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Abstract Interlocking brick masonry has gained much attention due to its high construction efficiency and

low labour skill requirement. Most designs of interlocking bricks only use interlocking keys to provide
alignment for easy construction, and most previous studies of interlocking masonry structures concentrate on
their static loading capacities. This study examines the behaviour of reinforced mortarless interlocking brick
walls under cyclic loading. Interlocking brick wall made of a specific type of interlocking bricks with large
keys that provide not only alignment in construction but also shear resistance is constructed and tested under
in-plane cyclic loading. A detailed numerical model is generated and validated with the testing data, which is
then used to assist the analysis of wall responses. The damage mode, hysteresis response and energy
dissipation characteristics are analysed. The test results are compared with conventional masonry wall from
literature to demonstrate the superior performance of interlocking masonry wall in resisting seismic loading
and dissipating seismic energy. The influences of axial precompression and shear span-to-length ratio are
investigated via numerical modelling.
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1 Introduction

Masonry structures are commonly used for low- and mid-rise structures because of their cost effectiveness
and outstanding sound and thermal insulation properties [1-3]. However, due to their relatively low shear
strength, low ductility and poor energy dissipation capability, masonry structures are vulnerable to earthquake
loading. Many masonry structure damages in earthquakes have been reported [4-6]. Intensive researches have
also been conducted to improve the seismic resistance of masonry structures.

Interlocking masonry using mortarless construction method has been popularly adopted in the field of
construction recently. Interlocking masonry units could self-align, which interconnect through the mechanical
interlocking tenons and mortises [7]; therefore, by simply dry-stacking the masonry units on each other, the
construction can be accelerated [8] while the requirement for labour skill is substantially reduced [9].
Furthermore, many types of developed interlocking masonry units, including the one used in this study, are
made of compressed earth [10-14], which could bring over 18 percent cost saving compared to concrete
masonry units [15]. With improved construction efficiency and reduced construction cost, there is an
increasing number of applications using mortarless interlocking masonry structures especially in the rural
areas of developing, as well as developed countries [10, 12, 16].

Aside from the aforementioned advantages of construction efficiency, compared to conventional
masonry which relies on mortar bonding thus having low shear strength [17], interlocking masonry can
provide improved shear resistance through interlocking keys. Sturm et al. [18] carried out shear tests on
mortarless interlocking blocks made of rammed earth. It was found that even relatively shallow interlocking
keys on the blocks improve their shear strength significantly. Furthermore, relative sliding between the dry-
stacked interlocking bricks was also observed which contributes to dissipating imposed energy [19]. Through
quasi-static cyclic tests, Lin et al. [20, 21] demonstrated that a significant amount of energy could be dissipated

by inter-brick friction in an infill wall made of mortarless interlocking bricks.
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Despite abundant research on the seismic performance of conventional mortar-bonded masonry walls
[22-26], the study on the seismic performance of mortarless interlocking masonry walls is very limited. A few
studies of the response of mortarless interlocking masonry walls under cyclic loading have been reported. For
example, Bland [27] conducted in-plane cyclic tests on reinforced interlocking compressed earth block (ICEB)
walls. It was found that the shear strength of the ICEB wall depends largely on the grouted core area rather
than the interlocking mechanism; the formula to predict the shear strength of conventional masonry walls
overestimates the capacity of the ICEB wall. Qu et al. [28] conducted cyclic tests on mortarless ICEB walls
with substantial amount of transverse reinforcements. The influences of aspect ratio, wall flange and window
opening on the lateral strength and ductility were investigated. However, the influence of the interlocking
mechanism was not investigated. Kohail et al. [29] conducted quasi-static in-plane cyclic loading tests on
reinforced masonry walls made of three types of blocks, i.e., conventional masonry blocks (with mortar
bonding between blocks), dry-stacked Azar blocks, and dry-stacked Sparlock blocks. The lateral strength of
the mortarless Azar block wall proved similar to that of the conventional block wall, but the mortarless
Sparlock blocks showed much poorer lateral strength compared to the conventional block wall, indicating the
pronounced influence of interlocking key shapes on the seismic performance of interlocking masonry walls.
Liu et al. [19] conducted cyclic loading tests on small-scale assemblies of mortarless bricks with different
interlocking key shapes and focused on the friction coefficients and energy dissipation between bricks under
different axial loading levels. However, the interlocking bricks used in their study only had out-of-plane shear
resistance and hence provided negligible strength enhancement in the in-plane direction. Similarly, Gul et al.
[12, 30] conducted cyclic tests on unconfined and confined mortarless masonry structures made of Hydraform
blocks, a type of interlocking blocks that only interlock in the out-of-plane direction as well. It was found that
the concrete confining elements could effectively restrain the in-plane free sliding of the interlocking blocks
and led to significant ductility and lateral strength improvement of the structure. However, at high storey drifts,

block sliding led to much severe confining frame damages. Overall, these studies mostly focused on particular

3



69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

types of interlocking masonry units, where the interlocking tenons and mortises were either primarily designed
for improving the self-alignment and were hence relatively small, thus providing small shear resistance
enhancement, or only provide shear resistance in the out-of-the-plane direction. Although large shear keys
that can interlock in both the out-of-plane and in-plane directions have been shown to effectively improve the
static and dynamic shear performance of precast segmental columns [31-33], when it comes to masonry
structures, heretofore there have been very limited studies on the in-plane cyclic performance of walls made
of interlocking bricks with relatively large shear keys that can provide both in-plane and out-of-the-plane
resistance, besides alignment. Shaking table tests have been performed on interlocking masonry structures.
For instance, Elvin and Uzoebgo performed laboratory shaking table tests on a mortarless masonry structure
made of Hydraform interlocking bricks [34, 35]. Wide-spread inter-brick movements were observed, which
dissipated much energy through friction. However, as in [12, 19, 30], the Hydraform bricks did not interlock
in the in-plane direction and thus did not provide significant shear strength improvement under in-plane
seismic loading. Ali [36] and Ali et al. [37] conducted shaking table tests on interlocking block walls with and
without post-tensioned reinforcement. The blocks provided interlocking in both in-plane and out-of-plane
directions. Nevertheless, no mass or axial loading was placed on top of the tested walls; hence, the results
obtained in the tests could not be extended to more practical situations. Xie et al. [38, 39] conducted shaking
table tests on mortarless masonry wall made of the same type of interlocking bricks as used in this study.
Significant rocking response and toe crushing instead of diagonal shear cracking were observed, which is a

result of the high shear strength and the weak vertical tensile strength of interlocking brick structures.

