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The in-plane shear behaviour of URM wallettes strengthened using near surface mounted high strength
twisted stainless steel reinforcement (TSNSM) was investigated and in particular, the effectiveness of the
reinforcing schemes to restrain the diagonal cracking failure mode was studied. A total of 17 URM wal-
lettes, each being 1.2 m � 1.2 m in size, were structurally tested in induced diagonal compression. Of
these, 3 wallettes were tested as-built and 14 wallettes were tested after being strengthened using dif-
ferent patterns of TSNSM bars. Several parameters pertaining to the in-plane shear behaviour of strength-
ened URM walls were investigated, including failure modes, shear strength, maximum drift, pseudo-
ductility, and shear modulus. It was inferred from the results that as-built tested wallettes exhibited sud-
den post-peak strength degradation and failed along a stepped diagonal joint crack, whilst strengthened
wallettes failed along distributed diagonal cracks in a more ductile fashion and exhibited a shear strength
increment ranging from 114% to 189%.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The majority of fatalities caused by earthquakes in the last one
hundred years have resulted from the collapse of unreinforced ma-
sonry (URM) buildings [1]. Poor seismic performance of URM
buildings was also observed in recent earthquakes such as the
2005 M7.6 Pakistan earthquake [2], the 2008 M7.9 Sichuan earth-
quake [3], the 2009 M5.8 L’Aquila earthquake [4] and the 2010
M7.1 Darfield earthquake [5]. These experiences have highlighted
the vulnerability of URM buildings to damage in the event of a
large earthquake, arising from their high seismic mass and limited
ductility. But the heritage value associated with these seismically
deficient URM buildings typically make their demolition undesir-
able and their seismic improvement necessary.

During large earthquakes URM walls may be subjected to
out-of-plane and in-plane lateral loading as well as vertical com-
pression due to self weight and overburden loads, with in-plane
loading governing the global strength and stiffness of the building.
The failure mode of URM walls that are subjected to in-plane seis-
mic excitations depends upon wall aspect ratio and the properties
of their constituent materials, and are characterised as either flex-
ural controlled or shear controlled [6]. The flexural controlled
ll rights reserved.
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mode of failure is characterised by rocking with crushing in plastic
hinge zones, usually developed at the lower wall corners or toes,
and the shear controlled failure of URM walls is identified by three
distinct mechanisms which are bed joint sliding, step joint sliding
and diagonal shear cracking [7]. Sliding and rocking failure modes
may allow considerable displacement capacity during seismic
shaking, and subject to ensuring that collapse is avoided, these
deformation modes may be tolerable to some extent [8]. Brittle
diagonal shear cracking can be avoided and a sliding or rocking
failure mode mobilised by introducing steel reinforcement to
URM walls.

Seismic improvement techniques are used to limit damage
(by increasing the strength), and/or by prolonging the onset of
failure (by increasing the ductility) of the URM building. Many
seismic retrofit solutions involving the addition of steel rein-
forcement have previously been implemented, such as ferroce-
ment overlays, reinforced surface plastering, grouted centre
core steel insertion [9] and near surface mounted (NSM) steel
insertion [10]. It is believed that the addition of steel reinforcing
bars in URM walls allows the strengthened wall to be designed
and to perform as a reinforced masonry (RM) wall such that bars
yield prior to crushing of masonry. Recent research on RM walls
[11–13] extended knowledge pertaining to in-plane seismic
behaviour, but that research addressed new concrete masonry
construction. Research has also been performed to investigate
the structural performance of heritage clay brick masonry walls
retrofitted using the near surface mounting (NSM) technique,
reinforced masonry wallettes strengthened using twisted steel bars. Constr
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which involves the insertion of different types of polymeric rein-
forcement and deformed steel reinforcement [14–19]. Italian
researchers have used this technique to avoid masonry strength
degradation due to creep, which is typical in heritage URM con-
struction [20–22]. In the testing program reported here, an im-
proved commercially available grout-bar system was used,
which has high corrosion resistance and improved masonry-
grout-bar adhesion. To strengthen the test units, twisted steel
reinforcement bars were introduced into URM wallettes using
the NSM technique, where thin slots are cut into the surface of
the masonry and the reinforcement is bonded into the slot using
high bond strength thixotropic injectable cementitious grout. The
twisted stainless steel reinforcement bars are commercially
available and are presently used for applications such as bed
joint reinforcement to create deep beams or lintels, structural ty-
ing between intersecting structural members, stitching across
existing cracks in URM and for strengthening wall ties in exist-
ing cavity and veneer masonry construction. In a concurrent
study, out-of-plane field testing of URM walls strengthened
using twisted stainless steel near surface mounted (TSNSM) rein-
forcement has been reported [23]. Strengthening of URM arch
bridges using a similar bar-grout system has also been reported
[24,25]. TSNSM has several advantages as the retrofit application
involves minimal disruption and architectural alteration, and the
cementitious grout used is easy to work with and is believed to
be more compatible with porous heritage URM materials than
are the polymeric adhesives that are typically used with fibre
reinforced polymer (FRP) reinforcement. Moreover, twisted stain-
less steel bars have high corrosion resistance and can readily be
bent/hooked if additional anchorage is required, the helical pro-
file results in excellent mechanical anchorage over short bond
lengths, the application does not increase the seismic weight of
the structure, and the system is likely to be accepted by industry
due to the proven track record of using steel reinforcement in
reinforced masonry construction. It is believed that the cementi-
tious grout has higher fire resistance when compared to its
counterpart polymeric adhesion agents, but no experimental val-
idation has been found to support this claim. From discussions
with heritage masons, it was also established that the vertical
slots may be concealed in architecturally sensitive buildings
using a brick face replacement technique, which involves remov-
ing the brick surface section and then after insertion of bars,
replacing the same colour brick section.
2. Experimental program

