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Experimental Study on Seismic Behavior of High-
Performance Fiber-Reinforced Cement Composite

Coupling Beams

by B. Afsin Canbolat, Gustavo J. Parra-Montesinos, and James K. Wight

Current design provisions in the ACI Building Code for reinforced
concrete (RC) coupling beams in earthquake-resistant structures
require substantial reinforcement detailing to ensure a stable seismic
behavior, leading to reinforcement congestion and construction
difficulties. As a design alternative, the use of high-performance
fiber-reinforced cementitious composites (HPFRCCs) in coupling
beams with a simplified reinforcement detailing was experimentally
investigated. To validate this alternative, four coupling beam
specimens were tested, including an RC control specimen detailed
as per the 1999 ACI Building Code. A precast construction process
was proposed for the HPFRCC coupling beams in this study. This
construction alternative would lead to significant savings in time
and workmanship at the job site, and provide good material quality
control. Results from large-scale tests demonstrated the superior
damage tolerance and stiffness retention capacity of HPFRCC
coupling beams. It was also observed that diagonal reinforcement
is necessary to achieve large displacement capacity. However, the
transverse reinforcement around the diagonal bars was successfully
eliminated due to the confinement provided by the HPFRCC material.
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INTRODUCTION

Seismic resistance of medium-risereinforced concrete (RC)
buildings typicaly relies on structural walls due to their good
lateral strength and stiffness properties. Architectural consid-
erations usually result in window and door openings in
structural walls, which divide asingle wall into more slender
walls connected by short, deep beams, referred to as coupling
beams. The use of coupling beams leads to a more efficient
and economical structural system than individua walls
because properly designed coupled wall systems possess
significantly higher strength, stiffness, and energy dissipation
capacity. Thus, system efficiency and performance greatly
depend on the behavior of the coupling beams under high
shear reversals. Damage observed after the 1964 Alaska earth-
quake demonstrated the vulnerability of coupling beams to
large load reversals (American Iron and Steel Ingtitute 1975)
when conventional detailing, consisting of distributed
horizontal and vertical reinforcement (Fig. 1(a)), is used.

Extensive studies on the seismic behavior of coupling beams
(Luisoni, Somenson, and Ungaro 1970; Paulay and
Binney 1974; Paulay and Santhakumar 1976) led to the
development of an improved reinforcement detailing that
consists of a group of diagona reinforcing bars within the
span of the coupling beam (Fig. 1(b)). In thisreinforcement
detail, the diagona bars need to be carefully anchored in the
walls and confined by closely spaced transverse reinforce-
ment, similar to that used in RC columns. In the design of this
type of coupling beam, the whole shear transfer mechanismis
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assigned to the heavily reinforced diagonal cages. Experimental
results have shown that diagonally reinforced coupling beams
are cgpable of maintaining their shear strength with good tiff-
ness retention and energy dissipation capacity under large
displacement reversals (Paulay and Binney 1974; Shiu et d.
1978; Tassios, Moretti, and Bezas 1996; Galano and Vignoli
2000). The diagona reinforcement detailing, however, creates
congruction difficulties due to the reinforcement congestion
problems associated with the placement of the diagona barsand
closaly spaced transverse reinforcement. These drawbacks have
led to the evauation of other reinforcement aternatives, such as
the addition of dowels or diagona reinforcement only &t the
beam-wadll interface (Fig. 1(c) and (d)). However, for coupling
beams with a span-to-depth ratio less than or equd to 2.0, diag-
ond reinforcement over thefull beam span has been shown to be
the mogt efficient solution (Tassios, Moretti, and Bezas 1996).
During the 1990s, developments in fiber-reinforced
cementitious composites have allowed the achievement
of high-performance behavior with low volume fractions
(Vs £ 2.0%), resulting in new possibilities for earthquake
engineering applications. High performance refersto atensile
strain-hardening behavior where the postcracking strength is
larger than the first cracking strength, and is accompanied by
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Fig. 1—Reinforcement details in reinforced concrete
coupling beams.
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Fig. 2—Dimensions of coupling beam and test setup (mm).
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Fig. 3—Reinforcement details of test specimens (dimensions
in mm. Concrete cover = 40 and 35 mmfor reinforced concrete
and high-performance fiber-reinforced cement composite
specimens, respectively).

