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Heavily-loaded short coupling beams with large amounts of transverse reinforcement fail in sliding shear
or diagonal compression under the complex interaction between shear and flexure. These failure modes
often occur after yielding of the flexural reinforcement and limit the displacement capacity of the mem-
ber. To study such failures, this paper compares experimental results with predictions of models with
various levels of complexity. It is shown that complex nonlinear finite element models (FEM) can capture
adequately the entire behaviour of short coupling beams, while the classical flexural model produces

Keywords: . unconservative strength predictions. It is also shown that strut-and-tie models are reasonably conserva-
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Shear sliding tive provided that their geometry is selected to maximize the strength predictions. To produce similarly

adequate strength predictions as those of the FEM - while at the same time maintaining the simplicity of
the flexural model - the paper proposes a mechanical model based on strain compatibility. The main
assumption of the model links the principal compressive strains in the critical section to the longitudinal
strains in the tension zone. It is shown that the model captures well the effect of different test variables
on the shear strength. When applied to a database of 24 tests, the model produced an average shear
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strength experimental-to-predicted ratio of 1.12 with a coefficient of variation of 8.4%.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Coupling beams in reinforced concrete wall structures of build-
ings serve to link the individual walls in a stiff lateral-load resisting
system. These members work in double curvature with high shear
forces and often feature small span-to-depth ratios (a/h < 2.5).
Such short members are susceptible to shear failures that occur
along wide diagonal cracks with yielding of the transverse rein-
forcement as illustrated in the left diagram in Fig. 1a [1]. To sup-
press diagonal tension failures, the coupling beams are provided
with large amounts of stirrups or diagonal reinforcement. How-
ever, when the opening of diagonal cracks is suppressed with stir-
rups, the failure develops in the end sections under the complex
interaction between shear and flexure. This failure mode is charac-
terized by crushing of the concrete prior to or after the yielding of
the flexural reinforcement. The failure occurs with sliding defor-
mations as illustrated in the right diagram in Fig. 1a (sliding shear
failure) or with lateral bursting of the web (diagonal compression
failure). This paper focuses on the modelling of sliding shear and
diagonal compression failures in short coupling beams without
diagonal reinforcement.
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Short coupling beams do not obey the plane-sections-remain-
plane hypothesis and therefore cannot be modelled based on the
classical beam theory. Instead, such members are typically
designed based on strut-and-tie models (STM) such as the one
shown in Fig. 1b. In this model the shear force is resisted by two
inclined struts linked by a vertical tie representing the transverse
reinforcement. Such model was used for example in the design of
the coupling beams of Burj Khalifa [2] based on the ACI strut-
and-tie provisions [3]. In addition to the truss mechanism depicted
in Fig. 1b, other more complex models also include a direct diago-
nal strut between the end nodes of the beam. According to the
strut-and-tie models, the failure of the end sections can either
occur due to yielding of the longitudinal tie or crushing of the
inclined strut. If the failure is governed by strut crushing, this will
indicate shear sliding or diagonal compression failure of the mem-
ber. However, nonlinear finite element simulations performed by
Lee et al. [2] showed that coupling beams can have significantly
larger shear capacities than predicted by the strut-and-tie model
in Fig. 1b. While such conservatism is usually appropriate in new
design, more accurate models are required for the assessment of
existing structures or in cases of heavily loaded coupling beams.
Moreover, because strut-and-tie models are not well suited for cal-
culating deformations, there is need for approaches that account
for the strains in the critical end sections. Predicting these defor-
mations is important for evaluating the ductility and displacement
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Fig. 1. Short coupling beams.

capacity of the coupling beams. Therefore, the main goal of this
paper is to propose a simple and accurate model for evaluating
the deformations and shear-flexure interaction in the critical end
sections of short coupling beams. The model will be developed
and validated with the help of data from experimental studies
([4-11]) and nonlinear finite element simulations.

2. Observed behaviour of coupling beams

The behaviour of short coupling beams will be first discussed
with the help of a test from an early experimental program by Pau-
lay [4]. The test specimen, named beam 312, had a 152 mm by
787 mm rectangular cross section and a shear span-to-effective
depth ratio a/d = 1.42, see Table 1. The longitudinal reinforcement
of the beam consisted of symmetrical top and bottom bars with a
ratio p;=1.58%, while the transverse reinforcement consisted of
stirrups with p, = 1.65%. The specimen was subjected to symmet-
rical double curvature bending (zero moment at midspan) by
forces applied on end blocks simulating portions of adjacent shear
walls. The load was applied in a reversed cyclic manner with the
amplitude of the cycles being close to the strength of the beam.

