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Abstract.  The seismic performance of a coupled shear wall system is governed by the shear resistances of its coupling beams.
The plate-reinforced composite (PRC) coupling beam is a newly developed form of coupling beam that exhibits high
deformation and energy dissipation capacities. In this study, the shear capacity of plate-reinforced composite coupling beams
was investigated. The shear strengths of PRC coupling beams with low span-to-depth ratios were calculated using a softened
strut-and-tie model. In addition, a shear mechanical model and calculating method were established in combination with a multi-
strip model. Furthermore, a simplified formula was proposed to calculate the shear strengths of PRC coupling beams with low
span-to-depth ratios. An analytical model was proposed based on the force mechanism of the composite coupling beam and was
proven to exhibit adequate accuracy when compared with the available test results. The comparative results indicated that the
new shear model exhibited more reasonable assessment accuracy and higher reliability. This method included a definite
mechanical model and reasonably reflected the failure mechanisms of PRC coupling beams with low span-to-depth ratios not
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exceeding 2.5.
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1. Introduction

A coupling beam is an important seismic energy
dissipation member of coupled shear wall systems, and its
ductility and energy dissipation abilities significantly
influence the seismic performance of the shear wall
structure. An embedded steel plate significantly improves
the shear strength of a plate-reinforced composite (PRC)
coupling beam. The relative test data of PRC coupling
beams are insufficient to date, and thus there is a paucity of
a good model and calculation method to calculate the shear
capacity of PRC coupling beams. The aforementioned issue
necessitates further investigation.

The shear failure of reinforced concrete beams
undergoes concrete cracking, and the most commonly used
methods that are currently used to calculate the ultimate
shear strength of concrete beams include the truss model
(Ramirez and Breen 1991), strut-and-tie model (Foster and
Malik 2002), plastic theoretical model (Hoang and Nielsen
1998), and modified compression field theory (Collins
1986). The calculation of shear capacity is relatively
complicated owing to the different stress mechanisms of
different forms of composite coupling beams. Subedi
(1989) According to the equilibrium condition, the shear
bearing is analyzed. Based on the test and numerical
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analysis, Lam (2006) proposed a design method for PRC
coupling beams. Superiority of the steel coupling beams is
demonstrated through detailed evaluations of local and
global responses computed for a number of recorded and
artificially generated ground motions by Habib and Roja
(2016). Three proposed steel plate-reinforced high
toughness-concrete (PRHTC) coupling beams with different
span-to-depth ratios (I/h=1.0, 1.5, and 2.0) and various steel
plate reinforcement ratios were tested by Hou (2018) all
three PRHTC coupling beams behaved in a ductile manner
with good hysteretic behavior and large energy-dissipating
capacity. This significantly affects the calculation of the
bending and shear bearing capacity of steel-concrete
composite coupling beams. A combination of the British
concrete code (BS 8110 1997) was used to calculate the
shear capacity of a composite beam. Subedi and Baglin
(1997), Cheng (2004) performed cyclic and monotonic
loading tests on PRC continuous beams. In the testing of
PRC coupling beams, the bulk of specimens suffered
flexural shear failure. The ultimate shear bearing capacity of
the composite beam (V,) is superimposed on the shear
bearing capacity of the reinforced concrete (Vrc) calculated
by BS 8110 (1997). The shear bearing capacity of
reinforced concrete Vgc is divided into two parts, namely
the shear capacity of stirrups V, and V., by considering the
action of the longitudinal reinforcement. Similarly, the
shear capacity of composite beam is calculated by
combining the American concrete association code (ACI
318 2014) and American steel structure association
specification (AISC 1999). The ultimate shear bearing
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(b) Reinforcement details of the PRC-CB1 to PRC-CB3
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(c) Reinforcement details of the PRC-CB4 coupling beam
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(d) Reinforcement details of the PRC-CB5 coupling beam

Fig. 1 Dimensions (mm) and reinforcement details of the specimens

capacity of the composite beam (V,) comp is superimposed
on the shear bearing capacity of the steel plate (V,)s as
calculated by AISC (1999) and shear bearing capacity of the
reinforced concrete (V) RC as calculated by ACI 318.

With respect to the contribution of steel plate to shear
bearing capacity, there are differences while considering
various calculation methods. When the coupling beam
corresponds to a coupling beam with a low span-to-depth
ratio In/h not exceeding 2.5, the coupling beam belongs to

the deep beam category, and the deep beam belongs to the
‘D region’. The softened truss model, plastic theory, and
simplified modified field theory require the deformation of
the component to satisfy the deformation coordination
conditions, and thus it is difficult to apply the same to
calculate the shear bearing capacity of the D region (Wong
and Kuang 2014). The application of beam-column nodes
(Park and Mosalam 2012), deep beams, brackets and low
shear wall (Hwang et al. 2001a, b) indicated that the
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softened strut-and-tie model accurately predicts the bearing
capacity of these types of D regions.

In this study, the shear capacity of plate-reinforced
composite coupling beams is investigated. The shear
strengths of PRC coupling beams with low span-to-depth
ratios were calculated using a softened strut-and-tie model.
In addition, a shear mechanical model and calculating
method are established in combination with a multi-strip
model. Furthermore, a simplified formula to calculate the
shear strength of a PRC coupling beam with a low span-to-
depth ratio is proposed. The suggested analytical model is
verified using test data from 37 PRC coupling beams with
low span-to-depth ratios. The theoretical results are
compared with those obtained with the softened strut-and-
tie model and the code. Good agreement is achieved
between the test results and prediction results.

