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Abstract

Masonry construction with interlocking bricks could effectively reduce construction time,
minimize labour cost and improve construction quality. Existing interlocking bricks are mostly
designed to provide easy alignment only, therefore the effect of interlocking mechanism on the
mechanical performance of the interlocking block is not well investigated. This paper presents
a laboratory and numerical study on the mechanical properties of a new type of interlocking
brick featured with large shear keys for better mechanical performance. The theoretical
compressive strength of a unit brick prism is derived using fracture mechanics theory, which
is validated with laboratory compression test. Then, further tests on prisms with multiple
interlocking bricks show the number of bricks strongly influences the performance of prism
compressive strength. Detailed 3D numerical models of interlocking brick prisms are generated
using ABAQUS. The numerical modelling results are compared with experimental test results.
The damage and failure modes of the interlocking blocks are numerically and experimentally
studied. Localized stress concentration at block interlocking surfaces is investigated.
Parametric study is then carried out to quantify the influences of different design parameters
including the number of blocks, brick surface roughness amplitude due to brick manufacturing
tolerance and surface unevenness, and material strength. A modified formula based on the
analytical solution is derived by fitting the numerical simulation and experimental results to
predict the compressive capacity of interlocking brick prisms. A semi-empirical prediction
method is also derived to predict the axial stiffness of the interlocking brick prism for use in
design analysis of masonry structures made of mortar-less interlocking bricks.

Keywords: Interlocking brick, mortar-less, dry-stacking, contact imperfection, numerical

modelling

1. Introduction
Masonry structure is one of the most predominant structures throughout the world particularly

for low-rise residential structures. This is mainly because of its relatively low cost comparing
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with reinforced concrete and steel structures, outstanding thermal and sound insulation
performance, and robust structural performance in comparison to timber and other structures.
Conventional masonry construction comprises of clay bricks bonded together by a layer of
mortar or cementitious material. Because of the relatively low strength of mortar, failure in
conventional masonry structures always initiates in the mortar or at the bonding interfaces with
bricks. Conventional masonry structures normally exhibit poor structural performance
particularly against extreme loading conditions such as earthquake, impact and blast loads. For
example, Giamundo et al [1] carried out shaking tables tests on a full-scale unreinforced brick
masonry vault and found that interfaces between mortar and brick were the weakest part of the
vault where crack opening and closing occurred. In the meanwhile, many old and historical
constructions built with mortar and bricks show a serious loss of structural performances
because of chemical, physical, and mechanical degradation of the mortar layer [2, 3]. In
addition, the construction efficiency and structure quality are very much dependent on the
competency and experience of brick layers.

Considering the above deficiencies, the advancements of masonry structures in the past
decades include (but not exclusively) introducing thin-bed or mortar-less (dry-stacking)
construction methods to improve construction efficiency, and using interlocking bricks to
replace conventional plain bricks in order to improve structure mechanical performance.
Combining the above features, dry-stacking interlocking masonry blocks could lead to
significant reductions in construction time, minimization of labour cost, increase in the shear
resistance [4, 5] and improvement of the construction quality [6-9], which therefore have
attracted a lot of interests from the construction industry, and have been more and more
popularly used in practice.

Various types of interlocking bricks have been developed to improve construction
efficiency and quality [9-17]. Anand and Ramamurthy discussed the development of available
interlocking bricks [18]. It was reported that the production rate with interlocking brick could
be 2.5~5 times higher than conventional brick, and 60%-~80% labour saving during
construction by employing interlocking bricks [19]. Apart from the great construction
efficiency and quality that can be achieved by using interlocking bricks, the requirement on
competence and experience of construction workers could be substantially relieved as the
interlocking mechanism of bricks can help to ensure alignment. Without using relatively
weaker mortar layer could also enhance the robustness and strength of the masonry structure.

These features are also found to suit particularly to most rural areas where skilled labours for
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conventional brick construction are in shortage which leads to shabby structure quality and
vulnerable structures especially when facing nature disasters [20].