multiple cracking in the composite material. Localization of
damage in high-performance fiber-reinforced cement
composites (HPFRCCs) is typically observed after crack
saturation occurs and at tensile strains ranging between 2.0 and
5.0% (Naaman and Reinhardt 1996). In previous studies on the
behavior of HPFRCC members under reversed cyclic loading,
it has been reported that the use of these advanced materials
leads to significantly higher shear deformation capacity with
superior damage tol erance compared with RC members (Parra
Montesinos and Wight 2000; Billington and Y oon 2002; Kim
and Parra-Montesinos 2003). Therefore, HPFRCC materids
are now conddered a serious dternative for use in RC
members, particularly those with shear dominant behavior.
The purpose of this research project wasto explore the use
of HPFRCC materials as a new design aternativein coupling
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beams. The tension strain-hardening behavior with multiple
cracking exhibited by these materialswas expected to reduce
the dependence on heavily reinforced diagonal cages while
maintaining similar strength and ductility compared with
well detailed diagonally reinforced coupling beams.

RESEARCH SIGNIFICANCE

In this research, a new type of coupling beam constructed
with high-performance fiber-reinforced cement composites
(HPFRCCs) was developed to simplify current reinforcement
requirementsin RC coupling beams. Through an experimental
investigation, it is shown that the superior tensile behavior and
damage tolerance of HPFRCC alow a simplification of
diagona reinforcement detailing in RC coupling beams while
ensuring a stable seismic behavior. In addition, the results from
this research provide valuable information on the overal
behavior of HPFRCC members with low shear span-to-depth
ratios when subjected to large displacement reversals, widening
therange of structural applications of HPFRCC materials.

EXPERIMENTAL PROGRAM
Test specimens

In this experimental investigation, four coupling beam
specimens were tested under displacement reversasto evaluate
the feasibility of using HPFRCC materialsin coupling beams
with simplified reinforcement detailing. The main variables
investigated were the type of cementitious material usedinthe
coupling beam, fiber type, and reinforcement detailing.

Each specimen consisted of an approximately 3/4-scale
coupling beam and two stiff RC members representing
structural walls. A span-to-depth ratio equal to 1.0 was
selected for the coupling beams to ensure a shear-dominant
behavior. As the span-to-depth ratio increases, flexura
deformations play a more significant role in the behavior of
coupling beams. Therefore, the drift capacities obtained in
this investigation could be considered as a lower bound for
most practical coupling beam aspect ratios. The dimensions
for the test specimens and test setup are shown in Fig. 2.

The first specimen, used as the control specimen,
consisted of a reinforced concrete coupling beam with
diagonal reinforcement. To evaluate the seismic response of
coupling beams designed using modern codes, this specimen
was designed and detailed according to the ACI 318 (ACI
Committee 318 1999), except for the “one-quarter of the
minimum member dimension” requirement for the spacing
of transverse reinforcement around the diagonal bars, which
was found inappropriate for the selected testing scale.
Uniformly distributed horizontal and vertical reinforcement
were supplied in ratios representing the code limits to
minimize their contribution to the flexurad and shear
capacity of the coupling beam. Figure 3(a) shows a sketch of
the reinforcement details used in Specimen 1. The width
of the RC coupling beam was dictated by the width of the
intersecting diagonal cage groups. Through careful
construction, the beam width was limited to 200 mm (8 in.)
to ensure a high shear stress demand on the coupling beam.

In Specimen 2, the precast coupling beam was constructed
with aHPFRCC material containing a 2.0% volume fraction
of ultra-high molecular weight polyethylene (PE) fibers.
Contrary to the first specimen, diagonal reinforcement was
eliminated and only uniformly distributed horizontal and
vertical reinforcement was provided. Also, because of the
elimination of diagonal bars and corresponding hoops, the
beam width in Specimen 2 was reduced to 150 mm (6 in.) to
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Fig. 4—Use of precast high-performance fiber-reinforced
cement composite coupling beams.

increase the shear demand in the composite material. Except
for the top and bottom horizontal bars, minimum distributed
horizontal and vertical reinforcement was used to evaluate
the performance of HPFRCC members under large shear
deformations and to investigate the possibility of a total
elimination of diagonal reinforcement in coupling beams.
Thereinforcement detail s of Specimen 2 areshownin Fig. 3(b).

Because site casting of HPFRCC coupling beams may be
difficult for a typical concrete contractor, the use of precast
coupling beams was selected as an dternative to cast-in-place
beams (Fig. 4). The HPFRCC beams were prefabricated with
sufficient embedment length and reinforcement anchorage to
ensure proper moment and shear transfer. The construction
process started with vertical casting of thewalls of the specimen
up to the level corresponding to the bottom of the beam, repre-
senting the cold joint in real construction. Then, precast
coupling beams were placed between the walls, and concrete
was cast to encase the ends of the beam and compl ete the upper
portion of the walls. The precast beams were embedded half
their span length into each wall to reduce bearing stresses, and
the horizontd reinforcing bars were extended beyond the ends
of the beamto providethefull development length from theface
of the wall (Fig. 3(b) to (d)). This construction process is
expected to be practical and attractive for industry because
it will not only lead to significant savingsin time and work-
manship at the site, but adso provide good materia quality
contral for the coupling beams.

