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Abstract: Reinforced masonry (RM) shear walls are key structural elements widely used to resist lateral loads in masonry buildings due to
their capability to provide lateral strength, stiffness, and energy dissipation. This paper investigates the in-plane seismic performance of fully
grouted RM shear walls dominated by shear failure. The experimental work involved assessing the response of five single-story RM shear
walls when subjected to in-plane axial compressive stress, cyclic lateral excitations, and top moment. The studied parameters were the
horizontal reinforcement ratio, level of axial compressive stress, and shear span to depth ratio. Most of the current provisions in masonry
design codes for nominal in-plane shear strength, Vn, for RM shear walls consider a percentage of the yield capacity for the shear resistance
provided by the horizontal reinforcement, Vs. Moreover, they limit the effect of the shear span to depth ratio,M=Vdv, to an upper value of 1.0.
The test results concluded that the horizontal reinforcement could contribute 100% of its yield capacity toward Vn. In addition, increasing
M=Vdv from 1.25 to 1.875 resulted in a significant reduction in the shear strength by 25%, which means that limiting the effect of M=Vdv
to an upper value of 1.0 is overestimating Vn of RM shear walls at high values of M=Vdv. However, this reduction is accompanied by
higher displacement ductility. On the other hand, increasing the axial compressive stress resulted in a higher Vn with more brittle failure.
DOI: 10.1061/(ASCE)ST.1943-541X.0001758. © 2017 American Society of Civil Engineers.
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Introduction

The poor performance of unreinforced masonry buildings subjected
to earthquake ground motions has led to the development of rein-
forced masonry (RM) systems. Similar to reinforced concrete (RC)
buildings, RM shear walls are key structural elements used to resist
lateral loads in regions of high seismic or wind loads. Reinforced
masonry shear walls must be capable of providing the required lat-
eral strength, stiffness, and energy dissipation in these regions. The
flexural behavior of RM shear walls is well-defined and follows
the simple flexural theory of RC structures based on plane-section
assumption. On the other hand, the shear behavior of RM shear
walls in the plastic hinge region is more complex due to the lack
of comprehensive models that quantify the interaction of various
mechanisms that contribute to shear capacity. Many experimental
studies have been conducted to investigate the in-plane shear per-
formance of full-scale RM shear walls under cyclic lateral loading
(e.g., Sveinsson et al. 1985; Kaminosono et al. 1988; Matsumura
1986; Shing et al. 1990; Voon and Ingham 2006). Additional
studies have been carried out using scaled blocks such as those
by Tomazevic et al. (1996), Haach et al. (2010), and El-Dakhakhni
et al. (2013). Using the best-fit analysis for experimental test
results, in-plane shear-strength equations have been developed
by different researchers and standards. Seif ElDin and Galal (2015)

conducted a survey of the existing design equations for the nominal
in-plane shear strength, Vn, for RM shear walls. Their study con-
cluded that the main parameters that control Vn could be summa-
rized as wall cross section dimensions, compressive strength of
masonry, f 0

m, shear span to depth ratio, M=Vdv, axial compressive
stress, σn, vertical and horizontal reinforcement ratios and yield
strength, and the achieved displacement ductility, μΔ. Anderson
and Priestley (1992) proposed the first effective equation that con-
sidered Vn as the sum of three independent terms provided by
masonry, Vm, axial compression load, Vp, and horizontal reinforce-
ment, Vs, as follows:

Vn ¼ Vm þ VP þ VS ð1Þ

Most previous researchers did not experimentally measure
the resistance provided by each component, Vm, Vp, and Vs, sep-
arately, but rather quantified them based on the difference between
the achieved maximum lateral loads for tested RM shear walls with
varied studied parameters. This quantification approach overlooks
the effect of the redistribution in the shear resistance shares between
them, especially at high levels of displacement ductility. As a result
of this previous evaluation approach, most of the existing design
equations for Vn for RM shear walls including the current provi-
sions of the Canadian Standards CSA S304 (CSA 2014b), the U.S.
Masonry Standards Joint Committee (MSJC 2013), and the New
Zealand Standards NZS 4230 (NZS 2004) for masonry structures
consider a percentage of the yield capacity for the in-plane shear
resistance provided by the horizontal reinforcement, Vs. Moreover,
they limit the effect of the shear span to depth ratio, M=Vdv, to an
upper value of 1.0. Therefore, this paper aims to investigate the
effect of the horizontal reinforcement ratio, ρh, level of axial com-
pressive stress, σn, and shear span to depth ratio, M=Vdv, on the
in-plane shear behavior of RM shear walls by measuring experi-
mentally the shear resistance provided by the horizontal reinforce-
ment, Vs, consequently, Vmþp.
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Experimental Work