Different interlocking mechanisms were introduced over the past few years. The
interlocking mechanism can be provided in either horizontal, vertical or both directions. Plate-
like assemblies of tetrahedral or osteomorphic bricks were also proposed in recent studies [5].
The mechanical performances of brick with different interconnections were experimentally
investigated by different researchers. For example, with direct shear tests on interlocking bricks
comprising two shallow truncated cones, Sturm et al. [7] proved the effectiveness of shear key
in improving the shear resistance capacity with the damage to tenons being observed in the
tests. It shall be noted that most current designs of interlocking brick systems are featured with
small shear keys for construction easiness. Because the projection area of the shear tenon is
relatively small, the shear resistance between interlocking blocks is therefore not significantly
improved [21]. Faidra et al. [22] investigated interlocking assemblies of glass components with
imperfect contacts. It was found that the osteomorphic blocks showed good multifunctionality
and the dry-stacked glass columns could still carry a considerable amount of compressive load
after some of the components were broken. Recently, some researchers carried out preliminary
tests on interlocking connections with large tenon and mortise to improve the shear resistance,
damages to the tips of tenon and mortise were observed when the bricks were under low axial
compression; and failure mode of tenon total shear off was found when the applied axial force
was large [23, 24]. The influence of interlocking connection on brick axial loading capacity
was also studied, mainly by experimental tests [25, 26]. Some researchers found low axial
loading capacity of interlocking bricks because of the relatively small contact area due to joint
imperfection [27, 28]. Crack and failure of stacked pier with interlocking bricks initiated from
the mortise of the connection due to lateral expansion and stress concentration [14, 18, 29, 30].
Studies on the flexural bending capacity of interlocking brick are rare because without axial
pre-compression, no bending resistance could be provided by mortar-less interlocking bricks.
Some preliminary laboratory tests found that when prestress was applied, similar flexural
bending capacity was reported as compared to conventional brick with prestress [31]. Recent
studies by Zhang et al. observed stress concentration of columns made of concrete blocks with
shear keys under cyclic loading, which could cause concrete crushing damage and hence reduce
the column capacity to resist seismic loading [32-37]. There is still a lack of systematic study
on the mechanical properties of interlocking brick structures.

Mortar-less (dry-stacking) block is to lay masonry units without using any mortar layers.

The elimination of mortar obviously reduces material cost and enables cold weather



99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

construction to proceed through the winter months with much less elaborated requirements for
weather protection. Dry-stacking method could also eliminate the problem of shrinkage
cracking in concrete masonry units, and most important of all it requires much less skilled and
experienced labour forces which can be a major advantage in light of the shortage of skilled
labours. It also increases the productivity and speed of construction. All of these advantages
translate into greater economy for the system while maintaining the inherent characteristics of
masonry construction [19, 38, 39]. Despite all those advantages, the mechanical performance
of dry-stacking masonry blocks is largely influenced by the geometric imperfection of the
blocks as a result of the contact surface imperfection [28, 40, 41]. Since clay bricks are
normally manufactured in Kkiln, the high temperature burning of extruded clay mixture process
leads to irregular brick surface topography and unit height difference (irregular surface
topology) of up to a few millimetres. For conventional brick-laying method with thick mortar
layer (approximately 10 mm), the effects of brick height difference and irregular surface
topography at the connections can be moderated by mortar. For mortar-less method, the
influence of brick geometric imperfection on its mechanical properties cannot be ignored.
Casapulla and Portioli [42] experimentally investigated the contact behaviour at the interface
between dry-stacked masonry blocks, and found the joint behaviour of two rough blocks
passing over each other was strongly dependent on surface roughness. Agaajani [41]
discovered that the height of manufactured blocks followed a Gauss statistical distribution,
which thereby caused an indubitably height variation when blocks are aligned in a wall. Jaafar
et al. [28] examined the height difference (£ 0.25 mm) of a batch of blocks from local major
brick manufacturers and conducted compressive tests on dry-stacking brick prisms. It was
found that the difference of compressive displacement at different locations in the same plane
section of the prism can be up to 0.90 mm. This is mainly due to variation in the behaviour of
contact at the dry joints. This difference in compressive displacement could result in internal
shear stress which leads to reduced prism compressive strength. Despite the absolute value of
surface imperfection appears to be small, these imperfections on the joints could lead to stress
concentration in the block connections and therefore decrease the ultimate load-carrying
capacity of a masonry system. The contact behaviour at the interface between the dry-stacked
masonry blocks is also affected by micro-scale phenomena, including cohesion, contact
pressure and friction [21, 27, 43-46]. Bosro et al. [47] modelled the interface properties
between the blocks using surface to surface contact with a friction coefficient of 0.603. Ayed
et al. [27] used Coulomb friction criterion to describe failure of the interface between blocks

