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Abstract

Mortar-less construction with interlocking bricks has many advantages, such as improved
construction efficiency and relatively low requirements on labour skills. Nevertheless, the
seismic performance of interlocking brick structures is not well understood yet. In this
paper, laboratory tests and numerical modelling are carried out to investigate the seismic
behaviour of interlocking brick walls. Laboratory shaking table tests are performed on a
scaled reinforced mortar-less interlocking brick wall. The response and damage modes
under in-plane seismic loading are investigated. A detailed numerical model is then gener-
ated and validated with the laboratory testing data. Unlike the conventional masonry wall
that diagonal shear damage governs the failure, the interlocking brick wall exhibits rocking
responses, whose damage is mainly at the two bottom corners of the wall. Full-scale inter-
locking brick walls are then modelled and compared with conventional concrete masonry
unit (CMU) walls bonded by mortar. Comparisons are made between the seismic resist-
ances and damage modes of the two walls. The influences of ground motion intensities,
vertical components of seismic excitations and different seismic time histories on the seis-
mic behaviour of the interlocking brick wall are examined. It is found that the interlock-
ing brick wall has a higher seismic resistance capacity than the conventional CMU wall.
Inter-brick friction is the main energy dissipation mechanism in the interlocking brick wall.
Because of the rocking response, vertical component of the ground motion significantly
influences the damage of interlocking brick wall. The interlocking brick wall is insensitive
to velocity pulses of ground motions due to its relatively high natural frequency.
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1 Introduction

Masonry structure is one of the oldest structure forms and is still widely used all over the
world due to its outstanding fire resistance, thermal and sound insulation performances,
and relatively low cost. Nevertheless, compared to reinforced concrete and steel structures,
masonry structures are relatively weak against extreme loadings such as earthquake due to
their low ductility, high specific weight, and weak connection between bricks (Lourenco
et al. 2013; TomaZevi¢ 1999). Therefore, damages and even collapses of masonry struc-
tures are always reported in the wake of earthquakes. For instance, in the 2008 Wenchuan
Earthquake, 50% of the masonry structures in the epicentre area completely collapsed (Sun
et al. 2008). Although in Australia the seismicity is low to moderate, hazards from earth-
quakes on structures still exist due to widespread masonry structures, which have poor
seismic resistance (Maqsood et al. 2016). For example, in the 1968 Meckering Earthquake,
a number of masonry buildings were extensively damaged, some of which completely col-
lapsed (Kateiva 1970; Smith 1969) (Fig. 1a). In the 1989 Newcastle Earthquake, despite
the low earthquake intensity, over 10,000 buildings suffered modest to substantial dam-
ages, most of which were masonry structures or non-structural masonry components (Page
1991, 2019) (Fig. 1b). In the 2010 Kalgoorlie-Boulder earthquake, some old masonry
structures and modern masonry residential buildings suffered structural damages (Edwards
et al. 2010; Wehner et al. 2010) (Fig. 1c). Therefore, it is necessary to properly analyse and
design masonry structures against earthquake loading for people and property protection.

1.1 Interlocking bricks

Recently, mortar-less masonry structures using interlocking bricks have attracted much
attention in the construction industry (Sturm et al. 2015; Wang et al. 2017). Ramamurthy
and Kunhanandan Nambiar (2004) carried out a review on masonry structures constructed
with interlocking bricks and demonstrated the construction efficiency of using interlock-
ing brick could be significantly improved compared to that of conventional bricks. Peirs
(1998) found the labour requirement could be reduced by 65% by using interlocking bricks.
Additionally, the construction quality of masonry structures using interlocking bricks
can be improved and the requirement on labour skills could be substantially reduced as
the interlocking mechanism of bricks can help ensure alignment, robustness and strength
requirements (Ali et al. 2012; Wang et al. 2017). Moreover, interlocking bricks could
provide a higher mechanical efficiency factor (structure equivalent compressive strength
over brick unit compressive strength) due to the elimination of mortar bed joints, which

(¢) Kalgoorlie, 2010
(Wehner et al. 2010)

(a) Meckering, 1968 (Central
Wheatbelt Visitor Centre 2016)

(b) Newcastle, 1989 (Rawling 2012)
Fig. 1 Damage of masonry structures in earthquakes
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significantly improves the compressive performance of masonry structures (Ramamurthy
and Kunhanandan Nambiar 2004). The factor is around 0.3-0.4 (Ramamurthy and Kun-
hanandan Nambiar 2004) for conventional brick structures, while mortar-less interlocking
brick structures could provide up to 0.96 (Ali et al. 2012; Hendry 1998). With all those
advantages, various types of interlocking bricks have been developed which feature with
different interlocking mechanisms and therefore different mechanical performances (Anand
and Ramamurthy 2000, 2005; Haener 1987; Bosro et al. 2018; Shi et al. 2021a; Thanoon
et al. 2004). As the design of interlocking shapes can be regarded as an optimisation prob-
lem, digital tools have been employed. For example, Casapulla et al. (2019) developed a
digital framework to quantify and minimise the sliding infeasibility of dry-stacking inter-
locking structures. Different materials have also been used to make interlocking bricks,
such as rammed earth blocks, rice husk ash cement blocks, and coconut fibre reinforced
concrete, whose mechanical performances are reported by different researchers (Al-Fakih
et al. 2018; Ali and Chouw 2013; Fay et al. 2014; Oyebisi 2018).

Interlocking bricks are connected through the interlocking tenons and mortises instead
of relatively weak mortar as in conventional bricks, whose shear strength can be assimi-
lated the bond strength between mortar and masonry units in conventional mortared
masonry (Casapulla et al. 2021). As pointed out by some researchers (Casapulla et al.
2019; Shi et al. 2021b; Dyskin et al. 2012), interlocking brick structures exhibit high shear
resistances on the inter-brick interfaces. For instance, Sturm et al. (Sturm et al. 2015) con-
ducted shear tests on dry-stack interlocking rammed earth blocks, and demonstrated the
effectiveness of the relatively shallow extrusion on the block in improving the brick shear
strength. As friction plays an important role in mortar-less masonry structures, Liu et al.
(2016) investigated the frictional resistance between stacked interlocking bricks of differ-
ent shapes and found that the frictional coefficients gradually degrade under cyclic loading.
It is worth noting that most existing interlocking bricks have relatively small shear keys
mainly for alignment in construction (Anand and Ramamurthy 2000, 2005; Haener 1987;
Bosro et al. 2018; Thanoon et al. 2004), which therefore could only provide limited shear
resistance. It has been demonstrated that segmental concrete columns with large shear keys
have improved shear resistance compared to the ones without shear keys or with only small
keys under both static and dynamic loading conditions (Zhang et al. 2017, 2018, 2021).
Accordingly, The shear capacity as well as the seismic capacity of interlocking bricks
could possibly be improved by introducing larger and properly designed shear keys to the
bricks, which has not been explicitly and well studied yet. Another unique feature of dry-
stacked interlocking structures is that the damage of one brick is usually confined to this
brick itself and will not propagate to adjacent bricks. Oikonomopoulou et al. (2018) tested
dry-stacking interlocking glass piers, in which cracks developed in the glass block but
stopped at the interlocking joint without extending into the adjacent blocks. Consequently,
the interlocking glass pier did not fail in a brittle manner. Furthermore, the absence of mor-
tar between bricks enables friction at the brick interfaces, which could increase the energy
dissipation capacity of a structure under earthquake actions (Ali et al. 2013). The seismic
behaviour of interlocking brick structures would differ from that of a conventional masonry
structure. More systematic study is needed to properly understand the earthquake behav-
iour of interlocking brick structures.
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1.2 Seismic research on interlocking brick masonry structures

