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Abstract

The seismic performance of coupled shear wall systems is governed by the shear resistance of
their coupling beams. Steel fibre reinforced concrete (SFRC) is widely applied in coupling beams
for its positive contribution to their ductility. This study deals with the seismic behaviour of SFRC
coupling beams using conventional reinforcements and develops a simplified model that applies the
Mohr-coulomb failure criterion to predict the seismic shear strength of SFRC coupling beams.
Variables studied include concrete compressive strength, fibre volume fraction and span- to-depth
ratio. Results show that steel fibres improve the shear strength, deformation and energy dissipation
capacity of the SFRC coupling beams. When fibre volume fraction is greater than 2.5% or
span-to-depth ratio excesses 2.5, SFRC coupling beams present an excellent seismic performance
and avoid effectively brittle shear failure. Using the Mohr-Coulomb failure criterion, a simplified
shear model was proposed for SFRC coupling beams and presents a good accuracy and reliability.
Furthermore, taking into account the negative effect of span-to-depth ratio, the proposed shear
model was modified further. The comparative results demonstrated that the new shear model

presents a more reasonable assessment accuracy and higher reliability.
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1. Introduction

Reinforced concrete (RC) walls are widely applied in medium-rise RC building systems in
order to resist effectively seismic effects due to their good stiffness properties and lateral resisting
capacity. The presence of openings or other function requirements (e.g. windows and doors) in
shear wall systems, however, results in the emergences of some special walls or connection
elements such as slender wall and coupling beam (CB). They require structural designers to
concern carefully for guarantying the seismic resistance of whole coupled RC (shear) wall system.
Fig.1 shows some simple schematics of the system including a RC wall, a coupled RC wall, CBs as
well as their seismic response and design. During an earthquake, the primary purpose of CBs is to
realize effectively shear transferring between two single RC shear walls. A well-designed coupled
RC shear wall system generally presents a higher overall strength, better stiffness properties and
energy dissipation capacity than the simple superposition of the individual walls [1]. In addition,
coupling beams in coupled RC wall system are usually subjected to a higher cyclic shear reversal
and a larger inelastic excursion [2] than the RC walls during an earthquake. Therefore, brittle shear
failure, shear strength and deformation capacity are considered as the most critical concerns of RC
coupling beams.

On the other hand, according to previous experimental investigations of coupling beams in
1970s (e.g. Luisoni et al.[3], Paulay et al.[4,5]) and an investigation report from American Iron and
Steel Institute [6] focused on RC coupling beams with conventional horizontal distributed
reinforcements, diagonally distributed reinforcement has been developed and used firstly for RC
coupling beams (see Fig.2). Subsequent experimental study [7] has verified further that this kind of
RC coupling beams was able to resist higher shear loads and larger deformation as well as to
dissipate more earthquake energy comparing with the ones using conventional reinforcements. As
shown in Fig.2, the utilization of diagonally reinforcements, however, brings a new problem of
construction inconvenience due to the congestion of reinforcements in RC coupling beams. This
disadvantage will be aggravated when coupling beams have a relative high depth-width ratio. In
order to solve the problem, Chaallal ef al. [8] experimentally investigated some high performance
concrete coupling beams using steel fibres to replace partially the reinforcements of RC coupling
beams. Their results illustrated that these fibre concrete coupling beams presented an equally
distributed force situation and a higher energy dissipation capacity when compared with
conventional RC coupling beams. This was attributed to the fact that SFRC beam can resist a
higher shear deformation and provide a better cracking resistance capacity than normal RC ones,
which is same as the one reported by previous studies [e.g. 9]. Lequensne et al. [10] also reported
that high performance fibre reinforced concrete (FRC) can reduce the required area of diagonal
reinforcements by 70% relative to a code-compliant design. Besides, Canbolat et al. [1] also

illustrated that the use of high-performance fibre reinforced cement composites (HPFRCC) could



be an alternative design proposal for RC coupling beams of the shear wall systems without using
diagonal reinforcements. They explained that HPFRCC exhibits a tension strain hardening
behaviour even though it still has a number of cracking and concrete crunching. It implies that fibre
reinforced concrete could be used to reduce the dependency of heavily diagonal reinforcing in
coupling beams while maintaining similar strength and ductility to well-detailed diagonally
reinforced ones [1].

Besides, comparing with normal RC coupling beams, HPFRCC coupling beams can exhibit a
higher deformation capacity with more uniform crack distribution and stable strength degradation
[11]. Zhang et al. [12] also experimentally verified that the ductility and energy dissipation capacity
of SFRC coupling beams using moderate steel fibres both were enhanced in about 20% when
compared with the ones of normal RC coupling beams. However, the experimental investigation
focusing on the seismic behaviour of SFRC coupling beam is still very limited. In addition, as one
of the most important seismic design indexes of RC members, the shear strength of RC coupling
beams is currently being concerned by structural research community. The work conducted by
Parra-Montesinos [11] demonstrated that the HPFRCC increases effectively the shear strength and
confinement of RC coupling beams subjected to shear reversals. However, as regards to SFRC
coupling beams, there is not universally-accepted method to predict their seismic shear strength.