through the numerical model which considered the linear elastic behaviour of the material and
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ignored the material non-linear behaviour. Zahra and Dhanasekar [44] generated a micro-scale
finite element model to simulate the rough surfaces of the dry-stacking interface by adjusting
the location of the nodal coordinate and assigning rock properties to the peaks at the bed joints.
Several other researchers [14, 48-51] also emphasised that the ultimate load-carrying capacity
obtained by a dry-stacking masonry prisms was significantly dependent on the extent of
imperfection at the dry interface. Some studies investigated the contact behaviour of dry-
stacking bricks, and examined its influence on the overall behaviour of masonry systems [17].
For example, Zahra et al. [52] used matrix based tactile surface sensors (MBTSS) to obtain the
contact area and contact pressure of the dry-stacking brick prism under compression. Rekik et
al. [25] employed non-contact digital image correlation (DIC) technique to ascertain both the
contact area and the contact pressure. Zahra et al. [52] used carbon paper image imprints to
trace the loading increments, and each imprint was then analysed to find out the contact surface
area. The contact surface of mortar-less brick system was also simplified into a two-
dimensional numerical model by some researchers [26, 53, 54]. However, the simplified 2D
model could not capture cracks occurring out of the plane. Ngapeya et al. [2] generated a 3D
model of dry-stacking blocks, and studied the influence of block height imperfection on the
axial load-carrying capacity of prism. Comparison was also made between analytical
approaches and their finite element analyse results. Mousavian and Casapulla [55] extended
the limit analysis method with a concave contact model for the interlocking interfaces to design
structurally feasible assemblages of interlocking blocks. These above studies demonstrated that
for dry-stacking masonry construction, block geometric imperfection caused by surface
topography and brick height variation could lead to significant mechanical performance
variation [56-58]. For engineering application, it is critical to properly study the influence of
the contact surface on the stiffness characteristics, stress concentration and failure modes of
the dry-stacking masonry system. Until now, there is no study yet about the influences of
surface unevenness of interlocking bricks on properties of masonry structures.

For mortar-free interlocking brick system, the interlocking blocks could move slightly if
the interlocking joint is not perfectly closed and tight when it is subjected to in-plane shear
load. This relative movement could help to improve energy dissipation of the brick system
under lateral loads. Because of the shear resistance from the inclined keys, these interlocking
blocks could exhibit better self-centring capacity. The lack of bedding mortar also removes the
lateral tensile stresses in masonry blocks, which initiates early splitting at a low stress level
when masonry is subjected to axial compression [18]. Since the interlocking mechanism of

mortar-less connection differs significantly from conventional mortar connection, the current
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understandings about the mechanical behaviour of the conventional masonry structures could
not be simply adopted to analyse and design the masonry structures with interlocking bricks.
This study employs analytical derivation, experimental testing and numerical modelling
to study the compressive properties of mortar-less interlocking brick system. The structure of
this paper is as below: First, the configuration of the interlocking brick and the theoretical
compressive strength of a unit brick are presented. Laboratory compression test is then carried
out to validate the theoretical derivation, as well as further tests on interlocking prisms with
multiple bricks. Detailed numerical models are then built. The results including the
compressive load versus axial displacement curves, crack initiation and development, and
prism damage and failure modes, are compared between the numerical simulation and
laboratory test results. Parametric study is then carried out to quantify the influences of the
number of bricks, brick surface roughness amplitude due to brick manufacturing tolerance and
surface evenness, and brick material compressive strength. A modified design formula based
on the analytical solution, laboratory and numerical results is derived to predict the
compressive strength of interlocking brick prisms. Last but not the least, a semi-empirical

formula is proposed to predict the compressive stiffness of the interlocking brick prism.

2. Interlocking bricks

2.1 Brick configuration

Figure 1 illustrates the configuration of the interlocking blocks of dimension 200 mm x180
mm x100 mm (length xheight xthickness). As shown, the blocks have large protruded mortise
and tenon of dimension 35 mm length x 30 mm height x 35 mm thickness. This is different
from other existing interlocking blocks that usually have small keys primarily for alignment
only rather than resisting shear force. The tenons are inclined, which enable the assembled
blocks to slide under lateral loading. The blocks are made of cement, sand and gravel through
high pressure moulding, therefore have concrete-like constitutive properties.