Numerous studies have been conducted to investigate the seismic responses of conven-
tional brick structures (Ahmed et al. 2017; Ferreira et al. 2015; Ferretti and Pascale
2019; Gupta and Sankhla 2018; Magenes and PENNA 2011), but only very limited
research is available in the open literature on the seismic resistance performance of
interlocking brick structures. Under seismic excitation, masonry piers made of conven-
tional bricks usually fail with shear-dominant response mode (Peiia et al. 2010; Sucuo-
glu and McNiven 1991). This is because the shear resistance of mortar joints is rela-
tively low. In contrast, piers made of interlocking bricks are expected to have a higher
shear resistance capacity because the interlocking mechanism could provide more shear
resistance. Similarly, for conventional masonry walls subjected to in-plane ground
excitation, diagonal and direct shear failures along mortar joints are usually observed
(Magenes and Calvi 1997). In comparison, the interlocking brick wall could respond dif-
ferently because of the higher shear resistance (Xie et al. 2020). Qu et al. (2015) investi-
gated the dynamic response of a masonry wall made of interlocking brick featured with
two shallow truncated cones. Damages to the tenons were widely observed, indicating
the influence of the interlocking mechanism. Furthermore, gap opening could be devel-
oped on mortar-less brick structures, which may influence the responses of masonry
structures under earthquake loading. Elvin and Uzoegbo (2011) carried out shaking
table tests on a full-scale dry-stacked (mortar-less) masonry structure and observed sig-
nificant gap opening during the test. Ali et al. (2013) also conducted shaking table tests
on brick piers and walls made of interlocking blocks. Brick uplifting was observed dur-
ing the test, which indicated a flexure-dominated response mode. These laboratory tests
mentioned above provide insights into the behaviour of interlocking brick structures,
but there is still no systematic study yet on the response of interlocking brick structures,
as well as damage and failure criteria under earthquake loading. Furthermore, interlock-
ing keys of different interlocking bricks were designed differently. Since interlocking
key is the primary factor that provides shear resistance, masonry structures constructed
with interlocking bricks of different keys perform differently. It is necessary to under-
stand the mechanism and performance of interlocking keys in resisting seismic ground
excitations of masonry structures.

In earthquake design, the energy dissipation capacity of a structure is a major concern.
Plastic hinges are typically formed in reinforced masonry piers/walls made of conven-
tional bricks, which consume most energy when the structure suffers substantial damage.
Because of the mortar-less construction method, joint openings could occur due to rocking
response, which avoids the formation of plastic hinge. When rocking happens, the kinetic
energy will be dissipated through collisions between adjacent blocks (Housner 1963;
Magenes and Calvi 1997; Priestley et al. 1978; Sorrentino et al. 2011). Therefore, the hys-
teretic energy dissipation capacity of masonry structures made of interlocking bricks could
be very different from that of conventional bricks. Qu et al. (2015) carried out cyclic tests
on interlocking brick walls. It was found that the hysteretic curves were stable and showed
a lower strength and stiffness degradation even at a high drift ratio. It also showed a sta-
ble energy dissipation capacity through the whole process and the interlocking brick wall
exhibited a flexure-dominated response mode. Again, there is still no comprehensive study
yet about the energy dissipation performance of interlocking brick structures under earth-
quake excitation.
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This study examines the seismic behaviour of masonry walls made of interlocking
bricks constructed with the mortar-less method. Shaking table tests are firstly carried
out; then, a detailed numerical model is generated and validated with the laboratory test-
ing data. The seismic response of the interlocking brick wall is analysed in terms of the
response and damage modes, seismic resistance, and energy dissipation mechanism. Com-
parison between the interlocking brick wall and a conventional CMU wall on their seismic
performance is carried out. The influences of the vertical component and velocity pulses
of seismic excitations on the seismic behaviour of the interlocking brick walls are also
examined.

2 Laboratory shaking table test
2.1 Details of interlocking bricks

Figure 2a illustrates the interlocking bricks used in this study. They are designed with
large tenons and mortises that interlock with neighbouring blocks, which help to improve
the shear resistance capacity of the interlocking wall. Moreover, as the structure is con-
structed using the mortar-less method, inter-brick sliding and local oscillation could occur
if some interlocking keys are damaged under heavy loading (Bland 2011), which would
dissipate imposed energy through friction and movements of bricks. For the scaled shak-
ing table test, half-scale bricks are cast with dimensions illustrated from different aspects

(a) An interlocking brick (b) Top view (c) Front view
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\
(d) Back view (e) Left view

\

Fig.2 Geometry and dimension of the half-scale interlocking bricks (unit: mm)
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Fig.3 Setup of interlocking brick wall for the shaking table test

in Fig. 2b—e. The material used for making these bricks has a characteristic compressive
strength of 17.5 MPa.

2.2 Wall setup and instrumentation

As shown in Fig. 3a, a scaled brick wall of 825 mm tall and 800 mm wide comprising 12
tiers of interlocking bricks is built for the shaking table tests. Four pieces of 6 mm-diam-
eter ribbed bars are grouted into the holes of the interlocking bricks to reinforce the wall
at approximately equal spacing, as marked and highlighted in Fig. 3b (0.3% vertical rein-
forcement ratio). It is to note that due to the wall width and hole distribution in the brick,
strict equal spacing of the rebars could not be achieved, but the distance between the outer
rebars and the wall side is maintained the same at 125 mm. A 375 kg solid concrete block
is placed on top of the wall to apply a vertical load of 0.1 MPa.

Four 1 mXx 1 m shaking tables in the Structural Dynamics Laboratory of Curtin Univer-
sity are rigidly connected using a concrete slab and synchronised as one biaxial shaking
table for this test. The payload of each shaking table is 8kN and the operating frequency is
0.1-50 Hz. The four shaking tables are able to simulate spatially varying ground motions
with sinusoidal or random waveforms. In this test, the seismic loading is applied in the in-
plane horizontal direction of the wall.

Four accelerometers are installed onto the specimen wall, i.e., on the top mass (named
as “Mass”), at the top of the wall (named as “Top”), at the bottom of the wall (named as
“Bottom”), and at the middle of the footing (named as “Footing”), respectively. Two linear
variable differential transducers (LVDTSs) are installed to monitor the in-plane horizontal
displacements of the wall. One is installed at the top of the wall (named “Top”), and the
other is installed to measure the bottom displacement of the wall (named “Bottom”). The
sensors are connected to an HBM® data logging system, synchronised and sampling at a
frequency of 300 Hz. Only uniaxial ground motion in the in-plane direction is applied in
the tests.
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Fig.4 A typical input with a nominal PGA of 0.6 g

2.3 Test procedures

A synthetic ground acceleration time history complying with Australian seismic design
code AS1170.4 (Joint Standards Australia/Standard New Zealand Committee BD-006,
General Design Requirements and Loading on Structures 2007) (class C) is generated
using the spectral representation method (Bi and Hao 2012) and adopted as the seis-
mic input in this test. The earthquake wave lasts about 30 s. Figure 4a shows a typical
acceleration time history with a nominal PGA of 0.6 g generated based on the design
response spectra in AS1170.4-2007. The response spectrum of the generated seismic
acceleration time history with a 5% damping ratio is shown in Fig. 4b, together with
the target spectrum. In the laboratory test, the Peak Ground Acceleration (PGA) of the
inputted ground motion time history is gradually increased from 0.05 to 0.6 g. White
noise is applied after each ground excitation to examine the frequency of the tested wall
so as to check its damage level in terms of the stiffness loss after each ground excitation.
It should be noted that, the PGAs here refer to the nominal PGA, namely the scale fac-
tor for the standard response spectrum used in the generation of the seismic acceleration
time history. Inevitably, there are differences between the nominal PGAs and the actual
PGAs of generated seismic ground motion time history used as input in the shaking
table tests, as commonly observed in stochastic simulations since the simulated time
history is a single realisation of a random process, whereas the PGA used in the simula-
tion represents the mean peak values of the random process. It should also be noted that
the shaking table used in the tests is displacement controlled, therefore the actual PGAs
on the shaking table is not exactly the same as the input PGAs. The nominal PGAs, the
PGAs of the simulated time histories, and those measured at the footing during tests are
listed in Table 1.