The primary purpose of the current study is to develop a practical design model for predicting
the shear strength of SFRC coupling beams with conventional reinforcements using some relevant
theories and the deformation mechanism of SFRC coupling beams under high shear reversals.
Meanwhile, the seismic behaviour of SFRC coupling beams will be experimentally investigated
and synoptically discussed. Through comparing experimental results of the SFRC coupling beams
and the test data obtained from literature review, existing and proposed models to predict the shear

strength of SFRC coupling beam will be examined and discussed.

2. Existing evaluation models for evaluating the shear strength of SFRC coupling beams

As described previously, while extensive studies have focused on the shear behaviour of RC
coupling beams, a few shear design methods have been proposed for them specifically for SFRC
coupling beams. Aktan and Bertero [13] and Aristizabal-Ochoa [14] reported that conventionally
reinforced concrete coupling beams (CCBs) still exhibit a satisfactory performance when their
nominal gross section shear stress are below to 0.25/.°° (in MPa), if they failed in a
flexure-dominate mode. Besides, ACI 318 code [15] recommended that the RC coupling beams
with a span/depth ratio (/,/d) of less than 4.0 could be designed into a diagonally reinforced
concrete coupling beams (DRCBs). On the other hand, the code also requires that the coupling
beams with [,/d of less than 2.0 and the ones with a sectional stress exceeding 0.33f. *3 (in MPa) on

gross sectional area must be designed to use diagonally reinforcements. Moreover, the diagonal



elements must have a width outside dimension exceeding half of beam width and a depth of 0.2
times beam width, referring to Section 21.7.7.4 (a) in ACI 318 [15]. For the coupling beams with
I,/d of greater than 4, the code suggested the beams should satisfy the requirements in Section 21.5
which means that they should be designed as flexural members in term of special moment frames.
Lequesne and Wight [16] have proposed a calculation method to predict the shear strength of
FRC coupling beams which consists of three shear contributions from conventional transverse
reinforcements, diagonal reinforcements and fibre reinforce concrete respectively. The design

equation is given by,

Avf},d

V=V, +V, +V,=04/f bd+(24,/ sina )+ 0]

where, V4 is taken as zero for the SFRC coupling beams only having conventional reinforcements.
Zhang et al. [12] have reported that the addition of moderate volume of steel fibres not only
can enhance the shear strength of RC coupling beams, but also can improve the spalling resistance
of cover concrete, as well as the concrete crushing or the damage at shear-compressive zones. This
is benefited to ultimate failure modes of RC coupling beams, that is to realize the favorable change
from shear-dominant failure to flexure-dominant failure models. Meanwhile, according to the
research on SFRC coupling beams with low span-depth ratio (/,/d<2.5) and using conventional
reinforcements, Zhang et al. [12] have proposed a shear strength model for these SFRC coupling

beams on the basis of Chinese design code [17], which can be expressed in the form of]

V=V, +V,=08(1+0.72, )fbh, +0.45% @)
where, Asis a characteristic value of steel fibre calculated as prly/dr f; is the tensile strength of
original concrete obtained from tension test referring to Chinese test standard [17]. pr is fibre
volume fraction, and I¢/dis the aspect ratio of steel fibre. h, is the effective sectional depth of
coupling beam which is taken as the distance from the center of tensile longitudinal reinforcements
to compressive concrete edge.
3. Proposed formula for evaluating the shear strength of SFRC coupling beams

3.1 Failure mechanism

RC coupling beams subjected to seismic loads usually present a similar deformation
development and some primary damage characteristics when compared with RC columns. To
clearly understand the shear transferring and failure behaviour of SFRC coupling beams, the
deformation and failure mechanism of normal RC coupling beams are briefly reviewed here.

When subjected to a low transversal reversed cyclic load, RC coupling beams can deform
elastically or freely as the RC support elements under seismic loads. In theory, the enhancement
action of steel fibres to concrete is not obvious at this moment because the steel fibres just are

considered as aggregates in a non-cracked concrete. Once the first flexural crack was observed,



however, the elastic deformation of RC coupling beam stops and steel fibres start to work at the
cracked section and the beam begins to resist flexural deformation. Since the emergence of the first
shear crack, a well-designed RC coupling beam usually presents stable flexural and shear cracking
development. The process accompanies generally with a further degradation of stiffness and
spalling of concrete cover until the beam achieves its maximum shear resistance capacity.
Subsequently, certain longitudinal steel rebar starts to yield and the shear resistance of RC coupling
beam reduces due to the degradation of dowel action of longitudinal steel or the decline of interlock
action of coarse aggregates in concrete etc. Finally, RC coupling beam fails due to the loss of shear
resistance caused by the yielding of more reinforcement rebars or a crushing in core concrete.

