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Abstract

One of the most common types of hybrid systems is represented by a hybrid coupled shear wall consisting of steel coupling b
reinforced concrete shear walls, known as a hybrid wall system. This paper addressed the shear strength of connection betwee
steel coupling beams and reinforced concrete shear walls. No specific guidelines are available for predicting the panel shear stren
coupling beam–wall connections in a hybrid coupled shear wall system. The panel shear strength of steel coupling beam–wall con
a hybrid coupled shear wall system is examined through results of an experimental research programme where three 2/3-scale specimens we
tested under cyclic loading. Panel shear strength reflects enhancement achieved through mobilization of the reinforced concrete panel us
face bearing plates and/or horizontal ties in the panel region of steel coupling beam–wall connections. The results and discussion
this paper are compared with ASCE design guidelines for RCS composite joints, which form a similar structural system. Finally,
provides the background for design guidelines that include a design model to calculate the panel shear strength of steel coupling
connections.
c© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

This paper is the second of two papers addressing
behavior and design of steel coupling beam–wall connect
for hybrid coupled shear walls in a panel shear panel. The
paper [1] provides a description of the hybrid coupled she
walls. Recent experimental research [2–4] on steel coupling
beam–wall connections which served seismic performanc
is also summarized in the companion paper. As reporte
here, experimental tests have demonstrated that conne
detail with face bearing plates and horizontal ties can res
in significant enhancement to the strength of steel couplin
beam–wall connections.

From testing programmes conducted in the late 1980s [5,6],
the ASCE Task Committee on Design Criteria for Compos
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Structures in Steel and Concrete published a set of de
guidelines for joints in RCS composite frames [7]. However, no
specific guidelines are available for computing the panel sh
strength of steel coupling beam–wall connections because of
lack of test data for hybrid coupled shear walls.

The objective of this research was to investigate
panel shear strength of steel coupling beam–wall connec
governed by panel shear failure. Based on the resist
mechanism of similar structural systems (RCS structure
the shear resistance mechanism of steel coupling beam–wal
connections is investigated. To evaluate the contribu
of each mechanism, depending upon connection det
an experimental study was carried out. The results
discussion presented in this paper are compared with A
design guidelines for RCS composite joints, which fo
a similar structural system. Finally, this paper provid
background for design guidelines that include a design mod
calculate the panel shear strength of steel coupling beam–wal
connections.

http://www.elsevier.com/locate/jcsr
mailto:wiseroad@cnu.ac.kr
http://dx.doi.org/10.1016/j.jcsr.2006.01.006
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2. RCS composite connections

2.1. Previous research studies

During the 1990s and early 2000s, a large number
research programmes on RCS composite joints have b
conducted in Japan and US, primarily by private construct
companies, and therefore the results are seldom available i
English in the technical literature. During the mid-1990s, a
consequence of the advantages recognized in RCS struct
an extensive research programme, focused primarily on inte
RCS composite joints, was undertaken in the United Sta
and Japan. In Japan, several researchers [8–10] have also
investigated the seismic behaviour of RCS composite jo
and frames. The behaviour of exterior RCS composite jo
has been analytically studied by Noguchi et al. [11–13]
on the basis of experimental results from tests perform
at Chiba University and the Building Research Institute
Japan. The first important attempts to study the behavio
of RCS compositejoints in the United States were reporte
at the University of Texas at Austin by Sheikh et al. [14].
Seventeen interior RCS composite joints with various jo
details were tested under monotonic and cyclic loadi
The joint details included face bearing plates, steel colum
embedded in the RC column, dowel bars, and shear s
attached to the beam flange. Kanno and Deierlein [15] reported
the testing of 19 interior RCS composite joints, subjected
cyclic loading, at Cornell University. This research investigat
different joints and has extended the joint behaviour mod
to account for different joint details and different stiffene
and shear stud arrangements, as well as for the presen
transverse floor beams. The results from these experimenta
programmes led to the ASCE design recommendations [7] for
RC column–beam moment connections in composite fram
Montesions et al. [16] evaluated the effectiveness of th
design procedure through the design and reversed-cyclic
testing of two RCS column–beam–slab subassemblies.
ability of the design equations to limit joint deformation
and thus damage, was evaluated, as well as the contribu
from different mechanisms to total storey drift. In addition
Moore and Goasain [17] have shown that the RCS
composite joint details with band plates possess excel
strength and stiffness retention capacity under large lo
reversals.