A testing program was undertaken to investigate the in-plane performance of
URM wallettes seismically strengthened using TSNSM, with the diagonal shear
cracking mode of failure investigated in particular. Three as-built and 14 strength-
ened URM wallettes were tested in induced diagonal compression (in-plane shear).
Table 1
Material properties.

Series f 0b (N/mm2) fbt (N/mm2)

Masonry materials
1 Value – 3.6

COV – 21%
2 Value 39.4 3.9

COV 48% 14%

D (mm) fpy (N/mm2) fpu (N/mm2)

Reinforcing steel

1, 2 6 913 1168
10 892 1108

Where: f 0b = brick compressive strength; fbt = brick modulus of rupture; f 0j = mortar compr
fpy = specified 0.2% proof stress of reinforcement; fpu = specified ultimate tensile streng
reinforcement D = outer bar diameter; and As = net cross sectional bar area.
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Different orientations of stainless steel NSM reinforcement were used to retrofit the
wallettes. The failure modes, load versus displacement response, drift at yield, ulti-
mate drift, pseudo-ductility, shear strength and stiffness of tested wallettes were
determined.

2.1. Material properties

Test wallettes were constructed and tested in two series (referred to as series 1
and series 2). Both series used solid (no holes or indentations) extruded clay bricks.
Two different mortar compositions, replicating prevalent mortar compositions used
in existing modern (series 1) and existing old (series 2) URM construction, were
used. Series 1 wallettes were constructed using new bricks being 230 mm
long � 110 mm wide � 75 mm high, with 10 mm thick mortar joints using a
hydraulic cement mortar with a cement:lime:sand ratio (by volume) of 1:1:6 plus
an air entraining admixture to the manufacturer’s recommended dosage. The
admixture was used to increase the mortar workability but also resulted in reduced
masonry bond strength. Series 2 wallettes were constructed using salvaged solid
clay bricks being 220 mm long � 105 mm wide � 90 mm high, with 15 mm thick
mortar joints using a hydraulic cement mortar with a cement:lime:sand ratio of
1:2:9 following prevalent masonry construction practices [26].

