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Abstract
The in-plane shear behaviour of unreinforced masonry wallettes retrofitted using polymer
textile reinforced mortars (TRM) was investigated and in particular, the effectiveness of the
retrofit technique to restrain the diagonal cracking failure mode was studied. A total of twelve
two leaf thick clay brick masonry wallettes, each being 1.2 m square in size, were structurally
tested in induced diagonal shear. Of these, two wallettes were tested as-built and ten wallettes
were tested after being retrofitted using different commercially available TRM systems.
Several parameters pertaining to the in-plane shear behaviour of retrofitted masonry walls
were investigated, including failure modes, stress-strain behaviour, shear strength, maximum
drift, pseudo-ductility, and shear modulus. It was inferred from the results that the observed
diagonal shear strength increase for test wallettes having TRM on one face ranged from
114% to 148%, whereas the test wallettes having TRM on both faces failed in a brittle
manner, exhibiting a shear strength ranging from 446% to 481% of their as-built strength.

Notations
B
Eb
Ed
Em
Fmax
f’b
f’j
f’m
fr
G
H
MOR
Pmax
T
Δy
Δu
γu

Test wallette length
Brick modulus of elasticity
Dissipated energy
Masonry elastic modulus
Maximum measured horizontal shear force (Fmax = 0.707Pmax)
Brick compressive strength
Mortar compressive strength
Masonry compressive strength
Flexural bond strength of masonry
Modulus of rigidity
Test wallette height
Brick modulus of rupture
Maximum measured diagonal force
Test wallette thickness
Measured displacement at first cracking
Measured displacement at ultimate strength limit state
Measured drift at failure
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Shear strength of the as-built tested wallette
Maximum measured shear stress
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1. Introduction
Unreinforced masonry (URM) buildings represent a large proportion of the historic building
stock worldwide, but the majority of these buildings are vulnerable to collapse in a moderate
to large magnitude earthquake and pose a safety risk to their occupants. According to one
estimate, roughly 75% of the fatalities caused by earthquakes in the last one hundred years
have resulted due to the collapse of URM buildings (Coburn and Spence, 2006). The seismic
hazard associated with these earthquake prone buildings can be mitigated by either
demolition or the implementation of seismic retrofits, with the latter option being preferred
for buildings having important heritage value. Despite the observed poor seismic
performance of URM buildings in the recent 2010/2011 Canterbury (New Zealand)
earthquake series (or swarm) being consistent to the performance expected for such a large
magnitude earthquake, with numerous cases of URM buildings having partially or completely
collapsed (Ingham and Griffith, 2011a; Ingham and Griffith, 2011b; Ingham et al., 2011c), it
was observed that URM buildings having well-conceived retrofit design performed well
(Dizhur et al. 2010). These observed deficiencies in unretrofitted URM buildings further
highlighted the seismic hazard associated with this type of buildings and emphasised the
priority for further investigation to acquire experimental data on the structural characteristics
of seismically retrofitted URM walls.
It has been suggested in the technical literature that polymeric composite materials offer
several advantages over traditional retrofitting materials (such as steel) that include a large
strength to weight ratio, faster application rate, thinner cross section, better corrosion and fire
resistance, and easy handling. Owing to these advantages the potential use of polymer
materials for retrofitting earthquake prone buildings has attracted interest from academia and
practicing engineers. Currently, different retrofitting techniques involving use of these
polymeric materials are being implemented that include surface bonding of carbon fibre
reinforced polymer (CFRP) plates, near surface insertion of CFRP strips/bars, surface
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bonding of organic epoxy impregnated glass fibre reinforced polymer (GFRP) sheets and
surface overlay of a mortar matrix reinforced with fibre reinforced open grid textiles (referred
to as TRM herein). Of these different techniques, TRM was selected for further investigation
because it offers better compatibility with older weak masonry constituent materials,
relatively larger ductility, relatively higher fire resistance, lesser handling problems, and
larger porosity when compared to their counterpart surface bonded GFRP retrofit
applications. It should be noted that the porosity (also referred to as breathability) is crucial
for the longevity of a retrofit solution, which is the ability of a retrofit overlaying layer to
create a porous water resistant layer that prevents water ingress but allows vaporisation of
entrapped water. Additionally, the use of an open grid pattern of these polymer textiles
provides better surface adhesion than GFRP sheets due to additional mechanical interlocking
attributed to the mortar matrix protruding through the grid openings of the textile.
TRM draws upon traditional steel mesh reinforced mortar applications to masonry walls,
referred to as ferrocement, which involves the application of steel or galvanised iron mesh
onto the masonry surface using a strong cement-sand mortar. In TRM applications, the
conventional steel reinforcement grid is substituted by a polymer textile and an improved
mortar matrix is used instead of a cement-sand mortar to provide better bonding between the
reinforcement textile and the masonry substrate. The commercially available mortar matrices
used for a TRM applications are either cement based mortars or acrylic polymer based
matrices, with the latter having been only recently developed. Different polymeric composite
materials are used to make the reinforcement textiles for such TRM applications, including
polyester fibre, fibreglass, basalt fibre, and propylene. These different types of polymer
textiles are commercially available in a variety of textile configurations and densities.
1.1. Past testing
The use of TRMs dates back to the early 1980s (Papanicolaou et al., 2007) when the
technique was mainly used in new concrete construction. Research investigating the
suitability of TRM systems for seismic retrofitting of buildings progressed at a slow rate,
with most experimental studies having been undertaken in the last 10 years and were mainly
focused on retrofitting of concrete frames (Triantafillou and Papanicolaou, 2006; Mantegazza
et al., 2006; Peled, 2007).

