
Proceedings of the Institution of
Civil Engineers
Structures & Buildings 152
August 2002 Issue 3
Pages 283^293

Paper 12681
Received 30/07/2001
Accepted 23/11/2001

Keywords:
beams & girders/buildings,
structure & design/concrete
structures

Albert K. H. Kwan
Department of Civil
Engineering,The University
of Hong Kong

Zuo-Zhau Zhao
Department of Civil
Engineering,The University
of Hong Kong

Cyclic behaviour of deep reinforced concrete coupling beams

A. K. H. Kwan and Z.-Z. Zhao

Six half-scale models of reinforced concrete coupling

beams with span/depth ratios < 2·0 were tested under

reversed cyclic load by a newly developed test method

that can accurately simulate the boundary conditions

of coupling beams in coupled shear wall structures.

Five of them were conventionally reinforced and one

was diagonally reinforced. Span/depth ratio and

reinforcement layout were the main structural variables

studied. Test results revealed that the deep

conventionally reinforced coupling beams behaved quite

differently from the ordinary beams in frame structures.

Generally, shear failure was more likely to occur.

Moreover, the additional longitudinal reinforcement bars

(those placed near the centroidal axis) could contribute

significantly to bending strength and therefore lead to an

increase in shear demand. Nevertheless, the measured

drift ratios of the conventionally reinforced coupling

beams still reached 3·6–5·7%, which are not small for

deep coupling beams. On the other hand, it was found

that the provision of diagonal reinforcement radically

changed the load resisting mechanism and significantly

improved the energy dissipation capacity of the coupling

beam. However, it had not improved the deformability

of the coupling beam.

1. INTRODUCTION

Extensive studies have been carried out in the past decades to

investigate the structural behaviour of reinforced concrete

coupling beams.
1–7

A detailed review of these studies has been

given by the authors elsewhere.
7

It was generally observed that

deep conventionally reinforced concrete coupling beams (those

with span/depth ratios < 2:0) tend to fail in a non-ductile

manner, with shear-tension failure occurring when the stirrups

provided are not sufficient to resist the whole shear force and

shear-compression or shear-sliding failure occurring when the

stirrups are designed to take the whole shear force. As a result,

they often do not possess the demanded ductility for the

coupled shear wall structure to resist earthquake loads. In order

to improve their ductility, several alternative reinforcement

detailing methods have been proposed and investigated.
5,6

Particularly, the diagonal reinforcement and the rhombic

reinforcement layouts have been found to yield better ductility.

However, it has been found that the boundary conditions of the

coupling beams had not been properly simulated during the

model tests.
7

In most previous test methods,
3,5,6

the rotations

of the two ends of the coupling beam model were not

controlled to be equal. Although at the elastic stage this would

not cause any problem, after the appearance of cracks, which

would render the coupling beam unsymmetrical, the rotations

at the two ends of the model could become very different.
3

In a

real coupled shear wall structure, the rotations of the two walls

at the ends of a coupling beam are always equal and thus a

coupling beam model under test should satisfy the

displacement boundary condition that the rotations at the two

ends are equal at all times. Without satisfying this boundary

condition, the measured behaviour after the appearance of

cracks and the ductility factor determined might not be

realistic. To study the post-peak behaviour and evaluate the

ductility of coupling beams, a test method that can accurately

simulate the displacement boundary condition of a real

coupling beam is required.

The local deformation at the beam–wall joints is another

problem needing consideration. Due to stress concentration,

local deformation occurs at the beam–wall joints at both the

elastic and inelastic stages. The local deformation at the elastic

stage is due entirely to the elastic deformation of the wall

panels near the joints and has been quite well researched.
8

After the appearance of cracks near the beam–wall joints and

at higher applied load, further local deformation occurs due to

bond-slip of the longitudinal reinforcement bars and inelastic

deformation of the wall panels near the joints. Such local

deformation could cause a substantial increase in lateral

deflection and rotation of the coupling beams, as had been

observed by Paulay
2

and Barney et al.
4

At the post-peak stage,

localised yielding of the longitudinal reinforcement bars at the

beam–wall joints dramatically increases the joint rotations

leading to further increase in lateral deflection/rotation of the

coupling beams. Aktan and Bertero
9

have found that the local

joint rotations could amount to 80% of the total measured

rotation of the coupling beam. Therefore, in the model tests of

coupling beams, the local deformation at the beam–wall joints

should be allowed for.