Masonry modulus of rupture was determined by testing 24 masonry triplets (3
bricks high masonry sub assemblages) for flexural strength in accordance with AS/
NZS 4456.15 [27], typically 2 for each wallette. Mortar compressive strength was
determined by testing twenty 50 mm mortar cubes in accordance with ASTM
C109/C109M-02 [28] and the compressive strength of bricks and masonry were
determined in accordance with ASTM C270-03 [29] and ASTM C62-04 [30] respec-
tively, typically in sets of two for each wallette. The results are reported in Table 1
as mean values and associated coefficient of variation (COV). For strengthening,
high strength twisted stainless steel bars were used along with a commercially
available thixotropic injectable grout (referred to as grout hereafter), which is typ-
ically used for TSNSM and was recommended by the manufacturer of the reinforce-
ment. The tensile strength of the twisted steel reinforcing bars was established from
testing performed by the manufacturer and the test results are reported in Table 1.
Grout cubes were tested after 14 days, resulting in a measured compressive
strength value of 44.9 MPa. However, it was established from a literature review
of carbon fibre reinforced polymer NSM techniques that the performance of retro-
fitted walls is largely dependent upon the adhesion of the reinforcement–
grout–masonry system. In order to establish the anchorage characteristics of the
bar-grout system used, three pull out tests were performed for 2, 3 and 4 brick
lengths of straight embedment. Of these three tests, embedment lengths of 3 and
4 brick lengths ultimately resulted in bar rupture and even the 2 brick length
embedment resulted in close to the expected rupture load of the bar. The peak force
applied on the free end of the reinforcement for 2, 3 and 4 brick length embedment
was 7.6 kN, 8.6 kN and 8.7 kN respectively, being close to the nominal specified ten-
sile strength of the 6 mm twisted bar that was used for the tests. Helix unwinding
over the bar free length was observed at the conclusion of the pull out testing, with
no signs of debonding or grout crushing. The unwinding observed in the pull out
tests was attributed to relatively long free lengths between the grips of the testing
machine and the masonry anchorage, which is unlikely to happen in actual applica-
tions within a strengthened wall.

2.2. Wallette specimens

The experimental program consisted of two series of tests that involved in-
plane shear testing of solid clay brick masonry wallettes, with both series strength-
ened using identical TSNSM bars. Series 1 testing involved diagonal shear (DS) test-
ing of ten single-wythe thick wallettes, constructed using a running bond pattern
and series 2 testing involved DS testing of seven 2-wythe thick wallettes, with ma-
sonry following a common bond pattern (i.e., one header course after every three
stretcher courses). These bond patterns were selected because of their prevalence
f 0j (N/mm2) f 0m (N/mm2) fr (N/mm2)

– 32.1 0.4
– 18% 37%
1.4 10.7 0.2
30% 33% 29%

fps (N/mm2) Eps � 103 (N/mm2) As (mm2)

697 110–180 7.14
470 14.8

essive strength; f 0m = masonry compressive strength; fr = tensile strength of masonry;
th of reinforcement; fps = shear strength of reinforcement; Eps = elastic modulus of

reinforced masonry wallettes strengthened using twisted steel bars. Constr



Fig. 1. Wallette geometry and masonry bond patterns.
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in existing modern (series 1) and existing old (series 2) URM construction and are
shown in Fig. 1. Three wallettes were tested as-built to serve as control wallettes,
and 14 wallettes were seismically strengthened prior to testing using different pat-
terns of TSNSM reinforcement (see Fig. 2). As design equations for TSNSM have not
yet been developed, the reinforcement patterns used were established from manu-
facturer recommendations. However, it should be noted that this testing was used
more as a proof of concept of a relatively new technology rather than an optimised
design assessment, and that further investigation is required in order to optimise
reinforcement ratios. The bars were extended to the edges of the wallettes and were
finished straight (no bend or cog). For series 1, both faces of each wallette were
reinforced to avoid eccentricity and the reinforcing bars were offset on opposite
sides of the wallettes to prevent through wall cracking between back to back slots.
However, for the majority of heritage URM buildings, retrofit application on the
front façade is not desirable and so series 2 involved strengthening on one face only.
Test wallettes were given the notation WXC-N or WXS-N, where W refers to wal-
lette, X denotes the test series (1 or 2), C refers to unreinforced control specimens,
S refers to the TSNSM retrofit technique and N denotes the test number. Wallette
dimensions and details of the retrofit application are shown in Table 2.
2.3. Strengthening procedure

Installation of twisted steel bars first involved grinding of any surface undula-
tions and then cleaning and removal of dust with an air blower. Subsequently,
30 mm deep and 10 mm wide (for diameter 6 mm bars) and 14 mm wide (for diam-
eter 10 mm bars) surface slots (as recommended by the supplier and similar to that
used in NSM literature) were cut into the masonry surface using a disc grinder
mounted with a dust guard. The cut slots were cleaned with an air blower or
Fig. 2. Strengthening details (dashed lines
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flushed with water. A water based primer was sprayed in the slots by using a blow
pump to create a sealing membrane between the porous substrate and the grout,
which also enhanced the masonry-grout bond strength. An approximately 10 mm
thick bead of grout was injected into the back of the slot using a hand held pointing
gun. The twisted steel reinforcing bars were inserted into the slots by pushing them
with a finger trowel into the injected bead of grout, and then the slots were filled
with grout. Fig. 3 shows photographs of the steel reinforcement used and the retro-
fit application being performed on a test wallette.