Overall, to the authors’ best knowledge, there is very limited research on the cyclic performance of
mortarless interlocking masonry walls made of bricks with large, shear-resistant interlocking keys. In this
study, the behaviour of mortarless interlocking masonry walls made of a specific type of interlocking bricks
with large shear keys under in-plane cyclic loading is investigated. Laboratory cyclic test is conducted on a

reinforced mortarless interlocking brick wall. Compared to the wall made of the same type of interlocking
4
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bricks in the shaking table test [38, 39], the vertical reinforcement is strongly anchored to the footing to prevent
severe rocking response of the wall; the shear strength provided by the large interlocking keys could therefore
be utilised to a greater extent. Then, a detailed finite element model is generated, which is validated with the
testing data. The damage mode, hysteresis response and energy dissipation characteristic are analysed.
Comparisons are made between the tested mortarless interlocking brick wall and a conventional masonry wall
from literature on their failure modes and hysteresis responses. The influences of axial precompression and
shear span-to-length ratio on mortarless interlocking brick wall responses are investigated by numerical

simulations.

2 Laboratory Cyclic Loading Test

2.1 Details of the interlocking bricks

Figure 1 illustrates the interlocking bricks used in this study. The front part of the brick (Figure 1c¢) is featured
with four interlocking keys; the rear part (Figure 1d) has two interlocking keys. Strong interlocks are
developed between adjacent bricks by those keys in both the in-plane and out-of-plane directions [10, 40].
Two 30mm-diameter holes are designed in each brick for reinforcement bars, as shown in Figure 1b.

Interlocking keys Interlocking keys

Interlocking keys
P

35301 35
<—>|4—>'4—>
' o)

Intervlbcking(eys

Holes for rebars

Interlock‘mg keys

Interlocking keys

a) An interlocking
brick

b) Top view c) Front view d) Rear view e) Left view

Figure 1 Geometry and dimension of the full-scale interlocking bricks (unit: mm)

The interlocking bricks are made of rammed earth composed of quarry sand, aggregates, cement, and

dry sand. The average density of the material is 2400kg/m>. Uniaxial compressive tests on cylinders of the
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material after 28-day curing give an average compressive strength of 20MPa with a corresponding average
strain of 0.0056 and an average elastic modulus of 6700MPa. The tensile strength is assumed to be 1/10 of the

compressive strength [41, 42].

2.2 Test setup and instrumentation

The in-plane cyclic loading test is set up (Figure 2a) and carried out in the Structural Dynamics
Laboratory of Curtin University. An interlocking brick wall with a height of 2125mm, a length of 2400mm,
and a thickness of 100mm is constructed using mortarless method on top of a reinforced concrete footing,
which is fully clamped onto the strong floor. An axial pre-compression force is applied on top of the
interlocking brick wall by two vertical hydraulic jacks. It results in approximately 0.47MPa axial stress on the
interlocking brick wall, corresponding to the dead load on the wall in the first storey of a three- to four-storey
masonry building [43]. To uniformly distribute the applied axial load throughout the cross section of the
masonry wall, a steel load-transfer beam, composed of a 250UB 25.7 beam and a 250UC 72.9 beam which
are welded together, is built and connected to the lower end of the jacks. Below the load-transfer beam, a
reinforced concrete beam is used to connect the steel beam and the interlocking brick wall. The top concrete
beam, the interlocking brick wall, and the concrete footing are connected together using four threaded DSOON
reinforcing bars (with a nominal diameter of 20mm and a length of 3125mm) through the pre-cast holes in the
bricks, the top concrete beam and the footing. The cross-section and front view of the wall including the
reinforcing bar layout are displayed in Figure 2b~c. To prevent the local damage of concrete around the
anchorage points and the subsequent anchorage failure, a steel ring with an outer diameter of 120mm, an inner
diameter of 27mm and a thickness of 10mm is buried in the concrete at each anchorage location. Then, the
rebar is inserted through the hole of the ring and bolted at the end. As the relative movement between bricks
is supposed to help the energy dissipation of the wall, the rebars are not grouted to avert the possible restraint
to inter-brick movements from the grout. To avoid out of plane buckling, roller bracings are installed on both

sides of the wall. The lateral loading is applied on the top of the wall through the concrete load-transfer beam.
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134 As shown in Figure 2c¢, the distance between the loading point and the bottom of the wall, i.e., the shear span,

135  is 2500mm. A servo-controlled hydraulic actuator with a stroke range of +250mm and a loading capacity of

136  1000kN is used to apply the cyclic loading.

2400
I |

! | 500 | 1100 | 500 I |

Hydraulic jacks

M
Steel transfer beam Rebars

. i b) Cross-section of the wall (unit: mm)
Concrete transfer b L=
4N22 rebars
Force from
_________ R actuator
: fCon(';rete transfer beam T
Interlocking brick wall g 8 g :
' £500: 1100 500
: : : HE I )
T S SN R I
o | iInterlocking brickiwall: | ¢
W g g g g
J N 2400 : |
Concrete fooﬁngj g :
e Céncrete footing
a) Test setup c¢) Front view of the wall (unit: mm)
Figure 2 Test setup and wall construction
137
138 Figure 3a illustrates the measurement instrumentation layout in the test. Load cells are installed on

139  each hydraulic jack to monitor the applied axial force during the test. One in-built load cell on the horizontal
140  actuator is used to record the applied cyclic load. Four laser linear variable differential transformers (LVDTs)
141  are instrumented at one-quarter height, mid-height, three-quarter height of the wall and the top concrete beam,
142 respectively, to measure the in-plane horizontal displacements of the wall at different locations. Another two
143  LVDTs are installed on the concrete footing and the wall bottom to monitor potential sliding. For in-plane
144  displacements, the direction where the actuator pulls the wall is defined as positive; the direction where the

145  actuator pushes the wall is negative (Figure 3a). Additionally, two LVDTs are installed on the top beam
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perpendicular to the wall plane to monitor potential wall twisting. All the instrumentation is connected to an
HBM data logger. High-definition cameras are also used to monitor the damage-to-failure process of the wall
during the test. For digital image correlation (DIC) analysis, the wall is painted in white with black dots, and

a black-and-white tag is sticked on each brick (Figure 3b) to help track the in-plane movement of each brick.

Jacks
Negative disp. H ¥ ﬂ Positive disp.
— B —
’ ‘ ‘ ’ Force from
A N e actuator

Concrete transfer beam

[ In-plane
"~ horizontal LVDT

— Out-of-plane
d  Interlocking brick wall horizontal LVDT

Load cell

O Concrete footing

a) Instrumentation b) DIC and tracking patterns (unit: mm)
Figure 3 Instrumentation

2.3 Test procedures

The cyclic test is carried out in two steps. Firstly, the axial precompression is slowly applied by the
two hydraulic jacks to the wall, which is carefully monitored to ensure the forces on the two jacks are equal.
Then, horizontal cyclic loading is applied using the hydraulic actuator with displacement-controlled method.
The horizontal displacement is applied slowly in reversed cycles in a sinusoidal form. Each amplitude is
repeated twice following FEMA 461 [44]. The pulling direction is defined as positive. The amplitude of the
cyclic loading increases gradually from 4mm to 70mm, which corresponds to the wall drift ratios from 0.19%
to 3.29%. The displacement history is summarised and depicted in Table 1 and Figure 4. With the increase of
the displacement amplitudes, the loading speed is gradually increased to keep the period of each loading cycle
constant, with a loading speed of 0.58mm/s as the upper limit. Such a quasi-static loading scheme is suggested
by Tomazevi¢ [45] and Howlader et al. [43]. The test stops when the recorded horizontal load reduces to 80%

of the maximum load achieved in the test [46, 47].
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Table 1 Loading protocol