Traditionally, the ductility of a structure or a structural

component is assessed in terms of a ductility factor defined as

the ratio of the deflection/rotation at ultimate state to the

corresponding deflection/rotation at yield. Such a ductility

factor is quite sensitive to the deflection/rotation at yield and a

small change in the deflection/rotation at yield could cause a

relatively large difference in the ductility factor. Consequently,
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a structure may have a relatively small ductility factor just

because it has a relatively large deflection/rotation at yield. For

example, comparing the two coupled shear wall models tested

by Paulay and Santhakumar,
10

the model with conventionally

reinforced coupling beams actually had a larger deflection at

failure, although relatively the conventionally reinforced

coupling beams had a smaller ductility factor. In view of such

a pitfall, Sözen
11

had suggested a design criterion based on

storey drift (relative lateral displacement divided by storey

height) rather than on ductility factor. He claimed that there is

no reason to reject a framing system just because it is not

capable of developing a displacement ductility factor of six

to eight if yield corresponds to a storey drift of almost 1%

(a fairly large storey drift from a damage control point of

view).

After many years of development, the displacement-based

design for earthquake resistant structures is gaining general

acceptance.
12

In this design method, a building is designed to

have the desired level of seismic performance by imposing a

certain displacement (or more precisely, drift) demand onto the

building structure. Booth et al.
13

have compared the provisions

for seismic design of reinforced concrete buildings in different

countries and found that the maximum allowable storey drift

at the ultimate limit state ranges from 1·0 to 2·5%. While

ensuring that the maximum allowable storey drift is not

exceeded, the building structure must also be designed to have

sufficient deformability to withstand the maximum allowable

storey drift. Hence, the maximum allowable storey drift is also

a displacement or drift demand. In line with increasing

emphasis on drift demand, deformability is becoming more

important than ductility as a measure of seismic performance.

Although alternative reinforcement layouts have been

proposed, conventionally reinforced concrete coupling beams

are still widely used for coupled shear wall structures in many

seismic regions, especially those in Asia. It is, therefore, of

practical importance to investigate how the conventionally

reinforced concrete coupling beams perform during

earthquakes. This paper reports an experimental study on the

cyclic behaviour of deep conventionally reinforced concrete

coupling beams using a newly developed test method that

maintains equal rotations at the two ends of the coupling beam

model and allows for local deformation at the beam–wall

joints. For comparison, a diagonally reinforced concrete

coupling beam was also tested. Based on the test results, the

general behaviour, failure mode, ductility, deformability and

energy dissipation capacity of the coupling beams were

studied.

2. EXPERIMENTAL PROGRAMME

2.1 Specimens and variables

A total of six coupling beam specimens with dimensions and

details as shown in Fig. 1 were fabricated and tested. They were

basically half-scaled and could be divided into two series. The

first series comprised of specimens CCB1, CCB2, CCB3 and

CCB4, which have similar longitudinal reinforcement ratios and

similar transverse reinforcement ratios but different span/depth

ratios of 1·17, 1·40, 1·75 and 2·00, respectively. The second

series comprised of specimens CCB1, CCB11 and CCB12, which

have the same span/depth ratio of 1·17 but different layouts of

reinforcement. Table 1 lists the structural parameters of the six

specimens.
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Fig. 1. Dimensions and details of the beam specimens tested: (a) specimen CCB1; (b) specimen CCB11
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At each end of a beam specimen, a rectangular end block

(1300 3 750 mm) having the same thickness as the beam and

representing part of the wall connected to the beam was cast

integrally with the beam as part of the specimen. These end

blocks were to allow for local deformation at the beam–wall

joints.

In each of the conventionally reinforced beam specimens,

equal amounts of top and bottom longitudinal reinforcement

were provided throughout the length of the beam. Additional

longitudinal reinforcement was placed near mid-depth of the

beam section. All longitudinal reinforcement bars in the beam

were provided with generous anchorage into the end blocks.