However in some relatively recent research studies, the

effectiveness of TRM systems for retrofitting clay brick masonry walls has also been
investigated by performing induced diagonal shear testing of retrofitted masonry assemblages
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(Papanicolaou et al., 2007; Mantegazza et al., 2006; Faella et al, 2010; Papanicolaou et al.,
2011). Parisi et al. (2010) performed quasi-static testing of a single URM wall with openings.
The wall was first tested as-built (plain URM without any treatment) and then repaired using
a TRM system similar to that used in this testing program. The effectiveness of the TRM
system for repairing damaged historic URM buildings was investigated by comparing the
results from the as-built tested wall and the repaired test wall. The study concluded that
TRM repairing not only restored the in-plane strength, but also led to increased ductility of
the wall.
Furthermore, the cyclic out-of-plane flexural response of small scale TRM retrofitted
masonry assemblages has been investigated by performing pseudo-static cyclic out-of-plane
testing (Papanicolaou et al., 2008; Harajli et al., 2010), with loading being applied using a
three point loading arrangement. Following the above mentioned experimental studies it was
reported that TRM is a viable seismic retrofit technique for masonry walls, and a large
strength increment was reported for retrofitted masonry assemblages when compared to
corresponding as-built tested masonry assemblages.
1.2. Retrofitting procedure
Figure 1 show photographs representing different steps involved in a TRM retrofit
application. The masonry surface is first prepared by removing all rendering coats down to
the underlying brickwork and loose materials are removed. The substrate must be cleaned to
achieve good adhesion between the polymer textile and the masonry, free from disintegrated
masonry fragments, dust, oil and paintwork. The cleaned substrate is made wet by sprinkling
water and left to dry until a saturated surface dry condition is achieved. If a saturated surface
dry condition cannot be achieved then to create a permeable layer between the mortar matrix
and the masonry substrate, a primer coat is applied onto the cleaned masonry surface.
As the adhesive mortar can only be applied up to a maximum thickness of 4-10 mm, a
levelling mortar base coat is applied for uneven masonry surfaces. The commercially
available levelling mortars can be applied up to a thickness of 25 mm. A galvanised steel
mesh fixed using light capacity steel mechanical anchors is also used as additional
reinforcement in the levelling mortar layer and to improve the de-bonding strength. For such
applications 100 mm long expansion galvanised steel nail anchor assemblies are typically
used, which consist of a steel nail having a diameter of 8 mm and a polyamide dowel sleeve
with two perforated polyamide retaining plates (refer Figure 1a). For installing these steel
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anchors, equally spaced holes (roughly 300 mm o.c. in both directions) are drilled in the
prepared masonry substrate using a rotary drill. The dowel sleeves for anchors are inserted
into the drilled holes, the steel mesh is placed between the retaining discs and the steel
anchors are driven into the pre-installed dowel sleeves. A levelling base coat is then applied,
which covers the mounted steel mesh. Once the base coat has been applied, it is left to cure
under normal environmental conditions for several days. It is recommended to wait until the
levelling mortar layer is completely dry.
The adhesive mortar is mixed as per the manufacturer’s recommendations and a 3-4 mm
thick layer of the mixed adhesive mortar is uniformly applied over the dry levelling mortar
layer using a flat metal trowel. The textile is pressed into the freshly applied mortar layer
using a flat trowel so that mortar protrudes through the textile grid openings. It is thought that
these mortar protrusions provide additional mechanical interlocking. A final rendering coat of
a 2-3 mm thick layer of adhesive mortar is then applied over the textile and the surface is
smoothened using a flat trowel. The recommended curing time for commercially available
adhesive mortars for such TRM applications varies between 7 to 28 days.

