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Abstract: Observed wall damage in recent earthquakes in Chile and New Zealand, where modern building codes exist, exceeded
expectations. In these earthquakes, structural wall damage included boundary crushing, reinforcement fracture, and global wall
buckling. Recent laboratory tests also have demonstrated inadequate performance in some cases, indicating a need to review code
provisions, identify shortcomings and make necessary revisions. Current modeling approaches used for slender structural walls ade-
quately capture nonlinear flexural behavior; however, strength loss due to buckling of reinforcement and nonlinear and shear-flex-
ure interaction are not adequately captured. Additional research is needed to address these issues. Recent tests of reinforced
concrete coupling beams indicate that diagonally-reinforced beams detailed according to ACI 3 18-11" can sustain plastic rotations
of about 6% prior to significant strength loss and that relatively simple modeling approaches in commercially available computer
programs are capable of capturing the observed responses. Tests of conventionally-reinforced beams indicate less energy dissipation

capacity and strength loss at approximately 4% rotation.
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1. Introduction

Design and construction practice for special structural walls
(ACI 318 designation) has evolved significantly since the system
was introduced in the 1970’s. Throughout the 1970s and 1980s, it
was common to use so-called barbell-shaped wall cross sections,
where a “column” was used at each wall boundary to resist axial
load and overturning, along with a narrow wall web. In the late
1980s and early 1990s, use of rectangular wall cross sections
became common to produce more economical designs. Use of
walls with rectangular cross sections is common in many coun-
tries, including Chile and New Zealand. Although use of walls
with boundary columns is still common in Japan, based on infor-
mation available in the literature, the AIJ Standard for “Structural
Calculations of Reinforced Concrete Buildings” was revised in
2010 to show RC walls with rectangular cross-sections. Engineers
around the world have pushed design limits in recent years, opti-
mizing economy and design, and in many practices producing
walls with higher demands and more slender profiles than have
been verified in past laboratory testing or field experience. The
trend towards more slender profiles has been accelerated by use of
higher concrete strengths.
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Observed wall damage in recent earthquakes in Chile (2010)
and New Zealand (2011), where modern building codes exist,
exceeded expectations. In these earthquakes, structural wall dam-
age included boundary crushing, reinforcement fracture, and glo-
bal wall buckling. Recent tests of isolated structural walls in the
US and tests of two, full-scale, 4-story buildings with high-ductil-
ity structural walls at E-Defense in December 2010 provide vital
new data. A particularly noteworthy aspect of these recent tests is
the failure of relatively thin wall boundaries to develop ductile
behavior in compression, even though they complied with build-
ing code provisions and recommendations of ACI and AlJ.

The observed performance following recent earthquakes and in
recent laboratory tests suggests strongly that the problems
observed are not isolated and that analysis and design provisions
need to be reassessed. In particular, the quantity and configuration
of transverse reinforcement required at wall boundaries needs to
be reassessed to address issues associated with wall thickness,
slenderness, axial load, and configuration, as well as expected dis-
placement demands and load history. Preliminary studies indicate
that greater amounts of transverse reinforcement may be required
for thin walls or walls with large cover and that tighter spacing of
transverse reinforcement may be required to suppress buckling of
vertical reinforcement, especially for walls with light axial load or
walls with flanges. These issues apply to both high ductility (ACI
Special) and moderate ductility (ACI Ordinary) walls.

The observed wall performance also raises important questions
and challenges related to nonlinear modeling of structural walls
and coupling beams, commonly accomplished using either beam-
column models with plastic hinges or fiber models with uniaxial



material relationships. Beam-column element models with plastic
hinges are simple and provide reasonably good estimates of global
and average local responses; however, they have various draw-
backs, such as accounting for migration of the neutral axis, incor-
porating in- and out-of-plane coupling, and accounting for
stiffess variation with axial load.” Fiber and fiber-type models,
such as the multiple-vertical-line-element model, where flexural
response is simulated by a series of uniaxial elements (or macro-
fibers) along with the assumption that plane sections remain plane
after loading, address these shortcomings and provide a better
framework for incorporating more complex behaviors. However,
fiber models also have drawbacks, such as added complexity, con-
vergence issues, and results that are sensitive to meshing. More
complex modeling approaches based on multi-axial material mod-
els are generally not used for design, and are not addressed here.

Fiber and beam-column models have been incorporated into
research oriented programs such as opensees (2009) and wall as
practice-oriented programs used for performance-based design
such as CSI Perform 3D’®. Considerable effort has focused on val-
idating and calibrating these models for axial-flexural behavior,”
shear behavior,’ anchorage/splice behavior,® and axial failure.”"!
More Recent research has focused on accounting for interaction
(or coupling) between axial-flexural and shear responses,lz'15 with
various modeling approaches proposed, e.g., fiber/section based
models,""® strut models,'” and simplified models using analyti-
cal” or experimental results.”! Wall test programs focused on pro-
viding data for validation of shear-flexure interaction models for
intermediate wall aspect ratios have recently been completed.22

Various testing programs have been carried out to assess the
load — deformation behavior of coupling beams. >’ Primary test
variables in these studies were the ratio of the beam clear span to
the beam total depth (commonly referred to as the beam aspect
ratio) and the arrangement of the beam reinforcement. In a major-
ity of these studies, the load — deformation behavior of low-aspect
ratio beams (1.0 to 1.5) constructed with beam top and bottom
longitudinal reinforcement were compared with beams con-
structed with diagonal reinforcement. Concrete compressive
strengths for most tests were around 4 ksi (~25 to 30 MPa).
Although these tests provided valuable information, they do not
address issues for current tall building construction, where beam
aspect ratios are typically between 2.0 and 3.5 and concrete
strengths are in the range of 6 to 8 ksi (~40 to 55 MPa). In addi-
tion, in none of the prior studies was a slab included as part of the
test specimen; whereas the slab might restrain axial elongations
and impact stiffness, strength, and deformation capacity. Recent
studies’ > address many of these issues.