The experimental work assessed the response of five full-scale fully
grouted rectangular RM shear walls when subjected to in-plane
axial compressive stress, cyclic lateral excitations, and top moment.
The effect of the horizontal reinforcement ratio, ρh, the level of
axial compressive stress, σn, and the shear span to depth ratio,
M=Vdv, on their in-plane shear behavior was considered in the test
matrix as presented in Table 1. Moreover, the table includes the
theoretical lateral forces corresponding to the in-plane shear, flexu-
ral, and sliding capacities according to the Canadian Standards
CSA S304 (CSA 2014b). All the tested walls had the same dimen-
sions of 1.8 × 1.6 × 0.19 m and were vertically reinforced with
20M bar in each cell with a flexural reinforcement ratio, ρv, of
0.79%, as shown in Fig. 1. The first wall, W-Ref, was designed to
be a reference wall for the remaining tested walls. Wall W-Ref was
constructed with uniformly distributed horizontal reinforcing bars,
10M at 400 mm, which were hooked using the standard 180° bend
around the outermost wall flexural reinforcing bars. A constant ax-
ial compressive stress of 1.0 MPa was applied to the studied wall,
W-Ref, before subjecting it to in-plane cyclic lateral displacements
and it remained constant during the whole test.

Wall W-ρh0 was built without horizontal reinforcement. Thus,
comparing the behavior of Walls W-Ref and W-ρh0 enabled quan-
tifying the horizontal reinforcement contribution, Vs, towards the
nominal shear strength, Vn, and its effect on the displacement duc-
tility of tested walls. In addition, the impact of the horizontal
reinforcement on the redistribution of the shear resistances
provided by the masonry and axial compressive stress, Vmþp,

was investigated. In order to evaluate the effect of the axial com-
pressive stress, σn, on the in-plane shear behavior of RM shear
walls, Walls W-σn0 and W-σn1.5 were duplicates of Wall
W-Ref, but with external σn of 0.0 and 1.5 MPa, respectively, in-
stead of 1.0 MPa for Wall W-Ref. One of the important parameters
that affects the inelastic behavior and ductility of RM shear walls is
the shear span to depth ratio,M=Vdv. Wall W-M=Vdv1.8 was sub-
jected to a top moment of 0.9V kN · m, where V is the lateral load
from the horizontal actuator, which resulted in an overall M=Vdv
equal to 1.875 as compared to a value of 1.25 for Wall W-Ref.

Properties of Materials

To provide a fixed end condition at the base of tested walls, each
wall was constructed on a strong RC foundation. The vertical
reinforcement of each wall was bent and anchored in the RC foun-
dation at the base and was threaded for a length of 100 mm from the
top to connect tested walls to the top steel loading beam. All walls
and the required auxiliary specimens were constructed using light-
weight knockout concrete masonry units (CMUs) with nominal
dimensions of 390 × 190 × 190 mm. These knockout units are
masonry units that have knockout webs, which can be removed to
accommodate the horizontal reinforcement. In addition, these types
of units were selected to provide grouting continuity in the vertical
and horizontal directions, consequently, preventing any weakness
planes between the concrete masonry units. The blocks were
joined together with 10-mm Type-S mortar joints and laid in a run-
ning bond pattern. All the walls were fully grouted using coarse
grout with a maximum aggregate size of 6.35 mm (1=4-in:) that
was mixed in the laboratory in accordance with CSA A179
(CSA 2004). Table 2 summarizes the properties of the construction
materials.

Test Setup

Three MTS hydraulic actuators were used to apply the in-plane
loads as shown Fig. 2. Two actuators were installed vertically to
apply the axial compression force and the top moment (when appli-
cable) that act on the top of the wall. Moreover, the horizontal
actuator was used to introduce cyclic horizontal displacements
to simulate the seismic loads. The RC base foundation of the wall
specimens was connected to a strong floor using a reusable RC
footing with a depth of 600 mm to provide a fixed boundary con-
dition at the base of the tested walls. The applied loads were
transferred to the tested walls through a stiff built-up steel-loading
beam. The three actuators were synchronized to apply the shear
force, axial load, and top moment that represent the acting loads
on the plastic hinge panel of the whole RM shear wall. Two

Table 1. Test Matrix of Five RM Shear Walls

Wall identifier

Reinforcement Studied parameter
Theoretical capacities according

to CSA S304-14

Vertical Horizontal ρh (%) σn (MPa) M=Vdv FVn
a (kN) FMn

b (kN) FSn
c (kN)

W-Ref 20M@200 10M@400 0.13 1.0 1.2 269 541 1469
W-ρh0 20M@200 — 0.0 1.0 1.2 177 541 1469
W-σn0 20M@200 10M@400 0.13 0.0 1.2 212 455 1161
W-σn1.5 20M@200 10M@400 0.13 1.5 1.2 298 576 1623
W-M=Vdv1.8 20M@200 10M@400 0.13 1.0 1.8 269 361 1469
aTheoretical in-plane shear capacity assuming moderately ductile shear walls (Rd ¼ 2.0).
bTheoretical lateral force corresponding to the flexural capacity assuming plane sections assumption.
cTheoretical lateral force corresponding to sliding capacity.
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Fig. 1. Dimensions of a typical tested RM shear wall
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out-of-plane steel back-to-back angles connected the loading steel
beam (through slotted holes) to a strong RC wall to prevent any
out-of-plane displacement.