2. Material properties
All test wallettes were two-leaf thick and were constructed by an experienced brick layer
under supervision. The masonry was laid following a common masonry bond pattern, with
one header course after every three stretcher courses and having roughly 15 mm thick bed
joint mortar courses. In order to replicate the physical characteristics of historic URM
materials, an ASTM type O hydraulic cement mortar having a volumetric mix ratio of 1:2:9
(cement:lime:sand) and salvaged solid clay bricks was used for construction of the test
wallettes. The clay bricks used were 220 mm long × 110 mm wide × 90 mm high for
series 1a and 220 mm long × 110 mm wide × 75 mm high for series 1b. Several standardised
material tests were performed for establishing masonry material properties, with details of
this testing discussed in the following paragraph.
The results of material testing are reported in Table 1 as mean values and corresponding
coefficients of variation (COV). Masonry flexural bond strength was determined by testing
24 two bricks high masonry prisms for flexural strength in accordance with ASTM C1072-10
(ASTM, 2010). The brick flexural strength was measured by testing 20 bricks in accordance
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with AS/NZS 4456.15 (AS/NZS, 2003). Mortar compressive strength was determined by
testing 50 mm mortar cubes in accordance with ASTM C109/C109M (ASTM, 2002a),
typically in sets of three for each mortar batch. The compressive strength of bricks and
masonry were determined in accordance with ASTM C67 (ASTM, 2003a) and ASTM C270
(ASTM, 2003b) respectively, typically in sets of three for each test wallette. For retrofitting
of the test wallettes, three different types of polymer textiles, three different types of adhesive
mortars, and three different types of levelling mortars were used. The details of these retrofit
materials are given in Table 2.