2. Experimental programme
2.1 Test specimens

Reversed cyclic loading tests were performed on five
PRC coupling beam specimens (PRC-CB1 to PRC-CB5)
with low span-to-depth ratios. The width of the upper and
lower constraints was 300 mm, and the amount of
reinforcement at the end of the constraints was relatively
significant. There were sufficient constraints and stiffness to
simulate the shear wall to prevent excessive deformation at
the end, and this affects the accuracy of the coupling beam
tests. The width and height of the test coupling beams were
180 mm and 350 mm, respectively, and different span-to-
depth ratios were realised by adjusting the span of the
coupling beams.

In order to examine the shear bearing capacity of PRC
coupling beams, the longitudinal reinforcement ratios in
coupling beams increased based on the assumption that the
flexural load-carrying capacity exceeded the designed shear
bearing capacity. Two types of steel bars were used in the
upper and lower longitudinal reinforcement of the coupling
beams in the specimens as follows: grades HRB335
(nominal yield strength f,=335 MPa), and HRB400
(nominal yield strength f,=400 MPa) The longitudinal
reinforcement ratios of the coupling beams corresponded to
1.65%. Stirrup meshes with a diameter of 8 mm (D8) were
placed in the coupling beams at 100-mm intervals. The
strength grade of the stirrups was HPB300 (nominal yield
strength f,=300 MPa). The stirrup ratios of the coupling
beams were 0.56%.

The anchor length of each specimen was 1.14 times the
beam height (400 mm), and shear studs were welded on the
beam spans and anchorage zones. We increased the number
of anchorage zones of the shear studs to enhance the
bonding with concrete. The effect of anchorage length of
steel plates on the shear bearing capacities of PRC coupling
beams with low span-to-depth ratios were not considered in
this study. The dimensions and reinforcement details of the
specimens are shown in Fig. 1, and the primary parameters
are listed in Table 1.

The strength grade of the concrete in all specimens was
C40 (nominal cubic compressive strength f,,=40 MPa, and

Table 1 Specimen parameters

Spec. No. I/h dy (mm)  t, (mm) Pp (%)
PRC-CB1 15 290 6 3.07
PRC-CB2 15 290 8 4.09
PRC-CB3 15 290 10 511
PRC-CB4 0.9 290 8 4.09
PRC-CB5 2.0 290 8 4.09

Notes: I,/h denotes the span-to-depth ratio of the coupling
beam, L, denotes the clear span of the coupling beam, and h
denotes the section height of the coupling beam, d,, denotes
the height of the steel plate, t,, denotes the thickness of the
steel plate, and p, denotes the sectional steel plate ratio of
the coupling beam.

Table 2 Material properties of the rebars and steel plates

Steel Thickness Yield Ultimate
Material type tvpe (Diameter) strength f, strength f,
yP (mm) (MPa)  (MPa)
6 245 395
Steel plate Q235 8 280 425
10 235 393
Longitudinal
reinforcement
of the coupling HRB335 20 470 655
beam
Longitudinal
reinforcement a0 14 450 633
of the coupling
beam
Stimup ofthe 55, 8 320 473
coupling beam
Middle rebars of
the constraint HRB335 16 448 628
segment
Stirupofthe 5 pa4, 10 591 695

constraint segment

design value of axial compressive strength f.=19.1 MPa).
The cubic strength of the concrete (f.,;) measured at the
time of specimen testing was 58.16 MPa, and this
corresponds to the average strength of eight cubes with a
size of 150 mm. The material properties of the rebars and
steel plates are listed in Table 2.

2.2 Test setup and loading protocol

The test setup is shown in Fig. 2. In order to simulate
the antisymmetric forces acting on the contra-flexure point
at mid-span of the coupling beam, reversed cyclic loading
was applied using a 1000 kN servo-controlled hydraulic
actuator through the rigid arm with the line of action of the
applied shear force passing through the beam. Thus, the
coupling beam was loaded with a constant shear force along
the span and a bending moment that linearly varied with the
point of inflection located at the mid-span, and this
simulated the conditions in an actual building (Tsonos
2007).

Fig. 3 shows the test loading protocol. Force-controlled
cycling loading was applied until the specimens yielded,



760

Frame beam

NE

Steel beam

R, l«—Specimen

Frame column—={ L-shaped steel

" beam lever
Reaction wall

West

1000 kN jack

—

{ :

"] (1 shear steel block

i |-

00 1.0 | 112,600

=

H %| H

for ensuring
equal beam end rotation:

East

Jianbo Tian, Dandan Shen, Shen Li, Zheng Jian, Yunhe Liu and Wengeng Ren

{=—~Frame column

Moment  Shear

Force
diagram  diagram  diagram

Strong floor

(a) Test setup and force diagram of the coupling beam

(b) Test setup

Fig. 2 Test setup

4 T test was terminated when the peak load obtained in the first

2 —— /A\ /A\ /A\ ’l\\ ’H\ ’l\\ ’/ cycle with nominal _ductlllty level fell pelow 0.85V . OF
Y VW \\ / \\ / \\ // \\ / \\ // \\ /; \\ II \\ ]; \\ [ Cycle when the beam rotation (8) of the (_:oupllng beams reached

, BRI approximately 1/11. The test specimen was subsequently

. LV \v! v \vl considered to exhibit failure.