Instrumentation and Testing Protocol

Two different types of instruments were used to monitor the defor-
mations of the tested walls during testing. Nine linear potentiom-
eters were attached externally to each of the tested RM shear walls
to measure the horizontal, vertical, and diagonal displacements as
shown in Fig. 3(a). The target displacement was measured as the
difference between the average reading of Potentiometers P2 and
P9 and the movement in the base foundation, P8, if any. The shear
sliding displacement was calculated as the difference in the read-
ings between P3 and P8. Potentiometers P4 and P7 were attached to
the tested walls to measure the flexural tensile and compressive
deformations, while P5 and P6 were used to measure the overall
diagonal shear deformations. P1 was attached to the top loading
steel beam to monitor any sliding between the loading beam and
the tested wall.

Fig. 2. Test setup for RM shear wall

P6P3 P5
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P8
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P1 Loading steel beam

S 2-4

S 4-2

S 1-3

S 4-4

S 1-5

S 3-3

 F4

S 3-5

S 1-1

S 3-1

 F2

S 2-2 S 2-5

S 4-1

S 1-2

S 4-5

 F1

S 3-2
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S 4-3
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S 3-4

(a) (b)

Fig. 3. Locations of (a) displacement potentiometers; (b) strain gauges

Table 2. Properties of Construction Materials

Material Characteristic Strength (coefficient of variation) Reference

Type S mortar Cube compressive strength, f 0
mo 7 d: 8.5 MPa (8.8%)

28 d: 13.7 MPa (7.8%)
CSA A179-04 (CSA 2004)

Flow table test 112.16% (3.8%) ASTM C1437-13 (ASTM 2013b)
Knockout concrete block Weight 12.9 kg (3.1%) –

Block compressive strength, f 0
b 16.7 MPa (4.8%) CSA A165.1-14 (CSA 2014a)

Footing concrete Cylinder compressive strength, f 0
c 7 d: 30.5 MPa (5.1%)

28 d: 39.5 MPa (6.6%)
ASTM C39M-12 (ASTM 2012a)

Splitting tensile strength, fr 28 d: 4.2 MPa (4.4%) ASTM C496M-11 (ASTM 2011)
Coarse grout Cylinder compressive strength, f 0

g 7 d: 21.6 MPa (8.4%)
28 d: 29.4 MPa (7.3%)

ASTM C476-10 (ASTM 2010a)
CSA A179-04 (CSA 2004)

Steel reinforcement Yield strength, fy 430 MPa (3.2%) ASTM A615M-13 (ASTM 2013a)
A370-14 (ASTM 2014)Modulus of elasticity, Es 196 GPa (1.85%)

Ultimate strength 536 MPa (2.7%)
Four-course running bond prism Prism compressive strength, f 0

m 13.1 MPa (7.6%) ASTM C1314-12 (ASTM 2012b)
CSA S304-14 (CSA 2014b)Axial strain at maximum strength, εo 0.0025 (11.4%)

Modulus of elasticity, Em 6.9 GPa (17.4%)
Seven-course stack bond beam Prism tensile strength, ft 1.8 MPa (9.5%) ASTM E518-10 (ASTM 2010b)

CSA S304-14 (CSA 2014b)Tensile strain at maximum strength, εt 0.00046 (13.3%)
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In addition to the potentiometers, 5-mm strain gauges were
installed on the steel reinforcement bars to record the local strains
during loading of the walls as shown in Fig. 3(b). Four strain
gauges were installed at the wall–footing interface of the two

outermost vertical reinforcement bars on each side, to define the
yield load. To measure the axial strain distribution in the horizontal
reinforcement, five 5-mm strain gauges were installed and equally
distributed along the total length of each bar. Using the experimen-
tally measured stress-strain relationship and the cross-section area
for the steel reinforcing bars, the average tension force in each bar
was calculated and summed to measure the horizontal reinforce-
ment contribution, Vs, to the in-plane shear strength, Vn.

The loads were applied in two phases. In the first phase, the total
axial compression load was applied using a load-control protocol.
Next, the test protocol was switched to displacement-control. In
this second phase, in-plane lateral displacements were introduced
at the midheight of the loading steel beam, according to the loading
histories proposed by FEMA 461 (FEMA 2007) as shown in Fig. 4.
In each stage of lateral loading, two displacement cycles were com-
pleted for each target displacement increment. The yield load was
determined when the strain gauge located at the wall–footing inter-
face reached the yield strain level. However, according to FEMA
P-58 (FEMA 2009), the failure was defined as the point on the load-
ing curve where the lateral resistance dropped to 80% of the maxi-
mum lateral load recorded, in whichever direction this occurred first.