2.2. ASCE design guidelines for RCS joints

The ASCE Task Committee on Design Criteria f
Composite Structures in Steel and Concrete [7] published
a series of design guidelines for joints in RCS composi
frames. These guidelines were intended for determining
strength of interior and exterior RCS composite joints a
the detailing of face bearing plates and horizontal ties
those joints. The nominal shear panel strength of the s
web, Vsn, inner concrete compression strut,Vcsn, and outer
concrete compression field,Vcfn, specified in the ASCE design
guidelines are as follows.
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Fig. 1. RCS composites joints design forces (Sheikh, 1989).

(1) Steel web panel(Vsn)

The nominal strength of the steel web panel,Vsn, is
calculated as follows:

Vsn = 0.6Fysptsp jh (1)

whereFysp and tsp are the yield strength and thickness of th
steel panel, respectively, and the effective joint depth,jh, is
determined through an iteration procedure based on exte
load and jointproperties.

(2) Concrete compressive strut(Vcsn)

The nominal strength of the concrete compression s
mechanism,Vcsn, is calculated as follows:

Vcsn = 1.7
√

f ′
cbph ≤ 0.5 f ′

cbpdw (2)

where f ′
c and

√
f ′
c are the joint concrete compressive streng

bp is the effective width of the face bearing plates,h is the
column depth, anddw is the height of the steel beam web.

(3) Concrete compression field(Vcfn)

The nominal strength of the concrete compression fi
mechanism,Vcfn, is calculated as follows:

Vcfn = V ′
c + V ′

s ≤ 1.7
√

f ′
cboh, (3)

V ′
c = 0.4

√
f ′
cboh, (4)

V ′
s = AshFysh0.9h/sh (5)

where bo is the width of the outer concrete panel,Ash
is the cross-section area of joint ties measured in a pl
perpendicular to the beam axis,Fysh is the yield strength of
joint ties, andsh is the spacing of joint ties.

The horizontal shear strength is considered adequate if
following equation is satisfied:
∑

Mc − Vb jh ≤ φ[Vsnd f + 0.75Vcsndw + Vcfn(d + do)] (6)
∑

Mc = (Mc1 + Mc2), (7)

Vb = (Vb1 + Vb2)/2 (8)

where Mc1, Mc2, Vb1, and Vb2 are the column moments an
beam shear forces, as shown inFig. 1. Thedistance,df , is the
centre-to-centre distance between the beam flanges,d is the
total height of the steel beam,do is the additional effective joint
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(a) FBP. (b) E-FBP.

(c) Dowel bars. (d) IBP.

Fig. 2. Reinforcement details of connection.
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depth provided by attachments to beam flanges, andjh is the
horizontal distance between the bearing force resultant.

3. Resistance mechanism of steel coupling beam–wall
connections

No specific guidelines are available for computing the pane
shear strength of steel coupling beam–wall connections bec
of a lack of test data for hybrid coupled shear walls,
references to previous studies show the adequacy of mo
proposed by the ASCE design guidelines [7] for reinforced
concrete columns and steel beams, and RCS composite joints
which form a similar structural system [16].