3. Experimental program
A testing program was undertaken to investigate the in-plane performance of URM wallettes
seismically retrofitted using TRM, with the diagonal shear cracking mode of failure
investigated in particular. A total of twelve (12) masonry wallettes, each being 1.2 m × 1.2 m
in size, were subjected to induced diagonal shear to establish the effectiveness of different
TRM systems. Of these, two (02) wallettes were tested as-built and ten (10) URM wallettes
were retrofitted prior to testing. The testing was performed in two series of tests, being series
1a and series 1b (refer to Table 3). Test wallettes were given the notation ABW-N or TMWN, where AB refers to as-built tested wallettes, TM refers to TRM, W refers to wallettes and
N denotes the test number. Test wallette dimensions and retrofit details are shown in table 3,
whereas figures 2a and 2b show the masonry bond patterns and geometric dimensions of the
test wallettes.
As design equations for a TRM retrofit have not yet been developed, the textile patterns used
were established from manufacturer recommendations. Additionally, a steel mesh was also
used to retrofit test wallettes TRM-7, 8, 11, and 12. However, it should be noted that this
testing was used as a proof of concept of a relatively new technology rather than as an
optimised design assessment, and further investigation is required to optimise reinforcement
ratios and textile configurations. The retrofitted test wallettes were then subjected to induced
diagonal shear to establish the effectiveness of different TRM systems. The results from
testing performed on retrofitted URM wallettes were compared to their counterpart as-built
tested URM wallette and the level of structural improvement was established.
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3.1. Testing details
The standardised testing procedure detailed in ASTM E-519-02 (ASTM, 2002b) was 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
effectiveness of various retrofitting schemes to be evaluated. Figure 3 shows the test setup
used for the testing, which was similar to that used in a similar precedent experimental
program (Ismail et al. 2011). The diagonal force was applied using a 500 kN hydraulic
actuator coupled with a 500 kN load cell, and two displacement gauges mounted along the
diagonals were used to determine the diagonal shortening and elongation. The diagonal
displacement gauges were attached to each test wallette over a gauge length of 1414 mm.
Test wallettes were directly placed over the steel beam without any mortar interface, allowing
sliding to take place and maintaining an unrestrained edge. A displacement controlled
gradually increasing loading was applied along the diagonal of the test wallettes at a rate of
approximately 0.1 mm/sec. Testing was continued until either the post-peak shear stress
degraded to half of the maximum shear strength, or the shear strain reached 0.02.
3.2. Testing results
Table 4 gives a summary of the test results. An ultimate strength limit state was defined as
the point when post-peak strength reached 0.8υmax. An elasto-plastic behaviour is idealised
and the diagonal displacement corresponding to first cracking and the ultimate strength limit
state are determined (refer Figure 5f) and reported in Table 4. For each test wallette the
dissipated energy, Ed, was calculated as the area under the force-displacement curve plotted
up to the ultimate strength limit state.
3.2.1. Failure modes
The as-built tested wallettes (ABW-01 and ABW-02) cracked diagonally along the mortar
step joint (Figure 4a) and upon further application of the diagonal displacement the upper
portion of the wallette slid in the horizontal direction. In retrofitted wallettes, the textile
reinforcement distributed stresses over a large masonry area and resisted shear stresses by
acting in tension. The enhanced adhesion of retrofit mortar and the mechanical interlocking
due to mortar protruding through the open grid pattern of the polymer textile inhibited a
de-bonding failure.

7

Test wallettes having a retrofit applied on a single face only (TMW-03, 04, and 07-10) were
observed to fail due to excessive out-of-plane bending (refer Figure 4b), with the diagonal
step joint crack being visible on the other face of the wallette. However, such out-of-plane
bending failure is unlikely to occur in actual retrofitted URM walls, which have more
restrained boundary conditions. Test wallettes that had retrofitting on both faces (TMW-05,
06, 11 and 12) exhibited no visible deformation until a sudden brittle failure occurred. Test
wallettes TMW-05 and TMW-06 failed suddenly due to textile rupture at localised locations
(refer Figure 4c). However, the intact textile rovings continued to provide minimal residual
strength. Test wallettes TMW-11 and TMW-12 exhibited a relatively ductile de-bonding
failure mode (refer Figure 4d), with the bonded portion of the textile continuing to restrain
the crack opening.
3.2.2. Stress-strain response
Figures 5a to 5e show experimentally measured shear stress-strain curves, plotted to a
maximum shear strain of 0.02. The experimentally measured diagonal force was transformed
into shear stress using Equation 1, where T is wallette thickness, B is wallette length, and H is
wallette height. Corresponding shear strain values were calculated using Equation 2, where
ΔS is the measured diagonal shortening along the axis of applied force, ΔL is diagonal
elongation measured perpendicular to the axis of applied force, and g is the gauge length
(which had the same value along both diagonals).