Test Results

The test results indicated that all five walls exhibited shear-
dominated response with diagonal cracks. Fig. 5 presents the hys-
teretic force-displacement response for each wall against the top
drift, while Table 3 summarizes the results for tested walls in both
push and pull directions including the crack, yield, and ultimate
capacities in addition to the top drift of 1%. All the tested walls
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Fig. 4. Loading protocol
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Fig. 5. Hysteretic force-displacement response of tested walls
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achieved lateral-load capacities higher than the calculated
capacities presented in Table 1 with displacement ductility values
higher than 3. As the figure and table show, the five walls had a
similar behavior in both loading directions with a general symmet-
ric resistance. Thus, only the results in the push direction were
considered for the evaluation of the studied parameters. The exper-
imental measurements for strength, displacements, and ductility are
defined in the Notation list.

Analysis of Test Results for Wall W-Ref

To calculate the in-plane shear resistance provided by the horizontal
reinforcement, Vs, the axial strain distribution along the horizontal

reinforcing bars was measured using five 5-mm strain gauges
that were installed and equally distributed along the total length
of each horizontal bar (Fig. 6). The strain gauges had a capacity
of 15,000 microstrains, με, which is less than the measured strain
hardening. Hence, the axial tensile stress in each bar was limited to
its yield capacity, fy. Using the experimentally measured stress-
strain relationship of reinforcement, Fig. 7 shows the stress distri-
bution of the horizontal reinforcing bars at different levels of lateral
excitations. Consequently, the average tension stress, fs, in each
bar was calculated while considering the crack pattern as follows:
for Bar 1 (average of f1-1, f1-2, and f1-3); for Bar 2 (average of
f2-2, f2-3, and f2-4); for Bar 3 (average of f3-2, f3-3, and f3-4); and
for Bar 4 (average of f4-2, f4-3, and f4-4). After testing, the face
shell was demolished to see the horizontal reinforcement. Fig. 8

Table 3. Summary of Experimental Force and Displacement Capacities of Tested Walls

Wall identifier

Test results

Yield Peak Failure Displacement ductility First cracka

Qye (kN) Δye (mm) Que (kN) ΔQue (mm) Δ0.8Que (mm) μΔQue μΔ0.8Que μΔe1% ΔFCe (mm) QFCe (kN)

W-Ref 328 4.7 418 14.0 19.7 3.0 4.2 3.4 3.2 272
−339 −4.7 −409 −14.0 −19.4 3.0 4.1 3.4 −2.9 −274

W-ρh0 309 4.8 365 10.0 14.6 2.1 3.0 3.3 3.1 265
−315 −4.8 −367 −10.0 −13.8 2.1 2.9 3.3 −3.0 −269

W-σn0 254 4.2 345 10.0 17.3 2.4 4.1 3.8 3.0 209
−244 −4.2 −336 −10.0 −15.7 2.4 3.7 3.8 −3.1 −212

W-σn1.5 365 5.0 458 14.0 17.2 2.8 3.4 3.2 3.4 312
−349 −5.0 −452 −14.0 −17.3 2.8 3.4 3.2 −3.3 −306

W-M=Vdv1.8 230 3.8 315 10.0 19.8 2.6 5.2 4.2 3.2 216
−225 −3.7 −290 −10.0 −19.2 2.7 5.3 4.4 −3.0 −210

aFirst major diagonal crack.
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presents the losses in the cross-sectional area of the horizontal
reinforcing bars for Wall W-Ref after failure due to yielding. The
tension forces in the horizontal reinforcing bars were then summed
to calculate Vs. By subtracting the measured Vs from the measured
in-plane lateral force, Qe, the masonry and axial compressive stress
resistance, Vmþp, was calculated.

The in-plane shear resistance contributions provided by ma-
sonry and axial compressive stress, Vmþp, and horizontal reinforce-
ment, Vs, for Wall W-Ref at different levels of experimental
displacement ductility, μΔe, and top drift are presented in Fig. 9.
The horizontal reinforcement reached its yield capacity at high
displacement ductility and lateral top drift of 3.0 and 0.88%, re-
spectively; however, at low deformations levels, this contribution
was minor. Also, the rate of increase in Vs became higher after
the initiation of diagonal cracks, which means that as the cracks
increased and became wider, the horizontal reinforcement provided
more resistance, Vs. As shown in the same figure, the in-plane lat-
eral resistance of Wall W-Ref at low deformation levels is mainly
provided by the masonry and axial compression force, Vmþp;
meanwhile, Vs was negligible. By increasing the level of deforma-
tions, the masonry reached its tensile strength capacity; hence,
minor diagonal cracks occurred. These cracks decreased the rate of
Vmþp contribution; on the other hand, it resulted in higher resis-
tance provided by the horizontal reinforcement, Vs. As the cracks
increased and became wider, the contribution rate of Vmþp
decreased until the masonry reached its capacity, ðVmþpÞmax. This
is followed by a degradation in the resistance provided by the

masonry and axial compressive stress. However, as long as the in-
crease in Vs was higher than the reduction in Vmþp, the tested wall
was able to provide more resistance.