Nonlinear modeling of coupling beams has become important
as the use of coupled core wall systems have become more com-
mon.** For coupling beams, important modeling parameters
include effective bending stiffness £/, allowable plastic rotation
prior to significant lateral strength degradation, and residual
strength. The effective bending stiffness for beams in ASCE 41-06
Table 6-4 was reduced to 0.3E,/, to account for the added flexibil-
ity due to reinforcement slip/extension;36 however, modeling
parameters in Table 6-18 for RC coupling beams were not
changed. Verifying that the relatively simple modeling approaches
commonly used for design adequately capture coupling beam load
- deformation responses, as well as recommending parameters

associated with unloading/reloading and pinching behavior, are
important issues that have not been adequately investigated.

Given this background, the objectives of this paper are to review
current wall and coupling beam test results and to identify issues
that are not adequately addressed, both in terms of code design
provisions and nonlinear modeling.

2. Observed performance of structual walls &
coupling beams

2.1 Recent earthquake reconnaissance

Recent earthquakes in Chile (M,, 8.8, February 2010), New
Zealand (February 2011, M;=6.3), and Japan (M,, 9.0, March
2011) have provided a wealth of new data on the performance of
modern buildings that utilize structural walls for the primary lat-
eral-force-resisting system. Although complete building collapse
was rarely observed, damage was widespread and generally
exceeded expectations.

In 1996, Chile adopted a new code (NCh 433. of 96)37 based on
ACI 318-95"° and produced an immense inventory of progres-
sively more slender buildings corresponding essentially to the US
reinforced concrete code provisions, except boundary element
confinement was not required. The 2010 M,, 8.8 earthquake
caused serious damage to many of these buildings, including
crushing/spalling of concrete and buckling of vertical reinforce-
ment, often over a large horizontal extent of the wall (Fig. 1).
Damage tended to concentrate over a relatively short height of one
to three times the wall thickness, apparently because buckling of
vertical bars led to concentration of damage. Closer inspection of
the wall boundary regions (Fig. 1) revealed the relatively large
spacing of hoops (20 cm) and horizontal web reinforcement
(20 cm), as well as the 90-degree hooks used on hoops and hori-
zontal web reinforcement, which may have opened due to con-
crete crushing and/or buckling of vertical reinforcement (Fig.
1(d)). Some of the failures are attributable to lack of closely-
spaced transverse reinforcement at wall boundaries, which was
not required by the Chilean code based on the good performance
of buildings in the 1985 M7.8 earthquake; however, many of the
failures are not yet understood, and many suggest that there are
deficiencies in current US design provisions.”’40 In some cases,
lateral instability (buckling) of a large portion of a wall section
was observed (Fig. 2); prior to the Chile and New Zealand earth-
quakes, this global buckling failure had been primarily observed in
laboratory tests.”' Detailed surveys conducted as part of ATC-94*
indicate that global wall buckling was not driven by prior yielding
in tension (as had originally been suspected based on past
research43'45) but instead was the result of lateral instability of pre-
viously crushed boundary zones. Furthermore, the ATC-94"
study has been unable to establish through analysis the role of pre-
emptive longitudinal bar buckling as a trigger for compression
failure of lightly confined boundary zones. Laboratory testing is
required to understand these behaviors; preliminary studies are
underway in Chile and the US to investigate these issues.

The 2011 Christchurch ear‘thqualke46’47 shows many similar wall
failures, suggesting the deficiencies observed in the 2010 Chile
earthquake are not isolated (Fig. 3(a)). All of the walls depicted in
Figs. 2 and 3 have either T-shaped (Figs. 2, 3(b)) or L-shaped (Fig.
3(a)) cross sections, which lead to large cyclic tension and com-
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Fig. 1 Typical wall damage in Chile earthquake.
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Fig. 2 Wall lateral instability.

pressive demands at the wall web boundary.48 The wall web
boundaries are susceptible to out-of-plane buckling following
cover concrete spalling. Although current ACI 318-1 ik provisions
require consideration of an effective flange width, the provisions
do not restrict use of narrow walls and do not address this out-of-
plane failure mode, i.e., there are no restrictions on wall thickness
or wall slenderness. Failures of diaphragm-to-wall connections
were observed in Christchurch, potentially contributing to the col-
lapse of the several buildings.49 In Chile, typical buildings have a
large number of walls that well-distributed in plane; therefore, dia-
phragm failures were not observed.

2.2 Recent laboratory studies of conventional
walls

Recent laboratory testing of structural walls in the US has
focused on addressing concerns related to behavior of walls with
rectangular and T-shaped cross sections subjected to uniaxial and
biaxial loading,so'52 walls with couplers and splices in the plastic
hinge region,53’54 walls with higher shear demands,”*® and walls
with coupling beams.”>>*" All of these studies involved quasi-

Fig. 3(a) Wall failure in 2011 Christchurch earthquake.*®
Fig. 3(b) Specimen TW2 web boundary failure.*'

static testing. Shake table testing of walls has been limited, except
for 7-story “building slice” tests of walls with rectangular and T-
shaped cross sections conducted by Panagiotou and Restlrepo.58
The overwhelming majority of quasi-static and shake table tests
conducted in Japan have been conducted on barbell-shaped walls
and low-rise buildings with “wing walls”, 8! \which are not com-
mon in the US. Only recently have the Japanese Building Stan-
dard Law and Architectural Institute of Japan recommendations
been modified to allow the use of rectangular walls with boundary
elements, but their use is not widespread.