Table 1 Relationship between nominal PGA, inputted PGA and measured footing PGA

Nominal PGA 0.05¢g 0.10 g 020¢g 0.30¢g 040¢g 0.50 g 0.60 g
Inputted PGA 0.08 g 0.16 g 032¢g 048 ¢ 0.64¢g 08lg 097 ¢
Measured PGA at footing 0.13¢g 024¢g 042 ¢ 077 g 0.83¢g 095¢g 153¢g
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3 Numerical modelling

A detailed three-dimensional finite element model of the mortar-less interlocking brick
wall is generated using the commercial software Abaqus (Hibbitt et al. 2019). The numer-
ical model is validated with the laboratory shaking table test by comparing the damage
modes and the displacement time histories. It is then used to perform numerical simula-
tions to investigate and understand the seismic response of the interlocking brick wall.

3.1 Modelling details

Figure 5a illustrates the numerical model which comprises the top mass, the interlocking
brick wall (including the bricks, the rebars and the grouts around the rebars) and the foot-
ing. The positions of the four rebars are marked with red dashed lines. Both the interlock-
ing bricks and the grout around the rebars are modelled with three-dimensional solid ele-
ments. The rebars, on the other hand, are modelled with beam elements which share the
same nodes with the grout surrounding them. The element type C3D8R in Abaqus, namely
the continuum stress/displacement three-dimensional eight-node reduced-integration ele-
ment, is chosen for the solid element. The enhanced hourglass control is enabled to elimi-
nate possible hourglass influence. It is a refinement of the pure stiffness hourglass control
method and provides more precise displacement solutions than other common hourglass
control approaches such as stiffness control and viscous control (Dassault Systemes 2022).
The element type B31, namely the spatial linear beam element based on the Timoshenko
beam theory, is adopted for the beam elements constituting the rebars. A mesh size of
6 mm (shown in Fig. 5b—f for the bricks of different views) is used for the interlocking
bricks, the grout and the rebars after a convergence study. In this way, the different parts of
the wall in contact with each other have coincident node positions and the contact analy-
sis will have a good accuracy (Dassault Systemes 2022). The node position coincidence
between the grout and the bricks is shown in Fig. 2g, while the rebar elements are gener-
ated using the stringer technique and hence share the same nodes as the grout elements sur-
rounding them (Dassault Systemes 2022). It should be noted that for a better mesh quality,
the cylindrical holes in the bricks shown in Fig. 2b are simplified into square holes whose
side length equals to the diameter of the round holes. As no intensive local damage was
observed around the holes in the test, this simplification has a minimum influence on the
simulation results.

3.2 Material model

The concrete damaged plasticity (CDP) model is employed for the brick material. The
CDP model is characterised by isotropic tensile and compressive behaviour and progres-
sive damage of material, which can simulate the behaviour of quasi-brittle materials (such
as concrete, rock, ceramics and mortar) under cyclic or dynamic loading conditions (Das-
sault Systemes 2022; Lubliner et al. 1989). It has been popularly employed in the simula-
tion of concrete and rock structure, and has been used in a recent study on the performance
of interlocking bricks with good results (Shi et al. 2021).

The unconfined uniaxial compressive strength of the brick material in the CDP model is set
to 17.5 MPa as in the laboratory test. The tensile strength is taken as one-tenth of its compres-
sive strength, following previous studies (Martinez et al. 2018; Shi et al. 2021). The Young’s
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(a) The interlocking brick wall model (b) Meshing of one brick

(¢) Brick meshing — perspective topview (d) Brick meshing — frontview

(e) Brick meshing — back view (f) Brick meshing — side view

Grout

Brick

L
(g) Node position coincidence between the grout and the brick

Fig.5 Numerical model of the testing wall and its modelling details
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Fig. 6 Stress—strain curves of the brick material

modulus is determined based on 40% of the ultimate compressive strength of the material
(Shi et al. 2021). The hardening and softening behaviour of the material is defined follow-
ing the design code (Minstry of Housing and Urban—Rural Development of the People’s of
China 2016). The damage parameters are calculated based on strain energy loss using Simp-
son’s integral method (Wang and Yu 2004). The density of the brick material is 2010 kg/m3;
the Poisson’s ratio is 0.2; the Young’s modulus is 7080 MPa. The compressive and tensile
stress—strain relationship of the defined brick material is shown in Fig. 6a, b, respectively. To
avoid element tangling, erosion technique is employed (Dassault Systeémes 2022). The scalar
unloading stiffness degradation, which is recommended as the damage indicator for materials
using the CDP model (Bhartiya et al. 2021; Dassault Systeémes 2022), is adopted to illustrate
the damage status in the following sections. An elastic-perfect-plastic material model is used
for the steel reinforcement. Table 2 list the material parameters.

3.3 Contacts and analysis steps

For mortar-less constructed interlocking brick wall, properly defining the contact between
adjacent interlocking bricks is crucial for accurately modelling of wall responses. In this study,
perfect contact between bricks is assumed without considering imperfection. The ‘“hard”
contact is set as the contact property in the normal direction. For the tangential direction, a
constant friction coefficient of 0.7 is chosen for the interfaces between two contacting bricks
(Chen and Bagi 2020). It should be noted that imperfection of bricks inevitably exists, i.e.,
the brick surface cannot be perfectly smooth. However, in the present study perfect contact
between bricks is assumed because there is a lack of data on brick surface roughness, which
is randomly distributed and varies from brick to brick, and also because modelling imperfect

Table 2 Material parameters for reinforcement

Density (kg/m3) Yield stress (MPa) Poisson’s ratio Young’s modulus (MPa)
7850 500 0.3 206,000
@ Springer
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Table 3 Contact setting between the grout and interlocking bricks (Abdulla et al. 2017)

Direction Stiffness (N/mm?)  Strength (MPa) Critical strain energy
release rate (N/mm)

Compression —(*) 17.5 -
Tension 110 0.16 0.012
Shear-first direction 50 0.224 0.05
Shear-second direction 50 0.224 0.05

*Determined by the material of the two contacting surfaces, which is calculated by Abaqus during compu-
tation

contact would substantially increase the modelling efforts. Neglecting the imperfect contacts
in numerical model would introduce some errors, which should be carefully examined. The
infill grout is assumed in perfect contact with the rebars through shared nodes. Cohesive con-
tact is defined between the grout and the bricks, whose parameters are listed in Table 3 follow-
ing reference (Abdulla et al. 2017). The present model considers that the ribbed reinforcing
bars are bonded very well with the grout, while the bonding between the grout and the brick
surface is relatively fragile.