2.4. Test setup

ASTM E-519-02 standard guidelines [31] were used to investigate the in-plane
diagonal shear strength. This test procedure provided a simple means of producing
diagonal cracking and/or bed joint sliding failure modes and enabled the effective-
ness of various strengthening schemes to be evaluated. Displacement controlled
loading was applied along the diagonal of the test wallettes at a rate of approxi-
mately 0.1 mm/s. Applied diagonal force and the corresponding displacements
along both diagonals of the wallettes were recorded.

For series 1, a standard test setup was used (see Fig. 4a) that consisted of a
300 kN hydraulic actuator, 300 kN load cell, loading shoes and four potentiometers.
As series 2 wallettes were heavier with lower masonry bond strength, and hence
were more vulnerable to damage than series 1 wallettes, a modified test setup
was used (see Fig. 4b). The diagonal force was applied to the series 2 wallettes using
a 500 kN hydraulic actuator coupled with a 500 kN load cell, and two potentiome-
ters were used to determine the diagonal shortening and elongation. Series 2 wal-
lettes were constructed directly over the steel beams and bricks were placed
directly over the steel beam without any mortar interface, allowing sliding to take
place and maintaining an unrestrained edge. All potentiometers were attached to
test wallettes along the diagonals and had a gauge length of 1414 mm.

3. Experimental results and discussion

3.1. Crack patterns

Testing was continued until either the post-peak shear stress
degraded to half of the maximum shear strength, or the equivalent
lateral drift reached 1%. The as-built wallettes (W1C-1, W1C-2 and
W2C-3) exhibited an approximately linear behaviour up to first
cracking and then failed suddenly along a diagonal step joint when
they reached their diagonal tensile strength (Fig. 5a and e).

For the strengthened wallettes with vertically aligned reinforce-
ment, diagonal cracking initiated close to peak load but was
represent bars installed on rear face).

reinforced masonry wallettes strengthened using twisted steel bars. Constr



Table 2
Wallette dimensions and retrofit details.

Series Wallette Wallette dimensions (mm) Retrofit details

H B t Strengthened with (number of faces strengthened shown in parenthesis) Pattern

1 W1C-1 1200 1200 110 – –
W1C-2 1200 1200 110 – –
W1S-1 1200 1200 110 4 slots equally spaced with 1T6 in each slot (2) V
W1S-2 1200 1200 110 4 slots equally spaced with 1T6 in each slot (2) V
W1S-3 1200 1200 110 4 slots equally spaced with 2T6 in each slot (2) V
W1S-4 1200 1200 110 4 slots equally spaced with 2T6 in each slot (2) V
W1S-5 1200 1200 110 4 slots equally spaced with 2T10 in each slot (2) V
W1S-6 1200 1200 110 4 slots equally spaced with 2T10 in each slot (2) V
W1S-7 1200 1200 110 4 slots on one face and 3 slots on the other face with 1T6 in each slot (2) HL
W1S-8 1200 1200 110 4 slots on one face and 3 slots on the other face with 1T6 in each slot (2) HL

2 W2C-3 1200 1200 220 – –
W2S-9 1200 1200 220 2 slots equally spaced with 1T6 in each slot (1) V
W2S-10 1200 1200 220 3 slots equally spaced with 1T6 in each slot (1) V
W2S-11 1200 1200 220 4 slots equally spaced with 1T6 in each slot (1) V
W2S-12 1200 1200 220 5 slots equally spaced with 1T6 in each slot (1) V
W2S-13 1200 1200 220 4 slots with 1T6 in each slot (1) G
W2S-14 1200 1200 220 2 slots equally spaced with 1T6 in each slot (1) HL

Where: H = wallette height; B = wallette length; t = wallette thickness; HL = horizontal; V = vertical; G = grid; and T = high strength twisted stainless steel bar.