Stirrups were supplied in each specimen as shear

reinforcement. On the other hand, the diagonally reinforced

beam specimen CCB11 was designed according to the method

proposed by Paulay and Binney.
3

All beam specimens were cast of normal strength concrete with

their planes lying horizontally. The average cube and cylinder

strengths of the concrete at the time of the model tests were

52·0 and 37·8 MPa, respectively. Two types of high-yield

deformed bars (T12 and T8) were used as main longitudinal

reinforcement, whereas mild steel plain round bars (R8) were

used for the additional longitudinal reinforcement and the

stirrups. The mean yield strengths of the T12, T8 and R8 bars

were 525, 517 and 346 MPa, respectively.

2.2 Test set-up and loading programme

The test method used has been reported in an earlier paper
14

and thus only an outline is presented here. As shown in Figure

3 of Reference 14 the beam specimen was erected with the

longitudinal axis of the beam in the vertical direction, fixed at

one end to a rigid ground beam and connected at the other end

to a T-shaped steel loading frame. Shear load was applied to

the specimen through the loading frame by an actuator, whose

loading and support ends were pin-connected to the loading

frame and a horizontal reaction frame, respectively. The line of

action of the applied load was aligned to pass through the

centre of the beam specimen. A rotation restraining mechanism

consisting of two parallelogram-shaped pin-jointed trusses was

installed to ensure that the rotations of the two ends of the

specimen were equal.

The beam specimens were extensively instrumented to measure

the applied load, displacements and strain distributions in the

reinforcement bars. Load cell, displacement transducers and

strain gauges were used to

measure the load,

displacements and strains,

respectively. The locations of

the strain gauges are marked

on the specimens shown in

Fig. 1.

The specimens were tested

under load control during the

first two load cycles, with the

maximum load set equal to

50% of the predicted yield

load and the actual yield load

(the load when the main or

diagonal bars yielded) in the first and second cycles,

respectively. After then, the average displacement in the two

loading directions in the second cycle was taken as the yield

displacement, Dy. Subsequent testing was conducted under

displacement control at increasing displacement amplitude.

Three load cycles were applied at each displacement amplitude,

which was set equal to 2, 3, 4, and so on, times the value of Dy

until the specimen failed. The ratio of the displacement

amplitude to the yield displacement is denoted by � in this

paper.

3. EXPERIMENTAL RESULTS

3.1 General observations

Before the main reinforcement bars started to yield, the beam

specimens had similar crack patterns. In each beam specimen,

two sets of cracks corresponding to the two opposite loading

directions were formed. At the beginning, flexural cracks and

combined flexural-shear cracks were found near the two ends

of the beam specimen. Later on, some of the flexural cracks

near the beam–wall joints formed by loads acting in opposite

directions merged and developed into through cracks crossing

the whole depth of the beam. Some fine cracks also appeared

in the end blocks near the beam–wall joints. However, after the

main reinforcement bars had yielded, the crack patterns of the

six beam specimens became different, as shown in Fig. 2.

In beam CCB1, inclined shear cracks appeared along one

diagonal soon after the main bars yielded. These diagonal

cracks passed through almost the entire span and divided the

beam into two triangular halves interconnected by the stirrups.

Measured strains in the stirrups showed that some of the

stirrups yielded immediately after the formation of the

diagonal cracks. When peak load was reached, nearly all

the stirrups yielded. Yielding of the stirrups and the main bars

led to wide opening of the shear and flexural cracks. Minor

crushing failure of the concrete at the compression corners also

occurred. When the inclined shear cracks opened to 10 mm

width, the test was stopped and the beam specimen was

regarded to have failed in shear-tension mode.

The cracks in beam CCB2 were similar to those in beam CCB1

except that CCB2 had more inclined shear cracks formed.

Intersection of the inclined shear cracks caused by the applied

loads in the two opposite directions divided the concrete of the

beam into many small zones tied together by the reinforcement

bars. Repeated opening and closing of these cracks due to load

Specimen Depth: mm Span/depth
ratio

Main
longitudinal

reinforcement

Additional
longitudinal

reinforcement

Stirrups Diagonal

reinforcement

CCB1 600 1·17 3T12 4R8 R8-75 c/c –
CCB2 500 1·40 2T12 þ T8 4R8 R8-75 c/c –
CCB3 400 1·75 2T12 þ T8 2R8 R8-75 c/c –
CCB4 350 2·00 1T12 þ 2T8 2R8 R8-75 c/c –
CCB11 600 1·17 2T8 4R8 R8-140 c/c 6T8
CCB12 600 1·17 3T12 4R8 R8-50 c/c –