-6

Load
control

Fig. 3 Loading protocol
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and the applied forces were cycled once at each level in 40
kN increments. The specimen was expected to yield When
the load-displacement curve of the specimen reached an
evident turning point. The displacements in the subsequent
cycles were controlled when the specimen was displaced to
a nominal ductility factor u,=1 for one cycle and
subsequently at each successive nominal ductility factor for
three cycles as shown in Fig. 3. In order to prove the shear
effect of embedded steel plates in PRC coupling beams, the

3. Experimental results and discussion
3.1 Hysteretic response

Fig. 4 shows the hysteretic curves of shear force (V)
relative to the relative line displacement (4) at both ends of
the coupling beams for each specimen. After the specimens
yield, the bearing capacities of the coupling beams
continues to increase with increases in the beam end
displacement, and the hysteretic loops become increasingly
plump. Because of the rapid development of diagonal
cracks in the concrete, all the specimens continued to load
stably after reaching the peak load. This indicates that the
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Fig. 4 Hysteretic responses of specimens
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Fig. 5 Influence of the parameters on envelope curves

steel plate exhibits good performance in terms of both
holding and energy dissipation capacities. After the
formation of diagonal cracks, stress redistribution occurs
inside the specimen with increases in the crack width. The
concrete does not bear any stress due to cracking, and the
internal forces that the concrete is subjected to are borne by
the steel plate, which corresponds to the primary shear
material. With increases in the steel plate thickness and
span-to-depth ratio, the hysteretic loops become plumper,
and the energy dissipation capacity increases.

3.2 Strength and ductility

Fig. 5 shows the envelope curves of shear force (V)
versus relative line displacement (4) at both ends of the
coupling beams for each specimen. The envelope curve
gradient of each specimen in the elastic stage is steep. The
rising trend is essentially identical, and this indicates that

Table 3 Experimental results at the main stages
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Fig. 6 Influence of the parameters on shear capacity

the embedded steel plate increases the initial stiffness of
PRC coupling beams. When the steel plate heights are
identical, the bearing capacity of PRC coupling beams
gradually increases with increases in the steel plate
thickness. In the descending section, the influence of steel
plate thickness on the changing trends of envelope curves is
not evident. The envelope curve gradient of PRC-CB5 is
lower in the elastic stage. With increases in the span-to-
depth ratios, the descending section of the PRC coupling
beam envelope curves is shallower. The bearing capacity of
the PRC coupling beams increases with decreases in the
span-to-depth ratios. Decreases in the span-to-depth ratio
increase the rate of increase in the specimen carrying
capacity.

Table 3 presents the experimental results for all five
specimens. The bearing capacity, displacement, chord
rotation angle, and measured shear-compression ratios of
the specimens are obtained at different loading stages. The

. Loading Yield point Peak point Failure point _
SPECIMEN  irection v, (kN) A, (mm) 6y (rad) Vm(KN) Am(mm) Om(ad) VekN) A,(mm) 6,0ad)  “  “
y y y m m m u u u

ore.cgy Posiive 52698 240 1219 58660 305 172 49861 657 180 274
Negative 43517 306  1/172 49330 6.89 176 41931 1312  1/40 4.29

ore.cgp PoSiive 57145 251 1209 63800 322 1163 54230 703 175 280
Negative 48528 3.66 1/143 53653 881  1/60 45605 1372 138 3.75

ore.cgg Posiive 57085 268 119 65660 338 156 5581l 66 185 230
Negative 45435 419  1/125 52895 690  1/76 44960 1156  1/45 2.76

oRc.cps Poslive 66880 346 193 74150 476 167 63028 854 137 247
Negative 55213 375  1/85 659.98 570  1/56 56099 7.76 14l 2.07

ore.cgs Posiive 51649 585 1126 58349 677 1103 49597 1896 137 34l _ .
Negative 47147 583  1/120 52167 854  1/82 44342 2024 135 3.47

Notes: V, denotes the yield shear load, V,, denotes the peak shear load, V, denotes the failure shear load, 4, denotes the relative
line displacement at the yield shear load, 4,, denotes the relative line displacement at the peak shear load, 4, denotes the
relative line displacement at the failure shear load, 6, denotes the actual yield chord rotation angle, 6, denotes the chord
rotation angle at peak shear load, and 6, denotes the ultimate measured chord rotation angle, x denotes the maximum ductility
factor, and u denotes the average value of maximum ductility factor.
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Fig. 7 The final damage form of the test specimens

maximum ductility factors are defined as the ultimate
rotations divided by the actual yield rotations obtained from
the test (u=60,0,). The average value of the maximum
ductility factor (u) is expressed as follows

)/( +|A;|) 1)