Specimen 3 had the same type of HPFRCC material as
Specimen 2. However, two D16 diagonal bars with no
confining reinforcement, corresponding to approximately
80% of the area of diagona reinforcement used in Specimen 1,
were placed in each direction to increase beam displacement
and energy dissipation capacity (Fig. 3(c)). The beam width
and the amount of distributed horizontal and vertical reinforce-
ment were the same as in Specimen 2, so the contribution of
the diagonal bars, which protruded from the precast beam,
could be evaluated.

Specimen 4 used the same diagonal bars as Specimen 3.
The diagona reinforcement detailing, however, was modified
for easier handling of the precast coupling beams. As shown
inFig. 3(d), the barsran diagonally within the beam span and
were bent at the beam-wall interface so they would stay
within the depth of the precast coupling beam. A new
composite material, consisting of twisted steel fibers
(Naaman 1999) in a 1.5% volume fraction, was used in Spec-
imen 4. Minimum distributed horizontal reinforcement was
used, but the distributed vertical reinforcement within the
beam span was increased to prevent a premature failure at
the bending points of the diagonal bars. The beam width was
kept the same as in the other HPFRCC coupling beam
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Fig. 5—ntended reversed cyclic displacement pattern.

Table 1—Description of test specimens

Diagonal Cement | Span-to-depth| Horizontal/vertical
Specimen |reinforcement| material ratio reinforcement ratio
1 Yes Concrete 1.0 0.25%/0.25%
HPFRCC
2 No (PE) 1.0 0.25%/0.25%
* HPFRCC
3 Yes (PE) 1.0 0.25%/0.25%
HPFRCC
4 Yes' (twisted 10 0.25%/0.60%
steel)

*No transverse reinforcement used to confine diagonal bars.

specimens (150 mm). The design parameters and corre-
sponding values are givenin Table 1.

Test setup and instrumentation

The test specimens were rotated and placed into the test
setup with one of the walls fixed to the strong floor (Fig. 2). In
this horizontal position, displacement cycles were applied
to the upper wall portion through a horizontal hydraulic
actuator with its line of action passing through the midspan
of the beam in order to produce an antisymmetrical moment
pattern in the coupling beam. The actuator and the upper
portion of the specimen were connected through a steel
I-section and the load was transferred to the top RC block by
means of direct bearing and unbonded threaded bars passing
through the top wall. The test specimens were braced laterally
to prevent out-of-plane movements.

The specimens were subjected to quasi-static cyclic
loading in a displacement control mode, following a
predefined reversed cyclic displacement pattern. To simulate
the demands during an earthquake, several lateral displacement
cycles were applied to each specimen, starting from a
coupling beam drift of 0.25%, and reaching a maximum drift
of 4% (provided that the specimen did not fail at alower drift
level), as shown in Fig. 5. Each cycle to a given drift level
was applied twice to evaluate the loss of strength and stiffness
in the specimens during the repeated cycles. Some 0.5% drift
cycles were interspersed into the displacement history to
evauate the residual stiffness of the specimens.

The horizontal displacement reached at each drift level was
monitored through linear potentiometers because LVDT read-
ings from the hydraulic actuator were inaccurate due to defor-
mations in the loading system. Additiona potentiometers
were also used to check any rotation of the top wall with
respect to the bottom wall. Thelateral displacement applied to
the specimens was then based on the calculation of anet beam
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Fig. 6—Typical tensile stress versus strain response of sample
specimen with polyethylene fibers.

Table 2—Fiber properties

Test Elastic Volumein
Fiber strength, | modulus, | Diameter, | Length, | composite,
type | Materid |MPa(ks)|GPa(ksi)| mm (in.) [mm (in.) %

2570 117 0.038 13

PE |UHMWPE'| (375 | (17,000) | (0.0015) | (0.5) 20
Twisted 2470 | 200 | 03 20
seel | e | (360) [(29000) | (0012) | (12) | 1°

*Ultrachi gh molecular weight polyethylene.

drift 6, oObtained through the potentiometer readings and
taking into account the effect of wall rotation on drift (Fig. 2).