The ultimate failure mode of RC coupling beam can be divided into three types, i.e., flexure
failure, flexure-shear failure and shear failure modes respectively. For the RC coupling beams with
flexure-dominant failure mode, flexure cracks usually can obtain a sufficient development without
obvious diagonal shear cracks. This failure is usually caused by a lateral moving of coupling beam
at its main flexural cracked section which normally at the ends of coupling beams. Flexural-slip
failure mode was considered as one of classic flexure-dominant failure modes caused usually by the
buckling action of some longitudinal reinforcement bars at main cracked section [18]. With regard
to RC coupling beams failed in shear mode, however, these beams usually show completely
developed shear cracks in their hinge region before longitudinal steel rebars achieve their yielding
level, even though the first crack is still a flexural type. Subsequently, after some shear loading
cycles, some major 45-degree and large-width major shear cracks begins to occur and results in a
rapid degradation in shear strength until final failure, regardless of the yielding of longitudinal
reinforcements. On the other hand, for RC coupling beams with flexure-shear dominant failure
mode, longitudinal reinforcements usually achieve their yielding status after a stable and
continuous cracking development. The beams also can present main diagonal shear cracks once
their residual shear strengths at certain displacement are lower than their flexural resistance
capacities. In these cases, the shear strength of this type of coupling beams usually deteriorates
when certain transverse shear reinforcement fractures or starts to yield.

3.2 Calculation formula of shear strength for SFRC coupling beams

The Mohr—Coulomb theory is a widely-used mathematical model that describes the response
of brittle materials such as concrete. Most of classical engineering materials somehow follow this
rule in at least a portion of their shear failure envelope [19]. As shown in Fig.3, the Mohr-Coulomb
failure criterion represents a series of linear failure envelope curves (or can be called as strength
curves) in a principal stress plane (see Plane B) that can be obtained from a relationship between
the shear stress (7) and subjected normal stress (o), as shown in Eq. (3). It should be noted that the
compression direction is assumed to be positive in the following discussions.

r=ctanf+c A3)



In this equation, 7is the internal shear stress, o"is normal stress, and c is the intercept of the
failure envelope in the shear stress axis, which is often called cohesion; @represents the internal
angle of friction which is computed as the slope of failure envelope curve in this figure.

According to previous descriptions, it is very important to develop a shear strength equation
with a proper physical meaning for SFRC coupling beams taking into account main shear transfer
mechanisms of coupling beam with shear-dominant failure mode and the effects of key structural
factors. Fig.4 shows the various shear transfer mechanisms of SFRC coupling beams using stirrups
and conventional reinforcements. Referring to above described analyses regarding the deformation
and failure mechanisms of normal RC coupling beams under reversed shear cyclic loads, some
basic assumptions are made: (1) The diagonal plane has an inclination of 45-degree with the
longitudinal direction of beam which has been experimentally verified by previous studies and
analyses [e.g. 1, 20]; (2) The failure of diagonal plane complies with the Mohr Coulomb failure
criterion which is similar to RC columns under seismic loads [21]; (3) With regards to the internal
compression strut effectiveness, Kowalsky and Priestley [22] considered that a typical value of
compression zone range from 0.25 to 0.35 times of overall depth of RC columns under seismic
loads. However, for SFRC coupling beams with conventional reinforcements, considering without
strong axial compressive action because of the absence of external axial loads but having the
enhancement effect of steel fibres to concrete at cracked section, the compression zone is taken as
10% of beam depth in SFRC coupling beams; (4) Similar to RC columns subjected to seismic loads,
the tensile and compressive longitudinal reinforcing bars in coupling beams can balance themselves
internally [21].

On the basis of the above assumptions and considering with the equilibrium of all forces

depicted in Fig.4, the balance equations in the directions X and ¥ are obtained, as follows,

YY=V,+o, 0’_9db cosf -7, 0'_9db sin@—> V, -V, =0 4
° sin@ 7 sin ’
0.9db . 0.9db

>x=> T,.—C)—Fc—crd-ﬂsmﬁ—rd o cosd =0 &)

Meanwhile, using the assumption of the internal compression strut effect described above, the

ultimate compressive resistance force of concrete F. in compression zone is expressed as,
F, =0.1fwbd (6)
where, f.4 is fibre concrete compressive strength.