3.1. Connection details

Generally, the connection details used to mobilize joint sh
in a hybrid coupled shear wall system are as shown inFig. 2.
Face bearing plates (FBPs), located at the face of the concre
shear walls, mobilize a concrete compression strut betwee
steel coupling beam flanges through direct bearing, as sh
in Fig. 2(a). As shown in this section, the face bearing plates
can vary in width and may be either full height or split f
ease of fabrication. The extended face bearing plates (E-F
shown in Fig. 2(b) mobilize the concrete compression fie
outside the flanges through struts. Other attachments, su
welded shear studs or inset bearing plates (IBPs), can enh
panel shear strength in a similar manner, as shown inFig. 2(c)
and (d). Vertical connection reinforcement attached to the ste
coupling beam, as shown inFig. 2(c), increases the bearin
strength when bearing failure controls. Such reinforcem
resists compression where the beam flange bears on
concrete, and it resists tension at the opposite flange w
se
t
els

ar

the
n

s)

as
nce

l

t
the
re

gaps typically open between the steel coupling beam
concrete shear walls. Vertical reinforcement of connection may
consist of standard reinforcing bars, Dywidag reinforcing ba
structural stud bolts, or other elements attached to the stee
coupling beam.

3.2. Failure modes

The behaviour of steel coupling beam–wall connections
characterized by two primary modes of failure, as shown
Fig. 3. As shown inFig. 3(a), the panel shear failure of stee
coupling beam–wall connections is similar to that typica
associated with structural steelbeams and reinforced concre
column joints for composite frames [6]. As shown inFig. 3(b),
the bearing failure occurs atlocationsof high compressive
stress and permits rigid body rotation of the steel be
within the concrete shear walls. As will be described, verti
reinforcement of steel coupling beam–wall connections is one
means of strengthening against bearing failure.

3.3. Panel shear mechanism

Fig. 4 shows idealized panel shear mechanisms for ste
coupling beam–wall connections. Panel shear is carried thro
the connection by a combination of the three mechanis
shown inFig. 4: the steel web panel, the concrete compressi
strut, and theconcrete compression field. In general, the relat
participation of each mechanism depends upon connectio
details.

The steel web panel acts similarly in hybrid and structu
steel connections, as shown inFig. 4(a). The web is idealized
as carrying pure shear stress over an effective panel lengthjh,
which is dependent on the location and distribution of vertical
bearing stresses.
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(a) Panel shear failure. (b) Vertical bearing failure.

Fig. 3. Failure mode of connection.
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The concrete compression strut is similar to the mechan
used to model shear in composite frame connections, as sh
in Fig. 4(b). In connections of hybrid coupled shear wa
systems, the concrete strut is mobilized by face bearing pla
attached to the steel coupling beam, that bear against
concrete. As will be described, the location and width of t
face bearing plates determine how effectively the concr
compression strut is mobilized inresisting shear force.

The concrete compression field consists of several comp
sion struts that act with horizontal ties to form a truss mec
anism, as shown inFig. 4(c). The concrete compression fiel
is mobilized in the region outside the steel coupling bea
flanges. This mechanism is similar to truss models for shea
reinforced concrete beams where the strength is limited by the
sum of concrete and reinforcing steel components. Shear
transferred horizontally from the beam flange to the compres
sion field through bearing against the coupled shear walls.

4. Experimental program

4.1. Test specimens and setup

The overall concrete shear wall and steel coupling be
dimensions of specimens used in this study are identica
those presented in previous research [1]. The test variables and
details used in this study are summarized inTable 1andFig. 5.
The steel coupling beam was used in the tests to force fail
in the connection regions, butin design, the members would
be proportional so that failure occurs in the beams before
connection or wall strength is reached.

The specimens were cast vertically, but typical construct
joints in the wall around the connections were not reproduce
Ready-mix concrete with a minimum specified 28-da
compressive strength of 30.0 MPa was used for each of
three specimens. The measured concrete strength and t
elastic modulus were tested using the method defined in
ASTM standards. Thehorizontal and vertical reinforcemen
consisted of 13 mm diameter deformed bars. Tension te
m
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were conducted on full-sized bar samples in accordance
ASTM Standard A370 to determine the yield strength, ultim
strength, and total elongation. The observed material prope
are reported inFig. 6. A schematic diagram of the test apparatus
and the observed displacement history of the tests are
identical to those presented in previous research [1].