Wall W-Ref reached its nominal in-plane shear capacity, Vn,
when the horizontal reinforcement achieved its yield strength; then,
degradation in the wall resistance occurred at the same rate of re-
duction as Vmþp. From Fig. 9, it can be noticed that the resistance
shares provided by the masonry and axial compressive stress,
Vmþp, and the horizontal reinforcement, Vs, did not reach their
capacities at the same level of top drift. The resistance provided
by the masonry and axial compressive stress, Vmþp, achieved its
maximum contribution of 0.66Vn at displacement ductility, μΔ,
equal to 1.27, while Vs at the same μΔ ¼ 1.27 was 0.22Vn. How-
ever, the horizontal reinforcement resistance, Vs, reached its yield
capacity at μΔ of 3.0 with a contribution of 0.41Vn when the cor-
responding Vmþp reduced gradually to 0.59Vn. It was observed that
after the tested wall reached its capacity, Vn, the degradation in
Vmþp became more rapid.

Fig. 10 presents the final crack pattern for Wall W-Ref after
the first cycle of imposed top lateral displacement, Δ, equal to
þ22.0 mm. Minor shear cracks were observed at the cycle of
�2.00 mm. However, the first sign of diagonal cracking damage
occurred at lateral top displacement of þ3.2 mm during the cycle
of þ4.0 mm. This first damage consisted of six diagonal cracks in
the top left diagonal part of the tested wall with varied angles. By
increasing the imposed lateral top displacement, the cracks
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Fig. 8. Yielding of horizontal reinforcing bars for Wall W-Ref
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extended, increased, and gradually spread over the wall diagonals.
Through the cycle of �6.00 mm, initial horizontal cracks appeared
in the bed joint of the extreme cells from both sides in the first and
second course from the base. Cracks continued to form in this man-
ner until the tested wall reached its peak lateral load. During the
postpeak behavior, the cracks were significantly wider and the face
shell started to spall in addition to crushing in the east toe.

Effect of Horizontal Reinforcement Ratio

The effect of horizontal reinforcement in enhancing the in-plane
shear behavior of RM walls in terms of shear strength and displace-
ment ductility is given in Fig. 11. Providing a horizontal reinforce-
ment ratio (ρh) of 0.13% increased the shear capacity from 365 to
418 kN. In addition, the tested Wall W-Ref was able to achieve a
higher displacement ductility, μΔ0.8Que, of 4.2 compared to 3.0 for
Wall W-ρh0. However, it is clear from the test results that the hori-
zontal reinforcement does not have a significant effect on the pre-
crack behavior and it has a minor effect on the yield capacity since
it increased from 309 kN for Wall W-ρh0 to 328 kN for Wall W-Ref
with just a 6% increase. This minor effect could be attributed to
the buckling restraining effect of the 180° hooked horizontal
reinforcement.

The experimentally measured resistance shares provided by
masonry and axial compressive stress, W-Ref − Vmþp, and hori-
zontal reinforcement, W-Ref-Vs, of Wall W-Ref against the lateral

resistance of Wall W-ρh0, which is provided only by masonry and
axial compressive stress and can be written as W-ρh0-Vmþp, are
presented in Fig. 11. As shown in this figure, when Wall W-ρh0
was constructed without horizontal reinforcement, W-ρh0-Vmþp
reached 365 kN at displacement ductility of 2.1 followed by a rapid
degradation in the strength to 292 kN, 0.8Que, at μΔ equal to 3.0.
On the other hand, the inclusion of horizontal reinforcement inWall
W-Ref resulted in redistribution of the resistance provided by
W-Ref-Vmþp. The shear resistance contribution provided by ma-
sonry and axial compressive stress, Vmþp, reached its ultimate lat-
eral resistance of 275 kN at μΔ equal to 1.28. Although ðVmþpÞmax
for W-Ref is 25% less than ðVmþpÞmax for wall W-ρh0, Fig. 11
shows that the contribution of Vmþp became more ductile in Wall
W-Ref compared to Wall W-ρh0.

Most of the existing design equations for in-plane shear strength
of RM shear walls, Vn, only consider a percentage of the horizontal
reinforcement yield capacity contributing to Vn. The reason for this
is that previous researchers did not quantify the resistance provided
by the horizontal reinforcement, Vs, directly, but rather quantified
Vs based on the difference between the achieved maximum lateral
loads for tested RM walls with different horizontal reinforcement
ratios. This quantification approach overlooks the effect of the
redistribution in the shear resistance shares between the reinforce-
ment and masonry, especially at high levels of displacement
ductility. The presented test results here support this explanation,
since the quantified resistance provided by the horizontal
reinforcement reached 100% of its yield capacity. However, if
the peak lateral load, Que, of Walls W-Ref and W-ρh0 was com-
pared, it would falsely appear that the resistance provided by the
horizontal reinforcement is 53 kN, which is only 30% of its yield
capacity.