Fig. 6 shows the influence of different parameters on the
shear capacity of a PRC coupling beam with a low span-to-
depth ratio. With increases in the sectional steel plate ratio,
the average value of the maximum ductility factor (u) of
PRC coupling beams gradually decreases. This indicates
that increases in the sectional area of the steel plate increase
the bending resistance moment and decrease the ductility at
the limit state. The displacement ductility factors of PRC
coupling beams increase with increases in the span-to-depth
ratios. The displacement ductility factors of PRC-CB2 and
PRC-CB5 are 1.49 and 1.52 times that of PRC-CB4,
respectively.
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3.3 Experimental damage characteristics

In this experiment, diagonal shear failure occurred in
PRC-CB1 to PRC-CB3 and PRC-CB4 in five PRC low
span to depth ratio coupling beams, and shear bond failure
occurred in specimen PRC-CB5. The main reason for this
failure mode is to study the contribution of the steel plate to
the shear capacity of the coupling beam, and increase the
reinforcement of the longitudinal reinforcement in the
coupling beam, so that the bending capacity of the coupling
beam is greater than the shear capacity. The final failure
mode of thecoupling beam is shown in Fig. 7.

4. Softened strut-and-tie model

4.1 Shear resisting mechanism

The shear mechanism of reinforced concrete frame
joints is composed of the following three parts: diagonal

I
- - - =
Jd z %
-~ %\‘ i (7= - I - 4 4
1 L/2 i L/2 [y L L
1 Al T

+
\% \%

-

(a) Vertical mechanism  (b) Diagonal strut mechanism

Fig. 8 Shear resisting mechanisms of a PRC coupling beam
with low span-to-depth ratio

(strut action), horizontal, and vertical (truss action)
mechanism when using the softened strut-and-tie model to
carry out the shear analysis. The horizontal mechanism
consists of a horizontal tie rod and two gentle strut rods.
The shear strength of a PRC coupling beam with a low
span-to-depth ratio is calculated using the softened strut-
and-tie model. The horizontal tie rod is composed of the
longitudinal constructional reinforcement of the coupling
beams. The results of our tests and results obtained from
PRC coupling beams indicate that the longitudinal
constructional  reinforcement does not  significantly
influence shear strength. When the span-to-depth ratio is
0.75<4<1.60 (4 is the span-to-depth ratio of coupling beam),
the coupling beam is mainly composed of a diagonal strut
mechanism and a vertical mechanism to resist shear force.
With increases in the span-to-depth ratio A, the effect of the
diagonal strut mechanism reduces and the effect of the
vertical mechanism increases. Therefore, in this study, when
the shear analysis of the PRC coupling beams with low
span-to-depth ratios is performed, the shearing mechanism
includes the diagonal strut mechanism and vertical
mechanism as shown in Fig. 8.

For the rectangular section of a PRC coupling beam
with a low span-to-depth ratio, the level arm jd of the
rectangular section is estimated as follows

. kd
—q_K 2
jd=d-= @)
where d denotes the effective depth of the coupling beam
section, k denotes the coefficient representing the ratio of
depth of concrete compression. The coefficient k is
estimated as follows (Hsu and Mo 2010)

k= J[nps +(-Dp. +|m-p |

,d’ d/ d,
+ 2[npS +(n-1)p, H+|(m _1)pp|[Fl+Eﬂ

_[nps +(n-1)p, +|(m—1)Pp|] ®)

where ps denotes the ratio of the tension reinforcement, pg
denotes the ratio of the compression reinforcement, p,
denotes the ratio of steel plate; n and m denote the modular
ratio of elasticity, n=E/E;, m=E/E;, Es denotes the
elasticity modulus of reinforcement, Ey, denotes the
elasticity modulus of steel plate, E, denotes the elasticity
modulus of concrete; d' denotes the distance between the
extreme compression fibre to the centroid of the
compression reinforcement, d; denotes the distance
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Fig. 9 Multi-strip model for the encased steel plate of the
PRC coupling beam

Steel plate

s AL .
Fig. 10 Cross-section of the PRC coupling beam

between the extreme compression fibre to the edge of the
steel plate, and d,, denotes the depth of the steel plate.

According to Fig. 8, the inclination angle of the strut in
diagonal mechanism & and inclination angle of the strut in
vertical mechanism 6, are defined as follows, respectively
(Lian et al.2017a, b)

g=tan™t (EJ (4)
L

_tan-t[ 20d
6, = tan ( - j ®)

where L denotes the span length of the coupling beam.

The direction of the principal compressive stress of the
concrete is assumed as coincident with the direction of the
diagonal concrete strut. The effective area of the diagonal
strut Agy is as follows

Agr=ash (6)

where b denotes the width of the beam, and a, denotes the
depth of the diagonal strut that depends on the end
conditions, and is estimated as follows

3, =+/(kd)* + (kd)’ U]

4.2 Multi-strip model in the encased steel plate

As shown in the experimental observations, the encased
steel plate buckles in shear with a sinusoidal wave form in
the PRC coupling beam. This indicates that the steel plate
resists the shear in the form of a diagonal tension field.
Therefore, a multi-strip model proposed by Thorburn et al.
(19834, b) is adopted to idealise diagonal tension stresses in
the steel plate by a series of inclined strips with angles of
inclination as shown in Fig. 9.