One face of the coupling beam was instrumented with
potentiometers that were positioned horizontally, vertically,
and diagonally to record an average state of strain in the
coupling beam. Also, potentiometers were placed at the top
and bottom of the beam, adjacent to the walls, to monitor
beam rotations in the region near the wall faces. Clinometers,
rotation measuring devices, were also used at the beam
and wall faces to verify the rotations measured by the
potentiometers. Strains in the steel reinforcing bars were
monitored through strain gauges attached to the surface of
the bars at various locations.

Material testing and development

Fiber-reinforced concrete is not a new material, but recent
improvements in material tensile properties and ductility,
development of polymer-based and high-strength sted fibers,
and optimization of cementitious composites have led to new
research on the behavior of HPFRCC materials under
extreme loading conditions. Findings from experimental
studies have indicated that HPFRCC can exhibit a ductile
response in tension similar to strain hardening behavior of
metals (Li 1993). In plain concrete, the first crack formation
resultsin arapid loss of tendle strength. In fiber cementitious
composites with strain hardening response, however, fibers
bridging initial tension cracks carry an increasing amount of
force across these cracks, leading to the formation of
multiple cracks in the composite. This crack formation
process continues, while maintaining tensile strength, until
the peak bridging stress is reached on one of the cracks,
leading to a wide opening of that crack. At higher defor-
mations, damage is localized on this particular crack and the
composite tensile strength diminishes gradually. In the end,
a highly ductile tensile performance is achieved with a
multiple cracking pattern and significant damage tolerance.
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Achieving thistensile performanceis primarily related to the
volume fraction of the fibersin the composite, fiber material
and geometry, cementitious matrix composition, average
bond strength at the fiber-matrix interface, and homogeneous
distribution of fibersin the matrix.

In this research study, different mixture proportions were
considered for use in the coupling beams and several tension
and compression specimens were tested to obtain the desired
performance in the composite. Dogbone-shaped specimens
of two different sizes were used for uniaxial tension tests.
Small dogbone specimens tested in this investigation had a
cross section of 25 x 25 mm (1 x 1in.) with alength of 215 mm
(8.5in.). Large dogbone specimens were a so tested to evaluate
size effect. To keep the same cross-sectional area, the
specimen dimensions were selected to be 12.5 x 50 mm
(0.5 x 2in.) in cross section and 560 mm (22 in.) in length.

From the trial mixture proportions, two FRC composites
with the desired multiple cracking behavior in tension were
produced using a 2.0% volume fraction of PE fibers and a
1.5% volume fraction of twisted steel fibers. PE fibers are
made of an ultrahigh molecular weight polyethylene,
widely used in fiber-reinforced polymers for the aerospace
industry. Twisted steel fibers have superior frictional and
mechanical bond properties, compared with commercially
available steel fibers (Naaman 1999). Table 2 lists the prop-
erties of the PE and twisted steel fibers used in thisresearch.

The compressive strength values at the test day were
approximately 57 and 63 MPa (8300 and 9100 psi), and the
postcracking tensile strengths were approximately 3.1 and
5.5 MPa (450 and 8000 psi) for the composites with PE and
twisted stedl fibers, respectively. A typica tensile stress
versus strain response obtained from a small dogbone spec-
imen with PE fibers is shown in Fig. 6. It has been experi-
mentally shown that the monotonic tensile behavior of
HPFRCC represents an envelope of tensile response under
reversed cyclic loading, given that the strain at peak
compressive strength is not exceeded during reversed cyclic
loading (Kesner, Billington, and Douglas 2003).

Regular concrete, provided by a local concrete supplier,
was used in the coupling beam of the first specimen and in
the walls of al the specimens. The compressive strength
measured for the concrete used in Specimen 1 on the test day
was approximately 41 MPa (6000 psi). All the deformed
sted reinforcement used in this study was Grade 60 (420 MPa).
Tensile test results from the steel supplier, confirmed by
tensile tests conducted at the University of Michigan, indicated
avyield stress of 450 MPa (65 ksi) and a tensile strength of
726 MPa (105 ksi).

EVALUATION OF EXPERIMENTAL RESULTS

A predefined displacement history (Fig. 5) with severa
cyclesto drift levels ranging from 0.25% up to a maximum
of 4.0% was intended to be applied to the specimens. The
test setup was configured to develop a contraflexure
moment diagram in the coupling beam, and no constraints
were built to prevent a rotation of the top block. Due to
rotations of the top block, the intended drift levels did not
always correspond to the actual drifts experienced by the
coupling beams. Thus, the drifts in the coupling beams due
to lateral displacements (displacement + coupling beam
length) were adjusted to account for the differential rotation
between the top and bottom blocks that simulated the
coupled walls (Fig. 2). The drift levels referred to in the
following are the adjusted drift values.
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Key experimental results for all test specimens, including
maximum shear force, drift capacity, and peak shear stresses,
are given in Table 3. Drift capacity was determined as the
maximum drift level before a strength loss of 20% or more
was observed.