Fig. 12 shows the crack pattern of the two tested walls at differ-
ent levels of deformation. The first sign of cracking for both Walls
W-ρh0 and W-Ref occurred at a similar top drift of 0.2%. This ob-
servation confirms that the horizontal reinforcement does not have
a significant effect on precrack behavior. However, by increasing
the imposed top lateral displacement, the main diagonal crack of
Wall W-ρh0 became wider. Distributing the horizontal reinforce-
ment along the height of Wall W-Ref, replaced the major diagonal
cracks with sets of minor cracks. These minor cracks were formed
and gradually spread over the wall diagonals, as the initial diagonal
cracks did not widen significantly. Moreover, the presence of the
horizontal reinforcement delayed the corresponding top drift to the

Fig. 10. Final crack pattern of tested Wall W-Ref
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maximum load, Que, to 0.88% for Wall W-Ref instead of 0.63%
for Wall W-ρh0 [Fig. 12(b)]. At a similar top drift of 0.91%, Wall
W-ρh0 had a drop in its shear capacity to 0.8Que with severe dam-
age, whereas Wall W-Ref reached the failure displacement,
Δ0.8Que, at a top drift of 1.23% with major damage. Finally, the
failure mode of Wall W-ρh0 can be classified as a brittle shear fail-
ure with two major diagonal cracks, while the behavior of Wall
W-Ref is characterized by more-ductile performance with a higher
displacement ductility [Fig. 12(c)].

Effect of Axial Compressive Stress

Increasing the axial compressive stress (σn) from 0.0 to 1.0 and
1.5 MPa resulted in a higher ultimate lateral force, Que, from
345 to 418 and 458 kN, respectively, as shown in Fig. 13. Similar
influence on diagonal crack load can be observed. The measured
average yield displacement and the corresponding lateral load for
Wall W-σn0 were 4.2 mm and 254 kN, respectively. These values
increased to 4.7 mm and 328 kN for Wall W-Refðσn1.0Þ and
5.0 mm and 365 kN for wall W-σn1.5. However, this increase
in the shear strength was followed by a reduction in the displace-
ment ductility capacity, μΔe. At a top drift of 1.0%, μΔe1% de-
creased from 3.8 to 3.4 and 3.2 for Walls W-σn0, W-Ref, and
W-σn1.5, respectively. Moreover, the achieved ductility at failure,
μΔ0.8Que, was measured as 3.4 for Wall W-σn1.5 compared to 4.1
for Wall W-σn0.

The in-plane shear resistance provided by the horizontal
reinforcement, Vs, reached its yield capacity for the three walls as
presented in Fig. 14(a). The combined contribution of the masonry
and axial stress, Vmþp, was calculated and is given in Fig. 14(b).
The ðVmþpÞmax increased from 182 kN for Wall W-σn0 to 275 and
336 kN for Walls W-Ref and W-σn1.5, respectively. Since Wall
W-σn0 was tested without axial compressive stress, the improve-
ment in ðVmþpÞmax for Walls W-Ref and W-σn1.5 can be assumed
as Vp, the resistance provided by the axial compressive stress only.
Hence, Vp was calculated as 0.27P and 0.3P when σn was 1.0 and

1.5 MPa, respectively, where P is the equivalent compression axial
load of σn. Nevertheless, comparing the ultimate lateral force re-
sistances, Que, of the three walls shows that Vp is only contributing
0.21P and 0.23P for Walls W-σn1.0 and W-σn1.5, respectively.
These different values of Vp could be explained by delaying in
the resistance provided by the horizontal reinforcement, Vs, as
the axial compression load increased [Fig. 14(a)]. In addition,
Vp reached its maximum contribution at early levels of displace-
ment ductility, followed by a reduction in its resistance share as
μΔe increased until the tested walls reached their capacity, Vn.
Earlier researchers such as Sveinssion et al. (1985), Matsumura
(1986), Shing et al. (1990), and Voon and Ingham (2006), evaluated
the in-plane shear resistance provided by the axial compressive
stress, σn, based on differences in the achieved ultimate lateral

Fig. 12. Effect of horizontal reinforcement on crack pattern at (a) first major diagonal cracks; (b) lateral peak load Que; (c) when the lateral load
dropped to 80% of Que
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force,Que, by testing RM walls under varying levels of σn. The test
results presented here show that using this approach is underesti-
mating Vp.

Fig. 15 shows the cracking patterns for Walls W-σn0 and
W-σn1.5 at different stages: first major diagonal cracks, lateral peak
load, Qu, and when the lateral load dropped to 80% of Qu. In gen-
eral, the two walls exhibited a mixed shear-flexural behavior with a
high contribution from the shear deformation towards the overall
performance. Fig. 15(a) shows the first sign of cracking for the
tested walls. The crack pattern in Wall W-σn0 shows the ability
of the test setup to distribute the applied lateral load along the
length of the tested wall. Furthermore, increasing the axial com-
pressive stress, σn, resulted in a higher angle between the diagonal
shear cracks and the bed joint plane, θ, followed by less intensity of
the initiated cracks. These observations support that increasing σn