Table 1. Structural parameters of the beam specimens tested
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Fig. 2. Crack patterns and failure modes: (a) CCB1 (shear-tension failure); (b) CCB2 (shear-compression failure);
(c) CCB3 (shear-sliding failure); (d) CCB4 (flexural failure); (e) CCB11 (diagonal bar buckling failure); (f) CCB12
(shear-sliding failure)
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reversal led to serious spalling of the concrete. Although most

stirrups had yielded at peak load, none of the inclined shear

cracks had opened up. Eventually, the beam specimen failed in

shear-compression mode.

In beams CCB3 and CCB4, all cracks were located near the

beam–wall joints until the peak load was reached when

inclined shear cracks started to appear near the centre of each

beam. Although the appearance of the inclined shear cracks led

to an immediate increase in tensile strain of the stirrups there,

the stirrups near the centre remained unyielded. Even at the

post-peak stage, only the stirrups near the beam–wall joints

had yielded. Finally, beam CCB3 failed by shear-sliding due to

sliding movement of a through crack near one beam–wall

joint, while beam CCB4 failed by beam bending due to large

local rotations of the two beam–wall joints.

In beam CCB11, which was provided with diagonal

reinforcement, numerous inclined shear cracks were formed.

These cracks remained very fine and stable until the peak load

was reached. After reaching peak load, the diagonal

reinforcement bars yielded in tension leading to a significant

increase in crack width of the inclined shear cracks and large

residual deflection when the applied load was removed.

Moreover, the concrete near the centre of the beam was

seriously damaged due to repeated opening and closing of the

cracks there. Eventually, in one load cycle, the set of diagonal

reinforcement bars under compression buckled near the centre

of the beam and the load resisting capacity of the beam quickly

dropped to less than 50% of the peak load.

In beam CCB12, which was similar to beam CCB1 except more

stirrups were provided before the peak load was reached, the

crack pattern was similar to that of beam CCB1. However, after

the peak load was reached, beam CCB12 behaved quite

differently; in beam CCB12, the inclined shear cracks did not

open up even when virtually all the stirrups had yielded at the

post-peak stage. In contrast, repeated opening and closing of

the flexural cracks near the beam–wall joints led to gradual

increase in crack width.

Eventually, beam CCB12

failed by shear-sliding due to

sliding movement of a

through crack near one

beam–wall joint, just like

beam CCB3.

3.2 Load–displacement

curves

Figure 3 depicts the load–

displacement curves of CCB1,

CCB4, CCB11 and CCB12.

(The load–displacement

curves of CCB2 and CCB3 are

similar to that of CCB4.) It is

seen that all the load–

displacement curves obtained

are highly hysteretic.

Generally, the load–

displacement curves of the

conventionally reinforced

coupling beams exhibit substantial pinching, especially at large

deflection amplitude. Such pinching would lead to rapid

stiffness degradation and relatively small energy dissipation.

One possible reason for the pinching phenomenon was that the

inelastic deflections of the conventionally reinforced coupling

beams were due mostly to widening of the shear and flexural

cracks, which remained open even when the applied load

dropped to zero. When the applied load was reversed, the

cracks had to be closed before the lateral resistance could

recover, leading to small lateral resistance while the cracks

were being closed and eventually pinching of the load–

displacement curves.

In contrast, the load–displacement curve of the diagonally

reinforced coupling beam exhibits no pinching and appears to

be more stable. The reason behind this was that the applied

load was resisted mainly by the tension in one set of diagonal

reinforcement and by the compression in the other set of

diagonal reinforcement. The compression developed in the

concrete was not relied on and thus the opening/closing of the

cracks in the concrete had relatively little effect on the lateral

resistance of the coupling beam. However, buckling of the

diagonal reinforcement bars could lead to sudden failure of the

coupling beam. Therefore, sufficient lateral hoops should be

provided along the diagonal reinforcement bars to keep the

surrounding concrete in place and prevent, or at least delay,

buckling failure.

3.3 Strain distribution and axial elongation

The strain distributions along the main longitudinal

reinforcement bars in CCB1, CCB4 and CCB12, and that along

the diagonal reinforcement bar in CCB11, are shown in Fig. 4.