Therefore, according to the assumptions (1) and (4), the equilibrium equations in the directions

of X and Y axis are expressed in the following forms of,
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In the two equations, by introducing two calculation factors 4 and B, as well as denoting the
compression-to-tension strengths ratio of steel fibre concrete as y and by referring to the
simplifying method of the Mohr-Coulomb failure criterion in conventional concrete proposed by
Architecture Institute Japan (AlJ) [21], the Mohr-Coulomb failure criterion for steel fibre concrete

is presented as,
ch = Af cfrc+ B Gcf (9)

where, the factors 4 and B are taken as 1/2,/y and (y—1)/2,[ , respectively.
Therefore, based on Egs. (7)-(9), the shear strength of SFRC coupling beams is computed as,

1.84-0.18+0.1

Vo=V, Vo
‘ B+1.0 ’

fopcbd (10)

In the equation, the shear forces of the 45-degree truss mechanism ¥V, and shear contribution of
concrete V. are obtained referring to the model proposed by ASCE-ACI committee 426 [23] (no
axial load), shown as the following two equations,

0.84
VS — A‘vat
S

V,=029,/f 0.8bd (12)

(11)

As a consequence, the shear strength of SFRC coupling beams is given by,
v = —A“f)go‘gd +029.[f 0.8bd + 1.84-0.18+0.1 ‘8‘4;1;% 01 ba (13)
Referring to the various primary shear contributions of RC columns in Priestley et al. model
[24], the last shear components in Eq. (13) can be considered as a comprehensive influence of steel
fibres on the shear transfer mechanism of coupling beam located at diagonal cracked section. On
the other hand, it was well known that the value of y ranges from 10 to16 for conventional concrete
[25] which has been simply considered as 10 in circular concrete columns reported by first author
of this paper [21]. However, due to the addition of steel fibres, the compressive and tensile
strengths of steel fibre concrete both change simultaneously. Moreover, the increasing levels of the
two strengths of steel fibre concretes are different and depend nonlinearly on each other. This
indicates the using of a constant ratio that is same as the one in normal concrete is not appropriate
in steel fibre concretes. Xu and Shi [26] evaluated the relationship of compressive strength,
splitting tensile strength and flexural strength of concretes using various fibres as well as proposed
an empirical model for predicting the splitting tensile strength of the concretes using their

compressive strengths. However, their database only included a few specimens using straight steel



fibres. In order to investigate the relationship between the ratio  and steel fibres volume fraction, a
basic experimental investigation focusing on the mechanical properties of straight steel fibre
concretes is performed in this study. The test program used some usually-used steel fibre concretes
with a compressive strength ranging from 30MP to 80MPa. The volume fractions of steel fibre
(straight) in the concretes are less than 3.0% which has been recommended in the most of practical
guidelines or research [27]. In this study, the tensile strengths of all concretes were obtained by a
series of splitting tensile tests using three concrete cube specimens for each strength level, while
their compressive strengths were measured through three cube concrete specimens according to
Chinese test standard [28].

Figs.5 (a) and (b) shown the relationship model proposed by Xu and Shi [26] over-evaluates the
test results of straight steel fibre concrete, and the amplitude of this over-evaluation decreases with
fibre volume fraction. Meanwhile, as shown in Fig.5 (c), according to the research and the collected
data from previous study [12] using straight steel fibre, the ratio () of compressive strength to
tensile strength of steel fibre concrete degrades linearly with fibre volume fraction ranging from 0%

to 3%. In consequence, to simply simulate this trend, the ratio y is calculated as,
y=145-178p, (Pyin %) (14)

Based on the equation, although the values of factors A and B can be obtained, the shear
calculation equation of SFRC coupling beams using the two factors is still too complex. For this,
the direct relationship between fibre volume fraction and these two factors was studied as shown in
Fig.6. Considering the common application ratio of steel fibre in practical concrete elements varies
from 0% to 3% [27], the simplified models of A and B are expressed respectively as,

A=0.13+p, 1)
B=1.78-14p,

Therefore, based on above analyses and calculation, the shear strength of FRC coupling beams,

is presented as,

0.156+32p,
Vu = Vv +I/c + . cfic (16)
‘ 2.78-14p,
0.156+3.2
A=l (17)
2.78-14p,

In Eq.(16), an enhancing factor A is defined to consider a comprehensive improvement of steel
fibre to RC coupling beams and predominantly depends on fibre volume fraction, as shown in Eq.
(17). When fibre volume fraction increases up to 3.0% of concrete, this enhancing coefficient

linearly increases, as shown in Fig.7. Using this simplified relationship, the shear strength of SFRC



coupling beams is expressed further as Eq.(18). In summary, this proposed shear strength model
uses a widely-accepted failure criterion and presents mathematical simplicity, clear physical
meaning of materials and considers the effects of some main structural parameters on shear

behaviour of RC coupling beams.