1.4 P
T ( H  B)

(1)

 

S  L
2g

(2)

All stress-strain curves are plotted with the measured diagonal force and the average of two
diagonal deformations shown on the secondary axes and with the force-displacement
response of the corresponding as-built tested wallettes shown for comparison. A linear-elastic
behaviour up to cracking and then sudden post-peak strength degradation was observed for
as-built tested wallettes. As-built tested wallettes ABW-01 and ABW-02 behaved almost
linearly up to peak load and failed suddenly at small deformations with a diagonal step joint
cracking failure mode. The test wallettes having a retrofit applied on a single face only
(TMW-03, 04, and 07-10) exhibited a ductile response, with post-peak stress not decreasing
even at large displacements (refer Figures 5a, 5c and 5d). Test wallettes having a retrofit
applied on both faces (TMW-05, 06, 11 and 12) exhibited a brittle failure, resulting in a
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sudden decrease in their post-peak strength. Of these, TMW-11 and TMW-12 exhibited
relatively larger ductility due to additionally installed steel mesh, with residual strength
reduced at a slower rate than that observed for TMW-05 and TMW-06.
3.2.2. Shear strength
The diagonal shear strength of each test wallette was determined as the maximum shear stress
measured experimentally and is reported in Table 4. The shear strength values of retrofitted
wallettes were then expressed as a ratio to the shear strength of the corresponding as-built
tested wallette. The shear strength of single sided retrofitted wallettes (TMW-03, 04 and 0710) was observed to range from 114% to 148% when compared to from the strength of the
corresponding as-built wallettes, whereas the shear strength increment for test wallettes
(TMW-05, 06, 11 and 12) having a two sided retrofit was observed to range from 446% to
481%.
The low shear strength improvement observed for a single sided retrofit application is
attributed to unrestrained test boundary conditions, which resulted in out-of-plane bending of
the retrofitted wallettes before they could reach their maximum shear strength. However, it
should be noted that the shear strength increments reported herein due to a single sided
retrofit application are conservative and larger shear strength increments can be achieved in a
wall having more restrained boundary conditions and superimposed vertical loads.
3.2.3. Ultimate drift and ductility
In the event of an earthquake, buildings undergo lateral deformation and their ability to
deform without collapsing is termed ductility. A ductile failure mode is preferred in the
seismic design of buildings and thus is desired for retrofitted walls. To quantify the ductility
of test wallettes a maximum measured drift ratio was defined as

, where Δu is the

diagonal displacement corresponding to the ultimate strength limit state and H is the wallette
height. The maximum measured drift values for all test wallettes are reported in Table 4 and
the pseudo-ductility, µ, was determined using Equation 3.


u
y

(3)

The as-built tested wallettes ABW-01 and ABW-02 and retrofitted wallettes TMW-05 and
TMW-06 behaved in a brittle fashion, exhibiting sudden degradation in post-peak strength.
Test wallettes TMW-10 and TMW-11 exhibited limited ductility owing to the additional
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installation of steel mesh. Test wallettes having a single sided retrofit application exhibited
large ductility, with test wallettes TMW-07 to TMW-10 not reaching the ultimate strength
limit state at diagonal displacement of 24 mm. The diagonal displacements corresponding to
first cracking were observed to be largely variable, which is attributed to redistribution of
stresses and deformations throughout the highly heterogeneous material during the pre-peak
loading phase and resulting in the reported diagonal displacement being not representative of
the true elastic deformation.
3.2.4. Stiffness
The stiffness of masonry wallettes subjected to diagonal shear is quantified by the modulus of
rigidity, which is defined as the slope of the initial linear limb (corresponding to elastic
response of the wallettes) of the shear stress-strain curve. The modulus of rigidity was
calculated as secant modulus between two points, corresponding to shear stress values of
0.05υmax and 0.75υmax, on the linear portion of the stress-strain curve (refer Figure 5f). To
achieve a higher level of accuracy, a linear regression analysis was performed over the
experimental data between these two points to find the slope of the best fit line. The
determined moduli of rigidity are reported in Table 4.
Overall, the retrofitted wallettes were stiffer than as-built tested wallettes, with determined
modulus of rigidity for retrofitted wallettes ranging from 2.1 GPa to 16.6 GPa. It should be
noted that the reported G values are largely dependent upon the initial elastic response of the
wallettes, which varies widely due to redistribution of stresses in heterogeneous masonry.