The angle of inclination of the strip « is defined as
follows

thW
14 Wow
-1 2Ava (8)

a =tan
1+ by L

eam

where Apeam denotes the cross-sectional area of the concrete

C,

N
. ~ N
DN LT d r
AN BN
>—n L] h

Fig. 11 Forces in struts and ties

above or below the encased steel plate as shown in Fig. 10.

Furthermore, A, denotes the cross-sectional area of the

adjacent shear wall, t, denotes the thickness of the steel

plate, d,, denotes the depth of the steel plate, and L denotes

the span length of the coupling beam (Wang et al.2017a, b).
The resultant force for all the strips Fy is as follows

F, = oreatyd,, /COSa )

where o1ea denotes the diagonal tension stresses of a strip.
Additionally, the vertical and horizontal components of
F, are respectively expressed as follows

Fy =F,sina (10)

Fon =F,cosa (11)

4.3 Equilibrium conditions

The total force in the vertical direction of the coupling
beam is resisted by the diagonal strut mechanism and
vertical mechanism as shown in Fig. 11. The total force in
the vertical direction Vy, is defined as follows

V,, =-Dsin@+F, (12)

where D denotes the compression force in the diagonal
concrete strut, F, denotes the total force in the vertical tie.

The presence of the encased steel plate also contributes

to the wvertical tie, and the force of the vertical tie

subsequently corresponds to the combination of the steel

plate and stirrup (Wang and Shi 2015), and F, is expressed
as follows

F, =F

stirrup

= Estirrup &tirrupgv + Ep (twdw /cos 0{)8\, sina

E si
+ pSlﬂal (13)

where Fgrryp denotes the total force in the stirrup.
According to (Hwang et al. 2001a, b), the shear forces
resisted by the two mechanisms are determined as follows

p-—L[ R |y (14)
sin@{ Ry +R,
R
F = v__ VY, (15)
v {Rd +Rvj bv
Ry=1-7, (16)
R, =y, =2%0=1 for <y <1 1

where Ry and R, are respectively the ratio of the shear force
to the diagonal strut mechanism and vertical mechanism, y,
denotes the vertical shear of vertical tie without horizontal
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tie.

At the nodal zone, the diagonal compression strength
Cgs by the concrete strut Ay (Which is governed by the
concrete softening) is estimated as follows

Cds =Oys '%trut (18)
1 cos(g, -6
Oy = {D— @ )F\,} (19)
'%trut sin 61

Owing to the presence of the encased steel plate in the
PRC coupling beam, the steel plate contributes to the
diagonal compressive strength Cg, of the strut, and the
diagonal strength is not affected by the concrete softening
properties. Thus, the expression is follows (Tian et al.
20194, b)

Cdu = f(:'Adu (20)
_ _ COsa 21
Ay =a(m-1)t, ina (21)

where a, denotes the depth of the diagonal strut,
a, =+/(kd)? +(kd)?; f.' denotes the compressive strength

of the concrete cylinder, and m denotes the modular ratio of
elasticity where m=Eg,/E..

Therefore, the predicted shear strength of a PRC
coupling beam with a low span-to-depth ratio is as follows

VPredicted = (Cds + C:du )Sin 0 (22)

4.4 Constitutive laws of materials

As shown in the experimental observations in a previous
study and those in the present study, the failure model of the
steel-plate encased concrete coupling beams in the presence
of stirrups corresponds to diagonal failure with concrete
crushing in the compression zone. Hence, the softening of
concrete should not be neglected, and it is believed that the
shear strength of the section is governed by the softened
concrete.

According to Zhang and Hsu (1998), the softened stress-
strain relationship of the cracked concrete is expressed as
follows

2
—_rf' ol ZEe || 28| | for “%d <y (23a)
Oy é,cl: (é’goj [4‘90}} é’go<

2
oy :_é’fc'll_{%g")_lj ] for “%d .1 (23h)
¢-1 ¢

5.8 1 0.9 (24)

§=—= <
\/fT' J1+400s, ~ [1+400¢,

where g4 denotes the principal stress of concrete at the d
direction, ¢ denotes the softening coefficient of concrete, &4
and ¢, denote the main compressive strain and main tensile
strain of concrete, respectively. Furthermore, &, denotes the
concrete cylindrical strain that corresponds to the cylinder
strength, and it is defined approximately as follows

£, =0.002 + 0.001[ fe 8‘020] for 20<f/ <100 (25)

The stress-strain relationship of the stirrups and steel
plate are assumed as elastic-perfectly plastic and is
expressed as follows

fo=Ee, for g <g (26a)

f, = fy for & 28 (26b)
where Eg denotes the elasticity of stirrup Eg or steel plate
Esp, f, denotes the yield stress of the stirrup f,; or steel plate
fyp, and ¢, denotes the yield strain of the stirrup e, or steel

plate gy,
4.5 Compatibility condition

The two-dimensional thin-film element should satisfy
the Mohr circle strain coordination condition. The basic
coordination equation corresponds to the first order strain
invariant equation. To satisfy the compatibility, the sum of
the normal strains in two perpendicular directions (Fig. 11)
is an invariant such that the following equation is applicable
(Liang and Xing 2018)

£ +e =8, +&, (27)

where g, denotes the average normal strain in the h-
direction, and &, denotes the average normal strain in the v-
direction.