Shear force beam drift response

The shear force versus drift response of Specimen 1 is
shown in Fig. 7(a). The behavior observed in this specimen
indicated that diagonally reinforced RC coupling beams
designed according to the ACI Building Code exhibit a stable
behavior under high shear and deformation demands. At up to
a0.5% drift level, the RC coupling beam remained elastic. At
larger drifts, yielding of the diagonal reinforcing bars led to
wide hysteresis loops with excellent energy dissipation
capacity. The maximum force applied to Specimen 1 was
approximately 470 kN (105 kips), which corresponded to a
shear stress level of 3.8 MPa (550 psi). For this particular
specimen, the concrete compressive strength was 41 MPa
(6000 psi), and thus the maximum applied shear stress was
equivalent to 0.6Vf; MPa (7.1Vf, ps). The shear strength
provided by the diagona reinforcement in Specimen 1,
acting at a stress of 450 MPa (65 ksi), was approximately
270 kN (60 kips). Itislikely, however, that this contribution
increased significantly during the later drift cycles due to
strain hardening of the steel reinforcement. Throughout the
test, no indication of buckling or anchorage problemsin the
diagonal bars was observed.

Specimen 2 was constructed with PE fibers at a 2.0%
volume fraction. To evaluate the effectiveness of this material
to provide diagonal tension strength and adequate
displacement capacity in coupling beams, no diagonal
reinforcement was used in this specimen. As shown in
Fig. 7(b), Specimen 2 exhibited a stable response up to 2.0%
drift, where asignificant drop in beam strength was observed
due to fiber pullout. The hysteresis loops showed some
pinching with less energy dissipation capacity compared
with Specimen 1. This pinching is due to the fact that the
polyethylene fibers are effective in restraining crack
opening, but once unloaded, they do not provide any resis-
tance against crack closing. Thus, force transfer across
cracks during the crack closing process was a function of
the distributed horizontal and vertical reinforcement
crossing the cracks.

In terms of shear strength, Specimen 2 sustained ademand
of approximately 6.2 MPa (900 psi), which was 60% larger
than that in Specimen 1. This applied shear stress corresponded
to 0.8Vf, MPa (10Vf; psi), given that the compressive
strength of the HPFRCC material used in this specimen was
approximately 57 MPa (8300 psi). The shear strength
provided by the HPFRCC material was calculated based on
the diagonal tension strength provided by the fibers bridging
a diagonal crack spanning from one corner of the coupling
beam to the other corner. From the postcracking tensile
strength of 3.1 MPa (450 psi) obtained for the HPFRCC
material used in Specimen 2, ashear strength contribution of
290 kN (65 kips) was estimated, which represents half of the
strength observed in Specimen 2. This estimated fiber
strength contribution is consistent with the observed strength
loss that occurred when the major diagonal cracks formed
after 2.0% drift.

Specimen 3 had cementitious composite and distributed
reinforcement properties similar to those used in Specimen 2.
Two diagonal bars in each direction, without confinement
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Fig. 7—Shear force versus beam drift response.
Table 3—Summary of experimental results
Shear stress
Pwax: KN | Drift capacity,| Shear stress, | (Vf¢), MPa
Specimen (kips) % MPa (psi) (psi)
1 470 (105) 4.0* 3.8 (550) 0.6 (7.1)
2 600 (135) 18 6.2 (900) 0.8 (10)
3 800 (180) 4.0 8.6 (1250) 1.15(14)
4 800 (180) 4.0 8.6 (1250) 1.1(13)

*No clear indication of failure was observed in Specimen 1.