4. Summary and Conclusions
The history of research and development for polymer textile reinforced mortar matrix
systems (referred to as TRM) is first reported, with an emphasis on repair and retrofitting of
building structures and in particular historic clay brick masonry buildings. A summary of
precedent experimental programs is presented and gap in the current knowledge is identified.
An experimental program was undertaken to investigate the performance of URM wallettes
retrofitted using TRM.
The experimental program consisted of several

standardised material tests and diagonal

shear testing of twelve (12) URM wallettes. The test boundary conditions does not give direct
measure of shear strength of the walls retrofitted using TRM but gives a good estimate of the
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effectiveness of different commercially available TRM systems to restrain the diagonal shear
failure mode in particular. The study considered both the single sided and the double sided
TRM application to two leaf thick URM wallettes, with the selected wallette thickness being
the most common in historic URM buildings. Numerous structural characteristics pertaining
to the seismic behaviour of URM walls retrofitted using TRM were investigated and then
compared to those obtained from as-built tested URM wallettes. The key findings of the
experimental program are:


In general, both the TRM systems used in the testing program performed similarly
and resulted in large shear strength increment. However, the introduction of a steel
mesh resulted in minimal increase in strength and ductility of the retrofitted wallettes.



The primary reinforcement mechanism for TRM systems is the distribution of shear
stress over a large area prior to masonry cracking and once the masonry started to
crack (micro hairline cracking), the textile rovings crossing theses cracks act in
tension to resist further opening of these cracks.



The retrofitted test wallettes having a single sided TRM overlay tilted out-of-plane,
without any signs of textile de-bonding or textile rupture. The observed out-of-plane
bending is attributed to unrestrained test boundary conditions.



The test wallettes having a TRM overlay applied on both faces failed in a brittle
fashion, with a sudden rupture of the textile and/or textile debonding. Of these two
failure modes, later was relatively more ductile.



The observed diagonal shear strength of test wallettes having a TRM applied on one
face only was ranging from 114% to 148% when compared to the shear strength of
the corresponding as-built tested wallette. However, the shear strength values reported
for these single sided retrofitted wallettes are lesser than the shear strength of actual
URM walls retrofitted using TRM, which typically have restrained boundary
conditions.



The test wallettes having TRM on both sides exhibited large shear strength, ranging
from 446% to 481% of their as-built shear strength.



It was proposed that a TRM retrofitting scheme may be selected such that the strength
corresponding to all possible failure modes is more than the demand corresponding to
11

a moderate earthquake and in the event of a large magnitude earthquake the retrofitted
wall fails in a ductile manner.
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Table 1. Masonry material properties
f’b (CoV)
MOR (CoV)
Eb (CoV)
f’j (CoV)
f’m (CoV)
Em (CoV)
fr (CoV)
MPa
MPa
GPa
MPa
MPa
GPa
MPa
1a
16.4 (0.19)
1.4 (0.11)
5.9 (0.23)
0.09 (0.80)
18.8 (0.33)
3.0 (0.52)
5.9 (0.44)
0.7 (0.22)
5.6 (0.34)
1.7 (0.49)
0.08 (0.66)
1b
Where: f’b = brick compressive strength; MOR = brick modulus of rupture; Eb = brick modulus of elasticity; f’j = mortar
compressive strength; f’m = masonry compressive strength; Em = masonry elastic modulus; and fr = flexural bond strength
of masonry.
Test Series
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Table 2. Retrofit material properties
Retrofit grid properties

Textile type
Material
Description
Density (kg/m2)
Roving Spacing
(mm)
Tensile Strength
(kN/m)

SM156
Steel
Welded mesh
156
19 (Warp)
19 (Weft)
20 (Warp)
20 (Weft)

FG225
Fibreglass
Alkali resistant
225
25 (Warp)
25 (Weft)
45 (Warp)
45 (Weft)

EF335
E-glass fibre
Alkali resistant
335
10 (Warp)
18 (Weft)
94 (Warp)
82 (Weft)

EF540
E-glass fibre
Alkali resistant
540
10 (Warp)
18 (Weft)
198 (Warp)
87 (Weft)