(The other two specimens had similar strain distributions to

that of CCB4.) The variations of the axial strain at the

midpoints of the main or diagonal bars in the beam specimens

are presented in Fig. 5.

The strain distributions along the main longitudinal

reinforcement bars in the conventionally reinforced coupling
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Fig. 3. Load–displacement curves: (a) CCB1; (b) CCB4; (c) CCB11; (d) CCB12
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beams, when the applied loads were small, were very close to

the contraflexural bending pattern predicted by normal beam

bending theory. However, as the applied loads increased and

the flexural-shear cracks in the beams developed, the strain

distributions in the main reinforcement bars started to change.

The zero strain points on the main bars gradually moved

towards the concrete compression zones and eventually the

whole lengths of the main bars were in tension. Although there

was no bending moment at the centre of each beam, the steel

strains there were not equal to zero. From the variation of the

steel strains at midpoints of the main bars with the applied

load, it can be seen that after

several load cycles, the main

bars became always in

tension regardless of the

loading direction.

In the diagonally reinforced

coupling beam, the strains

were nearly constant along

the diagonal reinforcement

bars between two diagonal

corners. At the same load

level, the compressive strains

in the diagonal bars were

smaller than the

corresponding tensile strains

developed at the same

location when the applied

load acted in the opposite

direction. This was probably

because when the diagonal

bars were in tension, the

surrounding concrete did not

help much in resisting the

diagonal tension, but when

the diagonal bars were in

compression, the surrounding

concrete shared part of the

diagonal compression and

hence reduced the axial

shortening of the diagonal

bars.

The measured strains in the

additional longitudinal

reinforcement bars (not

shown in the figures)

revealed that after the first

two load cycles, all the

additional bars developed

substantial tensile stresses

regardless of the loading

direction. Except for some

minor differences during the

first few cycles, the variation

of the tensile strains in the

additional bars with the

applied load was similar to

that of the main bars. The

additional bars eventually all

yielded indicating that they

should have contributed significantly to the load resisting

capacities of the coupling beams.

As the longitudinal or diagonal reinforcement bars yielded, the

coupling beams elongated. Fig. 6 shows the average elongation

strain (axial elongation divided by clear span length) of each of

the specimens CCB1, CCB4, CCB11 and CCB12.

In each beam, before the yield load was reached, the axial

elongation of the beam was very small and there was almost

no residual elongation when the beam was unloaded. However,
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after reaching the yield load, the axial elongation increased

quickly. Every time, when the lateral displacement amplitude

was increased, there was significant increase in axial

elongation. Moreover, a substantial portion of the axial

elongation remained as residual elongation when the applied

load was removed. Consequently, all the coupling beams

became longer after the tests. The maximum average

elongation strains recorded for the conventionally reinforced

beams were around 1·2–2·0% and that for the diagonally

reinforced beam was about 2·5%.

3.4 Local deformation at beam–wall joints

Figure 7 shows the measured rotations along the beam axis

of CCB1, CCB4, CCB11 and CCB12, at three displacement

amplitudes of 1, 2 and 3 times the yield displacement, Dy

(i.e., at � ¼ 1, 2 and 3). From these and other results, the

following phenomena were observed.

(a) The rotation angles at the beam–wall joints remained

relatively small and were approximately proportional to the

applied loads before reaching the yield displacements, that

is, before the main or diagonal reinforcement started to

yield.

(b) Fairly large local rotations took place at the beam–wall

joints when the main or diagonal reinforcement yielded.

(c) As the displacement increased, the local rotations at the

beam–wall joints increased substantially due mainly to the

gradual opening up of the flexural cracks near the beam–

wall joints to many times the corresponding values at first

yield of the main or diagonal reinforcement.

(d ) When the lateral displacements increased to three times

the corresponding yield displacements, the additional

displacements arising from the local rotations of the beam–

wall joints contributed about 35–70% to the total lateral

displacements of the coupling beams.