The global response of the test specimen in terms of shear force
vs. chord rotation is shown in Fig. 2a. Following the initial stiff
response of the uncracked beam, a significant reduction of stiffness
occurred when the load reached about 20% of the maximum load.
This change of behaviour was caused by the propagation of steep
flexure and flexure-shear cracks near the end sections of the beam
where the bending moment was maximum. As the load was
increased further, more flexure-shear cracks developed in the
shear span followed by the propagation of a major shear crack.
As evident from Fig. 2b, this crack extended from corner to corner
of the beam along the diagonal of the shear span. The first load
reversal was performed soon after the flexural reinforcement
yielded in the end sections resulting in a plateau in the global
response at V =~ 640 kN. A similar loading protocol was followed
in the “negative” direction until a complete symmetrical crack pat-

tern developed across the shear span. The longitudinal reinforce-
ment also yielded on the opposite side of the section, and the
load-rotation curve developed a plateau at V ~ —600 kN. Limited
yielding of the transverse reinforcement was also measured in
the main diagonal crack. Following this initial loading, two addi-
tional full load cycles were applied on the specimen resulting in
increasing plastic rotations. Eventually, the concrete in the end sec-
tions crushed under the combined action of shear and flexure lim-
iting the displacement capacity of the member, Fig. 2c. This
crushing was accompanied by visible sliding deformations in the
end sections, and therefore the beam failed in sliding shear. In
other tests from the same experimental program the crushing of
the concrete did not occur with sliding but with lateral bursting
of the compression zone. This latter type of failure is typically
defined as diagonal compression or shear compression failure. It
should be noted however that in many cases the difference
between sliding shear and diagonal compression failure is very
subtle. Both failure modes occur when the beam is provided with
sufficient transverse reinforcement to suppress shear failures along
the major diagonal crack.

Provided that the transverse reinforcement exceeds the amount
required for suppressing a diagonal tension failure, the strength of
the beam is not significantly influenced by the transverse rein-
forcement ratio. This is demonstrated in Fig. 3 with the help of
specimen 312 and two companion tests (beams 311 and 313, see
Table 1). The stirrup ratio of the specimens varied from 0.88% to
2.52% while the shear force at failure remained approximately con-
stant. The three specimens failed with yielding of the longitudinal
reinforcement and crushing of the concrete in the end sections.
Because the reinforcement yielded, a first approximation to the
failure load can be obtained based on the classical plane-
sections-remain-plane approach for flexure which does not
account for the effects of shear. While strictly speaking this
approach is not applicable to short members, it is used here to pro-
vide a reference value for the strength of the end sections. The flex-
ural strength calculated with the classical model is divided by one-
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Table 1

Test specimens by Paulay [4].
Beam name a/d b (mm) d (mm) h (mm) a (mm) pi (%) fy (MPa) f. (MPa) pv (%) fyv (MPa) Rep. mode Vexp (KN)
#393 1.11 152 917 991 1016 1.06 316 30.8 1.62 328 S-SC 849
#311 1.42 152 714 787 1016 1.58 313 36.7 0.88 386 DT 651
#312 1.42 152 714 787 1016 1.58 313 35.2 1.65 285 S 642
#313 1.42 152 714 787 1016 1.58 313 44.5 2.52 314 S 660
#244 2.27 152 536 610 1219 1.82 321 36.3 1.58 307 S 405

Notations: a = shear span; b = section width; d = effective depth of section; h = total depth of section; a = shear span; p; =ratio of bottom/top longitudinal reinforcement;
fy = yield strength of longitudinal reinforcement; f. = concrete compressive strength; p, = stirrup ratio; fy, = yield strength of stirrups; Vey, = measured shear strength.
Reported failure modes: SC - shear compression; S - sliding shear; DT - diagonal tension.
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Fig. 2. Behaviour of a coupling beam (test specimen 312 [4]).

half of the length of the shear span to obtain the shear force at fail-
ure Vax The results from these calculations for the three beams
with variable stirrup ratio are shown with a dashed line in Fig. 3.
It can be seen that such simple approach results in a significant
overestimation of the strength of the beams even when the flexural
reinforcement yields. The resulting average strength experimental-
to-predicted ratio for the three beams is 0.79. This shows that the
shear force in the critical end sections with vertical cracks causes a
significant reduction of flexural capacity.

It is also of interest to compare the experimental results with
the predictions of the strut-and-tie model in Fig. 1b which
accounts for the effects of shear. As mentioned earlier, the failure
of the end sections in this model can either occur due to the yield-
ing of the longitudinal reinforcement or crushing of the inclined
strut. In order to calculate these two failure modes, it is necessary
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Fig. 3. Effect of transverse reinforcement on sliding shear strength (tests by Paulay

E3)2

to determine the inclination of the strut which depends on the hor-
izontal dimension of the nodal zone L, in the adjacent wall, see
Fig. 1b. The larger is length L,, the smaller is the inclination of
the strut and the larger is the width of the strut. Because the capac-
ity of the strut is proportional to its width, the shear corresponding
to strut crushing increases with increasing Ly. At the same time, as
L, increases, the lever arm between the longitudinal compressive
and tensile forces in the end section decreases, and therefore the
shear corresponding to yielding of the longitudinal reinforcement
also decreases. Because strut-and-tie models are typically conser-
vative, it is proposed to choose Ly such that to maximize the shear
strength prediction. This is achieved when the shear corresponding
to strut crushing is equal to that causing flexural yielding. The
value of L, that satisfies this condition can be found by a trial-
and-error procedure. Following this approach, the calculations for
beams 311-313 were performed using a strut crushing stress of
min[0.55(30/fc)'/31]f. according to the strut-and-tie provisions of
the fib Model Code 2010 (MC2010) [12]. This is a constant crushing
stress while the shear provisions of MC2010 also provide methods
to refine the 0.55 factor as a function of the state of strains in the
concrete. As evident from Fig. 3, the STM model results in conser-
vative strength predictions with an average experimental-to-
predicted ratio of 1.17. Similarly conservative results are obtained
by using strut crushing stresses according to other codes ([3,13]).
Because the strut-and-tie model is conservative and the flexural
model is unconservative, this paper will propose a model that sig-
nificantly improves the shear strength predictions while maintain-
ing the simplicity of the flexural model.