Displacement (mm) Drift ratio (%) Loading speed (mm/s) Period (s)
4 0.19% 0.03 480
6 0.28% 0.05 480
10 0.47% 0.08 480
20 0.94% 0.17 480
30 1.41% 0.25 480
40 1.88% 0.33 480
50 2.35% 0.42 480
60 2.82% 0.5 480
70 3.29% 0.58 480

80
60F 3
40+ 12
é 20 ¢ 11 g
=0 0 «
& 5
A-20r 1-1
-40 2
-60 | 3
-80

0 25 50 75 100 125 150
Time [min]

Figure 4 Loading protocol
3 Results and Analysis
The hysteresis response of the mortarless interlocking brick wall under in-plane cyclic loading is firstly

presented. Then, the damage mode and the energy dissipation capacity are analysed.

3.1 Hysteretic curves

The hysteresis response of the brick wall is shown in Figure 5. During the initial loading cycles, the
load increases linearly with the increase of displacement. At higher displacement levels, the lateral load in
each loop increases at a lower rate, and the width of hysteresis loops gradually increases, indicating brick wall
damage. Residual displacements as well as slight pinching behaviour are observed, which denote the existence
of inter-brick sliding. Similar phenomena were also observed by Bland [27] and Xie et al. [38, 39]. The peak

lateral load at each loop continues to increase with displacement until reaching 120kN in the pulling direction

9



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

when one reinforcing bar ruptures and the load plummets to 43kN, a significant drop by over 20% of the
maximum force, indicating a near-collapse limit state according to [46]. The test is therefore terminated. An
associated lateral displacement of 70mm (a drift of 3.29%) is measured at this instance. It is noted that the
hysteretic curves are not perfectly symmetrical in the pushing and pulling directions because of the

asymmetrical damage of the interlocking brick wall.

The backbone curve is also sketched in Figure 5, where apparent two stages can be observed, i.e., the
initial linear elastic stage and the secondary elastic-plastic stage. When the lateral displacement is less than
4mm (a drift ratio of 0.19%), the wall exhibits a linear elastic behaviour. The elastic stiffness is around
10kN/mm, and the yield strength is around 40kN. As the lateral displacement increases beyond 4mm, the wall
enters the elastic-plastic stage. The tangent stiffness of the backbone curve therefore reduces significantly.
With the increase of displacement, the lateral force continues to increase until the reinforcing bar ruptures at
the displacement of 70mm (a drift of 3.29%); the corresponding lateral load is 120kN. The ultimate load is
2.5 times that of the yield one; the corresponding displacement is 17.5 times that of the yield displacement. It
demonstrates that the interlocking brick wall has a high ultimate strength and an outstanding deformation

capability.

122/ [~ Backbone

100 |
75t
50¢
25}
ol
250
-50¢ / f"/’;
100 Bt
-80 -60 -40 -20 0 20 40 60 80
Disp [mm]
Figure 5 Hysteresis response and backbone curve
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3.2 Damage evolution and failure mode

Figure 6 illustrates the vertical displacement contour of the wall through DIC technique where only
the left portion of the wall is shown considering the geometric symmetry of the wall although the damage
mode is not exactly symmetric. When the wall is subjected to low lateral displacement (Figure 6b~c), distinct
discontinuous vertical displacement can be observed, which indicates detachment between the upper-right and
lower-left bricks. Since there is no bonding strength between the mortarless interlocking bricks, this
detachment occurs because the overturning moment due to the lateral load surpasses the resisting moment
provided by gravity force and axial pre-compressive load. It reflects slight rocking response of the bricks and
wall under lateral loading. Therefore, a stiffness reduction occurs to the mortarless interlocking brick wall at
the relatively low displacement even though no significant material damage occurs. This aligns with previous
studies that the lateral stiffness of walls will be reduced when rocking response occurs [48, 49]. As the applied
lateral displacement continues to increase, the slight rocking response does not lead to a distinct inter-brick
gap on the wall; instead, the vertical displacement of the bricks is limited. As seen in Figure 6d~e, at the
imposed displacements of 40mm and 50mm, the vertical displacements of most bricks are less than 3mm.
Compared to the severe rocking responses observed in previous shaking table test on mortarless interlocking
brick wall with rebar anchorage failure [38], this observation substantiates that the tendency of rocking in the
interlocking brick wall due to its absence of vertical tensile strength can be surmounted by the tensile strength
provided by properly anchored vertical rebars. It is also noted that the vertical displacement contour pattern
in Figure 6d~e differs from that in Figure 6b~c. This is caused by the interaction between the rebar (marked
by the black dot line in Figure 6d~e) and the bricks, which confines the movement of the bricks (to be
elaborated later). Overall, without the development of significant rocking response, the interlocking keys of
different bricks remain in contact with one another; mechanical interlock between bricks thereby continues to
take effect, resisting the load applied by the actuator. In consequence, as shown in Figure 5, the load of the

envelope keeps growing after the yield point.
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Figure 6 Vertical displacement contours on the lower left part of the wall (unit: mm)

Figure 7 shows the damage of the bricks. No damage is observed before the applied lateral
displacement reaches 40mm at which cracks initiate at the wall toes (Figure 7a~b). These cracks quickly
develop upwards forming diagonal cracks (Figure 7c~d). Despite the formation of diagonal cracks, the
interlocking brick wall exhibits good ductility without collapse. Similar phenomena were observed by Ingham
et al. [50] and Shing et al. [51]. Using the DIC technique, the gap width variation at selected inter-brick
interfaces is traced. Figure 8 shows the gap width time histories between some selected bricks. It is clearly
seen that before the lateral displacement of the wall reaches 20mm, the selected gaps only have a width of
around 1mm due to manufacturing imperfections. As the applied lateral displacement increases, gaps between
bricks gradually increase because of brick damage. A maximum inter-brick gap opening size of about 9mm is
recorded, which accounts for over 12.5% of the maximum applied lateral displacement. It should be noted
that unlike conventional mortar-bonded masonry walls in which such gaps indicate bonding failure that will
probably lead to wall collapse, for mortarless interlocking brick walls, the inter-brick gaps will open and close
repetitively under cyclic loading while most of the interlocking keys remain intact and the interlock still takes

effect. These repetitive inter-brick gap openings and closures contribute to the energy dissipation of the wall
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under cyclic loading and also enhance its ductility [27, 49, 50]. Meanwhile, even for the bricks in the paths of
the two major diagonal cracks, only one or two interlocking keys are damaged in most bricks, as seen in Figure
7e~f. The interlock from the remaining keys, together with the confinement from the vertical reinforcing bars,
helps to prevent the wall from disintegration after the formation of major diagonal cracks [50, 52]. Therefore,
despite the damage along the major diagonal cracks, most interlocking bricks are still in close contact with
each other to resist the applied lateral loads. As shown in Figure 7g, local brick damages in the form of brick
splitting, interlocking key abrasion or interlocking key fractures are observed in regions away from the major
diagonal shear cracks on the wall, which demonstrates the participation of those interlocking bricks in resisting
the lateral load. At 70mm lateral displacement, the leftmost reinforcing bar suddenly ruptures under the
combined effect of the tensile force and the shear force, which abruptly releases the confinement to the wall
on the left part, resulting in quick increase of the gaps between bricks and hence the drop of the loading
capacity. Overall, it can be seen that the mortarless interlocking brick wall with reinforcements exhibits a
shear-dominant ultimate failure mode featured by major diagonal cracks.