The wall is loaded in two stages: firstly, the gravity load is applied to the entire model
using dynamic relaxation method (Boulbes 2020). Then, the ground acceleration is applied
to the footing to introduce the seismic excitation. Explicit analysis is used in the numerical
modelling. Following Eurocode 8 (1998), a damping ratio of 5% is adopted for this wall
model. As explicit algorithm is used, the damping is added as a mass proportional damp-
ing, calculated based on the in-plane first-order frequency of the wall, while the stiffness
proportional damping is neglected to avoid too small stable time increments (Chen et al.
2014; Dassault Systemes 2022). Following the laboratory test, the numerical model is also
subjected to seismic loadings with increasing PGAs to consider the accumulated damage.

4 Results and analysis

The laboratory testing and numerical modelling results are presented in this section. The
damage evolution of the interlocking brick wall under gradually increased ground excita-
tion is firstly presented. Localised response in the interlocking bricks is then assessed. The
natural frequency of the interlocking brick wall and the wall top displacement time histo-
ries under different ground excitations are presented to show the response of the interlock-
ing brick wall under seismic loading. The energy dissipation mechanism is also examined.

4.1 Wall damage evolution

When subjected to 0.05 g and 0.1 g ground excitation, there is no damage observed to
the wall. Under 0.2 g seismic loading, apparent inter-brick sliding and local brick oscilla-
tion are observed, which originate from pre-existing gaps between interlocking bricks due
to inevitable non-perfect contacts between bricks associated with the brick surface rough-
ness (Dell’Endice et al. 2021). After the 0.2 g loading, a significant gap width of 5 mm is
observed at the centre of the wall, as shown in Fig. 7a.
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fter 0.5g loading

(g) The exposed rebar

Fig.7 Progressive wall damages by seismic ground excitations with increasing intensities
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Fig.9 Wall top displacement time histories from the laboratory test and numerical modelling

Under the 0.3 g seismic loading, cracks are initiated in bricks as seen in Fig. 7b, some
of which widen and further extend under the 0.4 g loading (Fig. 7c). It is noted that there
are no apparent new cracks after the 0.4 g seismic loading compared to the 0.3 g case,
signifying the local stress concentration has been released after the formation of those
major cracks shown in Fig. 7b, and the wall is in a relatively stable state after the stress
redistribution.

Under further increased seismic loading (PGA=0.5 g), slight rocking responses are
observed. With joints opening and closure under the ground excitation, the bricks at the
two bottom corners begin to detach during the vibration. More cracks are developed in the
interlocking bricks. Moreover, as shown in Fig. 7d, with the widening of gaps in the wall,
shattered brick pieces begin to fall off, indicating the damage of the wall. Nevertheless, the
wall still manages to hold together and supports the top mass after the 0.5 g excitation. The
occurrence of rocking implies that rebar anchorage fails under excessive earthquake load-
ing, which otherwise would have mitigated the formation of rocking (Aslam et al. 1980).

When subjected to the 0.6 g seismic load, severe rocking responses are observed. As
shown in Fig. 7e, bricks at the two bottom corners detach because of the successive rock-
ing response, leading to the progressive falling-off of the bricks. Some vertical cracks are
formed as a result of the loss of support. Figure 7f shows the severe damage to the wall
after this loading case, where the brick damage is highlighted in yellow and the rebar loca-
tions in the wall are highlighted in red. As can be observed, despite the severe brick dam-
age, very minor bending deformation is found on the rebars (Fig. 7g). Although the wall
still stands, it is deemed to have lost most load-bearing capacity, and the test is hence ter-
minated. Figure 8a, b compare the damage mode of the numerically modelled wall (accu-
mulated damage in previous loading cases are included) with that from the laboratory test
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under the 0.6 g ground excitation. It can be found that the numerical model could well
reproduce the rocking dominated damage mode of the interlocking brick wall.

4.2 Wall top displacement time histories

Figure 9a—c show the displacement time histories at the top of the wall subjected to
ground excitations with different PGAs. Both the laboratory testing and the numerical
modelling results are presented here. Since under 0.05 g and 0.1 g excitation, there are
no damages in the wall, the displacement time histories are not presented here. Addi-
tionally, in the 0.3 g test the LVDT malfunctioned, and in the 0.6 g test the excessive
wall rocking response leads to the LVDT out of range. Therefore, the results for these
two cases are not compared.

As can be seen, the numerically predicted displacement time histories agree well
with those from the laboratory test. Under the PGA =0.2 g loading, the peak displace-
ment obtained in the test is 19.24 mm, while that from the numerical simulation is
18.31 mm, with an error of 4.83%. In the 0.4 g loading case, the peak displacement
responses are 39.75 mm and 35.67 mm respectively from the lab test and numerical
modelling, yielding an error of 10.26%. In the 0.5 g case, the interlocking brick wall in
the test reaches a peak top displacement of 51.99 mm, while the numerical model pre-
dicts a peak displacement of 56.76 mm (+9.17% error).

The lateral drift of the wall under different seismic loadings is calculated using the
wall top displacement deducting the measured bottom displacement. Table 4 summa-
rises the peak lateral drift ratios in each loading case. As expected, the peak drift ratio
gradually increases with the increase in the intensity of input ground excitation. Under
the excitation with PGA =0.4 g, the peak drift ratio is 1.63%, but only minor damage is
observed on the tested interlocking brick wall. Both the ASCE 7-16 (Structural Engi-
neering Institute and American Society of Civil Engineers, publisher 2017) and Euroc-
ode 8-2003 (Eurocode 8 1998) specify a 1.0% maximum drift ratio for masonry walls.
The present test results indicate the interlocking brick wall can tolerate a higher drift
ratio than conventional brick wall as mandated in design codes. The peak drift ratio

Table 4 Summary of shaking

Case Peak drift ratio Post-test white
table test results noise frequency/
Hz

Before test - 12.29
PGA=0.05¢g 0.09% 12.28
PGA=0.1¢g 0.22% 12.20
PGA=02¢g 0.70% 11.38
PGA=03¢g —* 11.22
PGA=04¢g 1.63% 10.54
PGA=05¢g 3.42% 8.14

PGA=0.6g _x -

*1. Under the 0.3 g seismic loading, the bottom displacement time
history is not obtained due to malfunction of the LVDT; 2. Under the
0.6 g seismic loading, the wall experiences severe rocking, causing
failure of displacement measurement
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reaches 3.4% under 0.5 g ground excitation, which is associated with substantial rock-
ing responses of the wall. Nevertheless, the wall still survives this loading cases despite
severe damages. It demonstrates the current earthquake design standards for conven-
tional masonry walls, which usually suffer brittle failure under seismic loading, are not
suitable for mortar-less interlocking brick walls because the different response mode
and sliding between mortar-less interlocking bricks greatly enhances the deformation
capacity of the interlocking masonry wall.

4.3 Wall vibration frequency

White noise of small amplitude is applied to the wall after each ground excitation.
Acceleration responses under white noise are analysed using stochastic subspace iden-
tification (SSI) and peak picking (PP) method to extract the horizontal in-plane natural
frequency of the interlocking brick wall so as to quantify the damage severity of the
interlocking brick wall after each test (Zhang 2007). As shown in Fig. 10, the natural
frequency of the interlocking brick wall before the seismic excitation test is 12.29 Hz,
which is slightly reduced to 12.2 Hz after subjected to PGA=0.05 g and 0.1 g ground
excitation, indicating no or little damage to the wall as observed visually in the test.
After subjected to the 0.2 g loading, the frequency of the wall drops to 11.38 Hz, indi-
cating minor damage to the wall. Under further increased ground excitations (0.3 g and
0.4 g), the frequency of the wall gradually reduces to 11.22 Hz and 10.54 Hz. It is to
note that unlike conventional brick walls, whose damage develops quickly and natural
frequency plummets in the face of earthquake loading (DeJong 2009), damage to the
interlocking brick wall evolves relatively slowly. After subjected to the seismic excita-
tion with a PGA of 0.5 g, the wall experiences substantial damage owing to the apparent
rocking responses as described above, resulting in the reduction of natural frequency to
8.14 Hz. Considering the severe damage condition of the wall, no white noise excitation
test is performed after the 0.6 g test.