Johnson™ reports test results of isolated, slender (h,,/1,, and Mu/
V,l,,=2.67) cantilever walls to investigate the behavior of anchor-
age details for flexural reinforcement. Three walls were tested, one
each with continuous (RWN), coupled (RWC), and spliced
(RWS) vertical reinforcement. The wall cross sections were 6
in. x 90 in. (152.4 mm x 2.29 m), and the walls were subjected to
horizontal lateral load approximately 20 ft or 6.1m above the base.
Although the wall cross-sections were rectangular, different
amounts of boundary vertical reinforcement were used to simulate
the behavior of T-shaped wall cross sections; 4-#6 (dy=19 mm)
and 2-#5 (d,=15.9 mm) at one boundary and 8-#9 (d,=28.7 mm)
at the other boundary. Horizontal wall web reinforcement, of #3
@7.5 in. or p=0.0049 (dy=9.5mm @ 19 cm), was selected to
resist the shear associated with the expected moment strength
(including overstrength). Wall web vertical reinforcement con-
sisted of #4 @18 in. or p,=0.0037 (d,=12.7 mm @ 45.7 cm). It is
noted that the 18 in. (45.7 cm) spacing of vertical web reinforce-
ment is the maximum spacing allowed by ACI 318-11 21.9.2.1. It
is questionable whether such a large spacing (45.7 cm) in such a
thin wall (15.2 cm), satisfies the intent of R21.9.4, which states
that wall we reinforcement should be “appropriately distributed
along the length and height of the wall... should be uniform and at
a small spacing.” Lateral load versus top lateral displacement rela-
tions for RWC and RWS are plotted in Fig. 4(a); since results for
RWC and RWN are very similar. For RWC, the wall reached rota-
tions exceeding +0.035 (#5 in tension) and —0.02 (#9 in tension),
whereas for RWS, the wall reached rotations of approximately
+0.02 (#5 in tension) and —0.012 (#9 in tension). Damage was
concentrated at a single, large crack at the foundation-wall inter-
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Fig. 4(a) Load-displacement relations.

Fig. 4(b) Wall damage at end of test (RWS).

face, which accounted for about 0.015 of the top rotation of 0.02.
It is noted that the applied shear is close to or exceeds the web
shear friction capacity V), of the walls, depending on the direction
of the applied load and the value assumed for the coefficient of
friction. Significant horizontal cracking also was observed for
specimens RWN and RWC, suggesting that the quantity (and
large spacing) vertical web reinforcement was insufficient to
restrain sliding between the wall boundaries. Damage concen-
trated at the foundation-wall interface for specimen RWS (Fig.
4(b)). However, the test results do indicate adequate performance
in the case of the coupler and that the presence of the splice signif-
icantly reduced the wall lateral deformation capacity.

Tests of walls with splices also were conducted by Birely et al™
The test specimens were roughly one-half scale replicas of the bot-
tom three stories of a ten-story wall (Fig. 5(a)). Base shear versus
3rd story (top) displacement plots are shown in Fig. 5(b) for three
of the tests, PW1 (splice, My=0.714,V;), W2 (splice, M=
0.504,,V;), and W4 (no splice, M,=0.50A,, ;). Design wall shear
stresses were 0.23, 0.33, and 0.33, /f?. MPa MPa for W1, W2, and
W4, respectively (equivalent to 0.7, 0.9, and 0.9V),). The #4
(d,=12.7 mm) boundary bars were lapped 0.61m, with spacing of
boundary transverse reinforcement of 51 mm (s/d,=4). The test
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Fig. 5(a) NEESR UW wall tests.
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Fig. 5(b) Base shear vs drift.

with lower shear stress was reasonably ductile, achieving 1.08M,
and a 3rd story lateral drift of 1.5% prior to strength loss; however,
test PW4, with no splice, reached only 1.0% lateral drift at the
third story (top) prior to strength loss. For all tests with splices,
damage initiated with buckling of the interior bar at the wall edge
(Fig. 6(a)) and then concentrated at the top of the splices (Fig.
6(b)), whereas damage was concentrated at the foundation-wall
interface for test PW4 with no splice (Fig. 6(c)). Even without
consideration of the elastic deformations over the top seven stories
not included in the test, deformation capacities of the walls are less
than expected, especially for PW4, with no splice.

Nagae et al.” summaries important details for NIED (E-
Defense) tests on two 4-story buildings, one conventionally rein-
forced and the other using high-performance RC construction,
both with rectangular wall cross sections (Fig. 7a). The conven-
tionally reinforced wall had confinement exceeding US require-
ments, with axial load of approximately 0.034,/%, yet the
compression boundary zone sustained localized crushing and lat-
eral buckling (Fig. 7(b), following Kobe 100% motion). The base
overturning moment versus roof displacement responses are plot-
ted in Fig. 8; base rotations are slightly less than the roof drift ratio
(e.g., for Kobe 100%, the base rotation measured over 0.27/,, is a
little more than 0.02). Following crushing of boundary regions,
sliding shear responses increased substantially during the Kobe
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Fig. 7(a) RC conventional wall.%

100% test (Fig. 8). Sliding displacements in the Takatori 60% test
reached the limits of the sensor, +45 mm and —60 mm with peak
shear of +/— 2000 kN. It is noted that the relatively large clear
cover over the boundary longitudinal bars was used (~40 mm) and
the boundary transverse reinforcement was insufficient to main-
tain the boundary compressive load following cover spalling, It is
noted that the crushing/spalling of the boundary region was
accompanied by lateral buckling of the compression zone, as was
observed in Chile and New Zealand (Fig. 2). It is yet unclear what
role biaxial loading had on the observed wall damage, this issue is
still being studied; however, it is plausible that the susceptibility of
the wall to lateral instability was impacted by biaxial loading.

The pre-NEESR tests conducted at NEES@Minnesota5
studied the role of biaxial loading by subjecting cantilever walls
with T-shaped cross sections to biaxial loading and comparing

1,52,63
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Fig. 6 Wall damage: (a) PW2 @ 1.0% drift; (b) PW2 end of test; (c) PW4 @ 1.0% drift.
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Fig. 7(b) Wall damage.

their results with similar tests subjected to in-plane loadjng.41 The
6 in (152.4 mm) thick walls exhibited rotations over the first story
(hy=0.81,) of approximately 0.02 prior to lateral strength degrada-
tion. Their findings suggest that analytical models validated previ-
ously for in-plane loading of walls adequately captured the
measured responses for combined in- and out-of-plane loading.
However, based on video and post-test observations, damage at
wall boundaries of the conventional reinforced concrete building
tested on the E-Defense shaking table may have been influenced

4000
Kobe 100%
2000
0
-2000
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-30 -20 -10 0 10 20 30

Sliding displacement (mm)

Fig. 8 RC conventional building responses (structural wall direction).
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by simultaneous in-plane and out-of-plane responses. The New
Zealand Royal Commission report47 raises the issue of biaxial
loading as a possible contributing factor to the unexpected wall
damage in the February 2011 earthquake. This issue has not been
adequately studied, and the issue is complicated by the observa-
tion that out-of-plane failures are observed at wall boundaries for
in-plane loads alone.