(a) Twisted bar (b) Retrofit application 

Fig. 3. Photographs of test wallette preparation.
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restrained by the reinforcement, resulting in more ductile modes of
failure than observed for the URM control specimens. The resulting
failure modes involved distributed diagonal cracking across the
compressed diagonal region of the wallettes (Fig. 5c and g). In
the vicinity of major diagonal cracks, after large displacements,
there was considerable local crushing of the masonry and cemen-
titious grout adjacent to the reinforcing bars (Fig. 5d). The twisted
steel NSM bars held the cracked masonry together and restrained
the shear induced dilation mechanism which developed along
the sliding portions of the cracking surfaces. This restraint to dila-
tion increased the frictional resistance of the cracks, resulting in in-
creased load and displacement capacity. Any dowel action was
likely to be insignificant due to excessive local bending of the rein-
forcing bars across the shear cracks (Fig. 5d). Despite the shear
cracks crossing the bars close to the edges of the wallettes, bar slip-
page or reinforcement debonding was not observed in the testing,
confirming that there was sufficient mechanical bond between the
reinforcement and masonry over short embedment lengths.

In test wallettes W1S-1 and W1S-2, during and after the tests, it
was observed that several of the bars had ruptured, but no bar rup-
ture was observed in the other tests. All strengthened wallettes
failed with diagonal cracks except W1S-7 and W1S-8 (series 1 –
horizontally aligned reinforcement), which developed diagonal
cracks but ultimately failed by sliding along an unstrengthened
horizontal mortar joint (see Fig. 5b). Test wallette W2S-14
Please cite this article in press as: Ismail N et al. Diagonal shear behaviour of un
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(Fig. 5f) was also strengthened using a horizontal reinforcement
pattern. However, when compared to W1S-7 and W1S-8, wallette
W2S-14 had additional compression stress normal to the mortar
bed joints due to wallette self weight, and exhibited a diagonal
cracking failure mode. Visible out-of-plane bending of test wal-
lettes having high reinforcement ratios on one face only (W2S-11
and W2S-12) was also observed in the testing.

3.2. Shear stress–drift response

The experimentally measured diagonal force, P, was trans-
formed into shear stress, t, using Eq. (1), where t is wallette thick-
ness, B is wallette length, H is wallette height, and a is the angle
between the wallette diagonal and the horizontal axis. Measured
drift values, d, were calculated using Eq. (2), where DS is diagonal
shortening along the axis of applied force, DL is diagonal elonga-
tion measured perpendicular to the axis of applied force, and g is
the gauge length.

m ¼ P cos a
0:5tðH þ BÞ ð1Þ

d ¼ DSþ DL
2g

ðtan aþ cot aÞ ð2Þ

A maximum allowable drift limit of 0.5–0.6% is typically speci-
fied in design codes [32,33] for URM walls, and hence curves were
plotted to a maximum drift of 1.0% (see Fig. 6a–l). The force–
displacement response of the as-built tested wallettes exhibited
sudden strength degradation once cracking had propagated. A lin-
ear-elastic behaviour up to cracking and then a gradual decrease in
the post-peak strength was observed in all strengthened wallettes
(see Fig. 6a–k), except for W1S-7 and W1S-8 which failed by sud-
den sliding failure along a horizontal mortar joint (see Fig. 6e). It is
noted that typical URM walls are loaded axially due to their self
weight and overburden loads, and that bed joint sliding failure
modes may not lead to sudden complete loss of strength as ob-
served here.

3.3. Shear strength

Maximum shear stress values are listed in Table 3, and are also
expressed as a ratio of the shear strength of the corresponding as-
built wallette. As-built tested URM wallettes W1C-1 and W1C-2
reinforced masonry wallettes strengthened using twisted steel bars. Constr



Fig. 4. Test setup.

(a) Series 1 as-built (b) Series 1 horizontally 
reinforced wallette

(c) Reinforcement supporting 
masonry together after 

cracking

(d) Localised crushing

(e) Series 2 as-built wallette (f) Series 2 horizontally reinforced 
wallette

(g) Series 2 vertically reinforced 

wallette

wallette

Fig. 5. Crack patterns and photographs of tested wallettes.
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behaved almost linearly up to peak load and then failed suddenly
at small deformations with a diagonal cracking failure mode. Test
wallette W2C-3 cracked diagonally along the mortar step joint
and upon further application of the diagonal displacement the
upper portion of the wallette slid in the horizontal direction. All
three reinforcement patterns resulted in higher shear strength
Please cite this article in press as: Ismail N et al. Diagonal shear behaviour of un
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values, on average, than was measured for the as-built URM con-
trol specimens, with the combined horizontal and vertical grid pat-
tern resulting in the largest strength increase. Furthermore, the
reinforcement restrained the opening of diagonal cracks which
developed during loading, allowing the wallettes to undergo large
displacement while continuing to support significant load. All
reinforced masonry wallettes strengthened using twisted steel bars. Constr