, A.f,0.8d ,
Vep =029,[f 0.8bd + fT +(0.055+1.7p, )f.,.bd (18)

4. Experimental investigation

4.1 Experimental program

In order to verify experimentally the proposed shear strength model, 17 SFRC coupling beams
with conventional reinforcements and straight steel fibre have been tested under lateral reverse
shear cyclic load. The main variables investigated are the compressive strength of fibre reinforced
concrete, span-to-depth ratio and fibre volume fraction.

Each of these specimens consisted of an approximately 1/3—scale coupling beam with an
overall depth of 400mm and two structural RC walls with relative high stiffness and concrete
strength, as shown in Fig.8. The span-to-depth ratios of the specimens ranged from 1.0 to 3.5 and
most of them were designed as 2.0 to ensure their shear-dominant failure. The details of all
specimens and the properties of all used materials are listed in Table.1. Using corresponding
Chinese test standards, the compressive strength and splitting tensile of steel fibre reinforced
concretes as well as the main mechanical properties of reinforcements were obtained by testing
three specimens at each strength level respectively. The compressive strengths of the concretes
range from 40MPa to 80MPa. The fibre volume fractions are between 0% and 2.5% of concrete.
The steel fibre used in this study is straight type which has an aspect ratio of 42 and a yielding
strength of 380MPa. The details of test setup and loading method are shown in Fig.9. To evaluate
the seismic response of these SFRC coupling beams, all specimens have been designed according
to Chinese standard of CECS13-2009 [28] and Chinese National testing guideline JGJ101-1996
[29]. Uniformly distributed longitudinal and transverse reinforcements were arranged to resist
flexural and shear deformation of these coupling beams.

As shown in Fig.9, each specimen was placed and rotated into the test setup system by
connecting the upper stiff RC shear wall to strong reaction RC walls (D), and fixed to strong floor
(Strong steel beam, C) through the bottom RC shear wall. A quasi-static load was performed to the
upper stiff RC shear wall through a horizontal hydraulic actuator (4) in the term of passing through
the mid-span of coupling beams to induce an anti-symmetrical moment pattern to these coupling
beams. The actuator was connected to the upper RC structural wall via a strong L-type steel loading
frame (B) consisting of two high stiffness steel I-section beams. To connect the upper RC wall and

the steel frame, four steel triangular-steel connect plates were fixed to the upper shear wall through



four pre-set steel bars ( I ). All steel connection plates and rebars have a high stiffness to ensure the
stability and safety of the whole loading system during testing.

A cyclic loading used in the vertical direction of beams was divided clearly into two phases as
shown in Fig.10. To observe and collect detailed information of cracking development of the
specimens at early stage, a load-control type loading (single cyclic for each level) was applied
firstly until certain longitudinal reinforcement achieved its yielding level or when the envelope
curve of the load-displacement of this specimen exhibits an obvious yielding point. At this moment,
the specimen was considered to reach its yielding displacement (A) in this study. Subsequently, to
simulate the demands and impacts of earthquake action, some displacement-control loading cycles
(2 cycles for each level) with certain displacement level were applied to each specimen, starting
from 1.0 time yielding displacement (A4) (i.e. 1.04,2.04,3.04, etc.). During the testing, the
cracking development, failure and detailed deformation and force of the specimens were recorded
and monitored carefully. For the security, test will be finished if the lateral resistance force of
specimen reduces to 85% of its maximum measured value. The basic variables and main test results

of all coupling beams are listed in Table.1.

4.2 Main experimental results

Since main experimental deformation observations and results are very helpful to understand
clearly the shear behaviour of SFRC coupling beam, the main experimental results of all tested
coupling beams are synoptically summarized in this section, focusing on: failure modes, stiffnesses
development, shear strength and behaviour etc.

4.2.1 Damage situation and failure modes of SFRC coupling beams

As listed in Table.1, classical diagonal tension and compression failures were observed in most
of specimens together with diagonal shear damage, expect for the specimens with a span-to-depth
of greater than 2.0 or the ones having a high fibre volume fraction (e.g. >2.5%). A similar effect of
span-to-depth on the cracking pattern of RC coupling beams has been reported by other researchers
[30]. The results of the SFRC coupling beams using 2.5% of steel fibre also experimentally verified
the superior cracking resistance of steel fibre in RC coupling beams as well as a reasonable and
uniform shear transfer mechanism at the cracked sections of the specimens. Regarding the SFRC
specimens with shear-dominant failure mode, some flexural cracks were usually observed at the
hinge regions of the beams (0.5~1.0/, from the ends of beam, similar to the one in RC columns)
which presents their resistance to flexure deformations. Subsequently, some shear cracks were
expectedly observed in the specimens after their flexure cracks expanded further and widened
caused by larger lateral loads. From this moment, the stiffness of the SFRC beams generally started
to degrade and presented an obvious yielding point in their envelop curves of load-deformation.