2.3 Recorded ground motions

Response Spectra computed using ground motions recorded in
recent earthquakes have significantly exceeded values used for
design. For example, spectra for records in Chile®® and
Christchurch® significantly exceed values used for design (Fig.
11). For Chile, many buildings are designed for the Soil I spec-
trum, whereas spectral ordinates are generally 2 to 6 times the val-
ues for Soil II over a broad period range. Given such large
demands it is important to re-evaluate how displacement demands
influence design requirements for structural walls.

2.4 Coupling beam tests

Recent tests of eight one-half scale coupling beams focused on
assessing detailing and modeling parameters for coupling beam
configurations common for taller buildings, including the influ-
ence of reinforced and post-tensioned slabs. A brief summary of
these studies is presented here, with more information available in
Naish® and Naish et al.** Beams with transverse reinforcement
provided around the bundles of diagonal bars (referred to as “diag-
onal confinement”) were designed according to ACI 318-05
S21.7.7.4, whereas beams with transverse reinforcement provided
around the entire beam cross section (referred to as “full section
confinement”) were designed according to ACI 318-08 S21.9.7.4

(d). Three test specimens with aspect ratio of 2.4 were constructed
with 4” (101.6 mm)-thick slabs. CB24F-RC contained a slab rein-
forced with #3 bars @12” spacing (4,=9.5 mm @ 304.8 mm), on
the top and bottom in the transverse direction, and on the top only
in the longitudinal direction, without post-tensioning strands.
CB24F-PT and CB24F-1/2-PT both contained a similar rein-
forced-concrete slab, but also were reinforced with 3/8" (9.5 mm)
7-wire strands.

Load-deformation responses of CB24F and CB24D are very
similar over the full range of applied rotations (Fig. 12(a)); similar
results were obtained for 3.33 aspect ratio tests. Notably, both
beams achieve large rotation (~8%) without significant degrada-
tion in the lateral load carrying capacity, and the beams achieve
shear strengths of 1.25 and 1.17 times the ACI nominal strength.
The shear strength of CB24D degraded rapidly at around 8% rota-
tion, whereas CB24F degraded more gradually, maintaining a
residual shear capacity of ~80% at rotations exceeding 10%. The
test results indicate that the full section confinement option of ACI
318-08 provides equivalent, if not improved performance, com-
pared to confinement around the diagonals per ACI 318-05. Diag-
onal crack widths for the full section confinement were generally
less than for diagonal confinement.

Four beams with aspect ratio of 2.4 were tested to assess the
impact of a slab on load-deformation responses. CB24F did not
include a slab, whereas CB24F-RC included an RC slab, and
CB24F-PT and CB24F-1/2-PT included PT slabs (with 150 psi
(1.03 MPa) of prestress). Load-displacement responses of CB24F-
RC vs. CB24F-PT are compared in Fig. 12(b). The plots reveal
that the slab increases the shear strength; however, this strength
increase can be accounted for by considering the increase in nomi-
nal moment strength due to the presence of the slab and the pre-
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Fig. 12 Load — displacement relations for coupling beams without (a) and with (b) slabs.

stress. The peak loads for beams CB24F-RC vs. CB24F-PT cor-
respond to shear stresses of 13.0in A, psi (1.08 JE A, MPa)
and CB24F-RC 11.8,/f. 4, psi (0.98,[f. 4, MPa), respec-
tively. The presence of a slab (RC or PT) restrains axial growth
prior to yield, leading to modestly higher stiffness; however, the
secant stiffness values following yield for beams with and without
slabs are very similar and significant strength degradation for all
beams occurs at approximately the same rotation (8%). This
increase in strength is primarily due to the axial force applied to
the specimen by the tensioned strands, and increased the nominal
moment strength. Between 8% and 10% rotation, strength degra-
dation is more pronounced for CB24F-PT than CB24F-RC, with
30% reduction for CB24F-PT vs. 10% for CB24F-RC, possibly
due to the presence of pre-compression.

A 3.33 aspect ratio beam with longitudinal beam reinforcement,
referred to as a “Frame Beam” or FB33, was tested to assess the
impact of providing straight bars as flexural reinforcement instead
of diagonal bars in beams with relatively low shear stress demand
(<4.0,Jf. psi; 033 /7. MPa). A plot of load vs. deformation for
FB33 (Fig. 13(a)) indicates that plastic rotations greater than 4%
can be reached prior to strength degradation. These results corre-
spond well with prior test results”’ (Fig. 13(b)) on similarly sized
beams, which achieved maximum shear stresses of about 4.7 ij
(0.39 Jﬁ MPa) and plastic chord rotations greater than 3.5%.
Compared to a similar beam with diagonal reinforcement and full-
section confinement (CB33F), or diagonal confinement (CB33D),
FB33 experiences more pinching in the load-deformation plot,
indicating that less energy is dissipated. As well, the beams with
diagonal reinforcement exhibited higher ductility, reaching plastic
rotations exceeding 7% prior to strength degradation, versus
approximately 4% for frame beams. The results indicate that use
of longitudinal reinforcement for coupling beams, which are much
easier to construct, is appropriate provided shear stress demands
are less than approximately 5.0 ij (0.42Jf7; MPa) and total
rotation demands are less than approximately 4%.

2.5 Summary

Wall performance in recent earthquakes and laboratory tests
raises a number of design concerns. In Chile, brittle failures at wall
boundaries were likely influenced by the level of axial stress (pos-
sibly leading to compression failures), the larger than expected dis-
placement demands, the use of unsymmetric (or flanged) wall
cross sections, and the lack of closely-spaced transverse reinforce-
ment at wall boundaries. A particularly noteworthy aspect of
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recent tests is the failure of relatively thin wall boundaries to

develop ductile behavior in compression, even though they com-
plied with ACI 318 special boundary element requirements, as
well as Japan Standard Building Law and ALl (2010) require-
ments. Recent tests to investigate the role of splices within the
plastic hinge region of structural walls suggest that splices will
substantially reduce wall inelastic deformation capacity. Given
these observations, current ACI 318-11' code provisions for Spe-
cial Structural Walls are reviewed to identify possible concerns
and to suggest changes that could be implemented to address these
concerns.