It should be noted that vertical reinforcement plays an important role in the mortarless interlocking
brick wall. Firstly, vertical reinforcement provides vertical tensile strength for the dry-stacking interlocking
brick wall which otherwise has no vertical tensile resistance due to the mortarless construction. Proper
anchorage of these vertical reinforcement also effectively mitigates rocking response and thus the shear
resistance of interlocking bricks can be fully activated. Secondly, the vertical reinforcements could provide
confinement and thus improve the strength of the wall. They could also effectively reduce the excessive

deformation and residual displacement of the wall when the bricks experience major damages.
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c¢) Diagonal crack on the
left of the wall at 50mm
lateral displacement

d) Diagonal crack on the
right of the wall at 50mm
lateral displacement

a) Left toe cracking at 40mm b) Right toe cracking at
. 40mm lateral

lateral displacement .

displacement

g) Local brick damage in areas away from the major diagonal cracks (their locations on the wall are noted with the
same numbers in Figure 7¢)

Figure 7 Progressive wall damages (unit: mm)
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Figure 8 Gap width variation between selected bricks during the test

3.3 Energy dissipation

To evaluate the energy dissipation capacity of the interlocking brick wall under cyclic loading, the

equivalent damping ratio &, is calculated with Equation (1):

éeq = Al::hyst /(272-Eel) (1)
where the energy dissipated in each cycle AE}y, s, equals to the area of the specific hysteresis loop; the elastic

strain energy E,; is calculated as the product of the maximum displacement and the corresponding force in the
cycle [53].

Figure 9 shows the calculated equivalent damping ratio of the interlocking brick wall versus the applied
lateral displacement. An equivalent damping ratio of 30.9% is calculated when the applied lateral
displacement is 4mm. The equivalent damping ratio decreases with the lateral displacement. At a lateral
displacement of 20mm, the equivalent damping ratio decreases to 20.3%, which further decreases to 13.9%
when the displacement is 70mm. Nevertheless, even when the wall eventually fails, the equivalent damping
ratio is still larger than 10%, which is the minimum damping ratio requirement for reinforced masonry

structures [54, 55]. The degradation of the equivalent damping ratio is caused by the reduction of friction
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between interlocking bricks due to the abrasion of brick interfaces under repetitive sliding and gap opening
between bricks. As reported by Liu et al. [19], the friction coefficient between interlocking bricks with
rectangular or trapezoidal keys reduced by over 30% after 32 cycles of lateral loading under an axial load of
0.05MPa. With a larger axial precompression (0.47MPa) and more severe inter-brick movement in this study,

the degradation of friction coefficient between bricks is more apparent and rapid.
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Figure 9 Equivalent damping ratio variation

It should be noted that usually the equivalent damping ratio of a structure increases with damage since
the energy absorption of those structures, e.g., conventional masonry walls, relies on the material plastic
deformations. For mortarless interlocking brick walls, although brick damage also contributes to energy
absorption, inter-brick movements dominate the energy absorption of the wall through friction between and
rocking of the bricks [38]. The friction between bricks reduces with repetitive sliding and gap opening between

bricks, leading to reduction in the equivalent damping ratio of the interlocking brick wall.

4 Comparison with Conventional Masonry Walls

Comparison is made between interlocking brick wall and conventional masonry wall under cyclic loading.
The cyclic performance of a conventional masonry wall with similar dimension and test setup from literature
by Dhanasekar et al. [56-59] is chosen for the comparison. The conventional masonry wall was partially
grouted and reinforced with vertical reinforcement only (no horizontal reinforcement as in this study). The

axial precompression load applied to this conventional brick wall was also quite close to that on the
16
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interlocking brick wall in this study. Table 2 summarises the information of the conventional brick wall. It
should be noted that difference exists in the material compressive strength between the two walls. The average
compressive strength is 15.7MPa for the conventional masonry prism with grout [56], while the calculated
prism compressive strength of interlocking bricks is only 8.1MPa following the authors’ previous study [42].

Table 2 Comparison between interlocking brick wall and conventional brick wall

Conventional masonry

Wall name wall Interlocking brick wall
Length (mm) 2870 2400
Height (mm) 2246 2125
Thickness (mm) 150 100
Vertical reinforcement 4N12 4N20
Vertical reinforcement class D500N D500N
Axial precompression (MPa) 0.5 0.47
Masonry unit compressive strength
(MPa) 40 20
Masonry prism compressive strength 15.7 31
(MPa) ’ ’
Dominant failure mode Diagonal shear cracking  Diagonal shear cracking

4.1 Comparison of failure modes

Figure 10 compares the failure modes of the two walls, where the locations of vertical reinforcement bars
are indicated in black lines. For the conventional wall, the diagonal cracks are in a “> <” pattern, which leads
to the eventual failure of the wall. The damage is primarily formed in the two side segments of the wall
between the side and central rebars, while the central wall segment between the two central rebars is relatively
intact. In contrast, on the mortarless interlocking brick wall, major diagonal cracks are developed from the
toes of the wall diagonally upwards. More diffused cracks can be found, which indicates the interlocking keys
help to spread cracks and retard the failure of the wall (as described in Section 3.2).

It is also noticed in Figure 10a that a large proportion of the diagonal cracks on the conventional masonry
wall are mortar-bonding failures, which lead to the stepped pattern of the diagonal cracks. This type of
cracking is common in conventional masonry walls and shows the heterogeneity of conventional masonry and
their local weakness in the bonding interfaces [60], which cause poor structural performance as well as low
material efficiency [61]. In comparison, on the interlocking brick wall without mortar bonding, the cracks go

through the interlocking bricks (Figure 10b). This is because the interlocking keys provide a stronger
17



300  connection between bricks, which helps to improve the efficiency of the materials in the interlocking brick

301  wall.
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a) The conventional masonry wall [56] b) he interlocking brick wall
Figure 10 Comparison of the failure modes

302 4.2 Comparison of the hysteresis responses
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Figure 11 Comparison of the hysteresis response
303
304 Figure 11 compares the hysteresis response of the two walls. In Dhanasekar et al.’s study [56-59], the

305 measured lateral loads of the walls are normalised via Equation (2) to eliminate the differences of material

306  strength among different walls, where V is the normalised lateral load; v is the original lateral load; £, is
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the masonry prism compressive strength in Table 2; 4, is the gross cross-sectional area of the wall. The same

normalisation is applied to the lateral load of the mortarless interlocking brick wall for a fair comparison.

f=+ (2)

(0221, )4,

As shown in Figure 11, the normalised peak load of the mortarless interlocking brick wall is
considerably larger than that of the conventional masonry wall. The mean normalised peak load is 691 for the
interlocking brick wall, while that of the conventional masonry wall is 510 [59], reflecting a -26.2% difference.
Considering that the two walls are slightly different in aspect ratio, axial precompression, vertical
reinforcement, etc., this comparison is made only in a broad sense. It does not mean the shear strength of the
studied interlocking brick wall is definitely higher than that of its conventional masonry counterpart.