Retrofit mortar properties
Mortar

LM1
RM2
RM3
RM4
RM5

Retrofit mortar description

Lightweight mortar with polystyrene beads
Fibre reinforced pozzolan-reaction based ductile mortar
Fly ash fibre reinforced ductile mortar
Pozzolan-reaction based ductile mortar
Acrylate mixed polymer dispersion based ductile mortar with calibration
grain

Masonry
adhesion
(MPa)
2
2

Maximum
thickness
(mm)
15
25
25
10

Density

>1.2

10

1600

(kg/m3)
1540
1850
1620
1800
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Table 3. Test wallette details
Test
Series

Test
Wallette

Type of
loading

1a
1b
1a
1a
1a
1a
1b
1b
1b
1b
1b
1b

ABI-01
ABI-02
TMI-03
TMI-04
TMI-05
TMI-06
TMI-07
TMI-08
TMI-09
TMI-10
TMI-11
TMI-12

DS
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS
DS

Wallette dimensions

Retrofit details

H
(mm)

B
(mm)

T
(mm)

Grid
type

Adhesive
mortar

Additional
base coat

No. of faces
retrofitted

1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200

1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200
1200

220
220
220
220
220
220
220
220
220
220
220
220

FG225
FG225
FG225
FG225
EF335
EF335
EF540
EF540
EF540
EF335

RM2
RM4
RM2
RM4
RM5
RM5
RM5
RM5
RM5
RM5

LM1+SM156*
LM1+SM156*
RM3
LM1+SM156*
LM1+SM156*

1
1
2
2
1
1
1
1
2
2

Where: H = test wallette height; B = test wallette length; T = test wallette thickness; and DS = diagonal shear.
*Installed using 8 mm diameter (100 mm long) steel dowel anchors
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Table 4. Diagonal shear testing results
Test

Test

Pmax

Fmax

υmax

υmax/υo

Δy

Δu

γu

µ

Ed

G

Series

Wallette

kN

kN

kPa

Ratio

mm

mm

%

Ratio

kN.mm

GPa

1a

ABI-01

57.76

40.84

154.69

1.00

0.15

1.69

0.14

11

83.45

0.9

1b

ABI-02

36.63

25.89

98.08

1.00

0.32

1.78

0.15

6

47.94

0.6

1a

TMI-03

66.06

46.70

176.91

1.14

0.01

9.48

0.79

948

557.92

13.0

1a

TMI-04

73.61

52.04

197.12

1.27

0.01

10.93

0.91

1093

727.08

10.8

1a

TMI-05

257.75

182.23

690.27

4.46

0.05

2.86

0.24

57

703.17

16.6

1a

TMI-06

270.23

191.05

723.69

4.68

0.05

2.94

0.25

59

933.62

16.1

1b

TMI-07

54.20

38.32

145.15

1.48

0.03

24*

2.00

800

905.78

2.8

1b

TMI-08

48.11

34.02

128.85

1.31

0.06

24*

2.00

400

874.20

2.5

1b

TMI-09

50.52

35.72

135.30

1.38

0.01

24*

2.00

2400

674.41

10.7

1b

TMI-10

43.06

30.44

115.31

1.18

0.06

24*

2.00

400

765.30

3.0

1b

TMI-11

166.21

117.51

445.12

4.54

0.11

7.15

0.60

65

1121.87

4.1

1b
TMI-12
176.02
124.45
471.39
4.81
0.15
3.40
0.28
23
544.21
5.1
Where: Pmax = maximum measured diagonal force; Fmax = maximum measured horizontal shear force (Fmax = 0.707Pmax);
υmax = maximum measured shear stress; Δy = measured displacement at first cracking; Δu = measured displacement at
ultimate strength limit state (corresponding to 0.8υmax); γu = measured drift at failure; = pseudo-ductility; Ed = dissipated
energy; G = modulus of rigidity; and υo = shear strength of the as-built tested wallette.
*Post-peak stress did not degrade to 0.8υmax and maximum 2% drift was considered as limiting drift.
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