Results from recent tests on diagonally- and longitudinally-rein-
forced coupling beams provide valuable new data to assess stiff-
ness, detailing, and modeling requirements. The tests indicate that
“full section” confinement is as effective as diagonal confinement,
slab impacts on stiffness and nominal strength are modest, and
beams with longitudinal reinforcement exhibit less energy dissipa-
tion and total rotation capacity compared to beams with diagonal
reinforcement. New detailing provisions in ACI 318-08 were
introduced based, in-part, on these test results.

3. ACI 318 Chapter 21 provisions for special
structural walls & coupling beams

Provisions for “Special Structural Walls” are contained in ACI
318-11 §21.9 and include provisions for Reinforcement (21.9.2),
Shear Strength (21.9.4), Design for Flexural and Axial Loads
(21.9.5), and Boundary Elements of Special Structural Walls
(21.9.6). In light of the preceeding discussion, key aspects of these
provisions are reviewed and areas of concern are noted. In many
cases, insufficient information is available to develop comprehen-
sive requirements and comments provided here are meant to
inform.

3.1 Reinforcement and splices

A single curtain of web reinforcement is allowed if wall shear
stress is less than 0.17,/f. M Pa MPa. This provision is acceptable
for squat walls with low shear stress (e.g., walls with aspect ratio
less than 1.5); however, for slender walls where buckling of
boundary vertical reinforcement and lateral instability are more
likely due to significant tensile yielding of reinforcement under
cyclic loading, two curtains should always be used. This recom-
mendation applies to both Special Structural Walls (high ductility)
and Ordinary Structural Walls (moderate ductility).
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Recent laboratory tests have identified that wall deformation
capacity may be compromised in cases where splices exist within
the wall critical section (plastic hinge) because nonlinear deforma-
tions are concentrated outside of the splice region, either at the
wall-foundation interface (large moment gradient)53 or above the
splice (nearly uniform wall moment).54 Given these results, it is
questionable whether boundary vertical reinforcement should be
lapped spliced within the plastic hinge region. Test results did indi-
cate that use of ACI 318-11 Type II couplers performed ade-
quately. The option of staggering splices is not addressed here.

3.2 Design displacement and plastic hinge
length

The model used to develop ACI 318-11 §21.9.6.2 provisions is
shown in Fig. 14. Given this model, the design displacement
0(ACH=6=C,0,/I(ASCE 7) is related to local plastic hinge rota-
tion ¢, and extreme fiber compressive strain &, as:

=56 (-D0-3) o]

Where /, is the plastic hinge length, £, is the wall height, ¢ is the
neutral axis depth for (M,, P, ... ), and [, is the wall length. If the
compressive strain exceeds a limiting value, typically taken as
0.003, then special transverse reinforcement is required. In ACI
318-11 Equation (21-8), Equation (1) is rearranged to define a lim-
iting neutral axis depth versus a limiting concrete compressive
strain as:

M

0.0031, / I,

w

“limit = 305 7h)  667(3,/h,)  600(3/h.)

In this approach, it is obvious that the result is sensitive to the
values used for the design displacement and the plastic hinge
length. Revised formulations, using a detailed displacement-based
design approach67 and a plastic hinge length that varies with wall
thickness (/,=at,, as suggested by Wallace,” produces the follow-
ing more comprehensive relation;

S,
e acu(a;—wlﬁ)(l atw)+ &, (th_a’l+a2t_wt_:)
w wc

2h) (I—c/l)\&01, L, = hyl

(©)
where 4, is the wall thickness, and &, is the tensile reinforcement
yield strain. The constant 11/40 results based on the assumed dis-
tribution of lateral force over the height of the wall ® Using Eq.
(3), the relationship between the wall neutral axis depth, concrete
compressive strain, and drift is computed for various ratios of , /7,
and A,/I,, and plastic hinge length. For this preliminary study, wall
aspect ratio £,/l,, is set to 3.0 and the ratio of /, /¢, is set to 13.3,
which is fairly typical for U.S. construction. Concrete compressive
strain is set to 0.003; results presented in Fig. 15 for three values of
a2, 6, 12). For the ratio of / /1, selected (13.33), a=6 is equiva-
lent to 1,=0.45/,, or about the same value of 0.5/,, assumed in the
development of ACI 318-11 relations in Eq. (2). Special trans-
verse reinforcement is required at wall boundaries for values
above and to the right of the lines.

According to Fig. 15, if the drift ratio is 0.01, the neutral axis
must exceed 0.17/, before SBEs are required by ACI 318-11.
However, for the same neutral axis depth of 0.17/,, if inelastic
deformations are concentrated over a short height (/,=(a=2)t,,),
only less than one-half of this drift ratio (0.005), can be tolerated
before SBEs are required. The sensitivity of the results suggests
that measures are needed to ensure appropriate spread of plasticity
by requiring walls to be tension-controlled or by ductile yielding
of concrete in compression for compression-controlled walls.
These issues are not currently addressed in ACI 318-1 1.

In current US codes the intent is to provide 90% confidence of
non-collapse for MCE shaking. In contrast, the current ACI con-
finement trigger (Eq. 2) is based on 50% confidence of not
exceeding the concrete crushing limit in the Design Basis Earth-
quake (which is much lower shaking intensity than the MCE). To
address this issue, it is necessary to adjust ACI Equation (21-8),
also Eq. (2) in this paper, to be more consistent with the building
code performance intent. Three factors need to be considered: 1)

@
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Fig. 15 Influence of plastic hinge length on need for SBEs.

MCE exceeds DBE. 2) There is dispersion about the median
response. 3) Damping is likely to be lower than the 5% value
assumed in the ACI provisions. To address these issues, the coeffi-
cient of 600 in the denominator of Equation (21-8) in ACI 318-1 1
should be increased by a factor of approximately 1.5 to adjust to
MCE level shaking and to consider dispersion, and by approxi-
mately 1.2 to 1.3 to account for potential lower damping ratios;
therefore, a coefficient of 1000 to 1200 should be used as recently
recommended in the NIST Technical Brief No. 6.%

3.3 Axial load and compression-controlled walls

As noted above, the provisions of 318-11 §21.9.6.2 assume that
nonlinear deformations within the critical (plastic hinge) region of
the wall will spread out over a distance equal to one half the mem-
ber depth. ACI 318-11 §9.4 defines tension- and compression-
controlled sections; however, no guidance is provided on how
these requirements should be applied to special (or ordinary) struc-
tural walls. In addition, ACI 318 and ASCE 7 do not place limits
on wall axial stress. The performance of walls in Chile suggests
that higher axial stresses and wall cross section shape (e.g., T-
shaped) may lead to cases where concrete compressive strain
reaches 0.003 prior to yield of tension steel.