More significant differences can be seen on the deformation capacity of the two walls. On the
conventional masonry wall, the yield strength was reached at 1.1mm lateral displacement in the pushing
direction and 0.8mm in the pulling direction, and its peak strength was reached in both directions at around
1.5mm [57]. Afterwards, the wall strength began to decline. The ultimate displacement (defined as the
displacement where the wall strength decreased to 80% of the peak strength) was 11mm in the pushing
direction and 8.8mm in the pulling direction, respectively [57]. The drift ratio at its peak strength was only
0.07%, and the averaged ultimate drift ratio was only 0.44%. In comparison, the interlocking brick wall
reaches its yield strength due to the slight rocking response at 4mm; after that its strength continues to increase
with a lower stiffness till it reaches the displacement of 70mm. The drift ratio at its peak strength is 3.29%,
which is 47 times that of the conventional masonry wall. The comparison demonstrates that the studied
interlocking brick wall has better deformation capacity than the conventional masonry wall under cyclic
loading. This is because: 1) as shown in Figure 8, non-negligible inter-brick sliding occurs in the mortarless

interlocking brick wall, which increases wall deformation without significant material damage. Secondly, as
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discussed in Section 3.2 and 4.1, wall strength degradation is only observed after the wall experiences wide-
spread brick damages. Under relatively low imposed lateral displacement, minor cracking and limited shear
key damages are observed in the toe areas and along the diagonal struts; thus, the wall only experiences limited
minor damage.

Additionally, despite the lack of energy dissipation data of the conventional masonry wall, it can be
seen in Figure 11a that the hysteresis loops are narrow before the wall reaches the peak strength, indicating a
poor energy dissipation capability. This is a result of the brittle nature of conventional masonry walls, where
there is little material damage and interface sliding to consume the imposed energy before bonding failure
occurs. In contrast, the hysteresis loops of the interlocking brick wall is relatively plump at relatively low
lateral displacement (Figure 11b), denoting a much better energy dissipation capacity due to the wide-spread
inter-brick sliding and rocking (Figure 8) as well as brick damage (Figure 7a~g).

Overall, from the above comparison, it is seen that before the wall starts to fail, the studied interlocking
brick wall is featured with wide distribution of brick damage while the conventional mortar-bonded masonry
wall is featured with concentrated mortar-bonding failures. The lateral strength of the two types of walls is
comparable, but the interlocking brick wall has a larger deformation capacity and a higher energy dissipation
capacity due to its ability to tolerate inter-brick movements and its better integrity owing to the interlocking

mechanism.

5 Numerical Modelling

Numerical modelling is performed to assist the analyses of the response of the studied interlocking brick wall

under cyclic loading.

5.1 Model details

A detailed finite element model of the mortarless interlocking brick wall is established using the

commercial software Abaqus [62]. Each interlocking brick is meshed with a mesh size of 15mm after a
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convergence study, as shown in Figure 12a~d. There are 1296 solid elements in each brick. It is noted that the
round holes in the actual brick (Figure 1b) are simplified into square holes whose side length equals the
diameter of the round holes in the brick model (Figure 12d) for a better mesh quality. It has been demonstrated
by previous numerical studies that such a simplification has a minimum influence on the accuracy of the global
responses of the wall [38, 63]. The three-dimensional eight-node reduced-integration element, C3D8R, is
adopted for the bricks. The reinforcing bars are explicitly modelled with the three-dimensional beam element
(15mm mesh size) based on the Timoshenko beam theory, B31 [64]. The cross section of the wall model is
depicted in Figure 12e.

As no cohesion exists between bricks, the Coulomb friction model with a friction coefficient of 0.7 is
chosen for the tangential contact between bricks [65], while the “hard” contact, which only transmits
compressive force and provides no force when the two contacting surfaces separate, is set for the normal
direction [64]. Similarly, as mentioned in Section 2.2, the rebars are not grouted. Therefore, the rebars are not
bonded but may be in contact with the surrounding bricks during the cyclic loading test. The contact between
the bricks and the reinforcement bars is also modelled with the “hard” contact in the normal direction and
Coulomb friction in the tangential direction. The friction coefficient between bricks and rebars is set as 0.57
following Rabbat and Russell [66]. It should be noted that the solid element meshes are locally refined around

the simplified square holes of the brick, as shown in Figure 12e.

To save computational resource and improve modelling efficiency, the top concrete beam and the
bottom concrete footing are not explicitly modelled. Instead, all the degrees of freedom of the bottom nodes
of the wall are restrained to simulate the fully fixed boundary condition. On the top surface of the wall, the
nodal displacements, including those of the bricks and the rebars, are slaved to a reference point “O” by using
the kinematic coupling method in Abaqus [62, 64]. The axial load is modelled by a downward vertical force

applied on point O. To accurately model the shear span of the wall ( /), the reference point O is set at 375mm
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above the wall, which is the same height as that of the actuator in the test. This modelling scheme is illustrated

in Figure 12f. In total, the model is composed of 189,784 elements and 275,948 nodes.

Following the test procedure, two-step loading phases are set for the numerical simulation, namely the
static axial loading step and the subsequent quasi-static cyclic loading step. Dynamic relaxation [67] is
employed in the initial axial loading step. Mass scaling is used to accelerate the computation. To ensure
computation stability, the kinetic energy of the entire model is maintained to be less than 5% of its internal

energy [64, 68].

d) Brick mesh — top view

a) Brick mesh — front view b) Brick mesh — back view ¢) Brick mesh — left view .
(perspective)

P

e) Cross section of the wall model (unit: mm)
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f) Simplification of the wall model
Figure 12 Numerical model of the testing wall

5.2 Material models

The damaged plasticity material model, developed by Lubliner [69] and Lee and Fenves [70], is
employed for the brick material [64]. Based on the smeared cracking approach, the damaged plasticity model
takes the cracked solid as a continuum and describes the cracks by stress-strain relations [71]. Therefore, it
obeys the continuum assumption of the finite element method (FEM) and eliminates the need to model
potential cracking [72, 73]. Additionally, a scalar stiffness degradation variable « , which is defined by
Equation (3), is included in the damaged plasticity model to account for the stiffness degradation that will
occur in materials under cyclic loading, where E, is the original Young’s modulus when the material is
undamaged, while £ is the Young’s modulus after material damage. Previous studies have demonstrated its

accuracy in modelling interlocking bricks [38, 42, 63].
E=(1-d)E, €)

The dilation angle, the flow potential eccentricity, the ratio of initial equi-biaxial compressive yield

stress to initial uniaxial compressive yield stress (o,, / 0., ), and the ratio of the second stress invariant on the
tensile meridian to that on the compressive meridian ( K ) are used to define the inelastic behaviour. The yield

condition and the flow potential are calculated accordingly [69, 70]. Those inelasticity parameters as well as
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the Poisson’s ratio in this simulation are obtained from previous studies [74-76], which are summarised in
Table 3 (the density and Young’s modulus are obtained from tests conducted on the brick material, as
mentioned in Section 2.1). These parameters prove to yield good simulation results that match well with the
test results.