4.2. Hysteretic response

Fig. 7 shows the failure modes and hysteretic response
specimens PSF, PSFF, and PSFFT. All specimens exhi
severe damage in the connection region at the end of the te
The severity of the damage observed in the connection re
for all specimens is shown clearly. Specimen PSF susta
lower panel shear force, as the regions of the walls adjacen
to the steel coupling beam flanges exhibited more damag
than did specimens PSFF and PSFFT. From the obse
failure modes, specimen PSFFT, with face bearing pl
and horizontal ties in the panel region, was a more via
candidate than specimens PSF and PSFF for rehabilitatio
retrofitting when considering the degree of building dama
The load–rotation angle response for specimen PSF, w
is representative of the cyclic tests, indicated that the s
coupling beam–wall connections are not very ductile, as sh
in Fig. 7(a). Specimen PSFF showed a 47% increase of p
shear strength in comparison with specimens PSF, as shown
Fig. 7(b). Specimen PSFFT, which had face bearing plates
horizontal ties within the width of the steel coupling beam
showed no degradation of strength throughout the tests and
a small degradation of stiffness during repeated cycles at t
same rotation angle level, in comparison with specimens PS
and PSFF.

The relationship between normalized measured load an
rotational angle is shown inFig. 8. Fig. 8(a) shows averag
values ofV(test)/Vn(ASCE) for specimens PSF, PSFF, and PSF
of 1.14, 1.06, and 1.08, respectively. Compared with
test results of Montesinos et al. [16], specimen PSFFT an
specimen 4, which had face bearing plates and horizontal tie
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(a) Steel web panel.

(b) Concrete compression strut.

(c) Concrete compression field.

Fig. 4. Idealized panel shear mechanisms.
Table 1
Test variables

Specimen
name

Detail of
connection

f ′
c

(MPa)
Beam section
(mm× mm× mm× mm)

Wall
thickness
(mm)

Loading
method

Eccentricity of vertical load
e (mm)

Predicted failure mode

① ② ③

PSF • – – 30.0 H-175× 175× 5 × 15 300 Cyclic +150 Panel shear failure
PSFF • • – 30.0 H-175× 175× 5 × 15 300 Cyclic +150 Panel shear failure
PSFFT • • • 30.0 H-175× 175× 5 × 15 300 Cyclic +150 Panel shear failure

① ST: Studbolts; ② FBP: Facebearing plate;③ HT: Horizontal ties.
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(a) Specimen PSF.

(b) Specimen PSFF.

(c) Specimen PSFFT.

Fig. 5. Details of steel coupling beam–wall connections (unit; mm).
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(a) Concrete.

(b) Reinforcing steel.

(c) Steel coupling beam flange, web, and FBP/Stiffener.

Fig. 6. Material properties of concrete and steel.
(a) Specimen PSF.

(b) Specimen PSFF.

(c) Specimen PSFFT.

Fig. 7. Load–deformation hysteresis loops.
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the connection regions, showed more stable responses, wi
significant strength degradation beyond ultimate load, than
specimen PSF and specimen 1, as shown inFig. 8(b).

4.3. Stresses of embedded steel beam web

Fig. 9 shows thedistribution of stresses in the embedd
steel beam web of specimens PSF, PSFF, and PS
The strains in the embedded steel web of steel coup
beam–wall connections were measured at three diffe
locations, 50 mm,150 mm, and 250 mm inside the wal
by means of rosette strain gauges, in order to determine
distribution of stresses. It can be seen that the distribu
of stresses does not follow a symmetrical pattern, with the
higher stresses recorded in the front half of the embedded
coupling beam length. In specimen PSF with normal de
connection, significant deterioration of the connection started
to take place after yielding of the steel web panel occur
characterized by a rapid increase in the width of diago
cracks, and spalling of the concrete, as shown inFig. 9(a). In
specimen PSFF, yielding of the steel web panel started to o
at a rotation angle of about 0.045 rad, spreading rapidly tow
the wall face as the load was increased, as shown inFig. 9(b).
The stresses near the back face of the connection (point A)
approximately 20% lower than those measured at the front
(point C). Compared with those in specimens PSF, PSFF,
PSFFT, the distribution of steel web stresses was sensitiv
the changes in the connection detail, as shown inFig. 9(c).