4.4 Localised response mode

As described above, distinct local brick responses, i.e., brick rocking and sliding, are
observed as the magnitude of the seismic loading increases. This local response could

Fig. 10 In-plane natural fre-
quency of the interlocking brick 12 F
wall after seismic loadings of
different PGAs
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Fig. 11 Acceleration time history of the top brick and the mass

be discerned explicitly from the acceleration time history of the top brick and the added
top mass. As shown in Fig. 11a, under 0.1 g loading when no local brick oscillation is
visually observed, the acceleration time histories of the added mass and the top brick
are almost identical because the added mass is firmly fixed to the brick wall. However,
under the 0.2 g loading, an impulse is observed at around t=10 s with an acceleration
of over 1 g (Fig. 11b), owing to the occurrence of an inter-brick collision, which is a
direct result of the localised movement of bricks. Similar spikes are also observed in the
acceleration time histories in the subsequent tests with larger PGAs (Fig. 11c, d).

4.5 Energy dissipation mechanism

To further examine the seismic performance of interlocking brick wall, the energy dis-
sipation mechanism is analysed. As described in Sect. 4.1, different from conventional
mortar-bonded masonry walls, there is no distinct diagonal shear damage observed in
the interlocking brick wall. Instead, rocking response of the wall is observed, as well as
inter-brick sliding and pounding. The inter-brick pounding and friction both contribute
to energy dissipation. The energy dissipation time histories of the scaled interlocking
brick wall under the ground excitation are obtained through the validated numerical
model. The energies dissipated by inter-brick friction and brick damage plus material
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plasticity for the interlocking brick wall under 0.6 g ground excitation are shown in
Fig. 12. It can be found that friction is the predominant energy dissipation mechanism,
which gradually increases as the imposed seismic energy increases. The energy dis-
sipated by the two mechanisms in other loading cases are tabulated in Table 5. As
seen, energy dissipated by friction is remarkably larger than that by material plastic-
ity and brick damage in all the cases with varying PGAs. It demonstrates that friction
between the dry-stacking interlocking bricks contributes the most to the energy dissi-
pation, while that consumed by brick damage and material plasticity is much smaller.
Furthermore, very limited amount of energy is dissipated by material plasticity and
brick damage before 0.5 g seismic loading, indicating minimum brick damages under
these levels of excitations. Under these excitations, most seismic energy is consumed
by friction between inter-brick sliding. This is an advantageous characteristic of inter-
locking brick wall with respect to the seismic resistance performance as compared to
the conventional masonry walls.

5 Discussion on the seismic performance of interlocking brick walls

To further investigate the seismic performance of interlocking brick walls, numeri-
cal study is performed on full-scale masonry brick walls. Firstly, comparisons are
made between an interlocking brick wall and a conventional CMU wall under seismic
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excitations with varying PGAs to compare their seismic resistant capacity. Then, the
influence of vertical components of seismic loading on the response of interlocking
brick walls is investigated. It should be noted that usually vertical ground motion com-
ponent is neglected in analysis and design of conventional masonry walls. However,
vertical component may have a significant influence on interlocking brick wall owing
to the observed rocking responses in the tests. The influence of velocity pulses of near-
fault ground motions on the response of interlocking brick wall is also studied, which
may also greatly affect the interlocking brick walls owing to the pounding responses
between adjacent bricks.

5.1 Comparison between the interlocking brick wall and a CMU wall
5.1.1 Modelling of the full-scale walls

A conventional CMU wall is modelled with CMU blocks bonded by mortar, which repli-
cates the most commonly constructed masonry structures. To validate the accuracy of the
model, Turek et al.’s laboratory shaking table test on an unreinforced CMU wall (Turek
2002; Turek et al. 2007) is firstly numerically modelled for validation of the numerical
model. This test is chosen to validate the model because significant diagonal shear-sliding
response dominates the failure mode of the CMU wall, which can serve as a good reference
to compare with the mortar-less interlocking brick wall. The wall in the test was 2400 mm
(height) by 3000 mm (width) by 200 mm (thickness), constructed with 400 mm (width)
by 200 mm (thickness) by 200 mm (height) concrete masonry blocks bonded by mortar.
An added weight of 26.5 kN was applied on top of the wall. The shaking table test was
conducted along the horizontal in-plane direction. The seismic record used in the shaking
table test was generated from VERTEQII (Zone 4) response spectra defined in the standard
GR-64-CORE (1995). A detailed three-dimensional numerical model of this CMU wall
is generated in Abaqus, with CDP material model employed for the block material. The
unconfined uniaxial compressive strength is 30 MPa following Turek et al.’s test. Type-S
mortar with a compressive strength of 12 MPa was used to build the wall in the test (Turek
2002). As no other parameters of the mortar are provided, the cohesive parameters listed in
Table 3, which belongs to a mortar with a compressive strength of 11.5 MPa, are adopted
in this simulation for the cohesive contact between CMUSs (Abdulla et al. 2017; Dassault
Systemes 2022). Figure 13a, b compare the damage initiation and final failure mode of
the CMU wall in the test and those from the numerical simulation. According to Turek
et al. (Turek 2002; Turek et al. 2007), the initial cracking in the tested wall was due to
flexural components, showing mortar debonding as in Fig. 13a.) In the numerical simula-
tion, similar mortar debonding is observed, as displayed in Fig. 13b. The final X-shape
failure mode in the CMU wall as in the test is replicated by the numerical model, as seen
in Fig. 13c, d. It should be noted that because the primary failure pattern before wall col-
lapse changed from mortar debonding to serious shear-dominant failure, the damage state
variable SDEG is hence adopted in Fig. 13d instead of contact slippage variable (CSLIP1,
as used in Fig. 13b) to reflect the status of the wall. Since there are no quantitative results
such as displacement time history available, only the observed damage mode is compared
to verify the numerical model.

To compare the seismic response of the interlocking brick wall and the conventional
CMU wall, two 2400 mm tall by 2400 mm wide load-bearing walls are numerically mod-
elled. The aspect ratio (height-to-width) is set as 1.0 to be consistent with that in the
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Fig. 13 Comparison of CMU wall failure mode between the numerical simulation and the lab test results
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Fig. 14 Full-scale models of the interlocking brick wall and the conventional CMU wall (unit: mm)