Table 3 Material parameters for the damaged plasticity model of the brick material [74-76]

. . Young’s i Flow
Densit Poisson’s Dilation "
(kg/m3})] ratio nggll)lh)ls angle (°) potent.la.l Oy / O K.
a eccentricity
2400 0.2 6700 30 0.1 1.16 0.6667

The stress-strain curves of the brick material are generated following the concrete design code [77, 78]
but based on parameters obtained from material tests in this study, i.e., the Young’s modulus, the strength and

the corresponding strain (Section 2.1). The compressive stress-strain relation is given in Equation (4).

G=(1—d;)E€
- ,x<1
J - n—1+x" @
e P
a, (x—1) +x
E
x="2p, = J. n=——t g =0.157£"7 ~0.905
g, Ee, Ee .~ f.

where E, f, and ¢ are the Young’s modulus, the compressive strength and the compressive strain

corresponding to the compressive strength, respectively. Other parameters are all intermediate parameters
calculated from these basic parameters.

The tensile stress-strain relation is shown in Equation (5).
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where f and & are the tensile strength and the tensile strain corresponding to the tensile strength,

respectively. Other parameters are also calculated from these parameters.
The scalar stiffness degradation variable & is a function of the damage parameters [64]. The damage
parameters are calculated based on the stress-strain relations with the strain energy loss method [55]. As

displayed in Figure 13, define the area between the ideal elastic stress-strain curve and the strain axis as S,
and the one between the real stress-strain curve and the strain axis as §,, which can be obtained through
Simpon’s integration. The compressive damage parameter D, and the tensile damage parameter D, can then

be calculated according to Equation (6).

D, orthl—% (6)

e

Real
Elastic

Stress

Strain

Figure 13 Calculation of damage parameters in damaged plasticity model

For the reinforcement, a bilinear stress-strain relation is adopted [79]; the material parameters are

summarised in Table 4.
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Table 4 Material parameters of reinforcing steel [79]

Density Poisson’s Young’s Yield Ultimate Ultimate
(ke/m?) ratio modulus strength strength strain
& (MPa) (MPa) (MPa)
7850 0.3 200000 550 660 0.095
5.3 Model validation

To validate the accuracy of the numerical model, it is used to model the interlocking brick wall under
cyclic loading presented in Section 2. The modelling results are compared with the experimental results.

Figure 14 compares the hysteresis curves from the numerical modelling and the laboratory test. A
reasonably close match can be observed. It is noticed that discrepancy exists in the negative part of the
hysteretic curve corresponding to the condition that the wall is subjected to pushing. As discussed in Section
3.1, this is because of the asymmetric damage of the wall in the test due to brick imperfections, which
nevertheless could not be captured by the numerical model. The numerical model is able to predict the ultimate
load as well as its corresponding displacement and the stiffness in each loop.

Table 5 summaries and compares the peak lateral loads at each loading cycle from the numerical
modelling and the laboratory test. It can be seen that the numerical model could reasonably replicate the lateral
resistance capacity of the interlocking brick wall under each prescribed lateral displacement with the largest
difference about 12%. The energy dissipation capacities of the wall predicted by the numerical model and
obtained from the test, i.e., the areas of the loops at different displacement levels, are summarised in Table 6.
It is noted that when the imposed lateral displacement is less than 10mm, the difference of the dissipated
energy between test and simulation is large. This is because the bricks in the test inevitably have imperfections
due to manufacture tolerance, which introduce some pre-existing gaps in the tested wall. Even with low
imposed displacements, the bricks in the tested wall can slide within those gaps and dissipate energy. Such
frictional energy dissipation due to pre-existing gaps cannot be replicated in the simulation where
geometrically ideal bricks are used. As the imposed lateral displacement increases, inter-brick sliding

gradually occurs where there are no pre-existing gaps due to the mortarless feature and dissipates significant
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446  amount of energy; brick material damage also develops and contributes considerably to energy dissipation.
447  Thus, the percentage of energy dissipation by inter-brick sliding on those pre-existing gaps to the total energy
448  dissipation becomes less pronounced. Therefore, the energy dissipation amount becomes closer between the
449  test and the simulation with the increasing lateral displacement. As seen in Table 6, after 30mm imposed
450  displacement, the energy dissipation differences between the test and the simulation are within 20%. After
451  60mm imposed displacement, the difference of the total dissipated energy between the test and the simulation
452 1is within 10%. Overall, the numerical model is capable of replicating the cyclic behaviour of the tested wall

453  in both strength and energy dissipation.
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Figure 14 Comparison of hysteresis curves

454
455 Table 5 Comparison of the peak lateral load in each cycle between test and simulation in the positive
456 direction
Displacement Test Simulation  Difference
4mm 44.TkN 46.7kN 4.47%
6mm 46.3kN 50.4kN 8.86%
10mm 47.4kN 46.8kN -1.27%
20mm 52.7kN 46.3kN -12.14%
30mm 63.8kN 58.7kN -7.99%
40mm 73.3kN 80.4kN 9.69%
50mm 90.6kN 99.3kN 9.60%
60mm 105.4kN 114.8kN 8.92%
70mm 119.9kN 114.4kN -4.59%
457
458 Table 6 Comparison of the dissipated energy between test and simulation
Displacement Test Simulation  Difference
4mm 299J 5517 -81.61%
6mm 443 ] 11117 -74.94%
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10mm 711) 4971] -30.10%

20mm 1341171 9951] -25.80%
30mm 23311 1903 ] -18.36%
40mm 31391 261117 -16.82%
50mm 36107 317817 -11.97%
60mm 46201 4388 1] -5.02%
70mm 54781 591617 8.00%

Figure 15 compares the damage of the interlocking brick wall from the numerical modelling and the
laboratory test. The material stiffness degradation (SDEG) variable of the brick material is used to depict the
brick damage. As shown in Figure 15a, when the wall is subjected to 40mm lateral displacement, brick damage
initiates from the right-hand side toe of the wall while the rest of the wall remains intact. The numerical model
well predicts the localised damage of the wall at the same displacement. When the interlocking brick wall
eventually fails, shear cracks are developed in the wall after damage initiated at the toes extends upwards and
diagonally. The numerical model captures a similar failure mode of the wall as in the laboratory test (Figure

15b~c), where both toe damages and diagonal cracks can be observed.