4.6 Solution procedure

The procedure for using the softened strut-and-tie model
to calculate the shear strength of the PRC coupling beam
with low span-to-depth ratio is as follows.

Step 1: The procedure commences with the selection of
Vv, and D and F, are subsequently estimated by Eqgs. (14)-
(17), and &, and oy are estimated by Egs. (13)-(19),
respectively. Additionally, ¢, is set as zero due to the
inactivity of the horizontal mechanisms.

Step 2: By selecting g, & is calculated from Eq. (27).
Subsequently, the softening coefficient { is calculated from
Eg. (24). The maximum compressive strength o4 of the
cracked concrete is determined from Egs. (23a)-(23b).

Step 3: By comparing logs| calculated in Step 1 and oyl
calculated in Step 2, if [ogsl<lagl , then we increase the value
of V,, and repeat Steps 1 and 2 until |ogs|>logl.

Step 4: If |ggl<Ilyol, we increase the value of & and
repeat Steps 2 and 3 until |egl>ICol. Subsequently, the
diagonal compression strength Cys by the concrete strut is
calculated from Eq. (18).

Step 5: Using Egs. (20)-(21), the diagonal compressive
strength Cq, of the strut that is not affected by the concrete
softening properties is obtained. Finally, the shear strength
of the PRC coupling beam with low span-to-depth ratio is
determined from Eq. (22).

Fig. 12 shows the procedures wherein the proposed
model is used to calculate the shear strength of the PRC
coupling beam.
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9, 91, H7 Astrutydw, t\\ ) f[y > fpy ) t‘ ] Ep; Es bl Ec,

‘ Calculate D, F,, 0, &, €, ¢,

Calculate ¢, £, 0,

<>

No

<>

No

Calculate C,,
Calculate C,,
Calculate V,caicrea

Fig. 12 Flow chart of the proposed modelling procedure

E4=E4+ Ngy

5. A simplified method of the softened strut-and-tie
model

As shown in the experimental observations of the stirrup
strain and steel plate internal force of the reference (Lam
2006) and our research group, the stirrups do not fully yield
when the specimens reach the ultimate load, and the ratio of
stirrups to shear is lower than that of the steel plate.
Therefore, the shear effect of stirrups is neglected while
calculating the shear bearing capacity of the coupling beam.
However, when the diagonal cracks occur in PRC coupling
beam specimens, the stirrups restrict shear inclined cracks,
and thereby limit the crack width while continuing to play a
certain role in providing constraints for oblique
compression concrete. Therefore, the minimum number of
stirrups should be allocated according to the structure while
designing the PRC coupling beam.

According to the proposed modelling procedure of the
softened strut-and-tie model, the shear capacity V, of PRC
coupling beam with a low span-to-depth ratio should be
composed of the diagonal compression strength by the
concrete strut and diagonal compressive strength of the strut
by the steel plates. Additionally, given the softening effect
of concrete, the shear bearing capacity V, of a PRC
coupling beam with a low span-to-depth ratio is expressed
as follows

Vu = (kcé’ fc"%trut + Cdu )Sin 0

= {kcg f/ab+ f'a,(m-21t,

cosa} . (28)
- sing
sina

where { denotes the softening coefficient of concrete

compressive strength calculated from reference (Xing et al.
20114, b) and is defined as follows

¢~ 3.35/\/f_c' <0.52 (29)

The coefficient k. in Eq. (28) reflects the contribution of
stirrups and diagonal concrete strut to the shear capacity V,
of the PRC coupling beam. Based on the experimental data
analysis, k. is estimated as follows

k=1.2 (30)

By substituting Egs. (29)-(30) into Eq. (28), a simplified

formula of the softened strut-and-tie model is expressed as
follows (Seongwoo et al.2014a, b)

v, {4.02\/1‘7 b+ f/(m-1), Z?SZ}assinH (31)

where a, denotes the depth of the diagonal strut,
a, =+/(kd)? +(kd)?; f.' denotes the compressive strength

of concrete cylinder, m denotes the modular ratio of
elasticity, m=Ey/E. ; b denotes the width of the beam, t,
denotes the thickness of the steel plate; 9 is calculated from
Eg. (4), and « is calculated from Eq. (8).

6. Verification

To verify the accuracy of the proposed model in this
study, the experimental data of 37 PRC coupling beams
under unidirectional loading or reversed cyclic loading are
collected, and the selection principle is that diagonal shear,
shear bond, or shear compression failures occur in PRC
coupling beams. Table 4 presents the basic information for
each specimen, experimental results, and shear strength of
PRC coupling beams calculated by the softened strut-and-
tie model (SSTM), simplified method of the softened strut-
and-tie model (S-SSTM), China technical specification of
steel-reinforced concrete structure by YB9082, British Code
(BS 8110 1997), and American Code (ACI 318 2014, AISC
1999). The actual strength of concrete is calculated. To
indicate the accuracy and conservative bias of each
approach, the mean, standard deviation (STDEV), and
coefficient of variation (COV) for the strength ratios are
shown in Table 4.

The standard deviation and coefficient of variation
calculated from the softened strut-and-tie model (SSTM)
are the lowest. Good agreement between the test results and
prediction results from the SSTM is achieved. The method
includes a definite mechanical model that reasonably
reflects the failure mechanisms of PRC coupling beams
with span-to-depth ratios not exceeding 2.5.