When the shear resistance force of the shear failure coupling beams are reduced to 75-85% of their
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ultimate resistance values, main diagonal (45 degree X-type) cracks were confirmed in the
specimens and the concrete cover usually started to spall as well. With these diagonal cracks widen
further, some steel fibres located at diagonal cracked section started to be pulled out or fractured as
well as the shear resistance forces of coupling beams reduced sharply. The damage of diagonal
shear-tension or compression appeared at 45-degree cracked section of the coupling beams, before
their shear resistance forces degraded to 85% of their corresponding ultimate levels.

Regarding the SFRC coupling beams with different compressive strength fibre concrete, the
specimens shown higher cracking resistance loads and ultimate load-carrying capacities as their
compressive strengths increased. The specimens with low compressive strength usually failed as a
shear-compression mode due to the concretes located at diagonal section tip were crushed usually
at the late stage of loading. On the other hand, when SFRC coupling beams use a higher strength
fibre concrete, the beams show more and wider diagonal cracks at late stage of loading, replacing
of the crushing of concrete. This can be explained by the fact that high strength fibre concrete in
diagonal margin can resist more cycles of reverse tension compression action, which usually results
in a shear tension failure mode. When steel fibre concrete has higher compressive strength such as
80MPa used in this study, however, the high compressive resistance directly resulted in the fast
development and extending of 45-degree main diagonal cracks at early stage. This means that this
kind of coupling beam will present a classic shear-dominant failure possibly.

In addition in the SFRC coupling beams with different span-to-depth ratio (/,/d), all specimens
show a similar cracking-resistance capacity of about 30kN. As /,/d ratio increases, the failure
modes of SFRC coupling beams have been changed from brittle shear to flexure-shear/flexure
failure mode. When the ratios of /,/d were small levels such as 1.0 and 1.5, large-width cracks were
observed and no obvious lateral moving was confirmed in these coupling beams. On the other hand,
when the /,/d ratios ranged from 2.0 to 3.0, some classical flexure-shear failures were confirmed
accompanying with two X-type main diagonal cracks at two ends (hinge zone) of these beams. The
damage of the core parts of the two X-type cracking zones increases with /,/d ratios. When [,/d
increases up to 3.5, however, the failure mode of coupling beam completely switched into flexure
failure mode which was mainly attributed to larger and more flexural deformation of the beam.

In addition, despite all specimens having different fibre volume fraction and same /,/d of 2.0
also show a similar flexural cracking-resistance load of 30kN and obvious 45-degree diagonal
cracks finally, fibre volume fraction presents a significant influence on the cracking development of
these beams. When the volume fraction increases up to 1.5%, the two X-type cracks located at two
ends of beams moved to the middle section of the beams until a new obvious X-type diagonal crack
appeared at this zones. Besides, the distribution of all cracks in these beams is more uniform shown
as Fig.11. In other word, as fibre volume fractions increase, the ultimate failure modes of SFRC

coupling beams were changed from shear-tension to shear compression or flexure-shear failure.
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This changing is very benefit to the shear resistance capacity and deformation of RC coupling beam
under reversal cyclic shear loads.

Table.1 lists the main experimental parameters and results of all tested SFRC coupling beams,
including failure mode and maximum shear resistance force etc., while Fig.11 demonstrates the
ultimate damage situations of the specimens. The results show that /,/d ratio and steel fibre volume
fraction both have a significant influence on the ultimate failure modes of the SFRC coupling
beams. When the /,/d ratio of coupling beam exceeds 2.0 or fibre volume fraction reaches 2.5% of
concrete, SFRC coupling beams usually failed with a flexure-dominant failure mode.

4.2.2 General seismic response of SFRC coupling beams

The hysteretic curve is an important result to check the seismic behaviour of RC elements and
usually reflects some main points such as ultimate resistance capacity, stiffness and ductility
development, as well as energy dissipation capacity. To understand the overall seismic performance
of the SFRC coupling beams, Fig.12 compares the hysteretic response of shear force-displacement
of some representative specimens.