, 0.6

a) At 40mm lateral displacement
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¢) At 70mm wall displacement — toe areas
Figure 15 Comparisons of wall damages from laboratory test and numerical modelling

As discussed in Section 3.2, the wall experiences slight rocking response at relatively low
displacements. In the numerical model, the rocking behaviour can be depicted in a more straightforward way,
i.e., by showing the contact pressure (CPRESS) between bricks. Figure 16a~b show the contact pressure
contours of the wall at 0Omm and 4mm lateral displacement, respectively. The initial contact pressure is evenly
distributed when the wall is not subjected to any lateral displacement. At 4mm lateral displacement, the contact
pressure is concentrated in the upper right half of the wall with little contact pressure in the lower left part
(Figure 16b). The change of contact pressure distribution denotes that even under such a low lateral
displacement (4mm), the bricks in the lower left part of the wall will lose contact with one another due to

slight rocking response as a result of the lack of vertical tensile strength between the mortarless interlocking
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478  bricks. This slight rocking or lifting-up response of bricks can be observed more clearly in Figure 16c, where

479  distinct gaps can be seen.

480 The above comparisons demonstrate that the developed numerical model could capture the responses

481  of the interlocking masonry wall under cyclic loading and provide good predictions of its response and

482  capacity.

CPRESS

1.5
[ |

CPRESS

1.5

Gap

¢) At 4mm displacement (deformation scale factor = 20)

Figure 16 The contact pressure distribution of the wall at 0 and 4mm lateral
displacements
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6 Discussions

Previous studies found that the shear span (effective height)-to-wall length ratio and the axial precompression
applied to the wall could both significantly influence the shear strength and deformation capacity of
conventional masonry walls [17, 80]. Numerical modelling is performed using the model validated in Section
5.3 to study the influences of these two factors on the lateral strength, ductility, energy dissipation capacity

and residual displacements of mortarless interlocking brick walls under cyclic loading.

6.1 Influence of axial precompression

To investigate the influence of axial precompression on the cyclic performance of the studied
interlocking brick wall, two numerical models with varying precompression levels, i.e., 0.47MPa and
0.705MPa (as listed in Table 7), are generated. The length, height and thickness of the wall are 2400mm,
2125mm and 100mm, respectively. The studied interlocking bricks are used with the material compressive
strength of 20MPa and Young’s modulus of 6700MPa, the same as in the test.

Table 7 Interlocking brick walls with varying axial precompressions

Case Ax1a1. Wall length Wall Shear span Shear span-
number compression (mm) height (mm) to-wall length
(MPa) (mm) ratio
P1 0.470 2400 2125 2500 1.04
P2 0.705 2400 2125 2500 1.04
15017 p1 150
P2
- 100 — 125}
c %
. 50} = i
® o 100
e ]
S 0 8
— — 751
@
g -50| g
4c_é Jt'é 50 [
3 —
-100 ¢ 1 25F P1}]
-150 ¢, i . . L 0 i i i i .P2
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Disp. [mm] Disp. [mm]
a) Hysteresis curves b) Backbone curves
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Figure 17 Simulation results of the models with different precompressions

Figure 17a and b show the hysteresis curves and the backbone curves. The initial stiffness does not
appear to vary with the level of precompression, but the ultimate strength of the wall increases with the
precompression; meanwhile the ductility of the wall decreases. When the wall is under the precompression of
0.47MPa (P1), the ultimate strength is 114.4kN at the displacement of 70mm. When the precompression
increases to 0.705MPa, the ultimate strength increases to 129.8kN, which is 13.5% higher than that of P1.
Nonetheless, the displacement at the ultimate strength decreases to 60mm. Then, an abrupt strength
degradation occurs; when the displacement reaches 70mm, the strength drops to 82.6kN, 27.8% lower than
the peak strength. In comparison, for wall P1, when the displacement increases from 70mm to 80mm, the
strength only degrades by 12.3% to 100.3kN. Overall, a larger axial precompression leads to a higher ultimate
strength but a smaller ductility of the mortarless interlocking brick wall. Similar trends were observed on
conventional masonry walls [50, 51, 81]. The strength enhancement under a larger axial precompression is
mainly ascribed to the higher friction and a larger shear strength of the interlocking keys [63, 82].

Figure 17c compares the cumulative energies dissipated by the two interlocking brick walls under
different axial precompression levels. With a higher axial precompression level, more cumulative energy is

consumed. For example, after the 60mm-displacement cycles when the strength of wall P2 starts to degrade,
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the cumulative dissipated energy is 17.21kJ, while only 9.13kJ energy is dissipated in wall P1, which is merely
53% that of P2. This is because a higher axial precompression leads to a larger frictional force and hence a
more considerable frictional energy dissipation. On the other hand, the larger normal precompression and the
larger tangent frictional forces result in larger principal stresses in the bricks of wall P2, which induce greater
brick damage; hence, the energy dissipated by material damage is also larger. Furthermore, the more severe
brick damage also increases the residual displacements in wall P2 than in P1, which is mainly a result of the
more severe plastic deformation of bricks. As shown in Figure 17d, before 40mm lateral displacement, the
residual displacements of the two walls are close to each other because the brick damage is limited; after
40mm imposed displacements, the residual displacements of wall P2 increases at a much higher rate than that
of wall P1. Under 70mm imposed displacement, wall P2 fails, while wall P1 reaches its ultimate strength; the
residual displacement of P2 is 54.86mm, which is almost 3 times that of wall P1 (19.37mm).

Through the above comparison, it can be concluded that a larger axial precompression leads to a larger
shear strength and a more considerable energy dissipation capacity of the studied mortarless interlocking brick
wall but reduces its deformation capability, and results in more severe brick damage and larger residual

displacements of the wall.

6.2 Influence of shear span-to-wall length ratio

Unlike the idealized fixed-fixed or cantilever boundary conditions, in engineering practise, walls are
connected by horizontal elements such as slabs and spandrels, which results in various stiffness in the top
boundary of the wall and thus different shear spans. Therefore, shear span-to-wall length ratio is often
investigated to quantify the performance of masonry walls with different boundary conditions. To study the
influence of shear span-to-wall length ratio on the response of the studied interlocking brick wall under cyclic
loading, three numerical models of the interlocking brick wall with different shear span-to-length ratios are
generated by changing the distance between the aforementioned point O and the top of the wall (Figure 12e).

As tabulated in Table 8, the same wall as above with the axial compression of 0.47MPa is modelled. The shear
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span varies between 1750mm and 3125mm, corresponding to shear span-to-length ratios of 0.73 to 1.30 for
the three walls. Thereby, under the same lateral force, the moment at the bottom of the wall in S2 is 25% larger

than in S1, while for S3, it is 30% smaller than in S1.