4.4. Strains of horizontal ties

Fig. 10 shows thedistribution of strains in the horizonta
ties at two different locations inside the connection fo
specimen PSFFT. The pre-cracking behaviour is characte
by negligible strains because of the small tensile stre
acting in the connection, which are primarily resisted by
concrete and the web of the steel beam. After the first c
occurred, the tensile stresses previously acting in the con
were primarily resisted by the horizontal ties, leading to
sudden increase in the measured strains in the horizontal
as indicated by the nearly linear relationship between
applied beam shear and the average horizontal tie strai
Fig. 10(a), the different responses can be observed for
positive and negative loading directions after several cra
formed in the connection.Fig. 10(b) shows the strains measur
in the bottom U-shaped ties for specimen PSFFT. A sim
pre-cracking and post-cracking response, compared with
for the top horizontal ties, can be observed. However, at
bottom horizontal ties,larger tensile strains were measured
the positive loading direction. The changes in tensile strain
both directions of loading primarily depended on the crack
pattern and the location of the cracks with respect to the st
gauges.

4.5. Stresses of stud bolts

Strain gauge readings for stud bolts adjacent to
connection are shown inFig. 11. Also shownis the theoretica
out
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(a) Specimens PSF, PSFF, and PSFFT.

(b) Normalized envelope curve.

Fig. 8. Strength characteristics.

stress of stud bolts calculated using classical bending theory fo
all specimens. When the connection was loaded as shown in
figure, the upper gauge recorded tension and the lower ga
recorded compression. Initially, the measured tensile stress
slightly less than the theoretical stress, probably because
tension in the concrete and an unequal distribution of forc
between all the stud bolts, neither of which is accounted
by classical beam theory. The difference in the measured an
theoretical bar stress indicates that transfer of force to
stud bolts in the steel coupling beam–wall connections w
roughly one-half that predicted by theory. In the tests, lo
in transfer appeared to resultfrom concrete cracking, which
tended to isolate the corner stud bolts from the connec
region.

5. Panel shear strengths

Panel shear strengths of steel coupling beam–wall conn
tions are governed by a combination of three mechanis
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(a) Specimen PSF. (b) Specimen PSFF.

(c) Specimen PSFFT.

Fig. 9. Stresses of steel web.
(a) Top horizontal tie. (b) Bottom horizontal tie.

Fig. 10. Strains in horizontal ties inside connection (specimen PSFFT).
d
thus
ring
the steel web panel, the concrete compression strut, and
concrete compression field. A description of the connection
tails and test results of the panelshear strengths is presented in
Table 2.
the
e-
5.1. Concrete compression strut

Specimen PSF consisted of a plain steel beam and
had no means other than friction and adhesion of transfer
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(a) Specimen PSF. (b) Specimen PSFF.

(c) Specimen PSFFT.

Fig. 11. Stresses of stud bolts.
Table 2
Test results

Specimen
name

Detail of
connection

Observed failure
mode

Panel shear strength (kN) Comparison
ratioa

V(test)/Vn(ASCE)

① ② ③ Observedaverage values
V(test)

Predicted values (ASCE Guideline) [7]
Vn(ASCE)

PSF • – – Panel shear
failure

192.2 189.4 1.00 1.14

PSFF • • Panel shear
failure

282.4 265.9 1.47 1.06

PSFFT • • • Panel shear
failure

342.6 316.9 1.78 1.08

① ST: Studbolts; ② FBP: Facebearing plate;③ HT: Horizontal ties.
a Normalized value by standard specimen PSF.
.
0

20

ss
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t
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face
horizontal force from the beam flanges into the concrete
detailed analysis of specimen PSF indicated that roughly 8
of its shear strength was contributed by the steel web, and
by the concrete.