(a) As-built Tested Wallettes (b) W1S-1 and W1S-2 (c) W1S-3 and W1S-4 

(d) W1S-5 and W1S-6 (e) W1S-7 and W1S-8 (f) W2S-9 

(g) W2S-10 (h) W2S-11 (i) W2S-12 

(j) W2S-13 (k) W2S-14 (l) Elasto-plastic bilinear 
approximation
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Fig. 6. Shear stress–drift plots.
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strengthened wallettes except W1S-7 and W1S-8 continued to re-
sist load at the conclusion of testing. Specimens W1S-7 and W1S-8
failed at loads lower than measured for the as-built URM control
specimens but this was identified to result from the masonry that
was used to construct these two specimens having a bond strength
that was significantly lower than the series 1 mean value [34]. The
reduced bond strength of these two wallettes was either due to a
mistake in mortar proportion or due to a longer mixing time than
for other mortar batches, resulting in more air voids in the mortar.

3.4. Pseudo-ductility

Materials that can deform beyond the elastic range with a grad-
ual drop in capacity are said to be ductile. In the event of an earth-
quake, buildings undergo lateral displacement and the ability of a
Please cite this article in press as: Ismail N et al. Diagonal shear behaviour of un
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building to deform without collapsing is termed structural ductility.
As the shear stress–drift plots for tested wallettes did not have a dis-
tinct yield point, pseudo-ductility was determined using an elasto-
plastic bilinear approximation (see Fig. 6l). The ultimate drift, du,
was determined as the drift value when the shear strength degraded
to 0.8t and the yield drift, dy, was determined such that the area un-
der the bilinear curve was the same as that under the experimental
curve. The values of ultimate and yield drift are reported in Table 3
and the pseudo-ductility, l, was determined using the equation.

l ¼ du

dy
ð3Þ

The large increase in pseudo-ductility for strengthened wallettes
was attributed to reinforcement holding the brick masonry to-
gether and distributing stresses over larger areas. Pseudo-ductility
reinforced masonry wallettes strengthened using twisted steel bars. Constr



Table 3
Test results.

Series Wallette qh 10�3 qv 10�3 Pmax (kN) Fmax (kN) tmax (N/mm2) t/to (%) dy � 10�3

(mm)
du � 10�3

(mm)
l G � 103 (N/mm2) E � 103 (N/mm2)

1 W1C-1 0.00 0.00 157.0 111.0 0.84 – 0.3 0.3 1 2.8 7.0
W1C-2 0.00 0.00 129.0 91.2 0.69 – 0.2 0.2 1 3.5 8.6
W1S-1 0.00 0.43 193.0 136.5 1.03 135 0.4 0.8 2 2.6 6.4
W1S-2 0.00 0.43 212.0 149.9 1.14 148 0.3 1.0 3 3.8 9.5
W1S-3 0.00 0.87 212.0 149.9 1.14 148 0.3 1.9 6 3.8 9.5
W1S-4 0.00 0.87 192.0 135.7 1.03 134 0.8 1.7 2 1.3 3.2
W1S-5 0.00 1.79 163.0 115.2 0.87 114 0.1 2.6 26 8.7 21.8
W1S-6 0.00 1.79 209.0 147.8 1.12 146 0.1 19.8 198 11.2 28.0
W1S-7 0.38 0.00 105.0 74.2 0.56 73 0.1 0.8 8 5.6 14.0
W1S-8 0.38 0.00 124.0 87.7 0.66 87 0.3 1.3 4 2.2 5.5

2 W2C-3 0.00 0.00 51.0 36.0 0.14 – 0.1 0.7 7 1.0 2.5
W2S-9 0.00 0.11 87.0 61.5 0.23 171 0.3 1.7 6 0.7 1.7
W2S-10 0.00 0.16 93.4 61.1 0.25 183 0.2 3.5 18 1.2 2.9
W2S-11 0.00 0.22 94.0 66.4 0.25 184 0.2 9.2 46 1.3 3.1
W2S-12 0.00 0.27 94.6 66.9 0.25 186 0.1 11.2 112 2.5 6.3
W2S-13 0.11 0.11 96.2 68.0 0.26 189 0.4 3.6 9 0.7 1.6
W2S-14 0.11 0.00 71.6 50.6 0.19 140 0.3 8.7 29 0.8 2.0