4. PERFORMANCE

EVALUATION

4.1 Strength

Table 2 shows the applied

loads at first appearance of

the inclined shear cracks, Vc,

at first yield of the main or

diagonal reinforcement bars,

Vy, and at peak load, Vp, of

each of the beam specimens

tested. For comparison, the

predicted strengths of the

beam specimens evaluated in

accordance with ACI

318-95
15

are also listed in

the table. For each coupling

beam, two flexural strength

values, Vy1 and Vy2, were

obtained. Vy1 was evaluated

with the contribution of the

additional longitudinal bars

ignored, while Vy2 was

evaluated with the

contribution of the additional

longitudinal bars considered. The shear strength, Vshear , was

evaluated as the sum of the shear capacity of the concrete, the

shear capacity of the stirrups and the contribution to shear

resistance of the diagonal reinforcement bars if present.

From the comparison, it can be seen that the experimental

values of Vy agree closely with the theoretical values of Vy1,

and the experimental values of Vp agree closely with the

theoretical values of Vy2. The good agreement between Vy and

Vy1 is because when the main or diagonal reinforcement bars

first yielded, the tensile stresses developed in the additional

longitudinal bars were still relatively small. The reason for the

good agreement between Vp and Vy2 is that at peak load, the

additional longitudinal bars had already yielded. Since Vy2 is

greater than Vy1 by 12–23%, the contribution of the additional

longitudinal bars should be taken into account, as this would

significantly increase the shear demand of the coupling beams.

For ease of interpretation, the applied loads are normalised in

terms of nominal shear stresses as listed in Table 3. The

nominal shear stresses are calculated as the corresponding

applied loads divided by the effective area of the beam section.

It is seen that the smaller the span/depth ratio of the coupling

beam, the larger the nominal shear stress at peak load. The

maximum nominal shear stresses of the conventionally

reinforced coupling beams ranged from 3·15 to 4·74 MPa,

while that of the diagonally reinforced coupling beam was

equal to 5·01 MPa. Hence, there appeared to be an upper limit

of around 5 MPa for the shear strength of a coupling beam

made of normal concrete regardless of the reinforcement layout

adopted.

4.2 Ductility and deformability

Figure 8(a) shows the envelopes of the cyclic load–

displacement curves for the beam specimens CCB1, CCB2,

CCB3 and CCB4. Although the four conventionally reinforced

coupling beams had similar flexural reinforcement ratios and

400

200

0

0

–100
–200

–300
–400

100

300

Lo
ad

: k
N

400

200

0

0

–100

–200
–300
–400

–150

–100

–50

50

100

150

100

300

400

200

–100
–200

–300
–400

100

300
Lo

ad
: k

N

0 0·005 0·010 0·015 0·020 0·025
Average elongation strain: mm/mm

(c)

0 0·005 0·010 0·015 0·020 0·025
Average elongation strain: mm/mm

(d)

(a) (b)
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CCB12
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similar shear reinforcement

ratios, because of their

different span/depth ratios,

their load resisting capacities

were different and they failed

in different failure modes.

Basically, as the span/depth

ratio of such a

conventionally reinforced

coupling beam decreased, the

load resisting capacity

increased but the ductility

decreased. Figure 8(b) shows

the envelopes of the cyclic

load–displacement curves for

the beam specimens CCB1, CCB11 and CCB12. Although these

three beams have different reinforcement layouts, the

envelopes of their load–displacement curves are very close to

each other. This indicates that they had similar load resisting

capacities and similar ductility.

Table 4 summarises the displacements of the specimens at first

appearance of the inclined shear cracks, Dc, at first yield of the

main or diagonal

reinforcement bars, Dy, at

peak load, Dp, and at the

ultimate state, Du. The

ultimate displacement, Du, is

defined as the displacement

when the load resistance of

the beam had, after reaching

the peak, dropped to 85% of

the peak load. From these

results, the ductility may be

evaluated in terms of the

displacement ductility factor,

�D, defined as Du=Dy.

Moreover, for deformability

evaluation, the displacement

at peak load, Dp, and the

ultimate displacement, Du,

may be expressed in

dimensionless forms as the

drift ratio at peak load, Dp=L,

and the ultimate drift ratio,

Du=L, in which L is the clear

span of the beam (equal to

700 mm in the present study). The values of �D, Dp=L and

Du=L are also shown in Table 4.