shaking table test (825/800=1.03) so that the failure mode of the full-scale interlocking
brick wall under seismic loading would not be influenced by aspect ratio. The interlock-
ing brick wall with the full-scale interlocking brick as illustrated in Fig. 2a is constructed
using the dry-stacking (mortar-less) method (Fig. 14a), while the conventional brick wall
is made of four-hole CMUs which have a unit thickness of 100 mm and a hole dimension
of 30 mm X 30 mm and is bonded by mortar (Fig. 14b). Therefore, the cross-section area of
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the interlocking brick wall is almost the same as that of the conventional CMU wall. The
material parameters of the mortar follow those in reference (Abdulla et al. 2017), as listed
in Table 3. For a fair comparison, the same brick material properties are considered in
the numerical model for the CMUs and interlocking bricks using the CDP material model
with an unconfined uniaxial compressive strength of 15 MPa and a Young’s modulus of
19500 MPa, representing concrete of the same strength level (CCAA GUIDE HB 71 [T38]
2011). A mass block of 10.7t is set on the wall top to apply an axial load of 0.5 MPa. Four
vertical reinforcing bars with a diameter of 12 mm are inserted at equal spacing in the voids
of the bricks, providing a reinforcement ratio of 0.2%. Following prototype dimensions, the
dimension of an interlocking brick is 200 mm (length) by 180 mm (height) by 100 mm
(thickness). For the CMUs, the dimension of the block is 390 mm (length) by 190 mm
(height) by 100 mm (thickness) bonded by a 10 mm-thick mortar layer (Concrete Masonry
Association of Australia 2019). Cohesive contact with parameters listed in Table 3 is used
to model the bonding behaviour between the CMU blocks. Such a modelling technique is
commonly used for masonry structures (Abdulla et al. 2017). The seismic input used in the
simulation is the one recorded at Station El Centro Array #9 in 1940 Imperial Valley-02
Earthquake (north—south direction) (University of California, Berkeley 2021). The ampli-
tude is scaled to PGAs between 0.4 and 0.6 g. The acceleration time history with a scaled
PGA of 0.5 g and the corresponding acceleration response spectra are shown in Fig. 15a, b,
respectively.

5.2 Comparison of the seismic responses

Figure 16 shows the deformation and damage modes of the interlocking brick wall and
the CMU wall under the ground excitations with varying intensities. As can be seen in
Fig. 16a, when subjected to the seismic excitation with a PGA of 0.4 g, minor damage is
observed on the two bottom corners of the interlocking brick wall as a result of the flexural
response. By contrast, no damage occurs on the conventional CMU wall under the same
level of seismic excitation (Fig. 16d). When subjected to PGA =0.5 g seismic loading, the
two bottom corners of the interlocking brick wall experience rocking induced damage, but
the wall manages to survive the applied earthquake loading (Fig. 16b). In comparison, the
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Fig. 15 The seismic excitation of the 1940 Imperial Valley-02 Earthquake (Station El Centro Array#9,
north—south direction, PGA=0.5 g)
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Fig. 16 Deformation and damage modes of the walls under seismic excitation with varying intensities
(PGA)

conventional CMU wall experiences severe toe crushing under the seismic loading with a
PGA of 0.5 g. The damage then develops diagonally upwards and eventually causes col-
lapse of the wall (Fig. 16e). Numerical modelling on the interlocking brick wall is extended
with a larger PGA (0.6 g). As can be seen in Fig. 16¢, under PGA =0.6 g ground excitation,
damage initiates at the two bottom corners; rocking further leads to the crushing failure of
the bricks. The damage then extends inward and eventually results in the total collapse of
the interlocking brick wall under flexural failure. It is worth noticing that no diagonal shear
cracking is observed.

As shown in Fig. 17a—c, the hysteresis curves of the interlocking brick walls exhibit
a pinching character, especially under 0.5 g and 0.6 g loading, indicating the interlock-
ing brick walls are dominated by flexural response under seismic excitation (Magenes and
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Fig. 17 Hysteretic curves and backbone curves of the walls subjected to seismic excitations of varying
PGAs

Calvi 1997). This is because the interlocking brick wall has a relatively high shear resist-
ance provided by the interlocking keys compared to the mortar bonding of CMU walls.
Figure 17a displays the hysteresis curve of the interlocking brick wall under the seismic
excitation with a PGA of 0.4 g. An initial stiffness of 140.7 kN/mm is obtained from the
linear part of the backbone curve. Under PGA=0.5 g seismic excitation (Fig. 17b), the
initial stiffness is 139.7 kN/mm, which quickly deteriorates to 30.5 kN/mm after the wall
experiences nonlinear response. The peak base shear force is 69.5 kN, while the ulti-
mate drift is 14.2 mm. When the interlocking wall is subjected to 0.6 g ground excita-
tion (Fig. 17¢), the wall shows a similar initial stiffness (131.0 kN/mm), which degrades to
18.6 kN/mm, denoting a more significant wall damage. It should be noted that the observed
slightly smaller initial stiffness of the same wall model under gradually increased ground
excitations indicates a larger ground excitation induces more local sliding and brick rock-
ing response, which slightly reduces the stiffness of the interlocking masonry wall. Because
of the larger ground excitation, the peak base shear force (72.6 kN) and the ultimate lateral
drift (18.6 mm) are also larger.

Figure 17d shows the hysteresis curve and the backbone curve of the conventional
CMU wall subjected to the seismic excitation with a PGA of 0.4 g. The conventional CMU
wall shows almost linear behaviour under this seismic excitation level, with a stiffness of
81.7 kN/mm, which is much lower than that of the interlocking brick wall. The hysteresis
curve of the conventional CMU wall subjected to the seismic excitation with a PGA of
0.5 g is plumper compared to those of the interlocking brick walls, as shown in Fig. 17e,
signifying a shear-dominant brittle damage response mode (Magenes and Calvi 1997).
The initial stiffness of the conventional CMU wall is 80.7kN/mm. The peak base shear
force and the ultimate lateral drift before wall collapse are 54.04 kN and 12.3 mm, respec-
tively, both are much lower than those of the interlocking brick wall, indicating the seismic
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resistance capacity and the deformability of the conventional CMU wall are lower than
those of the interlocking brick wall.

The peak shear coefficient and the maximum drift ratio are summarised in Fig. 18. The
shear coefficient, C, is defined as the ratio of base shear force to total weight of the wall
(Benedetti et al. 1998; Kallioras et al. 2018), where both the interlocking brick wall and the
CMU wall have the same total weight of 11.94t. As can be seen, for the interlocking brick
wall, the peak shear coefficient is 0.44 under the PGA=0.4 g seismic excitation, which
increases significantly to 0.59 when the PGA increases to 0.5 g, and then increases by a
small amount to 0.62 when the PGA increases to 0.6 g. The slight difference of the peak
shear coefficients in the latter two cases reveals that under increased seismic loadings, the
shear strength of the interlocking brick wall is not the dominant parameter. Instead, the
failure of the interlocking brick wall is dominated by flexural bending failure. In compari-
son, the peak shear coefficient for the conventional CMU wall is 0.42 under PGA=0.4 g
seismic excitation and 0.46 under PGA =0.5 g seismic excitation. Comparing the conven-
tional CMU wall with the interlocking brick wall under PGA =0.5 g seismic loading, both
the walls show apparent nonlinear behaviour. The peak shear coefficient of the interlocking
brick wall is about 20% higher than that of the conventional CMU wall, which demon-
strates that the interlocking brick wall has a better seismic resistance capacity. On the other
hand, under PGA=0.5 g seismic excitation, the ultimate drift ratio of the CMU wall is
0.47% and the wall collapses. In comparison, the ultimate drift ratios of the interlocking
brick wall under PGA=0.5 g and 0.6 g seismic loading are 0.59% and 0.77%, respectively.
Therefore, the interlocking brick wall has a higher lateral deformation capability than the
conventional CMU wall under seismic loading.