Various approaches could be used to address this issue, such as
placing limit on axial stress or requiring wall critical sections to be
tension-controlled. In the 1997 version of the Uniform Building
Code,70 wall axial load was limited to 0.35P; for higher axial
loads the lateral strength and stiffness of the wall could not be con-
sidered. An alternative to neglecting the lateral-force-resistance of
compression-controlled walls would be to impose more stringent
design requirements, such as always requiring Special Boundary
Elements (SBEs) for wall critical sections that are not tension-con-
trolled according to ACI 318-11 §9.4, where a section is tension-
controlled if the reinforcement tensile strain exceeds 0.005. In
addition, it also might be necessary to impose a larger minimum
wall thickness (#,) and a smaller wall slenderness ratio (//t,,) for
compression-controlled walls. The objective of these requirements
would be to maintain a stable compressive zone as the concrete
yields in compression.

Even with more stringent design requirements for compression-
controlled wall sections, it may not be reasonable to expect signifi-
cant inelastic deformation capacity (rotation) can be achieved
through compression yielding of concrete; therefore, it might be

prudent to limit the nonlinear deformations. This objective can be
accomplished by calculating a limiting drift ratio for a given limit
on concrete compressive strain. For an assumed neutral axis depth
¢=0.6l,, (for balanced failure), a limiting compression strain of
0.01, Eq. (1) gives: 6,/h,,<0.010/(2)(0.6)=0.0083. Given the sim-
plifying assumptions associated with Eq. (1), a slightly higher drift
limit might be appropriate (e.g., 3,/h,, < 0.01).

3.4 Boundary element detailing

ACI 318-11' detailing requirements for SBEs are based on
requirements that were developed for columns; these provisions
may be insufficient for thin walls. The review of recent wall dam-
age in earthquakes and laboratory tests provides sufficient evi-
dence to raise concerns related to detailing of thin walls. For
example, although the quantity of transverse reinforcement pro-
vided at the boundaries of the conventional RC wall tested at E-
Defense were 1.4 and 2.1 times that required by ACI 318-11
§21.9.6.4 (for the larger spacing of 100 mm used at Axis C), con-
crete crushing and lateral instability (Fig. 7(b)) occurred earlier in
the Kobe 100% test, followed by substantial sliding (Fig. 8).
Inspection of the damaged boundary zone revealed that relatively
large clear cover was used, on the order of 40 mm (larger than the
code minimum in ACI 318, which is 19 mm), suggesting that the
confined core was incapable of maintaining stability of the com-
pression zone following loss of concrete cover. For columns, ACI
318-11 Equation (21-4), which is based on maintaining column
axial load capacity after cover concrete spalling, typically governs
the selection of transverse reinforcement for smaller columns
where cover makes up a larger percentage of the gross concrete
section. This equation also was required for wall SBEs prior to
ACI 318-99""; it was dropped because it rarely controlled for the
thicker walls that were commonly used at that time. For the E-
Defense conventional RC wall, the provided transverse reinforce-
ment is only 0.34 and 0.45 times that required by ACI 318-11
Equation (21-4), suggesting that improved performance may have
resulted had this relation been required. Additional testing is
needed to determine if reinstating (21-4) is sufficient to ensure
ductile behavior of thin boundary zones.

ACI 318-11 §21.6.6.2 allows a distance of 14” (356 mm)
between adjacent hoops or ties. Use of such a large spacing for
thin SBEs is unlikely to provide sufficient confinement (Fig. 16)
and use of such a large horizontal dimension is incompatible with
use of a vertical spacing one-third the wall thickness. For example,
for a 10 in. (254 mm) thick wall, such as used in the E-Defense
test, SBE vertical spacing is limited to 3.33" (84.6 mm); however,
the horizontal spacing along the wall can reach 14 in. (356 mm),
therefore, the ratio of vertical to horizontal spacing can reach 14/
3.33=4.2. An additional limit should be considered for wall SBEs,
similar to that used for vertical spacing, where the horizontal spac-
ing between legs of hoops or ties along the length of the wall is
limited to a fraction of the wall thickness, e.g., 0.67¢,. As well, use
of unsupported bars at the wall edge, which initiated the section
failure for test PW2 (Fig. 6(a)), should not be allowed until more
information is available to justify this detail.

Most of the issues raised in the preceding paragraphs are cur-
rently under study by ACI Committee 318 with potential changes
being introduced in ACI 318-14.
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3.5 Wall slenderness and lateral stability

Limits on wall slenderness should be considered to address
instability failures, similar to what was done in the UBC (1997),
which imposed a slenderness limit of #, > 4/16, where 4 is the
unsupported height (typically, one story). Based on observations in
recent earthquakes and tests, a lower limit should probably be
used within plastic hinge zone, a ratio of #, > 4,/10 was recently
recommended in Mochle et al®® This issue is currently under
study by ATC 94.

4. Wall and coupling beam modeling

Use of beam-column models with rigid-plastic hinges and fiber
models with uniaxial material relations for concrete and reinforce-
ment have become very common for analysis and design of build-
ings. For coupling beams, a beam-column model is common used,
since the added complexity of using a fiber model is generally not
warranted, especially for diagonally-reinforced coupling beams.
For a fiber model, the cross section geometry is prescribed with
concrete and steel fibers and elements are stacked to enable mod-
eling of an element (e.g., planar wall). For fiber models, it is
important to use sufficient fibers to define the strain gradient at
equilibrium for a given loading and sufficient elements over the
wall height to capture the overall wall behavior; however, use of
too many fibers and elements may substantially increase computer
run time and lead to convergence issues. Although axial-bending
(P-M) interaction can be accounted for with beam-column mod-
els, typically a discrete bending stiffness must be specified;
whereas, for a fiber model, the flexural stiffness and section axial-
bending strength are derived from the specified material relations
and vary depending on the magnitude of axial load. Monitored
response quantities are plastic rotations for beam-column models
and average strain, curvature, or rotation over a specified element
or gage length for fiber models, since use of small element lengths
may lead to strain concentration and spurious results. Element or
gage lengths are typically selected based on assumed spread of
plasticity; use of half the member depth for structural walls is
common, although this value may not be appropriate for some
cases, as noted in the review of recent test results. Acceptance cri-
teria are typically based on rotation or strain limits derived from
test results or engineering judgment, e.g., as given in ASCE 41-
06" Tables 6-18 and 6-19, and §6.4.3.1 sets the maximum per-
missible strain limits.