From Table 4, it can be seen that the displacement ductility

factors of the six specimens tested varied from 4·0 to 6·0, being

generally higher at a larger span/depth ratio. On the other

hand, the drift ratios at peak load ranged from 1·4 to 2·9%, and

the ultimate drift ratios ranged from 3·6 to 5·7%. However, the
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Fig. 7. Variations of rotation along beam axis: (a) CCB1; (b) CCB4; (c) CCB11; (d)
CCB12

Specimen Applied loads: kN Predicted strengths: kN Failure mode

at crack Vc at yield Vy at peak Vp flexural Vy1 flexural Vy2 shear Vshear

CCB1 257 260 327 276 329 330 Shear-tension
CCB2 184 190 227 187 229 270 Shear-compression
CCB3 154 135 165 145 162 213 Shear-sliding
CCB4 114 110 123 98 112 184 Beam bending
CCB11 180 290 346 286 338 401 Diagonal bar buckling
CCB12 200 240 317 271 323 447 Shear-sliding

Table 2. Measured and theoretically predicted strengths of the beam specimens tested

Specimen Applied loads: kN Nominal shear stresses: MPa

at crack Vc at yield Vy at peak Vp at crack �c at yield � y at peak � p

CCB1 257 260 327 3·72 3·77 4·74
CCB2 184 190 227 3·23 3·33 3·98
CCB3 154 135 165 3·42 3·00 3·67
CCB4 114 110 123 2·92 2·08 3·15
CCB11 180 290 346 2·61 4·20 5·01
CCB12 200 240 317 2·90 3·48 4·59

Table 3. Nominal shear stresses of the beam specimens tested
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ductility results (the displacement ductility factors) are not in

line with the deformability results (the drift ratios). For

instance, although the specimen CCB3 has the smallest

displacements at peak load and at ultimate state (and hence the

smallest drift ratios), its displacement ductility factor is not the

lowest because its displacement at yield is relatively low.

Comparing the beam specimens CCB1, CCB11 and CCB12,

which have the same span/depth ratio but different

reinforcement layouts, it is seen that they have displacement

ductility factors of 4·0, 4·0 and 4·3, respectively, and ultimate

drift ratios of 5·7, 5·4 and 4·3%, respectively. Hence, roughly

speaking, they have similar ductility and similar deformability.

More importantly, the provision of diagonal reinforcement in

the beam specimen CCB11 had not increased the deformability

of the coupling beam. Nevertheless, it should be emphasised

that a deformability of around 5% drift is not really small.

Subject to confirmation by pushover analysis or non-linear

dynamic analysis, it is the authors’ belief that a drift ratio of

5% for the coupling beams should be enough to provide the

demanded storey drift for earthquake resistance. If the authors’

belief is right, then both conventionally reinforced and

diagonally reinforced coupling beams may be designed to have

sufficient deformability to withstand earthquake loads.

4.3 Energy dissipation capacity

Energy dissipation capacity is another important factor in the

evaluation of seismic performance. Here, two measures of

energy dissipation capacity are adopted: (a) the amount of

energy dissipated in each half load cycle, and (b) the ratio of

the amount of energy dissipated to the amount of energy

stored in each half load cycle . The amount of the energy

dissipated in each half load cycle, Wd, is defined as the area

enclosed by the load–displacement curve and the horizontal

axis in one loading direction during the load cycle. The

amount of energy stored, Ws, is defined as the area between

the branch of the load–displacement curve starting from zero

load to the point of maximum displacement and the horizontal

axis in one loading direction during the load cycle. An

illustration of these definitions is presented in Fig. 9. Wd is the

actual amount of energy dissipated, but since a stronger

member tends to have a higher value of Wd, it is dependent on

member size and is not really a good measure of energy

dissipation efficiency. On the other hand, the ratio Wd=Ws,

which is dimensionless and independent of member size, is a

much better measure of energy dissipation efficiency.

Figure 9 plots the Wd and Wd=Ws values against the number

of load cycles for the six beam specimens tested in the positive

loading direction. (The corresponding results for the specimens

in the negative loading direction are similar.) Comparing the

Wd values of CCB1, CCB2, CCB3 and CCB4, it is seen that

among the conventionally reinforced coupling beams, the

deeper coupling beams generally dissipated more energy.

Comparing the Wd values of CCB1, CCB11 and CCB12, it is

seen that the diagonally reinforced coupling beam dissipated

far more energy than the conventionally reinforced coupling

beams with the same physical size and span/depth ratio. From

the Wd=Ws results of the six beam specimens, it is evident that

even taking the difference in strength into account, the

diagonally reinforced coupling beam was still the best in

energy dissipation. Nevertheless, the Wd=Ws values of all the

coupling beams tested gradually increased with the number of

load cycles, indicating that

all the coupling beams were

able to maintain their energy

dissipation efficiency until

very large displacement.