Specimens PSF and PSFF demonstrate the effectivene
the face bearing plates in mobilizing the concrete compres
A
%
%

of
on

strut. In specimens PSFF, face bearing plates as wide
the beam flange mobilized the concrete compression stru
in the inner connection region. The panel shear strength
specimen PSFF could develop a shear force of 291 kN in
compression cycles (beam push down). Panel shear stren
of 50% above that of specimen PSF were measured. The
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bearing plate details increased the strength of the plain st
beam by 50% by developing the concrete compression s
mechanism. This significant increase in panel shear stren
was attributed to the mobilization of concrete compressi
struts inside the width of the steel coupling beam flang
Based on theobservation of the test results from a previo
study [6], the thickness and configuration of the FBPs d
not have significant effects on their performance. The res
showed that the concrete compression strut width, and there
its strength, was proportional to the width of the FBPs.

5.2. Concrete compression field

Specimens PSFF and PSFFT demonstrated the participa
of the concrete compression field outside the beam flan
Recall that the concrete compression field is mobilized throu
horizontal transfer struts such as those shown inFig. 4.
Specimen PSFFT, which had FBPs and horizontal ties attac
within the steel coupling beam depth, carried a load 19% greate
than that of specimen PSFF. This is attributed to the conc
confinement effect of two-part U-shaped horizontal ties pass
through holes drilled in the web of the steel coupling bea
Comparison of the capacity of specimens PSF and PSFF
that of specimen PSFFT indicated that about 50% of the
increase could be attributed to the FBPs between the flan
and the remainder, 19%, could be attributed to the horizo
ties within the steel coupling beam depth.

The contribution of each mechanism to the connection
strength in specimen PSFFT is shown inFig. 12. As shown in
Fig. 12, the steel web and inner concrete panels were the t
mechanisms that contributed the most to the shear strength o
the steel coupling beam–wall connections. The contribution of
the steel web panel to shear strength exceeded 40% be
embedded web yielding. At a rotation angle of 0.002 ra
the deformation to connection strength at which yielding had
occurred over most of the steel web panel exceeded 50%
the total shear. For larger sheardistortions, this contribution
diminished slightly because of the increase in the contribution
of the inner concrete strut, reaching a minimum of 50%
11% connection shear deformation. The contribution from
inner diagonal concrete strut also represented approxima
37% of the total connection at 11% joint shear deformati
and the contribution from the outer concrete strut represen
approximately 13% of the joint shear capacity for all levels
joint shear deformation.

6. Comparison of test results and ASCE design guidelines

Fig. 13 and Table 3 show the V(test)/Vn(ASCE) ratio for
all the test specimens, but applying the shear panel stre
equations given in the ASCE guidelines [7]. For most of
the specimens shown in this figure, theV(test)/Vn(ASCE) ratio
ranged between 0.92 and 1.54. For specimen PSF, a
underestimation of the shear strength was obtained using AS
guidelines. On the other hand, these guidelines predicted
6% underestimation of the shear panel strength of specim
PSFF. This underestimation of the connection strength w
el
rut
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Fig. 12. Percentage contribution of shear strength mechanisms (specim
PSFFT).

because of the fact that no stirrups were used in the connectio
region. Therefore, only the concrete contribution from t
concrete compression field described in the ASCE guidel
was obtained for the outer concrete panel. The lowest ra
was 0.92, obtained for specimen 1 by Montesinos et al. [16].
The highest ratio was 1.54, obtained for Kanno’s specim
OJS2-0 [15]. For specimen OJS2-0, no shear keys were u
to transfer shear forces to the outer connection regions. T
the only contribution to shear strength from the concrete
the ASCEguidelines would be given by the inner concre
panel between the steel beam flanges. However, it is very li
that a slightly wider region would have been mobilized
the face bearing plates, thus leading to the underestimatio
the shear panel strength of the connection. A similar situa
also occurred for specimens 10 and 11 by Deierlein
Noguchi [13], but underestimation of the shear panel stren
was less significant.