For the purpose of developing the model, it is important to con-
sider the distribution of the strains in the longitudinal reinforce-
ment of short coupling beams failing in sliding shear. As evident
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from Fig. 4, the strains measured in beam 312 significantly devi-
ated from the linear distribution predicted by the classical beam
theory for slender beams. While the maximum tensile strain
occurred on the flexural tension side of the end sections, the strains
did not decrease to zero in the middle of the shear span where the
bending moment is zero. More importantly, following the propaga-
tion of the major diagonal crack, the strains became tensile along
the entire shear span, approaching zero on the flexural compres-
sion side. As a result, the longitudinal reinforcement on the flexural
compression side of the end sections is not effective in resisting the
bending moment. The moment resistance of these sections is pro-
vided mainly by the compression resistance of the concrete and the
tension force in the reinforcement on the flexural tension side of
the section as in the strut-and-tie model in Fig. 1b.

Another important observation concerns the effect of load
reversals on the response of test specimen 312. It can be seen from
Fig. 2a that, while the loading history resulted in a significant
increase of deformations from cycle to cycle, the beam was able
to maintain a maximum resistance that was about 7% smaller than
the resistance reached during the initial monotonic loading. This is
an indication that the strength of the beam can be estimated rea-
sonably well without an explicit consideration of the effects of load
reversals. A similar observation can be made from two other tests
from the same experimental program on nearly identical beams
(tests 242 and 243) where one of the beams was loaded monoton-
ically and the other cyclically. Both beams failed due to crushing of
the concrete in the end sections after yielding of the longitudinal
reinforcement. The monotonically-loaded beam, which had a 21%
higher concrete compressive strength, was 6% stronger than its
companion beam subjected to cyclic load. While these results are
not conclusive and the effect of load reversals in short members
is still being studied, the model developed in this paper will not
account explicitly for cyclic strength degradation.

3. Finite element analysis of coupling beams
3.1. Finite element model

To gain further insight into the sliding shear and diagonal com-
pression failures of short coupling beams, the behaviour of selected
test specimens is simulated with a nonlinear finite element (FE)
model. The FE analyses were performed with program VecTor2
based on the Disturbed Stress Field Model (DSFM [14]). The DSFM
is a smeared rotating crack model that originates from the modi-
fied compression field theory for reinforced concrete elements sub-
jected to shear [15]. In the DSFM, the cracks are assumed parallel to
the principal compressive stress directions in the concrete, while
the principal strain directions deviate from the stress directions
due to slip displacements in the cracks. The slip displacements
and crack widths are used to calculate aggregate interlock stresses
transferred across the cracks. In addition to aggregate interlock, the
DSFM also accounts for the tension stiffening and softening of the
concrete, compression softening and confinement of the concrete,
as well as the yielding of the reinforcement. To ensure that the
analyses can be easily reproduced, these effects were modelled
based on the default relationships implemented in VecTor2. The
only exception is the compression behaviour of the concrete for
which the Popovics model for normal strength concrete is
preferred.

Fig. 5 shows the finite element model of beam 312. The model
consists of quadrilateral plane-stress elements for the concrete and
truss elements for the top and bottom longitudinal reinforcement.
Bond elements were introduced between the quadrilateral and
truss elements to capture slip displacements. Since the stirrups
were densely spaced, they were represented as smeared vertical
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Fig. 5. Finite element model of coupling beam (program VecTor2 [14]).

reinforcement in the quadrilateral elements. The top and bottom
concrete cover of the longitudinal reinforcement in the shear span
was modelled with plain concrete elements. The shear force and
bending moments were introduced in the shear span via heavily
reinforced concrete blocks on each side of the beam. One of the
blocks was clamped while the other was subjected to imposed ver-
tical displacements along its top and bottom edges. Because the
vertical displacements are constant along the block, they restrain
its rotation while allowing unrestrained horizontal movements.
The displacements were increased monotonically to capture the
entire behaviour of the beam under symmetrical double-
curvature bending, including the post-peak response.

3.2. Comparisons with test results

The main results from the FEM simulations are summarized in
Figs. 6 and 7. Fig. 6b shows the predicted crack and deformation
patterns of specimen 312 at failure. As evident from the diagram,
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a) Specimen 393 —a/d=1.11 and b) Specimen 312 — a/d=1.42 and c) Specimen 244 — a/d=2.27 and

pi=1.06%

pi=1.58%

pi=1.82%

Fig. 6. Predicted crack and deformation patterns at failure (postprocessor Augustus [16]).