enhanced the initial stiffness of the tested walls. At a top drift of
0.63%, Wall W-σn0 achieved its ultimate lateral load resistance
with major damage; however, Wall W-σn1.5 reached its capacity
at higher top drift of 0.88% with less damage [Fig. 15(b)]. During
the postpeak behavior, Wall W-σn1.5 had less damage compared to
Walls W-Ref and W-σn0. This could be attributed to the enhance-
ment of the aggregate interlocking at high levels of compressive
stress. However, the absence of σn in Wall W-σn0 increased the
sliding deformation at the top course at late loading stages close
to the failure displacement, as shown in Fig. 15(c). From the
performance of three tested Walls, W-σn0, W-Refðσn1.0Þ, and
W-σn1.5, it could be concluded that although the shear failure
is mostly expected at the base where the maximum loads are, slid-
ing shear failure could occur at the top of a RM shear wall in a
multistory building since the gravity loads at the top are less than
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Fig. 15. Effect of axial compressive stress on crack pattern at (a) first major diagonal cracks; (b) lateral peak load Que; (c) when the lateral load
dropped to 80% of Que
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at the base. However, this type of failure is more common in par-
tially grouted masonry walls without sufficient vertical reinforce-
ment, i.e., dowel action.

The effect of axial compressive stress on the crack pattern can be
explained by the principal stresses using Mohr’s circle. Fig. 16
illustrates the principal stresses acting on a masonry panel where
a two-dimensional state of stress develops in the wall: axial com-
pressive stress, σn, and shear stress. The principal stresses due to
uniform shear stress, v, and before applying σn are σt and σc. When
the principal tensile stress, σt, exceeds the tensile strength of
masonry, the initiation of diagonal shear cracks takes place in
masonry walls. However, the presence of the axial compressive
stress, σn, increases the principal compressive stresses to be σ 0

c;
meanwhile, it reduces the principal tensile stresses to σ 0

t due to
the compressive field created by σn, as shown in Fig. 16(c). Hence,
to reach the same tensile strength, σt, a higher value of shear stress,
v 0, is required [Fig. 16(d)]. Moreover, it is clear from the same fig-
ure that increasing σn results in a higher angle of the principal
stresses, θ 0.

Effect of Shear Span to Depth Ratio

One of the important parameters that influence the inelastic behav-
ior of RM shear walls is the shear span to depth ratio,M=Vdv. Most
of the existing design codes for masonry structures, including the
Canadian Standards Association CSA S304 (CSA 2014b), the U.S.
Masonry Standards Joint Committee (MSJC 2013), and New
Zealand Standards NZS 4230 (NZS 2004), limit the effect of
M=Vdv to an upper limit of 1.0. Wall W-M=Vdv1.8 was subjected
to a top moment of 0.9V kN · m, where V is the lateral load from
the horizontal actuator. Instead, Wall W-Ref was tested without a
top moment. As proposed by the Canadian Standards Association
CSA S304 (CSA 2014b), the effective shear depth, dv, was taken
as 0.8lw. Thus, the value of M=Vdv for Walls W-Ref and
W-M=Vdv1.8 are 1.25 and 1.875, respectively. Since both walls
are identical in dimensions and reinforcement, comparison between

their behaviors aims to evaluate the effect ofM=Vdv on the in-plane
shear performance of RM shear walls.

The test results presented in Fig. 17 show a reduction in the
achieved ultimate force, Que, by 25% due to increasing M=Vdv
from 1.25 to 1.875. This loss in the shear resistance is accompanied
by enhancement in the displacement ductility, μΔ0.8Qu, from 4.2 to
5.2. Moreover, the crack strength of Wall W-M=Vdv1.8 was 30%
less than Wall W-Ref. Wall W-M=Vdv1.8 achieved its yield capac-
ity at a lateral load, Qye, of 230 kN compared to 328 kN when the
same wall was tested without a top moment. The effect of M=Vdv
on shear resistance shares provided by horizontal reinforcement,
Vs, and masonry and axial compressive stress, Vmþp, is given in
Fig. 18. The shear span to depth ratio does not have a significant
effect on Vs since the horizontal reinforcement in both walls
reached its yield capacity at the same μΔ of 3.0. At an early
stage of ductility, the shear resistance provided by Vs in Wall

P
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Fig. 16. Principal stresses acting on the masonry wall under different levels of axial compressive stress, σn
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Fig. 17. Effect of shear span to depth ratio, M=Vdv, on in-plane shear
strength of RM shear walls
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W-M=Vdv1.8 was higher than W-Ref because Wall W-M=Vdv1.8
reached its inelastic deformations earlier. On the other hand, the
aforementioned reduction in Que due to increasing M=Vdv from
1.25 to 1.875, could be due to the losses in ðVmþpÞmax as shown
in Fig. 18(b). In Wall W-Ref, the masonry and axial compressive
stress contributed with an ultimate resistance of 275 kN at μΔ of
1.27, followed by rapid strength degradation. This behavior became
more ductile in Wall W-M=Vdv1.8 with less capacity, ðVmþpÞmax,
equal to 155 kN.