Where: qh = horizontal reinforcement ratio; qv = vertical reinforcement ratio; Pmax = maximum applied diagonal force; Fmax = maximum horizontal shear force;
tmax = maximum shear stress; dy = % drift at yield; du = % drift at failure (corresponding to 0.8t); l = pseudo-ductility; G = modulus of rigidity; E = modulus of elasticity; and t/
to = ratio of the shear strength to that of the as-built wallette.
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is often used in demand capacity phase diagram based design,
where a pushover curve is generated for the building [35,36]. Refer-
ring to Table 3, it is noted that the ductility factor was determined
using induced diagonal cracking and is highly sensitive to the calcu-
lated yield drift, dy, which for the current tests showed considerable
variability and for many of the tests was calculated as a very small
value. The large variations in observed dy were attributed to redis-
tribution of stresses and deformations throughout the highly heter-
ogeneous material during the pre-peak loading phase, resulting in
the displacement that was measured along the compression diago-
nal being not representative of the true elastic drift.
3.5. Stiffness

The modulus of rigidity, G, was determined as the secant mod-
ulus between 0.05tmax and 0.75tmax of the shear stress–shear
strain plots. The stiffness of test wallettes was quantified by the
elastic modulus, E, which is related to the modulus of rigidity, G.
For each wallette a corresponding elastic modulus was calculated
as:

E ¼ 2Gð1þ pÞ ð4Þ

where G = shear modulus and p = Poisson’s ratio (adopting p = 0.25).
The more lightly reinforced wallettes had stiffness values that were
lower than their counterpart non-strengthened wallettes (possibly
due to cut grooves in the surface of the wallettes), but the wallettes
with higher reinforcement ratios were more stiff. The elastic moduli
determined for all test wallettes are reported in Table 3.
4. Conclusions

The in-plane shear behaviour of URM wallettes strengthened
using near surface mounted high strength twisted stainless steel
reinforcement bars was investigated. The effectiveness of the rein-
forcing schemes to restrain the diagonal cracking failure mode was
studied. The study considered horizontal, vertical and grid pattern
reinforcement applied to single-wythe thick and two-wythe thick
wallettes. Parameters pertaining to seismic behaviour were deter-
mined, including shear strength, drift capacity, pseudo-ductility,
shear modulus and elastic modulus. The results were compared
to those obtained from testing as-built URM wallettes. The key
findings of the experimental program are:
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1. The improvement in shear strength (i.e., t/to) for strengthened
wallettes ranged from 114% to 189% except for W1S-7 and
W1S-8, which were strengthened using a horizontal pattern
and showed decreased shear strength. The latter was due to
the masonry bond strength for these two specimens being sig-
nificantly lower than the series mean.

2. The horizontal reinforcement scheme was effective in bridging
diagonal cracks which formed close to peak load, and allowed
the wallettes to deform further until ultimate failure occurred.
This behaviour resulted in a smaller increase in shear strength,
on average, when compared to other reinforcement schemes,
but a large increase in pseudo-ductility was observed.

3. The vertical and grid reinforcement schemes performed the
best in terms of increases in strength and displacement capac-
ity. The presence of vertical reinforcement restrained opening
of the diagonal cracks which developed during loading, allow-
ing the wallettes to undergo large displacement while contin-
uing to support significant load, and resulted in a larger shear
strength increase than when using the horizontal reinforcement
scheme.

4. The effect of increasing the vertical reinforcement percentage
was to reduce the post-peak drop in load and hence increase
the ductility of the wallettes.

5. All strengthened wallettes (except those that were strength-
ened using horizontal schemes) displayed ductile failure modes
and continued to resist load at the completion of testing.

6. The primary reinforcement mechanism for vertically aligned
reinforcement was restraint to shear induced dilation which
resulted in increased frictional shear resistance along the shear
cracks. Dowel action was likely insignificant due to the exces-
sive local bending of the reinforcing bars across the shear
cracks.

7. The helical profile of the stainless steel reinforcing bars resulted
in excellent mechanical bond between the reinforcement and
masonry over short bonded lengths.
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