1000 , :
#393 #312
800 [ ag=1.11 __ a/d=1.42
p,=1.06% p,=1.58%
600 I 1
=z
X
=
400 1
#244
a/d =227
200 p,=182%
—@— Experiment
FEM
e
0 5 10 15

Chord rotation x 10'3, rad

Fig. 7. Measured and predicted load-deformation response of short coupling beams
(tests by Paulay [4]).

the predicted failure mode was similar to that observed in the test:
yielding of the longitudinal and shear reinforcement as well as
sliding shear in one of the end sections of the beam. Similar failure
mode was predicted for two other specimens from the same exper-
imental program for which the shear reinforcement remained elas-
tic, see Fig. 6a and c. The three specimens differed mainly in terms
of the a/d ratio which was varied from 1.11 to 2.27 by decreasing
the depth of the section, see Table 1. The other important variable
was the ratio of the longitudinal reinforcement varying from 1.06%
in the deepest beam to 1.82% in the shallowest one. It can be seen
from Fig. 6 that specimens 312 and 244 were predicted to develop
wide cracks in the critical end section due to the yielding of the
longitudinal reinforcement, while the reinforcement in specimen
393 was predicted to remain nearly elastic. These predictions agree
well with the strain measurements performed in the tests.

Fig. 7 compares the measured and predicted load-deformation
responses of the three beams. It can be seen that the depth of
the section and the a/d ratio had a significant effect on the mea-
sured response. As the tests were performed under reversed cyclic
loading, the experimental curves in the plot represent the envelope
of the full measured load-deformation responses in the direction in
which the failure occurred. It can be seen that beam 244 with the
smallest depth and largest a/d ratio was significantly softer and
weaker than beam 393 with the deepest section and smallest a/d
ratio. As the depth of the section decreased by 71%, the shear
strength increased by a factor of 2.1. This non-proportional

strength increase shows that the smaller a/d ratio of beam 393
had a positive effect on the sliding shear resistance. At the same
time, decreasing the a/d ratio resulted in decreased ductility and
displacement capacity. As evident from Fig. 7, these trends are cap-
tured well by the FE model.

3.3. Stresses and deformations in the critical end sections

Having demonstrated that the FE model can capture the
response of the test specimens, it is of interest to use the results
from the simulations to further study how short coupling beams
resist shear. Fig. 8a shows the orientation and relative magnitude
of the principal compressive stresses in the shear span of beam
312 (green' for minimum and blue for maximum compressive stres-
ses). It can be seen that the stresses in the middle of the shear span
are almost uniformly distributed across the depth of the section
while the shear in the critical end sections is carried mainly in the
compression zones. This is more clearly demonstrated in Fig. 8b
which depicts the variation of the principal compressive stresses
across the end and middle sections. Based on this diagram, the depth
of the compression zone in the end sections is estimated at
x =395 mm, 55% of the effective depth of the section. For compar-
ison, a flexural strength calculation based on the plane-sections-
remain-plane hypothesis produces x =92 mm, only 13% of d. This
significant difference is due to the high shear forces in short coupling
beams.

Another important observation can be made based on Fig. 8c
which shows the angle of inclination of the principal compressive
stresses across the end and midspan sections. It can be seen that in
the middle section the angle is almost constant at about 34°, corre-
sponding approximately to the angle of the diagonal of the shear
span. Similarly, the angle in the end sections is approximately con-
stant within the compression zone, but with larger values than in
the middle section. This angle can be estimated from the equilib-
rium of the forces in the end section, neglecting the small tension
in the reinforcement on the flexural-compression side of the sec-
tion. Based on the moment equilibrium, the horizontal force in
the concrete can be estimated as C = V(a/2)/z, where a is the length
of the shear span and z is the lever arm of the internal horizontal
forces in the section. Since the shear force V is resisted almost
entirely in the compression zone, the angle of the resultant force
in this zone with respect to the horizontal axis can be estimated as:

taHOC:%:ZgzZO'ng (1)

! For interpretation of color in Fig. 8, the reader is referred to the web version of
this article.
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The value obtained from this expression applied to beam 312 is
52°. As evident from Fig. 8c, this angle is almost exactly equal to
the angle of the principal compressive stresses obtained from the
finite element analysis.

Finally, it is of interest to study the distribution of the strains in
the critical end sections of beams 244, 312 and 393 with variable a/
d ratio, see Fig. 9. The solid lines in the plots show the average hor-
izontal strains in the concrete g, while the dotted lines show the
minimum principal strains &,. It can be seen that strains g do
not follow the classical linear distribution assumed for the mod-
elling of slender beams. Moreover, while in slender beams there
is a well-defined zone of compressive strains €, on the flexural-
compression side of the section, the FEM results show that in short
coupling beams the strains are tensile across the entire section,
except for the concrete cover on the flexural-compression side.
This is consistent with the test results presented in Fig. 4 which
show that following the propagation of the major diagonal crack,
the top and bottom longitudinal reinforcement become tensile
along the entire shear span.