In the conventionally

reinforced coupling beams,

the amounts of energy

dissipated were not the same

in the three load cycles at the

same displacement amplitude.

During the three load cycles,
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Fig. 8. Envelopes of the cyclic load–displacement
curves: (a) specimens CCB1, CCB2, CCB3 and CCB4;
(b) specimens CCB1, CCB11 and CCB12

Specimen Dc: mm Dy : mm Dp: mm Du: mm �D Dp=L: % Du=L: %

CCB1 11·0 10·0 20.0 40·0 4·0 2·9 5·7
CCB2 5·9 6·0 12·0 30·0 5·0 1·7 4·3
CCB3 10·0 5·0 10·0 25·0 5·0 1·4 3·6
CCB4 12·0 6·0 12·0 36·0 6·0 1·7 5·1
CCB11 3·8 9·5 19·0 38·0 4·0 2·7 5·4
CCB12 4·5 7·0 14·0 30·0 4·3 2·0 4·3

Table 4. Ductility and deformability of the specimens tested
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the amount of energy dissipated decreased with the number of

cycles to such an extent that the amount of energy dissipated

in the third cycle was only about 1=2 to 1=3 of that in the first

cycle. Since the displacement amplitudes of the three load

cycles were the same and the peak loads during the three load

cycles had only changed slightly, the difference in energy

dissipation was due mainly to the change in the shape of the

load–displacement curves. In the diagonally reinforced

coupling beam, however, the amount of energy dissipated in

each cycle remained fairly constant during the three load

cycles at the same displacement amplitude. Hence, the energy

dissipation capacity of the diagonally reinforced coupling

beam was relatively stable until it failed suddenly by diagonal

bar buckling.

5. CONCLUSIONS

The test results of the six reinforced concrete coupling beams

with span/depth ratios < 2·0 revealed that they behaved quite

differently from ordinary frame beams. After the appearance of

inclined shear cracks, the load resisting mechanism of the

conventionally reinforced coupling beams gradually changed

with all the longitudinal reinforcement bars becoming in

tension and the beams starting to elongate. No zero stress

zones existed in the longitudinal reinforcement bars anywhere

inside the beams. The elongation strains of the beams were of

the order of 1·5–2·5%.

The measured maximum nominal shear stresses of the

conventionally reinforced coupling beams ranged from 3·15 to

4·74 MPa, while that of the diagonally reinforced coupling

beam was equal to 5·01 MPa. Such high nominal shear stresses

led to the tendency of the deep coupling beams to fail in shear.

Careful detailing to avoid shear failure is thus of utmost

importance in the design of deep coupling beams. Moreover,

since the additional longitudinal reinforcement bars can

contribute significantly to the load carrying capacity of a

coupling beam, their presence should be considered in the

evaluation of the shear demand during the beam design.

The displacement ductility factors of the six coupling beams

tested varied from 4·0 to 6·0, being generally higher at a larger

span/depth ratio. On the other hand, the ultimate drift ratios

ranged from 3·6 to 5·7%. Additional displacement due to the

local rotations at the beam–wall joints had contributed about

half to the total lateral displacement and resulted in the above

relatively high drift ratios. It is the authors’ belief that in the

design of earthquake resistant structures, deformability is more

important than ductility. Although the ductility factors

achieved by the deep coupling beams are relatively low, the

above drift ratios should be good enough to provide a

reasonable deformability during earthquakes.

Among the coupling beams tested, the diagonally reinforced

coupling beam had a more stable hysteretic load–displacement

curve and a much better energy dissipation capacity. However,

its drift ratios were only about the same as those of the

conventionally reinforced coupling beams with the same span/

depth ratio. Hence, the provision of diagonal reinforcement had

not improved the deformability of the coupling beam. There

was also the problem that the diagonally reinforced coupling

beam finally failed due to buckling of the diagonal

reinforcement bars. Therefore, sufficient lateral hoops should

be provided along the diagonal reinforcement bars to keep the

surrounding concrete in place and prevent, or at least delay,

buckling failure.
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