steel, were added to evaluate their potential for increasing
the energy dissipation and drift capacity of HPFRCC
coupling beams. The shear force versus drift response shown
in Fig. 7(c) indicated that the supplemental diagonal barsled
to a significant increase in the strength and displacement
capacity of the coupling beam. In terms of strength, the
diagonal bars were estimated to contribute approximately
210 kN (47 kips) of shear strength (26% of maximum beam
strength) at a yield stress of 450 MPa (65 ksi). Consistent
with this expected strength, the difference in strength
between Specimens 2 and 3 was approximately 200 kN
(45 kips). The maximum load of 800 kN (180 kips) was
recorded in Specimen 3 at approximately 2.5% drift. This
peak load was maintained up to 4% drift in the positive
direction, where a sudden drop of approximately 290 kN
(65 kips) was observed due to the loss of diagona tension
strength in the HPFRCC material. During subsequent
loading cycles, theresidual shear strength was below 450 kN
(100 kips), and was primarily due to the shear-carrying
capacity provided by the diagonal bars and transverse
reinforcement. After the major diagonal cracks opened
widely, the fiber cementitious material began losing its
ability to support the diagonal bars. During the repeated
cycle in the negative direction targeted to 4.0% drift, the
diagonal bars under compression buckled, losing their load
carrying capacity.

With regard to displacement capacity, amaximum drift of
approximately 4.0% was reached in Specimen 3, which is
amost twice that of Specimen 2. It should be noted that
extensive rotations in the top block affected the applied
displacement history. As can be observed in Fig. 7(c), the
adjusted drift levels reached in the positive loading direction
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in Specimen 3 were larger than those in the negative loading
direction. The shape of the hysteresisloopsindicated that the
energy dissipation capacity of Specimen 3 was significantly
larger than that of Specimen 2.

The maximum average shear stress in Specimen 3 was
8.6 MPa (1250 psi), which represented 230% of the peak
shear stress measured in Specimen 1. Evaluating this
strength in terms of the square root of the cement composite
compressive strength, it represented 1.15vf, MPa (14\f. psi),
which is 40% larger than the maximum shear stress allowed
inthe ACI 318 Code (ACI Committee 318 1999).

Contrary to the straight diagonal bars used in Specimen 3,
those in Specimen 4 were bent near the beam-wall interface
to facilitate the construction process for a precast beam, as
shown in Fig. 3(d). In addition to the variation in rein-
forcement details, twisted steel fibersin a1.5% volumefrac-
tion were used in this specimen. The predefined cyclic
displacement pattern was slightly modified for this spec-
imen. As can be seen in Fig. 5, the drift pattern used in the
previous specimens consisted of repeated cycles to a 0.5%
larger drift after 2.0% drift. In Specimen 4, single cycles
were incremented by 0.25% for drifts larger than 2.0%,
representing a more gradual increase in drift values. With
this modification in the displacement history, it wasintended
to better evaluate the drift level at fiber pullout. In addition
to that, when a target displacement was reached, the
displacement was not held constant to mark cracks, but the
specimen was unloaded to prevent a sudden energy release
due to fiber pullout. The shear force versus drift response
given in Fig. 7(d) demonstrated that Specimen 4 had a very
stabl e response with good energy dissipation, comparable to
Specimen 3. Further, it can be observed that the bent diagonal
bars performed as well asthe straight bars used in Specimen 3.

In terms of peak strength of Specimen 4, amaximum load
of approximately 800 kN (180 kips), similar to that of
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Fig 10—Cracking pattern in Specimen 2.

B 3.0% Drift

Specimen 3, was measured at adrift of 2.0%. After thisdrift
level, the contribution of the fiber cementitious material to
coupling beam strength started to deteriorate due to the
decrease in tensile strength of the HPFRCC with twisted
steel fibers. However, the strains in the diagonal bars were
large enough to cause these bars to go into strain hardening,
increasing reinforcement contribution to shear strength and
leading to a gradual decrease in beam shear strength up to
4.0% drift. Specimen 4 was displaced up to 5.5% drift in the
negative loading direction with a corresponding applied
shear of approximately 70% of the pesk load in that direction.
At the end of the test, the specimen was displaced mono-
tonically in the positive loading direction up to nearly 8.0%
drift, at which point the diagonal bars fractured. The load
measured at this drift level was approximately 80% of the
peak load for that loading direction, indicating that the
cementitious material was effective in supporting the diagonal
bars even after opening of wide diagonal cracks. Becausethe
peak strength measured in Specimen 4 was approximately
the same as that in Specimen 3, the shear stress demand was
also 8.6 MPa (1250 psi). This shear stress trandated into
1.1Vf, MPa (13Vf; psi), which is also significantly larger
than the maximum allowable shear stress in the ACI 318
Code (ACI Committee 318 1999) for a coupling beam.

A comparison between the shear stress versus drift
response for Specimens 1 and 4 is shown in Fig. 8. Compared
with the control Specimen 1, Specimen 4 sustained shear
stresses twice as large and possessed substantially larger
energy dissipation capacity.