The results show that the SFRC coupling beams with a high /,/d ratio can exhibit larger
ductility capacity owing to the beams have better flexural deformation capacity. Besides, the
specimen with /,/d of 3.5 presents an excellent energy dissipation behaviour, stable stiffness
degradation and large deformation capacity, as well as fails in a typical flexure failure mode. On the
other hand, the results indicated that the compressive strength of fibre concrete has no significant
effect on the initial stiffness of the SFRC coupling beams, while higher strength concrete can
improve their ultimate shear strengths and corresponding ultimate deformation levels. This is
explained by the fact: when fibre concrete compressive strengths are between 30MPa and 40MPa,
the contribution of steel fibre on the ductility property of coupling beams is very limited due to the
bond action is small level between this straight type steel fibre and concrete. When fibre concrete
compressive strength increases, the energy dissipation capacity of SFRC coupling beams was
improved with a considerable degree. Therefore, the enhancing effectiveness of steel fibres on the
whole deformation capacity and ultimate shear resistance of SFRC coupling beams depends
significantly on concrete compressive strength. Additionally, normal RC coupling beam shows a
typical pinched force-displacement response characteristic when compared to SFRC coupling
beams and usually fails with shear failure mode. This indicates the addition of steel fibre increases
the energy dissipation and deformation capacity of RC coupling beams. This kind pinched
hysteretic response was improved significantly when steel fibre volume fraction increases,
especially as the fraction is higher than 2.0%. Furthermore, tensile reinforcements also trend to
reach their yielding strengths when more steel fibres are used in concrete, which means these SFRC
coupling beams can resist a larger lateral deformation.

Fig.13 shows the initial response of the envelope curves of force-displacement of all tested
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SFRC coupling beams. Experimental result also verifies that SFRC coupling beams have higher
initial stiffness when low /,/d ratio was used, which is similar as normal RC coupling beam. When
the fibre concrete compressive strengths increase up to 70MPa, the higher concrete compressive
strength has resulted in an increase in the initial stiffnesses of the beams. However, when fibre
concrete compressive exceeds than 70MPa), because of the obvious brittle behaviour of concrete,
the initial stiffnesses of SFRC coupling beams decrease as concrete compressive strength, as shown
in Fig.13. As for the effect of steel fibre on the initial stiffness of coupling beams, the beams with
steel fibre present a better initial deformation capacity comparing with the conventional ones.

4.2.3 Effect of main variables on shear strength of SFRC coupling beams

As described previously in Section 3, the major shear contributions of SFRC coupling beams
usually come from three components, i.e. steel fibre reinforced concrete, shear (vertical)
reinforcements and steel fibre in main cracked sections. Fig.14 and Table.1 show a clear description
related to the effects of fibre concrete compressive strengths, fibre volume fractions and /,/d ratio of
beam on the ultimate shear strengths of SFRC coupling beams failed in shear dominant failure
mode. Results show that these three parameters all have a significant influence on the ultimate
shear strength of SFRC coupling beams. The shear strength of SFRC coupling beams increases
with steel fibre volume fraction and fibre concrete compressive strength, and decreases as the /,/d

ratio of coupling beam.

5. Verification of the proposed formula in this study

In order to evaluate the accuracy and reasonability of existing models to predict the shear
strength of SFRC coupling beams and to check the proposed calculation method (i.e. Equation (18))
in this study, Fig.15 compares the strength ratios (Vex/Vimode) between experimental shear strength
(Vexp) and their corresponding calculative values (Vuoser) obtained by various models, using the
experimental results of the present study and the collected test data from literature review which
focused on SFRC coupling beams reinforced by conventional reinforcements [12]. According to the
comparative results, the proposed model exhibits an improved-significantly prediction accuracy
and high reasonability. The maximum and minimum values of the Vey/Vinoder ratios of this model
are 1.28 and 0.97, respectively, are better than that of the other two models. Besides, the detailed
statistical results of the ratios of Vexy/Vioder of the proposed model also indicate that it provides the
closest agreement with the existing experimental results, with a mean ratio of 1.08, a standard
deviation of 0.09 and a coefTicient of variation of 8.28%.

Furthermore, aiming to further examine the reliability of the proposed model to estimate the
shear strength of SFRC coupling beams in future practical design work, Fig.16 studies the
relationship between Vex,/Vimoder Tatios and several main structural factors of coupling beams, such

as concrete compressive strength, fibre volume fraction and span-to-depth ratio of beam /,/d. As
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presented in the figure, no obvious tendency is observed for the concrete compressive strength and
fibre volume fraction. This indicates that the current proposal can be used to design SFRC coupling
beams when using different concrete compressive strength or fibre volume fraction in practical
engineering. For shear span ratio /,/d, however, when it is less than 2.0, the negative effect of
increasing /,/d ratio on the shear resistance of SFRC coupling beams should be concerned carefully
in design work. In theory, as shown in Fig.14, it is a normal and expected reaction for RC elements
for their stiffnesses increase as their /,/d ratios. Harries et al. [31] has reported some similar
findings as regard to the effect of /,/d ratio on the concrete shear contribution of diagonally RC
coupling beams. Besides, the experimental observations plotted in Figs.12-14 in the present study
also verify that the /,/d ratio has a significant effect on the ultimate shear strength and stiffness of
SFRC coupling beams.