As compared to the longitudinal strains, the principal strains &,
outline a clear compression zone. This zone coincides with the
zone of principal compressive stresses in Fig. 8b. Since the shear
in the compression zone is carried by means of principal compres-
sive stresses, it is the principal compressive strains that are of sig-
nificance for predicting the shear resistance of the end sections. In
other words, while the classical plane-sections-remain-plane
approach focuses on the horizontal strains, the modelling of short
coupling beams requires an explicit consideration of the inclined
principal compressive strains. As with regards to the flexural-
tension side of the section, the important strain remains &, as it
is related to the stresses in the tension reinforcement. It is there-
fore necessary to establish a strain compatibility condition that
links the strains €, in the compression zone to the strains € in
the tension zone of the section.

4. Mechanical model for end sections of short coupling beams
4.1. Model assumptions

The strain diagrams in Fig. 9 are used to establish a kinematic
assumption for short coupling beams in analogy to the plane-
sections-remain-plane assumption for slender beams. As indicated
in the plots, the strain diagrams in the critical end sections can be
approximated with a straight line across the depth of the beam.
This line is aimed at capturing the strains that are of importance

for calculating the shear and flexural resistance of the section. In
the compression zone the diagram approximates the principal
compressive strains € while in the tension zone it approximates
the horizontal strains &,. As evident from Fig. 9, this linear approx-
imation holds reasonably well even for the shortest beam with an
a/d ratio of 1.11. However, to avoid unrealistic predictions, this
approach should not be applied to members with a/d < 1.0 which
are also rare in practice. The proposed assumption therefore estab-
lishes conditions for the compatibility of strains €, and &, in cou-
pling beams with a/d >1.0. In addition, similarly to classical
flexural strength calculations, it will be assumed that the failure
occurs when the maximum principal compressive strain at the
top of the section reaches —3.5 x 10>, The plots in Fig. 9 show that
this value corresponds reasonably well to the maximum principal
strains predicted by the FE model at failure. With a fixed strain at
the top of the section, the main unknown of the proposed method
is the depth of the compression zone x.

The assumptions of the proposed approach are illustrated in
Fig. 10. The strain diagram is linear across the section and approx-
imates different strains above and below the neutral axis. The
strains below the axis are horizontal while those above the axis
are inclined at angle 6. estimated from Eq. (1). In addition to the
strain distribution, it is also necessary to establish assumptions
for the stresses in the section. The principal compressive stresses
in the concrete f, are assumed parallel to the principal strains &5,
and therefore are oriented at angle 6. with respect to the horizontal
axis. As stresses f, are not horizontal, they do not act on the full
depth of the compression zone X. Instead, as indicated in the
free-body diagram in Fig. 10, the stresses need to be integrated
across area (X cos 0.) - b, where b is the width of the compression
zone. The distribution of the stresses in the compression zone
can be obtained from the principal strains €, by using an appropri-
ate stress-strain relationship for concrete under uniaxial compres-
sion [17]. Owing to the restraint provided by the adjacent walls,
compression softening effects in the concrete are neglected in
the critical end sections. Also neglected is the shear carried by
aggregate interlock across the vertical crack in the end section. This
latter assumption is confirmed by the FE analyses and is particu-
larly valid in the cases when the flexural reinforcement yields
and the crack width becomes significant.

To simplify the calculations at ultimate limit state, the nonlin-
ear distribution of the stresses f, is replaced by an equivalent rect-
angular stress block as in flexural strength calculations. This is
possible because strains €, are assumed to vary linearly in the
compression zone and the width of the zone is constant. The depth
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of the stress block is Ax cos 0. while the magnitude of the stress is
nf.. Coefficients A and 1 can be evaluated according to the flexural
strength provisions of design codes ([3,13]) or based on a parabolic
stress-strain diagram for the concrete resulting in

A —&feq
G T 2
& 1/&\°
I 3
Ec1 3<8cl> ()

where g.; ~ 2 x 1073 is the strain at peak stress of the concrete. The
parabola model provides reasonable accuracy for concretes with
compressive strength of up to 40-50 MPa while stress block factors
based on more general stress-strain relationships are available else-
where [18].

Fig. 8b shows two rectangular block approximations of the prin-
cipal compressive stresses obtained from the FEM analysis of beam
312. Block A is obtained directly from the stresses produced by the
FE model by ensuring the static equivalence between the nonlinear
and constant stress distributions. Block B on the other hand is
obtained by using x = 395 mm from the FE analysis and the stress
block factors A and n from Egs. (2) and (3). It can be seen that for
this beam the two rectangular stress blocks are almost identical,
validating the proposed simplifying assumptions about the linear
variation of the strains €, and the use of concrete stress-strain rela-
tionships for uniaxial compression.

By using rectangular stress block factors A and m, the resultant
diagonal compressive force D is expressed as:

D=n-f.b-x-cosb, (4)
while its horizontal component C is

C=D-cos0.=.n-f.b-x-cos®0, (5)

Force C must be equal to the tension force in the bottom rein-
forcement T = 6,A;, where oy is the stress in the reinforcement
and A is the cross-sectional area of the reinforcement. Stress o
is evaluated from strain &5 by using a bi-linear stress-strain rela-
tionship for the steel (elastic-plastic or elastic with strain
hardening).