Cracking pattern and damage progress

In Specimen 1, diagonal cracks werefirst observed during
the cycles to 0.25% drift. At 1.5% drift, diagonal cracks
widened up to 3 mm (0.12 in.), and beam damage could be
classified as moderate (Fig. 9(a)). At drift levels larger than
2.5%, damage became severe with diagonal cracks 5 mm
(0.2 in.) wide, concrete spalling, and tensile strains in the
diagonal reinforcement in excess of 1.5%. Figure 9(b) shows
the extent of damage in Specimen 1 at 3.5% drift. Even
though extensive cracking and damage had occurred at the
maximum drift level of 4.0%, no clear indication of falure
was observed.

Diagonal cracks in Specimen 2 started to form during the
cyclesto 0.25% drift. As the test progressed, severa diagonal
cracks propagated throughout the beam, as opposed to only
afew diagona cracksin Specimen 1, with regular concrete.
At 1.5% drift, the coupling beam was crossed by tens of
diagonal cracks, mostly with a width narrower than 1 mm
(0.04 in.) (Fig. 10(a)). However, signs of damage localiza-
tion were also noticed at this drift level in the negative
loading direction as one diagona crack, which extended
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Fig. 11—Cracking pattern in Specimens 3 and 4.

from corner to corner of the coupling beam, began to open as
wide as4 mm (0.16 in.). Also, yielding of the main longitu-
dina reinforcement of the coupling beam occurred at the
beam-wall interface. When the specimen was displaced
further, fiber pullout occurred, leading to the opening of a
wide diagonal crack (Fig. 10(b)) with a subsequent drop in
the strength of the coupling beam. When the displacement
was reversed, another diagonal crack, perpendicular to the
previously formed crack, opened widely and resulted in a
diagonal tension failure of the coupling beam.

A damage progress similar to that of Specimen 2 was
observed in Specimen 3. Diagonal cracking began during the
cycles to 0.25% drift and a large number of hairline cracks
with widths ranging between 0.3 to 0.75 mm (0.01 to 0.03 in.)
had formed when the 1.5% drift level was reached. At
approximately 2.0% drift, damage localization initiated at a
few diagonal cracks that spanned opposite corners in the
coupling beam. Contrary to the behavior of Specimen 2,
however, Specimen 3 carried increasing amounts of load at
drifts up to 4.0% due to the use of supplementary diagonal
reinforcement (Fig. 11(a)).

Thefirst diagonal cracksin Specimen 4 were also observed
at 0.25% drift and amultiple diagonal cracking pattern formed
asthetest continued. At approximately 2.0% drift, yielding of
the diagonal barswasfirst noticed and the largest crack width
was approximately 1 mm (0.04 in.). As the specimen was
pushed to larger drifts, damage localization began with the
opening of afew widediagonal cracks. Figure 11(b) showsthe
opening of adiagond crack a 4.0% drift in the negativeloading
direction. As mentioned previously, Specimen 4 was
displaced monotonically in the positive loading direction up
to nearly 8.0% drift at the end of the test. As a result, the
coupling beam failed due to fracture of the diagonal bars asso-
ciated with wide diagonal cracks.

Shear distortion response

The shear distortionsin the test specimens were cal cul ated
by using the record of six displacement transducers placed
on one face of the beam that measured deformations in the
vertical, horizontal, and diagonal directions. Figure 12
showsthe shear force versus shear distortion responsefor the
four coupling beamstested in thisinvestigation. Specimen 1,
detailed as per the 1999 ACI 318 Code, exhibited a stable
shear response throughout the test (Fig. 12(a)). Because the
diagonal bars resisted most of the applied shear force, wide
hysteresis loops were obtained. It should be noted that the
maximum shear distortion measured in Specimen 1 was
1.5% (0.015 rad). If this distortion is compared with the
maximum applied drift of approximately 4.0%, it is clear
that flexural deformations played a significant role in the
behavior of Specimen 1.
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Fig. 13—Normalized stiffness versus beam drift response.

Normalized Stiffness

In Specimen 2, with PE fibers and no diagonal bars, a shear
force versus distortion response with significant pinching was
obtained, asshownin Fig. 12(b). Asexplained previoudly, this
pinched behavior occurred because the PE fibers are only
effective in transferring tensile forces between diagonal
cracks. When the displacement (load) direction was reversed,
thefibersdid not resist the crack closing process, and thusonly
the sted reinforcement crossing the cracks contributed
transfer forces across cracks. Oncethe diagonal cracks closed,
the specimen regained its stiffness. From Fig. 12(b), it was
observed that the coupling beam in Specimen 2 had a shear
distortion capacity of approximately 1.0%. At this distortion
level, fiber pullout occurred, leading to a significant drop in
the strength of the specimen.