Though the proposed shear model evaluates the shear strength of SFRC coupling beams
subjected to seismic load well, it should take into account further the effect of /,/d to obtain a more
accurate and reasonable prediction results. Therefore, a new model for predicting the shear strength

of SFRC coupling beams are acquired, which shown as,

Vires =1Vep = [1 46— 0-21(111 /d)]VCB (19)

The comparison and statistical analysis results between predicted shear strengths based on the
new shear model and experimental values are expressed in Fig.17. The results show that the
proposed model presents the highest accuracy and reliability comparing to other models mentioned

above, with a mean of 0.99, a standard deviation of 0.05 and a coefficient of variation of 4.69%.

6. Conclusions
In this paper, based on a theory analysis on shear transfer mechanism of the diagonal cracked
section of SFRC coupling beams, a new strength model was developed to predict the shear strength
of SFRC coupling beams with a span-to-depth ratio (/,/d) of less than 2.0 and reinforced by
conventional reinforcements. The model used the Mohr-Coulomb failure criterion to evaluate the
shear stress provided by steel fibre concrete located at main diagonal cracked section, as well as
considered the negative effect of /,/d ratio on the shear resistance behaviour of SFRC coupling
beam. To examine and improve the accuracy and reliability of the proposed model, the seismic
behaviour of 17 SFRC coupling beams has been investigated experimentally in this study. In
summary, the following conclusions can be drawn:
(1) Taking into account the positive effect of steel fibre on concrete, the Mohr-Coulomb
failure criterion used in fibre reinforced concrete was expressed as a simplified function of
shear and normal stress with an enhancing factor involving steel fibre volume fraction.

(2) Fibre volume fraction and span-to-depth (/,/d) ratio both have a significant influence on
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the ultimate failure modes of SFRC coupling beams subjected to seismic loads. When the
l/d ratio is greater than 2.5 or fibre volume fraction is higher than 2.5%, SFRC coupling
beams usually fail with a flexure-dominant failure mode, which avoids effectively a brittle
shear failure.

Span-to-depth ratio has a significant influence on the deformation and shear resistance of
SFRC coupling beams subjected to seismic loads. As the ratio increases, the coupling
beams presented larger initial deformation stiffness, higher energy dissipation and more
stable stiffness degradation post-peak. The experimental results also indicated that the
shear resistance capacity of SFRC coupling beams reduces with their /,/d ratios.

The enhancing effectiveness of steel fibres on the deformation and shear resistance of RC
coupling beams depends significantly on fibre concrete compressive strength for avoiding
the early crushing damage of concrete.

Using the Mohr-Coulomb failure criterion and considering major structural parameter on
the shear resistance of coupling beams, this paper proposed a simplified model for
predicting the shear strength of SFRC coupling beams. The existing and proposed models
have been examined and compared using the present study and previous available test
data. The comparative result showed that the proposed model evaluates the shear strength
of SFRC coupling beams with /,/d ratio of less than 2.0 well, with the highest accuracy

and reliability comparing with others.
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Notations
A = compression strength of concrete; T = shear stress of cracked section of coupling beam;
l/d = span/depth ratio; o = normal stress of cracked section of coupling beam;
14 = shear strength of coupling beam; c = the cohesion of materials;
Vo =  shear provided by fiber reinforce concrete; 9 = the angle of internal friction;
Via =  shear provided by diagonal reinforcements; Soie = compression strength of SFRC;
2 = shear provided by transverse reinforcements; Va = ultimate shear of coupling member in Fig.4;
by, = the width of the coupling beam; Ve = concrete shear in compression zone in Fig.4;
d = the height of the coupling beam, Vi = shear force due to transerve steel in Fig.4;
Aw = the cross-sectional area of one diagonal bar; d = overall depth of section in Fig.4;
e = yield strength of diagonal bars; Ty = shear stress along the diaginal plane in Fig.4;
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e = yield strength of transverse reinforcements; oy = normal stress perpebdicular direction in Fig.4;

A, = the cross-sectional area of shear rebars; T = tension of longitudinal steel in Fig.4;

S = spacing of transverse reinfrocements; Fc = concrete force in compression zone;

fi = tensile strength of original concrete; AB = calculation factors;

A = factors of steel fiber, calculated as p/d); ¥ = compression-to-tension strengths ratio;

o = volume fraction of steel fiber; Ves = proposed shear strength of coupling beam;

lyds = aspect ratio of steel fiber; n = affecting factor due to l./d;

ho = effective height of coupling beam; Vsresy = modified shear strength for SFRC coupling beam;
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Fig.2 Several arrangement examples of reinforcements in RC coupling beams
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