The last assumption of the proposed model concerns the flexu-
ral compression reinforcement in the end sections. As illustrated
earlier in Fig. 4, in short coupling beams with large amounts of stir-
rups this reinforcement typically works with small tensile stresses
due to the propagation of diagonal shear cracks across the shear
span [5]. Because the reinforcement works with small stresses, it
does not contribute significantly to the resistance of the section
and therefore it will be neglected in the calculations. Taking this
into account, the flexural capacity of the section can be expressed
as:

Mpax =T -2 = T(d — 2x/2) (6)

and the corresponding shear Vi,ax=2Mpax/a. This expression
assumes a single layer of tension reinforcement at the bottom of
the section, while the approach can be easily extended to also
account for longitudinal web reinforcement. As indicated in
Fig. 10, the tensile strains in the web reinforcement are calculated
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on the basis of the linear strain diagram, and these strains are used
to evaluate the stress and tensile force in the reinforcement.

With the above assumptions, the proposed method can be sum-
marized in the following manner: The method is identical to the
classical flexural strength model for slender members with the fol-
lowing three important differences:

(1) The strains in the compression zone of the end sections are
interpreted as being inclined at angle 0. with respect to
the horizontal axis.

(2) The width of the compression zone b is replaced with an
effective reduced width b cos? 6. (see Eq. (5)).

(3) The flexural-compression reinforcement is neglected.

These modifications account for the effects of the shear force on
the flexural capacity of the end sections of short coupling beams.
As the effective compression zone is narrower and the compression
reinforcement neglected, the model will predict a deeper compres-
sion zone than the classical flexural model. This in turn results in a
reduced lever arm between the longitudinal forces T and C and a
reduced moment capacity due to the action of the shear force. In
addition, because the proposed model resembles the classical
model for flexure, it also has the potential to capture the effect of
axial compression forces. In coupled wall structures such forces
develop due to the large stiffness of the walls which restrain the
axial elongation of the coupling beams caused by cracking and
yielding. However, as the available tests of coupling beams are per-
formed almost exclusively without axial restraint, and because the
compression forces are typically neglected in design, this study
focuses on unrestrained beams.

4.2. Comparisons with tests

The solution of the proposed model will be demonstrated on
test specimen 312. As mentioned earlier, the main unknown of
the method is the depth of the compression zone x. The value of
x is determined through an iterative solution procedure that estab-
lishes the equilibrium of the horizontal forces in the critical end
sections of the beam. To begin the calculations, it is assumed that
X ~ 0.4 d ~ 300 mm. Taking into account the linear variation of the
strains in the section and the top strain of —3.5 x 1073, the strain in
the flexural tension reinforcement is £5=—3.5 x 1073(1 — d/x) =
4.83 x 1073, This value exceeds the yield strain of the steel, and
therefore the stress o is equal to the yield strength f, =313 MPa,
or it can be slightly higher if the strain hardening of the steel is
taken into account. As the resulting force in the reinforcement
T=As05 =537 kKN must equal C, Eq. (5) is used to calculate a new
value of x. The equation requires the calculation of factors A and
n from Eq. (2) and (3) as well as angle 6. from Eq. (1). With calcu-
lated A = 0.90 and n = 0.81, the lever arm of the internal forces z is
(d — Ax/2)=579 mm and the angle of the principal compressive
stresses 0. is 48.7°. Alternatively, to simplify the calculations, angle
0. can be kept constant by assuming z ~ 0.9 d. With 6. = 48.7°, the
new value of x is 316 mm, and this value is used to repeat the cal-
culations until X converges to 313 mm. The final value of x is used
together with the maximum compressive strain of —3.5 x 1073 to
draw the straight strain line in Fig. 9b. It can be seen that the pre-
diction approximates well the strain profile obtained from the FE
model. Note again that the goal is to approximate the principal
compressive stresses in the top of the section and the horizontal
tensile strain in the bottom reinforcement. Similarly adequate
are the strain predictions for shorter and longer beams as shown
in Fig. 9a and c, respectively.

Having obtained the depth x and force T for beam 312, the flex-
ural capacity of the end section taking into account the effect of
shear is calculated from Eq. (6) at 308 kKN-m. This value is divided

by one-half the shear span a/2 =0.508 m to obtain the predicted
shear force at failure V,,,x = 606 kN. Therefore, the proposed model
produces an experimental-to-predicted strength ratio of
642/606 = 1.06. For comparison, a flexural calculation that neglects
the effects of shear results in a ratio of 0.79, while the strut-and-tie
model in Fig. 1b produces a ratio of 1.17.

It is also of interest to study how the proposed model captures
the effect of different test variables. As discussed earlier, the
strength of short coupling beams with variable transverse rein-
forcement remains constant provided that the amount of stirrups
is sufficient to prevent diagonal tension failures. Since the pro-
posed model focuses on the vertical end sections, it does not
include the transverse reinforcement. The prediction of the model
for beams 311-313 with p, between 0.88% and 2.52% is shown in
Fig. 3 together with the measured strengths of the specimens. It
can be seen that the new model captures very well the test results.