Compared with Specimen 2, the use of diagonal barsin
Specimens 3 and 4 led to a significant improvement in shear
distortion capacity. Specimen 3 sustained a shear distortion of
approximately 2.5% in the positive loading direction before a
significant drop in strength occurred (Fig. 12(c)). This large
distortion, compared with Specimen 1, dso indicates that
shear deformations played a dominant role in the specimen
response. In Specimen 4 with twisted steel fibers, a strength
decay began before a2.0% shear distortion asthe fibers began
pulling out (Fig. 12(d)). However, because of the increasing
strength contribution of the diagonal bars as they strain hard-
ened, the loss of shear strength was gradual. In this spec-
imen, a maximum shear distortion of 3.0% was measured
during the cycles to approximately 4.0 to 5.0% drift. During

165



the final push, a shear distortion of 6.0% was measured just
before fracture of the diagona reinforcement occurred.

In dl three specimens constructed with afiber cementitious
material, only minor damage was observed at shear distortions
of up to 1.0%. When diagonal reinforcement was provided to
prevent asudden failure after fiber pullout, a1.5 to 2.0% shear
distortion could be considered the limit for moderate damage.
For larger shear distortions, damage localization with
significant crack opening due to fiber pullout can be expected.

Stiffness retention

Stiffness degradation in all four specimens was eval uated
by means of the secant stiffness, measured from peak-to-peak
displacement point in each direction. To account for the
variaions in specimen parameters, such as different specimen
widths and lack of coarse aggregate in the fiber-reinforced
composites, stiffness values were normalized with respect
to the secant stiffness at 0.25% drift for each specimen.
The normalized stiffness versus drift response shown in
Fig. 13 indicates that HPFRCC coupling beams are able to
better maintain their stiffness compared with diagonally rein-
forced RC coupling beams. Initia crack formation in Spec-
imen 1 caused significant stiffness drops during the early
cycles. HPFRCC specimens, on the other hand, show arela-
tively gradual stiffness decrease up to at least 2.0% drift. At
that point in Specimen 2, the opening of a large diagonal
crack caused a sudden stiffness drop. The presence of diagonal
reinforcement in Specimen 3 not only delayed this stiffness
drop up to 4.0% drift, but also improved the stiffness
retention at low drift values. When the normdized stiffness
valuesat 2.0% drift for thefour specimens are compared, it can
be seen that Specimen 1 maintained only 20% of its initial
stiffness, whereas the fiber-reinforced composite specimens
maintained approximately 40 to 50% of their initial stiffness,
demonstrating the superior stiffness retention capacity of the
HPFRCC coupling beams.

SUMMARY AND CONCLUSIONS

To simplify the reinforcement requirements in diagonally
reinforced RC coupling beams, an aternative design consisting
of precast HPFRCC coupling beams with different rein-
forcement configurations was experimentally investigated.
The reinforcement details evaluated in this research project
included the use of only distributed horizontal and vertical
reinforcement and the use of supplementary diagonal bars
without transverse steel reinforcement. The first specimen,
used as the control specimen, consisted of an RC coupling
beam with diagonal reinforcement designed and detailed
according to the ACI 318 Code. In the second specimen, the
coupling beam was constructed with a HPFRCC containing
PE fibers, and only conventional horizontal and vertical
reinforcement was provided. Specimens 3 and 4 were
constructed with HPFRCC containing PE and twisted steel
fibers, respectively, and supplementary diagonal reinforcement,
but no confinement hoops were provided.

The structural performance of these new precast HPFRCC
coupling beams under reversed cyclic loading demonstrated
that a more convenient reinforcement detailing can be used
in coupling beams and still maintain adequate seismic
behavior. The use of advanced fiber cementitious materials
allowed the elimination of the transverse reinforcement
typically required around the diagonal barsfor confinement,
thus simplifying the beam construction process. The test
results showed that HPFRCC coupling beams with simplified
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diagonal reinforcement exhibited higher shear strength and
stiffness retention. HPFRCC beams with supplemental
diagonal bars reached a drift of at least 4.0% while main-
taining approximately 80% of their shear-carrying capacity.
Considering the multiple cracking pattern with hairline
diagonal cracks up to fiber pullout experienced by the
HPFRCC coupling beams, it is clear that HPFRCC materials
have superior damage tolerance under large displacement
reversals compared with regular concrete.
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