The means for the strength ratios of the test value to the
theoretical value calculated by the American Code (ACI
318 2014, AISC 1999) and British Code (BS 8110 1997) are
1.16 and 1.23, respectively, and the standard deviation is
0.32. The calculated results are reliable and in good
agreement with the experimental values. However, they are
more discrete than the Viq/Vy calculated by the softened
strut-and-tie model.

The mean for the strength ratios of the test value to the
theoretical value calculated from the simplified method of
the softened strut-and-tie model (S-SSTM) is similar to the
mean calculated from the YB9082-2006. The results
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Table 4 Comparison of the shear bearing capacity between test results and prediction results of the PRC coupling beams

. SSTM  S-SSTM YB9082-2006 Bssgilo AC!318and
Researcher Specimen I/h 2P ) ps Failure Vies AISC 1999
" (%) ’ (%) (Mpa) mOdeS (kN) Vcal Vtest Vcal Vtest Vcal Vtest Vcal Vtest Vcal VIesI
' (KN) New (KN) Neg (KN) Ney (KN) Ny  (KN) N
1P8S25 17 497 027 254 49 D'Sahgeoar;a' 320 3554 090 3729 0.86 3157 1.01 2595 1.23 2715 1.18
1P10S-25 17 621 033 2.54 49.4 D'Sar?eoar:a' 353 397.5 0.89 4188 0.84 3716 095 3115 113 3293 1.07
1P16S-25 17 994 0.74 254 424 D'Sar?:ar;a' 520 526.3 099 5332 098 560.1 093 547.3 095 5912 0.88
1P20S-25 17 1243 091 254 43 D'Sahgeoar;a' 650 630.0 1.03 634.6 1.02 568.0 1.14 672.0 097 7297 0.89
1P8S-20 17 492 027 322 59.9 D'Sar?eoar:a' 427 3991 1.07 4189 102 3856 1.11 3201 1.33 3339 128
1P10S-20 17 615 034 322 599 D'Sar?:ar;a' 447 4473 100 467.3 096 4549 098 3849 1.16 4059 1.10
Cheng 1P20S-20 17 12.31 066 322 61 Shearbond 634 724.8 0.87 7409 0.86 8024 079 7093 0.89 7663 0.83
(2004)  opgs-25 22 497 028 254 51 Shearbond 267 2629 1.02 3057 0.87 3404 078 2809 095 2954 0.90
2P10S-25 22 621 032 254 563 Shearbond 310 308.6 1.00 356.3 0.87 4079 0.76 339.7 091 360.9 0.86
2P20S-25 2.2 12.43 079 254 557 Shearbond 524 5067 1.03 5748 091 7358 071 7542 0.69 8214 0.64
2P8S20 22 492 027 322 535 Shearbond 244 2755 0.89 323.4 075 3445 071 2867 0.85 2968 0.82
2P10S-20 22 615 035 322 512 Shearbond 315 313.0 101 357.0 0.88 4025 0.78 342.9 092 359.2 0.88
2P20S-20 22 1231 0.83 322 527 Shearbond 581 5134 1.3 577.0 1.01 7029 083 7582 077 8206 0.71
3P8S-25 13 497 039 254 455 D'Sar?eoar:a' 430 4917 087 432.4 099 3887 1.1 3308 1.30 350.7 1.23
3P10S-25 1.3 621 048 254 459 D'Sar?eoa':a' 486 537.1 090 4849 100 4640 1.05 400.9 121 4286 1.13
3P20S-25 1.3 1243 0.78 254 459 Shearbond 711 799.7 0.89 7622 0.93 6063 1.17 6212 114 6734 106
1SP2 24 106 008 178 50 Shearbond 96 87.0 1.10 107.1 090 960 100 648 148 66.1 145
2SP2 24 084 005 178 515 Shearbond 108 950 1.14 107.1 1.01 838 129 527 205 526 205
3SP4 24 168 012 178 465 Shearbond 144 1245 116 1243 116 97.1 148 804 179 832 173

Subedi Shear
ooy  SP6 24 254 015 280 55 L liC 174 1540 113 1672 104 1399 124 1082 161 1094 159
SEPA 24 342 027 178 498 _ OM  1o4 5015 109 1955 113 1283 171 150.2 146 160.9 1.37

compression

Shear
6FP6 24 491 050 285 418 (R 174 1900 117 1842 121 2508 089 2188 101 2322 096
(Zz%%'g CB25-1 25 163 017 199 423 Shearbond 198 1880 1.05 181.8 1.09 3084 0.64 2395 0.83 2467 0.80
Lam © opBg 12 239 049 023 512 M 474 5009 094 4988 095 7032 067 5031 0.94 5701 0.83