As demonstrated in Sect. 4.5, for interlocking brick walls, significant amount of energy
is consumed by inter-brick friction in lieu of brick material damage. To validate this find-
ing, the ratios of energy dissipated by friction to that by material damage under different
seismic intensities for the interlocking brick wall and the conventional CMU wall are sum-
marised in Fig. 19. It is apparent that inter-brick friction serves as the dominant energy
dissipation source for interlocking brick walls in all the modelled loading cases. The ratio
of friction-dissipated energy to brick-material-damage-consumed energy quickly reduces
as the imposed ground excitation intensity increases. When subjected to the PGA=0.4 g
seismic loading, the ratio for the interlocking brick wall is as high as 42.36. As the seismic
input intensity increases, the ratio gradually decreases to 7.25 and 5.59 for the PGA=0.5 g
and PGA =0.6 g cases, respectively, implying increased damage to bricks. In comparison,
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for the CMU wall, little energy is dissipated by inter-brick friction. This is because mortar
bonding leads to very rigid and brittle nature of conventional CMU wall.

5.3 The influence of vertical components of seismic loading

In the tests, rocking response is observed as a predominant mode governing the failure
of interlocking brick walls under seismic loading. Since the vertical component of a seis-
mic loading, which is normally ignored in analysis and design of masonry walls, would
affect the behaviour of the interlocking brick wall, influences of vertical component of
seismic ground motion on interlocking brick wall need be investigated. To examine this
influence, numerical modelling is performed on an interlocking brick wall subjected to
horizontal only in-plane ground excitation, and both the horizontal and vertical excitations.
The recorded horizontal and vertical ground excitations at Station HWAO032 in the 1999
Chi-Chi Earthquake (University of California, Berkeley 2021) is employed. The horizon-
tal component is scaled to a PGA of 0.6 g, and the corresponding vertical component is
scaled by the same factor as used in the horizontal direction, yielding a PGA of 0.35 g.
Figure 20a, ¢ show the scaled horizontal and vertical seismic ground motion, respectively,
with their pseudo-acceleration response spectra shown in Fig. 20b, d. The interlocking
brick wall is 2400 mm wide, 2400 mm high and 100 mm thick. The axial load, reinforce-
ment ratio and brick material properties are the same as in Sect. 5.1.2, i.e., a 0.5 MPa axial
load (provided by a top mass of 10.7t), a reinforcement ratio of 0.2% (provided by four
12 mm-diameter un-pretensioned reinforcement bars), and brick material with a compres-
sive strength of 15 MPa and a Young’s modulus of 19500 MPa.

Figure 21 illustrates the damage contours of the two walls. It can be found that with
horizontal excitation only, the two bottom corners of the interlocking brick wall experience
damages due to rocking response (Fig. 21a). The damage at the two corners is increased
substantially when the vertical component of the seismic loading is also considered
(Fig. 21b), owing to more substantial rocking response. This comparison demonstrates that
the vertical excitation amplifies the response and damage of the interlocking brick wall.
The result indicates that the interlocking brick walls need be properly anchored to mitigate
rocking responses. This, however, is beyond the scope of the current paper, and will be a
study topic in the near future.
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The hysteresis curves and the backbone curves of the interlocking brick walls subjected
to the horizontal and simultaneous horizontal and vertical ground motions are sketched in
Fig. 22. As shown in Fig. 22a, the maximum drift of the wall subjected to only the hori-
zontal excitation is 6 mm, namely a drift ratio of 0.25%, denoting a minor damage level of
the wall. In contrast, when the vertical component of the seismic loading is considered, the
hysteretic curve in Fig. 22b shows a pronounced asymmetry with the negative drift sig-
nificantly larger than the positive one, reaching a value of 11.5 mm, which corresponds to
a maximum drift ratio of 0.48%. The significant increase in the wall peak drift ratio is the
consequence of severe damage to the left toe of the wall, resulting from a more substantial
rocking response. It should be noted that in the tests, only horizontal excitation is applied,
and the wall does not collapse when the drift ratio is 3.4% as presented in Sect. 4.2. How-
ever, when both horizontal and vertical ground motions are considered simultaneously,
large damage to the wall is observed when the draft ratio is 0.48% only. This is because
rocking responses are the primary source causing damage to the toe of the interlocking
brick wall, while vertical motion enhances rocking response of the wall, which leads to
the tensile failure and falling off of the interlocking bricks at the corners of the wall. These
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results indicate that vertical ground excitation cannot be neglected in analysing the seis-
mic responses of interlocking brick walls. Increasing the confinement between interlocking
bricks, especially in the toe areas of the wall and providing anchors to mitigate rocking
responses would increase the seismic resistance capacity of the interlocking brick walls.
Further study to quantitatively investigate this will be carried out in the near future.

Figure 23 compares the energy dissipated by inter-brick friction and material damage,
respectively. It can be found that the inter-brick friction consumed slightly more energy
from 4377 to 5161 kJ (an increase of 17.9%) when the vertical component of the seis-
mic loading is considered, indicating the inter-brick sliding and oscillation is not greatly
influenced. However, the energy dissipated by material damage increases from 225 to
541 kJ, an increase of 140.4%. This is due to the more severe brick damage resulting from
more pronounced rocking response when the vertical component of the seismic loading
is included. It is worth noting that despite the aggravated damage, friction is still the pre-
dominant energy dissipation mechanism.

5.4 The influence of ground motion pulses

Pulse-like seismic excitations could induce more severe damage to structures than non-
pulse-like loading of the same magnitude because of a higher energy input velocity
(Bertero et al. 1978; Housner and Hudson 1958; Pan et al. 2017; Zhang et al. 2020), which
may have a more detrimental effect on interlocking brick walls as impacting between adja-
cent bricks were observed in the tests. To investigate the potential influence of pulse-like
seismic excitation on the interlocking brick wall response, two numerical simulations are
performed on an interlocking brick wall subjected to a pulse-like seismic record and a non-
pulse-like one, respectively. The interlocking brick wall considered in the analysis is the
same as the one in Sect. 5.2. Both seismic waves are recorded during the 1999 Chi-Chi
Earthquake (University of California, Berkeley 2021). The pulse-like wave is recorded
from Station CHY 101, while the non-pulse-like record is from Station HWAO032. Figure 24
shows the acceleration and velocity time histories (Fig. 24a—d) and the corresponding
response spectra (Fig. 24e—h) of the two records (both scaled to 0.6 g).

Figure 25 illustrates the damage contours of the two interlocking brick walls under the
pulse-like (Fig. 25a) and non-pulse-like (Fig. 25b) ground excitations. Toe damages can
be observed in both walls as a result of the rocking response. No distinctive difference
could be observed between their damage distribution. The hysteresis curves of the two
walls are displayed in Fig. 26. The pulse-like loading (CHY101) induces a larger drift and
a higher base shear force than the non-pulse-like excitation. Under the pulse-like excitation
(Fig. 26a), the peak base shear force is 73.1 kN, and the maximum drift is 10.7 mm (a drift
ratio of 0.45%). In comparison, under the non-pulse like seismic excitation (Fig. 26b), the
peak base shear force is 58.6 kN and the maximum drift is 6 mm (corresponding to a drift
ratio of 0.25%). A more distinctive pinching shape is also observed in the hysteresis curve
of the wall subjected to the pulse-like excitation. The above comparisons demonstrate that
the interlocking brick wall experiences a higher extent of flexural response when subjected
to the pulse-like ground excitation (CHY101) than that subjected to the non-pulse-like
excitation (HWAO032). However, the velocity pulse has no pronounced effect on the wall
responses, as will be further examined below. The difference of the peak shear force and
maximum lateral drift of the wall under the two seismic excitations are attributed to the dif-
ferences in the two ground excitations, e.g., the differences in frequency contents.
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Fig. 26 Hysteresis curves and backbone curves of the interlocking brick walls under pulse-like and non-
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To examine the influence of the ground velocity pulse on the seismic response of the
interlocking brick wall, the input pulse-like excitation and the output in-plane horizontal
velocity time history at the top of the wall are extracted using Baker et al.’s method (Baker
2007; Baker and Cornell 2008; Shahi and Baker 2014, 2019). The fourth-order Daubechies
wavelet is chosen as the mother wavelet because it matches well with many velocity pulses
observed in near-fault ground motions (Baker 2007). As shown in Fig. 27a, the velocity
time history of the input ground excitation and the velocity response of the interlocking
brick wall match closely with each other. The input velocity pulse occurs at around 20 s,
with a peak value of 143.2 cm/s (Fig. 27b). The interlocking brick wall is observed to have
an identical velocity pulse, with almost the same peak value (142.2 cm/s) at the same time
instant (Fig. 27b), indicating that the velocity pulse of the ground motion excites a rigid-
body movement of the interlocking brick wall without significant deformation. Differences
can only be observed in the residual part of the velocity time histories between the input
ground motion and the output interlocking brick wall response. As seen in Fig. 27c, a peak
ground motion velocity of 39.89 cm/s occurs at t=17.02 s, while a peak velocity response
is 57.66 cm/s at t=17.07 s (a difference of 44.5%). Such observation indicates that the
interlocking brick wall is not susceptible to the velocity pulses of ground motion. On the
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Fig. 27 Velocity pulse extraction of the CHY ground motion and of the response of the top mass of the
interlocking brick wall