Another variable that can be studied with the help of the tests
by Paulay [4] is the shear-span-to-effective-depth ratio. Fig. 11
shows the variation of the shear strength of beams 393, 312, and
244 as a function of a/d from 1.11 to 2.27. As mentioned earlier,
the three beams failed in sliding shear and showed a significant
decrease of shear resistance with increasing a/d. The experimental
results are compared to the predictions of the classical flexural
model, the strut-and-tie model, and the new mechanical model
for shear-flexure interaction. It can be seen that the proposed
model captures well the test results while the strut-and-tie model
is conservative. The flexural model produces a very unconservative
prediction for the shortest beam and the predictions improve as
the a/d ratio increases. This is due to the diminishing effect of
the shear force on the flexural resistance of the end sections. In
slender beams the shear force is relatively small as compared to
the longitudinal forces T and C in the section, and therefore its
effect is negligible. In this regard, it is important to note that the
proposed mechanical model converges to the classical flexural
model when applied to slender beams. This is because as a/d
increases, the angle 0. of the principal compressive stresses
decreases, and therefore the reduction factor cos®6. in Eq. (5)
approaches unity.

Finally, the proposed model is applied to a database of 24 tests
of short coupling beams collected from the literature ([4-11]), see
Table 2. The beams featured rectangular cross sections and conven-
tional orthogonal reinforcement without diagonal bars. Only
beams that exhibited failure modes different than diagonal tension
are included in the database. As shown in the table, the reported
failure modes were mainly flexure as well as shear sliding and
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Fig. 11. Effect of a/d ratio on the sliding shear strength of short coupling beams
(tests by Paulay [4]).



Table 2
Database of 24 tests of short coupling beams.
Ref.# & Beam a/ld b d h P n, f, fulfy & fe Py fyv # of As/layer fyn Load Flex. Rep. Vexp Vexp/Vpred
year name (mm) (mm) (mm) (%) (MPa) (%) (MPa) layers (mm?) (MPa) type yielding mode (kN)
Flexural STM New
model

[4,5], #242 227 152 536 610 182 4 321 152 0.10° 38.0 0.88 386 0 M Y SC 396 0.92 1.22 1.08
1969  #243 227 152 536 610 182 4 321 152 0.10° 314 0.88 386 0 C Y S 372 0.86 1.18 1.06
#244 227 152 536 610 1.82 4 321 152 0.10° 363 1.58 307 0 C Y S 405 0.94 1.25 1.12
#312 142 152 714 787 158 4 313 155 0.10° 352 1.65 285 0 C Y S 642 0.79 1.17 1.04
#313 142 152 714 787 158 4 313 155 0.10° 445 252 314 0 C Y S 660 0.81 116  1.01
#314 142 152 714 787 1.58 4 313 155 0.10° 44.7 252 314 2 400 314 C Y N 736 0.76 1.29 1.03
#315 142 152 714 787 158 4 313 1.55° 0.10° 379 243 321 2° 400° 314° c? Y SC 774 0.81 140 113
#393 111 152 917 991 1.06 4 316 1.55 0.10° 30.8 1.62 328 3 258 328 C N S-SC 849 0.85 1.38 1.14
#394 111 152 917 991 1.06 4 316 1.55 0.10° 432 252 314 37 400" 314" C N SC 1041 0.91 1.61 1.20
[6],1996 CB-1B 1.88 130 266 300 065 2 484 159 0.10° 33.0 1.03 296 1 57 281 C Y SC 124 0.97 1.27 1.10
[7],2000 PO1 1.61 150 372 400 052 4 567 1.16 0.10° 48.9 0.84 567 1 57 567° M Y - 224 1.01 1.27 1.10
P02 1.61 150 372 400 052 4 567 1.16 0.10° 445 0.84 567 1 57 567° C Y - 237 1.07 136 1.18
[8],2002 MCB2 1.52 120 461 500 050 3 524 121 0.10° 449 1.07 346 2 101 330 M Y F 260 1.11 1.58 1.25
MCB3 1.94 120 361 400 052 2 525 121 0.10*° 389 1.07 346 1 101 330 M Y F 159 1.15 1.49 1.25
MCB4 225 120 311 350 057 3 521 122 010" 397 1.07 346 1 101 330 M Y F 140 1.26 1.63 1.34
[9],2002 CCB2 1.52 120 461 500 050 3 524 12° 010" 37.8 1.07 346 2 101 346 C Y SC 227 0.97 140 113
CCB3 1.94 120 361 400 064 3 524 12° 0.10° 37.8 1.07 346 1 101 346 C Y S 165 0.99 130 1.11
CCB4 225 120 311 350 057 3 521 12° 010" 37.8 1.07 346 1 101 346 C Y 123 1.10 1.43 1.18
CCB12 1.25 120 561 600 050 3 525 1.2° 0.10° 37.8 1.61 346 2 101 346 C Y S 317 0.94 1.37 1.15
[10], CBF1 3.05 316 524 600 338 8 563 125 0.10° 803 211 422 2 2800 563 C N SC 1918 0.78 1.44 1.00
2016  CBF2 3.05 400 524 600 267 8 563 125 0.10° 80.3 1.67 422 2 2800 563 C N SC 1992 0.80 135 094
CBF3 3.05 400 524 600 267 8 563 125 0.10° 66.5 1.67 422 2 2800 563 C N SC 1830 0.74 1.31 0.93
[11], CB10-2 1.15 250 433 500 152 3 470 1.3* 0.10° 36.1 1.06 468 2 265 468 C N SC 874 1.11 1.09 1.11
2016  CB20-2 2.33 300 429 500 204 3 450 13 0.10° 52.2 126 502 2 265 502 C Y F-S 1098 1.00 1.48 1.20
Avg= 0.94 1.35 1.12