(2006) compression

Mlgip“' 15 246 025 161 378 D'Sat?:ar;a' 3738 367.8 1.02 2735 1.37 3386 110 2683 139 2822 132
Mlgépe' 15 369 046 161 37 Shearbond 371.4 4052 092 3136 1.18 3721 1.00 3156 1.18 3411 1.09
C10/P4-S1 10 246 015 161 51.2 D'Sar?;’a':a' 431.1 4562 0.94 4036 107 3191 135 2391 180 2514 171
(ggig) C15/P4-S1 15 246 015 161 505 D'Sat?:ar;a' 3982 410.1 097 3014 132 3182 125 2389 167 2512 159
C20/P4-S1 20 246 015 161 529 Shearbond 299.8 259.0 1.16 2419 124 3213 093 239.6 125 2521 1.9
C15/P4-S0 15 246 017 161 47.2 Shearbond 289.7 3114 093 2937 099 2262 128 169.6 171 1796 1.61
C15/P4-S2 15 246 017 161 456 D'Sar?:ar;a' 377.8 389.3 097 2900 1.30 370.3 102 2829 134 2959 128
C15/P6-S1 15 369 037 161 467 Dgar?:a’;a' 404.8 4198 096 341.8 118 4823 084 3934 1.03 4231 096

calculated from the S-SSTM are lower than those calculated
from the British Code (BS 8110 1997). Nevertheless, the
standard deviation is relatively low, and thus the dispersion
is relatively low.

The shear strength of the specimens calculated by each
design provision is plotted relative to the experimental
results in Fig. 13. The points in the left upper region of the
diagram indicate that the test values exceed the calculated
value, and the results are reliable. The points in the lower
right region of the diagram indicate that the test values are

less than the calculated values, and the calculated results are
unreliable. Fig. 14 shows the influence of the characteristic
value 4, of the distribution plate on the shear strength ratio
Viest/Vea Of PRC  coupling beam calculated by the
aforementioned five methods. As shown in the figure, most
of the points calculated by the American Code (ACI 318
and AISC 1999) and British Code (BS 8110) are above the
straight line Vis/Vca=1, and the results are safe. The points
calculated by YB9082-2006 exhibit higher and lower
fluctuations under the straight line Vie4/Vea=1. The points
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Table 4 Continued
. SSTM  s-ssTM  'B2082  pogyyp ACI318and
Researcher Specimen I/h 2P ) ps o Failure Vies 2006 AISC 1999
P " (%) ’ (%) (MPa) modes (kN) Vcal VIesI Vcal VIesI Vcal VIesI Vcal Vtest V, |(kN) VIesI
_ (KN) Ny (kN) Ny (KN) Neg (KN) Ney °& Nea
PRC-CB1 15 307 017 165 582 Dg’ﬁ;’aﬁa' 586.6 540.6 1.09 507.4 1.16 5281 1.11 3988 147 4233 139
PRC-CB2 15 409 026 165 582 D'S""r?;’a”ra' 638 628.3 1.02 570.7 1.12 657.0 097 5182 123 557.3 1.14
Ourgroup poc.ce3 15 511 027 1.65 582 D?ﬁe"aﬁa' 656.6 688.5 0.95 6362 1.03 6754 097 5343 123 5765 114
PRC-CB4 09 409 026 165 582 Dg’ﬁ;’aﬁa' 7415 792.1 0.94 790.5 0.94 657.0 1.13 5182 143 5573 133
PRC-CB5 2.0 4.09 026 165 582 Shearbond 583.5 5295 1.10 4545 1.28 657.0 0.89 5182 1.13 557.3 1.05
Mean — 101 — 104 — 102 — 123 — 116
STDEV — 009 — 015 — 023 — 032 — 032
cov — 009 — 015 — 023 — 026 — 028

Notes: I./h denotes the span-to-depth ratio of the coupling beam, p, denotes the sectional steel plate
longitudinal reinforcement ratio of the coupling beam, 4, denotes the steel plate characteristic value of the coupling beam, A,=(Apf,)/(bhofc), feu denotes
the compressive strength of the concrete cube measured in the test.
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calculated by SSTM and S-SSTM method along the straight
line Vies/Vea=1 are more uniformly distributed and exhibit
less fluctuations, and this indicates that the method in this
study better reflects the actual situation.

7. Conclusions

This paper presented a new mechanical model to
calculate the shear strengths of PRC coupling beams with
low span-to-depth ratios. The aim of the model involved
combining accuracy and simplicity to evaluate resistance
relative to diagonal shear, shear bond, or shear compression
failures. The following conclusions were obtained based on
comparisons with tests and other models:

» Based on the test results of 37 PRC coupling beams

and calculation results of relevant codes, the mean for

0 T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Vea(kN)

(e) American Code (ACI 318 and AISC 1999) (Method 5)
Fig. 13 Comparison of the shear bearing capacity between test results and prediction results

the strength ratios of the test value to the theoretical
value calculated by the softened strut-and-tie model is
1.01, and the standard deviation is 0.09. Good
agreement was achieved between test results and
prediction results from the SSTM.

» The means for the strength ratios of the test value to
the theoretical value calculated by the American Code
(ACI 318 and AISC 1999) and British Code (BS 8110)
are 1.16 and 1.23, respectively, and the standard
deviation is 0.32. The calculated results are safe and in
good agreement with the experimental values although
they are more discrete than the Vi/V¢, calculated by the
softened strut-and-tie model.

» The standard deviation and coefficient of variation
calculated from the softened strut-and-tie model are the
lowest. The method includes a definite mechanical
model, and it can reasonably reflect the failure
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Fig. 14 Shear strength ratio versus steel plate characteristic values

mechanisms of PRC coupling beams with a span-to-
depth ratio not exceeding 2.5.
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