Comparisons between analytical and experimental results for
structural walls using simple beam-column and fiber models have
been reported by various researchers, including Thomsen and
Wallace,41 Wallacel,73 Elwood et al.,36 Orakcal and Wallace,6 and
PEER/ATC-72.™ The focus here is on the comparisons for fiber

No. 10 @ SOmm
arching

J"thick”cover ’7 action
-

150mm
b

Fig. 16 Confinement of thin wall sections.

models, such as given in Fig. 17.° which reveal that fiber models
using fairly sophisticated uniaxial material models are capable of
capturing load versus top displacement measured for flexural
deformations in laboratory tests for low-to-moderate axial stress
levels P=0.104,f.. It is noted that the model is not capable of cap-
turing strength degradation due to rebar buckling and rebar frac-
ture; therefore, the strength degradation that initiates under
positive load at the end of the test is not captured by the model.
Comparisons between model and test results for a wall with a T-
shaped cross-section (Fig. 17(b)) indicate that the overall load-dis-
placement response is reasonably captured, although the model
slightly over-predicts the wall strength for the flange in tension.
The likely reason for this discrepancy is the inability of the model
to capture the nonlinear tensile strain variation in the ﬂange,74
since the model assumes the same strain gradient (plane sections
remain plane) for the web and the flange. Waugh and Sritharan®'
investigated the use of a modified fiber model to address this
issue, and report moderately improved comparisons, although the
model is limited to two-dimensional analysis. Orakcal and
Wallace® also report that fiber models are capable of capturing
local responses, such as base rotation, average curvature, and aver-
age strains. Given that fiber models use uniaxial material models
for assumed plane sections, the results indicate that moment cur-
vature analysis is an appropriate tool for assessing the stiffness and
strength, and to a lesser degree, deformation capacity, of slender
walls. This observation is supported by findings reported in
PEER/ATC-72" and Johnson.™

The results presented in Fig. 17 compare nonlinear flexural
deformations obtained from the test and from the model, i.e., the
test data were processed to separate deformations due to flexure
and shear using the procedure recommended by Massone and
Wallace."” Analysis results for wall RW2 using a coupled model,
or shear-flexure interaction model'” are shown in Fig. 18 for two
monotonic (pushover) analyses. For the first analysis, a monotonic
steel stress - strain relation was used, whereas in the second analy-
sis, the steel stress - strain relation was manipulated to approxi-
mate the impact of cyclic loading (since the coupled model used
did not have cyclic material models). It is noted that the manipu-
lated cyclic analysis results more closely match the test results and
are consistent with results presented in Fig. 14(a). Strain profiles
for the coupled model at three drift ratios are compared with test
results (Fig. 18(b)) and indicate that larger compressive strains are
predicted with the model compared with an uncoupled model.®
Johnson™ reports similar observations. The findings suggest that
coupling (shear-flexure interaction) leads to significantly larger
concrete compressive strains than would be predicted using an
uncoupled model. Although the results presented here are prelimi-
nary, they indicate that the larger compressive strains measured in
the tests are likely related to physical phenomena; therefore, they
cannot be discounted. An alternative (uncoupled) modeling
approach, where the shear force-deformation behavior is softened
to account for nonlinear shear deformations, is presented in ATC-
76”; however, this modeling approach does not account for the
impact of shear-flexure interaction on concrete compressive strain,
it only addresses the underestimation of lateral deformations.
Since the approach used in ACI 318-11 §21.9.6.2 to assess detail-
ing requirements (presented earlier) is based on estimating the
concrete compressive strain, the likely under-estimation of con-
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crete compressive strain due to shear-flexure interaction should be
considered (indirectly, probably via the coefficient in ACI 318-11
Equation 21-8). Clearly, this is an area that requires additional
research.

The results presented here and the other studies noted do indi-
cate that fiber models (and beam-column models) are valuable
design tools provided that the one understands that the results
obtained are not precise, i.e., the sensitivity of the results are con-
sidered. For example, local responses are more likely to be sensi-
tive to model (e.g., mesh) and material (e.g., reinforcement strain
hardening) parameters,z’M’75 and studies indicate that concrete
compressive strains are generally under-estimated (unless shear-
flexure interaction is considered).

It also is important to note that the studies summarized here do
not address modeling of splice behavior (anchorage slip/extension,
sometimes referred to as strain penetration, has been studied) and
sliding shear behavior. As discussed in the review of recent tests,
splice behavior significantly impacted wall deformations capacity,
focusing inelastic deformations either below (Fig. 4(b)) or above
(Fig. 5(b), Fig. 6) the splice region, whereas concrete crushing and
rebar buckling at the wall boundary for the E-Defense test led to
large sliding shear deformations (Fig. 8(b)). Although it is possible
to incorporate these behaviors into fiber models, insufficient test
data exist to calibrate and validate these models. As well, even
with test data, it is questionable whether modeling these behaviors
is recommended. At least for new design, it is probably advisable
to avoid these problems, although additional testing is needed to
better determine how to accomplish this goal.

4.1 Coupling beams

Nonlinear modeling approaches commonly used by practicing
engineers are investigated to assess how well they are able to rep-
resent the measured test results presented earlier. Two models are
considered, one utilizing a rotational spring at the ends of the
beam to account for both nonlinear flexural and shear deforma-
tions (M,, hinge) and one utilizing a nonlinear shear-displacement
spring at beam mid-span to account for both shear and shear
deformations (¥, hinge). Both models were subjected to the same
loading protocol used in the tests.’! In this study, CSI Perform 3D
was used.”® Naish®! provides detailed information on modeling
parameters used to generate analysis results. Backbone relations
for the models were derived from test results, described below.