cov= 14.4% 10.3% 8.4%

Notations: a = shear span; d = effective depth of section; b = section width; h = total depth of section; p,=ratio of bottom/top longitudinal reinforcement; n, = number of top/bottom bars; f, = yield strength of longitudinal
reinforcement; f,, = tensile strength of reinforcement; €, = maximum strain of reinforcement; f. = concrete compressive strength; p, = stirrup ratio; fy, = yield strength of stirrups; # of layers of longitudinal web reinforcement; A,/
layer = steel area per layer; fy;, = yield strength of longitudinal web reinforcement; Ve, = measured shear strength, Vyreq = predicted shear strength.
Load type: M - monotonic; C - reversed cyclic. Reported failure modes: SC - shear compression; S - sliding shear; F - flexure; F-S - flexure-shear

¢ Estimated values which were not provided in the original publication.
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Fig. 12. Shear strength experimental-to-predicted ratios for 24 tests of short coupling beams.

diagonal compression with or without yielding of the longitudinal
reinforcement. The a/d ratio of the beams varies from 1.11 to 3.05,
the effective depth d from 266 mm to 917 mm, the concrete com-
pressive strength f. from 30.8 MPa to 80.3 MPa, the ratio of bot-
tom/top longitudinal reinforcement p; from 0.50% to 3.38%, and
the ratio of transverse reinforcement p, from 0.84% to 2.52%. While
strictly speaking the new model is not applicable to beams with
a/d larger than about 2.5, three beams with a/d of 3.05 are included
in the database as exceptional cases. The table also lists the mea-
sured strength of the beams Ve, as well as the shear strength
experimental-to-predicted ratios produced by the classical flexural
model, the strut-and-tie model, and the mechanical model for
shear-flexure interaction. The predictions of the flexural model
and the shear-flexure interaction model were obtained by taking
into account the longitudinal web reinforcement of the beams as
well as the strain hardening of the reinforcement.

The Vexp/Vpreq ratios are plotted in Fig. 12 as a function of the a/d
ratio of the beams. It can be seen from plot 12a that the classical
flexural model tends to be unconservative in the range a/d < 1.5
and for beams that failed prior to yielding of the longitudinal
reinforcement. Consistent with the previous results, the strut-
and-tie model produces conservative strength predictions across
the entire range of a/d ratios with an average Vexp/Vpred ratio of
1.35 and a coefficient of variation (COV) of 10.3%. By comparing
Fig. 12b and c, it can be seen that the proposed mechanical model
for shear-flexure interaction significantly improves these results.
The average Vexp/Vprea becomes 1.12 and the COV reduces to 8.4%.
The results show no apparent bias of the model with respect to
the a/d ratio and with regards to whether the reinforcement yields
or not. The predictions for the three specimens with a/d of 3.05 are
slightly unconservative probably because these beams are just out-
side the range of applicability of the model. In more slender beams
the concrete can fail in diagonal compression away from the end
sections due to the compression softening effect. It should be high-
lighted that these excellent results are obtained on the basis of a
simple flexure-like model that accounts for the apparent complex
interaction between bending moment and shear in the critical
end sections of short coupling beams. If the proposed model is com-
bined with an appropriate model for diagonal tension failures in
coupling beams, it can form a complete approach that adequately
captures all possible failure modes of such important members.

5. Conclusions

This paper presented a new mechanical model for the shear-
flexure interaction in the critical end sections of short coupling

beams with conventional reinforcement. The model is aimed at
combining accuracy and simplicity for evaluating the resistance
against sliding shear and diagonal compression failures. The fol-
lowing conclusions were reached based on comparisons with tests
and other models:

(1) Nonlinear FE models based on the disturbed stress field
model can capture the complete behaviour of coupling
beams exhibiting sliding shear and diagonal compression
failures.

(2) The classical flexural model based on the plane-sections-
remain-plane hypothesis overestimates the flexural strength
of the end sections of short coupling beams as it does not
account for the effect of the high shear force in the section.

(3) The strut-and-tie approach produces reasonably conserva-
tive predictions of shear strength provided that the geome-
try of the model is selected to maximize the predictions.
More precisely, it is proposed to choose the size of the nodal
zones in the adjacent shear walls such that to ensure the
simultaneous crushing of the struts and yielding of the lon-
gitudinal reinforcement.

(4) The proposed mechanical model maintains the simplicity of
the classical flexural approach while it improves signifi-
cantly the strength predictions of both the flexural and
strut-and-tie models. When applied to a database of 24 short
coupling beams, the model produced an average shear
strength experimental-to-predicted ratio of 1.12 and a COV
of 8.4%.

(5) The proposed model also estimates the strains in the critical
sections that can be used for evaluating the displacement
capacity and ductility of short coupling beams.
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