The test results of Walls W-Ref and W-M=Vdv1.8 show that
limiting the effect of shear span to depth ratio to an upper value
of 1.0, as provided in most masonry design codes, is overestimating
the in-plane shear strength of RM shear walls, Vn, at high values of
M=Vdv, which might lead to an unsafe design. This experimentally
measured reduction in the shear capacity could be explained by
considering the interaction between the flexural and shear perfor-
mances, as shown in Fig. 19. Both walls are identical in dimensions
and reinforcement. Hence, they would theoretically have the
same shear strength envelope and moment capacity according to
Canadian Standards CSA S304 (CSA 2014b). Increasing M=Vdv
results in a reduction in the lateral force that corresponds to the
flexural capacity of the wall. Consequently, this lower lateral force

intersects with the shear strength envelope at a lower capacity along
with higher displacement ductility.

Both Walls W-Ref and W-M=Vdv1.8 had similar crack propa-
gation and were characterized by moderately ductile failure as
shown in Fig. 20. Initial diagonal crack damage was observed at
a top drift of 0.2% for both walls. As the imposed in-plane top lat-
eral displacement increased, more cracks were formed and gradu-
ally spread over the wall diagonals. Wall W-M=Vdv1.8 reached its
lateral load capacity at early levels of deformation when subjected
to top displacement of þ10.0 mm; in contrast, Wall W-Ref was
able to gain more resistance untilΔe equal toþ14.0 mm. However,
Wall W-M=Vdv1.8 required more loading cycles to lose 20% of its
shear strength, Que, compared to Wall W-Ref. The two tested walls
reached their failure points at almost the same Δe with an average
top drift of 1.23%. However, increasingM=Vdv from 1.25 to 1.875
resulted in higher levels of axial compressive stress on the end
zones of Wall W-M=Vdv1.8. Hence, failure occurred in the wall
cover as presented in Fig. 21. As shown in this figure, the right
side view of the final crack pattern for Wall W-M=Vdv1.8 does
not display any internal crushing in the grout, which could explain
the enhancement in the stiffness degradation during the postpeak
behavior.

Summary and Conclusions

This paper assessed experimentally the in-plane shear behavior of
five single-story RM shear walls when subjected to in-plane axial
compressive stress, cyclic lateral excitations, and top moment. The
studied parameters were the horizontal reinforcement ratio, level of
axial compressive stress, and shear span to depth ratio. The test
results support the following conclusions for fully grouted rectan-
gular RM shear walls:
• Providing horizontal reinforcement to masonry shear walls en-

hances their in-plane shear behavior in terms of shear strength
and displacement ductility. However, the horizontal reinforce-
ment does not have a significant influence on the precrack
behavior and it has a minor effect on the yield capacity. On the
other hand, the experimentally measured in-plane shear resis-
tance provided by the horizontal reinforcement, Vs, reached
100% of its yield capacity for all tested walls at high displace-
ment ductility. These results do not agree with most of the ex-
isting design equations for in-plane shear strength of RM shear
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Fig. 18. Effect of shear span to depth ratio, M=Vdv, on shear resistance shares provided by (a) horizontal reinforcement, Vs; (b) masonry and axial
compressive stress, Vmþp

Fig. 19. Interaction between flexural and shear performance of Walls
W-Ref and W-M=Vdv1.8
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walls, Vn, that consider only a percentage of the yield capacity
of the horizontal reinforcement contributing to Vn;

• Increasing the axial compressive stress, σn, results in a higher
shear strength accompanied with more brittle failure. Likewise,
it enhances the initial stiffness but it is followed by rapid stiff-
ness degradation. From the performance of tested walls under
different levels of σn, it can be concluded that although the shear
failure is mostly expected at the base where the maximum loads
are, sliding shear failure could occur at the top of a RM shear
wall in a multistory building since the gravity loads at the top are
less than at the base. However, this type of failure is more com-
mon in partially grouted masonry walls without sufficient ver-
tical reinforcement, i.e., limited dowel action;

• The test results of walls W-Ref andW-M=Vdv1.8with shear span
to depth ratio,M=Vdv equal to 1.25 and 1.875, respectively, show

a significant reduction in the shear strength by 25% when
M=Vdv is increased. These results clarify that limiting the effect
of M=Vdv to an upper value of 1.0, as provided in most of the
masonry design codes, is overestimating Vn of RM shear walls
at high values ofM=Vdv, which might lead to an unsafe design.
However, W-M=Vdv1.8 was able to achieve higher levels of
displacement ductility. This behavior could be explained by
considering the interaction between the flexural and shear
performances.
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Notation

The following symbols are used in this paper:
Que = peak lateral force;
Qye = lateral yield force, defined at the lateral yield

displacement, Δye, on the backbone curve;
ΔQue

= lateral displacement at the peak lateral force, Que;
Δye = lateral yield displacement, taken as the average between

the top lateral displacements that are corresponding to
the first yield in the vertical reinforcement in each
direction;

Δ0.8Que = lateral displacement defined at a drop in wall capacity to
80% of Que;

μΔe1% = lateral displacements ductility corresponding to the top
drift of 1.0% ¼ Δe1%=Δye;

μΔQue = lateral displacements ductility at peak force =ΔQue=Δye;
and

μΔ0.8Que = lateral displacements ductility at a drop in wall capacity
to 80% of Que ¼ Δ0.8Que=Δye.
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