Table 8 Information of models with different shear spans

Axial Wall Shear span-
Case . Wall length L height  Shear span car sp
number compression p (mm) I Hy (mm) tol—length
(MPa) ratio Ho/W
(mm)
S1 0.47 2400 2125 2500 1.04
S2 0.47 2400 2125 3125 1.3
S3 0.47 2400 2125 1750 0.73

Figure 18 a and b show the hysteresis curves and the backbone curves of the three walls with different
shear spans. It is clearly seen that the ultimate strength decreases with the increase of the shear span-to-wall
length ratio, while the ductility of the wall improves. In wall S3 (with a shear span-to-length ratio of 0.73),
the ultimate strength is 149.6kN at the displacement of 50mm. The strength degrades rapidly with wall lateral
displacement, to 128.4kN at 60mm (a decrease of 14.2%) and 79.8kN at 70mm (a decrease of 46.7% compared
to the peak strength), denoting a rather brittle failure. For wall S1 with a shear span-to-length ratio of 1.04,
the ultimate load is 114.4kN at the displacement of 70mm. However, distinct strength degradation occurs
afterwards with a decrease of 12.3% to 100.3kN at 80mm and then a further decrease of 34.2% to 75.3kN at
100mm. Compared to that of wall S3, the ductility of wall S2 is relatively better. The ultimate strength of S2
with a shear span-to-width ratio of 1.3 is significantly lower, which has a peak strength of 81.5kN at 50mm.
Nevertheless, the variation of the strength from 37mm (78.8kN, 3.3% lower than the peak strength) to 70mm
wall lateral displacement (78.5kN, 3.7% lower than the peak strength) is small. This relatively stable loading
capacity with wall lateral displacement in a wide range (Figure 18b) indicates the wall has a substantially
better ductility. Overall, a larger shear span-to-length ratio leads to a lower shear strength but a higher
deformation capacity of the mortarless interlocking brick wall. The strength reduction due to the larger shear

span-to-length ratio coincides with the conventional masonry walls as specified in several masonry design
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codes [83-85]. This is because a larger shear span-to-length ratio induces a larger sectional moment, which
causes more severe compressive damage on the wall and hence lowers its shear strength. The higher ductility
under a larger shear span-to-length ratio coincides with the results obtained from cyclic tests on conventional
masonry walls [86]. This is because of the larger flexural deformation as a result of the larger sectional moment

on walls owing to larger shear span-to-length ratios.

Figure 18c shows the cumulative dissipated energies calculated from the area of each hysteresis loop.
With the lowest shear span, the wall S3 displays the highest energy dissipation capacity. At an imposed lateral
displacement of 50mm, when wall S3 reaches its peak strength, the cumulative dissipated energy is 11.8kJ. In
comparison, the cumulative dissipated energies are both about 5.2kJ for wall S1 and S2 at this displacement,
which are only about 50% that of wall S3. After the imposed displacement exceeds 50mm, more significant
amount of energy is dissipated by wall S1 than S2. At 80mm imposed lateral displacement, the cumulative
dissipated energy by wall S1 is 24kJ, while that by wall S2 is 38.3% lower (14.8kJ). Wall S3 absorbs more
energy at the same wall displacement than the other two walls because of the more severe damage to bricks,

which contributes to energy absorption.

As displayed in Figure 18d, the residual displacements of wall S3 are remarkably larger than those of
the other two. After S3 reaches its ultimate strength at 50mm lateral displacement, the residual displacement
is 15.6mm, which is nearly 1/3 of the applied displacement, while the residual displacements of wall S1 and
S2 are similar (about 12mm) when the wall lateral displacement is 60mm. Afterwards, wall S1 shows larger
residual displacements. At 70mm lateral displacement, the residual displacement in wall S1 increases to about
19.4mm after it reaches its ultimate strength, which further increases to 39.9mm when the imposed lateral
displacement is 80mm. In contrast, when wall S2 is subject to 70mm and 80mm lateral displacements, the
residual displacements are 17.3mm (10.9% lower than that of S1) and 24.3mm (39.1% lower than that of S1),

respectively. The lower residual displacements of S2 are ascribed to the larger contribution of flexural wall
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deformation to its total deformation due to its higher shear span. As observed by Magenes and Calvi [49], a
flexure-dominant wall tends to show a low residual displacement.

Through the above comparison, it can be concluded that decreasing the shear span-to-wall length ratio
of a mortarless interlocking brick wall will lead to a higher shear strength, a lower ductility, a larger energy

dissipation capacity and more pronounced residual displacements.
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Figure 18 Simulation results of the models with different shear span-to-length ratios

7 Conclusions
This paper presents experimental and numerical studies on the cyclic behaviour of mortar-less interlocking
masonry walls made of a specific type of bricks with large interlocking keys. A laboratory in-plane cyclic test

is conducted to assess the damage mode, hysteresis response and energy dissipation capacity of the mortarless
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interlocking brick wall. The test results are compared with those of a conventional masonry wall in literature
on the failure modes, shear strength and ductility. A detailed numerical model is established and validated
with the laboratory testing results. The influences of the axial precompression force and shear span-to-length
ratio on the performance of interlocking brick walls are numerically investigated. The following conclusions

are obtained:

1. Under in-plane cyclic loading, the interlocking brick wall firstly experiences slight rocking and sliding
response between bricks at a relatively low imposed lateral displacement because of the mortarless
construction method. However, strong anchorage through vertical reinforcing bars restrains the further
development of rocking response in the wall. Under further increased lateral displacement, the
interlocking brick wall suffers diagonal shear dominated cracking damage.

2. Because of the outstanding shear resistance provided by the large interlocking keys, the interlocking brick
wall exhibits good shear resistance. Considerable deformation capability is observed on the interlocking
brick wall due to the inter-brick movement.

3. An initial equivalent damping ratio of over 30% is calculated on the interlocking brick wall, which
gradually decreases under cyclic loading due to the abrasion of brick surfaces. The equivalent damping
ratio maintains at over 10% before the ultimate failure of the wall.

4. Comparison between the conventional masonry wall and the mortarless interlocking brick wall
demonstrates the latter has a higher shear strength and a larger deformation capability. The large
interlocking keys and the mortarless construction method eliminate the bonding failure which is
commonly observed in conventional masonry walls. Hence, a better material efficiency can be achieved
in the mortarless interlocking brick wall.

5. Through numerical modelling, it is found that increasing the axial precompression or decreasing the shear

span-to-length ratio will enhance the ultimate strength and energy dissipation capability, but reduce the
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deformation capability and lead to more severe damage and larger residual displacements of the studied

mortarless interlocking brick wall.

Overall, the laboratory test and numerical simulation developed in this research provide insights into
the seismic performance of mortarless interlocking brick walls made of interlocking bricks with large shear
keys. It demonstrates good potential to be used in seismic regions. Future study can be focused on further
quantifying the influence of different design parameters on the seismic performance of the wall and developing

analytical models for efficient evaluations of the wall.
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