other hand, the HWA ground excitation is a typical far-fault ground motion. No velocity
pulse components are involved in its velocity time history. Hence, no velocity pulses can
be extracted from the velocity response of the interlocking brick wall. Comparison of the
velocity response of the top mass and the input velocity of the HWA ground motion (the
non-pulse-like one) is shown in Fig. 27d, where slight differences are observed between
the ground motion velocity and the response velocity, similar to what is seen in Fig. 27c,
demonstrating again the interlocking brick wall is not sensitive to ground motion velocity
pulses.

The above comparison shows that the interlocking brick wall is insensitive to velocity
pulse. This is because of the relatively high natural frequency of the interlocking brick wall
resulting from its large lateral stiffness provided by the interlocking keys. Using the Lanc-
zos algorithm (Dassault Systemes 2022), the fundamental frequency of the interlocking
brick wall (in the in-plane direction) is found to be 18.29 Hz. As pointed out in references
(Chopra 2014; Chopra and Chintanapakdee 2001; Malhotra 1999), a system with a high
fundamental frequency is more sensitive to acceleration input but less sensitive to input
velocity and displacement under a pulse-like ground motion as its behaviour resembles a
rigid body which moves together with the ground. Moreover, the dominant frequency of
the velocity pulse shown in Fig. 27b is only 0.18 Hz. Such a low dominant frequency is a
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common feature of the velocity pulse of near-fault ground motions (Somerville and Graves
1993). Hence, the frequency of the ground pulse is much smaller and far different from
the vibration frequency of the interlocking brick wall. As a result, velocity pulse does not
impose much influence on the response of the interlocking brick wall.

To further elucidate the above findings, the energies dissipated by brick material dam-
age and inter-brick friction under the pulse-like and non-pulse like ground motions are
derived and shown in Fig. 28a, b, respectively, while the comparison between the drift
ratio time histories of the wall under the two ground motions is displayed in Fig. 29. When
the interlocking brick wall is subjected to the pulse-like ground excitation, brick damage
induced energy dissipation suddenly rises at around t=17 s due to the peak acceleration of
the CHY ground motion; the peak drift ratio (0.45%) of the wall also occurs at this time.
Afterwards at t=20 s, when the velocity pulse comes, there is barely change in the energy
dissipation time histories associated to brick damage; likewise, only a small spike of the
drift ratio time history curve is observed around this time. This proves that the velocity
pulse does not boost the damage of the interlocking brick wall. On the other hand, the
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inter-brick friction dissipated energy accumulates during t=4-21 s, associated with the
relatively large acceleration inputs. This demonstrates that the interlocking brick wall is
more sensitive to ground acceleration than to velocity. In comparison, when the same inter-
locking brick wall is subjected to the non-pulse like HWA ground excitation, energy dis-
sipated by inter-brick friction is accumulated over a much longer duration from t=12-41 s,
throughout the majority of the ground excitation process.

Overall, the energy dissipated by inter-brick friction is still more pronounced over that
by brick material damage. When subjected to the two different ground excitations, brick
material damage induced energy dissipation is very similar, namely 214 kJ under CHY
ground excitation (pulse-like), and 225 kJ under HWA ground excitation (non-pulse like).
This demonstrates that similar levels of brick damage are induced in the interlocking brick
wall under the two seismic excitations. However, when subjected to the non-pulse-like
ground excitation, a total of 4377 kJ energy is dissipated by friction, which is significantly
larger than that under the pulse-like ground excitation (2493 kJ). This is because the input
energy of the pulse-like CHY ground motion concentrates around the velocity pulse at
around t=20 s (Housner and Hudson 1958), while the input energy of the non-pulse-like
HWA ground motion distributes in a relatively long duration. Using Uang et al. and Ohi
et al.’s method to calculate the energy input by ground motion (Ohi et al. 1991; Uang and
Bertero 1990), the inputted energy to the interlocking brick wall by the pulse-like CHY
ground motion is 3745 kJ, while it is 7111 kJ by the non-pulse like HWA ground motion.
The above results further prove that the interlocking brick wall is not sensitive to velocity
pulses of near-fault ground motions. Instead, the interlocking brick wall is more sensitive
to ground accelerations, which are more likely to excite local brick oscillation and inter-
brick friction.

6 Conclusions

In this study, laboratory shaking table tests and numerical modelling are performed
to investigate the seismic performance of mortar-less interlocking brick wall. Labora-
tory shaking table tests are firstly carried out on a scaled interlocking brick wall. Then, a
detailed numerical model is generated and validated with the laboratory testing results. A
series of numerical simulations are subsequently carried out to compare the seismic resist-
ance capacity of the interlocking brick wall and the conventional masonry wall. The influ-
ences of vertical components of a seismic excitation, and the velocity pulse contained in
near-fault ground motion on the seismic behaviour of the interlocking brick wall are stud-
ied in the aspects of damage modes, drift ratios, peak shear coefficients and energy dissipa-
tion mechanisms. The following conclusions are drawn from this study:

1. Under seismic loading, the interlocking brick wall tends to develop rocking response
leading to toe crushing.

2. Apparent inter-brick oscillation is observed in the interlocking brick walls, leading to a
substantial amount of energy dissipation through friction, which greatly outweighs the
energy dissipated by brick damage.

3. Because of the shear keys, which increases the shear capacity of the wall, the response
and damage of interlocking brick wall are governed by rocking response associate with
the flexural bending of the wall; the interlocking brick wall exhibits a higher seismic
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resistance than the conventional CMU wall in terms of the strength and deformation
capacity when subjected to horizontal seismic excitations. However, interlocking brick
wall is susceptible to vertical ground excitation, therefore vertical ground excitation
should not be neglected in the analysis and design of interlocking brick walls. This
susceptibility may be solved by introduction of interlocking mechanism in vertical direc-
tion and properly anchoring the wall on the footings, which will be further assessed in
future study as part of the optimisation of interlocking shapes and interlocking brick
wall design.

4. The interlocking brick wall is found insensitive to velocity pulses in near-fault ground
motions, but sensitive to ground acceleration due to its relatively high in-plane natural
frequency.
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