summary, it has been shown that HPFRCC materials
represent a feasible dternative for use in earthquake-resistant
structures when limited displacement capacity and damage
tolerance, and/or significant reinforcement congestion are
the result of current practice. The development of design
guidelines, however, is necessary for the safe an optimum
use of these materialsin large-scale structural applications.
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