4.2 Test backbone relations

Backbone relations derived from the test data (solid line) are
compared with the original unmodified test backbone relations
(broken lines) and ASCE 417 relations (wide line) in Fig. 19. The
test relations were modified because slip/extension deformations,
which were significant for the one-half scale tests, produce less
beam chord rotation for full-scale beams. The ASCE 417 relation,
primarily based on test results for coupling beams with aspect
ratio less than 1.5, is too stiff. Naish®® reassessed the relation used
for low aspect ratio coupling beams using fragility relations, and
recommends new, slightly modified relations.

4.3 Diagonally-reinforced coupling beams (2.0 <
I,/h < 4.0)

The M,-hinge model consists of an elastic beam cross-section
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with E.1,z=0.5E L, elastic-rotation springs (hinges) at each beam-
end to simulate the effects of reinforcement slip/extension defor-
mations, and rigid plastic rotational springs (hinges) at each beam-
end to simulate the effects of nonlinear deformations. The stiffness
of the slip/extension hinges are defined using the Alsiwat and
Saatcioglu77 model, whereas the plastic rotations of the nonlinear
flexural hinges are modeled using the backbone relations derived
from test results (Fig. 19, for original test data, but excluding the
elastic deformation) with nominal shear strength defined using
ACI 318-08 Equation (21-9). The ¥, -hinge model also consists of
an elastic beam cross-section and slip/extension hinges; however,
instead of using flexural hinges at the beam ends, a shear force
versus displacement hinge (spring) is used at beam mid-span to
simulate the effects of nonlinear deformations. The shear hinge
properties are defined using the backbone relations derived from
the test results (Fig. 19, for original test data).

Figure 20 shows cyclic load-deformation plots for the two mod-
els and the test results for CB24F, which are representative of
results obtained for other specimens. Both models accurately cap-
ture the overall load-displacement response of the member; how-
ever, the M, -hinge model (Fig. 20(a)) captures the unloading
characteristics better than the ¥, -hinge model (Fig. 20(b)), due to
the fact that unloading stiffness modeling parameters, which help
to adjust the slope of the unloading curve, are available for the
flexural hinges in the commercial computer program used, but not
for the shear hinges (see Naish® for a complete description of the
modeling parameters and assigned values).

Model results for two frame beam tests are shown in Fig. 13 for
the M, hinge model, again using the CSI Perform 3D" program.
The models accurately capture the measured responses, specifi-
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cally in the slope of the loading and unloading curves, and in the
pronounced pinching of the cyclic load-deformation plot. The
commercial computer program used allowed the shape of the
load-deformation loops to be manipulated through specifying
energy dissipation parameters to simulate the pinching of the load-
deformation plots of the test beams. Naish®! includes detailed
information on the model parameters used in the comparisons.

5. Conclusions

Wall performance in recent earthquakes and laboratory tests is
reviewed and American Concrete Institute 318 provisions are
reassessed to identify possible shortcomings. The findings suggest
a number of issues require more in-depth study, particularly for
thin walls. Approaches that could be implemented within ACI 318
to address these issues also are presented. In particular, changes
are needed to increase the design displacement used in ACI 318-
11 Equation (21-8), changing the value of the denominator from
600 to 1200 is recommended. To ensure spread of plasticity con-
sistent with the derivation of Equation (21-8), walls should be ten-
sion-controlled or be designed and detailed to maintain a stable
compressive zone as the concrete yields in compression. Limits on
wall thickness and slenderness are suggested as one way of
addressing this latter issue. Limiting wall compression strain for
compression-controlled walls also might be prudent; this can be
accomplished by limiting the drift ratio to about 0.01.

Recent tests of 2.4 and 3.33 aspect ratio coupling beams are pre-
sented and reveal that beams detailed according to the new provi-
sion in ACI 318-08, which allow for full section confinement,
have performance, in terms of strength and ductility, that is slightly
better than beams detailed according to the old provision in ACI
318-05, which requires confinement of the diagonal bar groups.
Including a reinforced concrete slab increases the beam shear
strength approximately 15-20%, whereas adding post-tensioning
increases the beam shear strength an additional 10%. However,
the strength increase was directly related to the increase in beam
moment strength, as the beam shear force was limited by flexural
yielding.

Modeling approaches used for structural walls adequately cap-
ture the nonlinear axial-bending responses, but are unable to cap-
ture strength loss, which typically results for buckling of vertical
boundary reinforcement or lateral instability of the flexural-com-
pression zone. Additional experimental studies are required to bet-
ter characterize these types of failures, particularly for thin walls.
Recent research related to wall modeling has focused on capturing
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Fig. 20 Model and test results: (a) M,, hinge model; (b) V, hinge model.
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observed shear-flexure interaction, where nonlinear shear defor-
mations are observed for slender walls where behavior is domi-
nated by flexural responses. A variety of modeling approaches
have recently been proposed using biaxial material models, truss
models, and empirical approaches. Available information strongly
suggests that shear-flexure interaction leads to large concrete com-
pressive strains than would be predicted with an uncoupled model,
suggesting that current ACI 318 provisions that base wall bound-
ary detailing requirements on concrete compressive strain should
include a measure of conservatism until this behavior is better
understood. Additional research, including detailed experimental
measurements of global and local responses, is needed to validate
and calibrate models for cyclic loads and for cases where nonlin-
ear shear deformations are more significant (typically aspect ratio
1.5 to 3.0 walls).

Simple nonlinear model approaches for coupling beams, either
moment-hinge or shear-hinge, accurately represent the load-defor-
mation behavior of test beams. The flexural hinge model better
matches the test results in the unloading and reloading range, due
to the specific modeling parameters available in the computer soft-
ware used (unloading stiffness modeling parameters), although
both models produce acceptable results up to 3% total rotation for
beams with /,/h between 2.0 and 4.0. Therefore, depending on the
computer program used, the influence of modeling parameters on
the load versus deformation responses should be compared with
test results to ensure that they adequately represent observed
behavior.
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