As shown in Fig. 13, the average values of the ratio o
V(test)/Vn(ASCE) for specimens PSF, PSFF, and PSFFT
1.14, 1.06, and 1.08 were obtained, respectively. The predi
values from the ASCE design guidelines are generally in go
agreement with the measured strengths. Therefore, base
the test results, the ASCE design guidelines may be applied
as equations for predicting the panel shear strength of s
coupling beam–wall connections.

7. Conclusions

The following conclusions were derived from the results
studies on the panel shear strength of steel coupling beam–
connections in a hybrid coupled shear wall system:

(1) All specimens exhibited severe damage in the connec
region at the end of testing. From the observed failure mo
specimen PSFFT, with face bearing plates and horizo
ties in thepanel region, was a more viable candidate th
specimens PSF and PSFF for rehabilitation or retrofitting w
considering the degree of building damage.

(2) Comparison of the capacity of specimens PSF and PS
with that of specimen PSFFT indicated that about 50% of th



W.-S. Park, H.-D. Yun / Journal of Constructional Steel Research 62 (2006) 1026–1038 1037
Table 3
Comparisons of other test results

Researcher Specimen name Observed value (kN) Predicted value (kN) Observed/Predicted Failure mode

Sheikh et al. (1989)

Specimen 4 118.4 107.6 1.10 PFa

Specimen 5 125.5 107.3 1.17 PF
Specimen 7 150.4 139.3 1.08 PF
Specimen 8 205.6 197.7 1.04 PF
Specimen 10 129.1 112.2 1.15 PF
Specimen 11 209.2 199.2 1.05 PF

Montesinos et al. (2003)
Specimen 1 166.0 180.4 0.92 PF
Specimen 2 148.0 107.6 1.05 PF
Specimen 4 192.0 107.6 1.06 PF

Kanno and Deierlein (2002)

OJS2-0 1731.0 1125.2 1.54 PF
OJS3-0 2082.0 1582.3 1.32 PF
OJS5-0 2299.0 1862.2 1.23 PF
OJS7-0 2408.0 1613.4 1.49 PF
HJS1-0 2534.0 2204.6 1.15 PF
HJS2-0 2535.0 1977.3 1.28 PF

Noguchi and Kim (1998)
IN-1 715.0 707.9 1.01 PF
EX-3 564.0 575.5 0.98 PF

Park and Yun (2005)
PSF 192.2 189.4 1.14 PF
PSFF 282.4 265.9 1.06 PF
PSFFT 342.6 316.9 1.18 PF

a PF: Panel shear failure.
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Fig. 13. Comparison of observed strength and predicted values by ASCE
guidelines.

increase could be attributed to the FBPs between the flan
and the remainder, 19%, could be attributed to the horizon
ties within the steel coupling beam depth.

(3) The distribution of steel web stresses does not follo
a symmetrical pattern, with the higher stresses recorded
the front half of the embedded steel coupling beam leng
Compared with specimens PSF and PSFF, the distribution
steel web stresses in specimen PSFFT were sensitive to
changes in the connection detail.

(4) Based on the observation of the horizontal strain f
specimen PSFFT, the pre-cracking behaviour is character
by negligible strains because of the small tensile stres
acting in the connection. After the first crack occurred, t
es,
tal

w

h.
of
the

r
ed
es
e

tensile stresses previously acting in the concrete were prim
resisted by the horizontal ties.

(5) The average values of the ratio ofV(test)/Vn(ASCE)
obtained for specimens PSF, PSFF, and PSFFT were 1.14,
and 1.08, respectively. The predicted values from the ASCE
guidelines are generally in good agreement with the meas
strengths. Therefore, based on the test results, the ASCE de
guidelines may be applied as equations for predicting the p
shear strength of steel coupling beam–wall connections.
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