#=180mm

= Qe
=] 00 %

Figure 1. Configuration of interlocking blocks
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2.2 Theoretical compressive strength

With the introduction of interlocking keys to the joint, the compressive load-carrying
capacity of brick prisms made of interlocking bricks could be influenced. Fracture mechanics
theory is employed to analyse the compressive strength of interlocking brick prism. A one-
block prism comprising of a full interlocking brick and two half bricks as shown in Figure 2 is
taken as the fundamental unit for analysis here.
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Figure 2. Illustration of force analysis of a fundamental unit

The compressive force on the prism produces vertical stress across the interlocking joint.
When acting on the inclined section of the shear key (2c), the vertical stress can be decomposed
to a normal and a shear component as shown in Figure 2, delamination could be triggered due
to the normal component. Taking this delamination as a ‘pre-existing’ flaw, a shear crack could
further develop at its tips, whose faces slide under shear stress T = g, (sinacosa- tang@cos?a),
where g, is the compressive stress, and the expression represents the shear stress induced on
the plane of the contact interface minus the frictional stress (cohesion is ignored) [5]. If the
effective shear stress is high enough to endure the frictional stress along the closed inclined
interlocking key, the frictional sliding will result in tensile stress concentrations at the flaw tips
of the interlocking key, therefore trigger the initiation and propagation of the wing cracks that
are mainly induced by a high shear stress concentration in the bridge area and coalescence [59,
60]. For the one-block prism shown in Figure 2, there are four flaws on the front elevation view
of the prism. According to the hypothesis proposed by Wong and Chau [61], the ultimate
strength of flawed specimens is not influenced by the total number of pre-existing flaws, but
only by the geometric shape of the interlocking brick. The total stress intensity factor K, for the

growth of wing cracks can be expressed as:
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where y is the angle calculated from the ox-direction to the direction along the flaw surface (i.e.

1
2&9(L + cosy)]z
s BEC

w=90°—a), 2c denotes the length of the pre-existing flaw, L=I/c stands for the normalized length
of the wing cracks (I denotes the length of the growth of wing crack), u is the frictional
coefficient along the frictional or shear flaw, and the flaw density o is measured from Nc?/A
(N is defined as the number of flaw for an unit area A). Wing cracks initiate when K =Kic,
where Kic denotes the fracture toughness of the material of the brick [5, 62]. And hence the

maximum compressive strength ox™* of a flawed prism can be expressed as:

1\ 1
K, sin2y — u + ucos2 1 2&9(Ley + cosy)2
gmax = e [sin2y — p #30 Y] x 0.23L,, + 1] n [ o(Ler l/))] 2)
Ve 1+ L) V3(1 + L.)? T

where Kic denotes the fracture toughness [61, 63] (0.5784 MPa\m for the material), Ler= | max/C
(I max is defined as the peak possible value for the length of the coalesced wing cracks, and 2b
means the distance between the two flaws). In this paper, the initial flaw density of the prism
containing four flaws is £0=0.03 (c0=Nc%A denotes that N=4, A=0.2m x 0.3m and ¢=0.0212 m).
Using Eq. (2) the compressive strength of the unit interlocking brick is calculated to be 6.43
MPa, which corresponds to 119.59 kN for this 1-block prism.

As illustrated in Eg. (2), the theoretical compressive strength for interlocking prism
comprising of multiple bricks would be identical because the flaw density «o is the same for
one-block and multiple-block prisms. However, this may not necessarily be true because brick
prisms comprising of more bricks have more interlocking joints, which could weaken the
compressive load-carrying capacity. Laboratory test is conducted to validate the above
theoretical derivation. Tests are extended from 1-block prism to 2-block and 4-block prisms in

Section 3.

3. Experimental Investigation

Laboratory testing results are presented in this section. Firstly, the material properties for the
interlocking bricks are quantified. Then, uniaxial compressive tests are carried out on 1-block
interlocking brick prism to verify the above analytical solution. Tests are then extended to 2-

block and 4-block prisms to further verify the accuracy and suitability of the above solution.

3.1 Material property test
To characterize the compressive properties of the brick material, uniaxial unconfined
compressive tests are carried out using a SHIMADZU-50 machine. Three 50 mm diameter by
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100 mm length specimens are core-drilled from the bricks and finely grinded on both ends (see
Figure 3a). Strain gauges are glued on the specimens to measure the axial strain. Following
ASTM C140 [64], unconfined uniaxial compressive test is conducted at a constant speed of
0.03 mm/s using displacement control method. Figure 3b) shows the measured compressive
stress-strain curves, where the stress is defined as the measured axial force divided by the

specimen cross-sectional area, and the strain is recorded using the strain gauges.
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a) Core specimens b) Stress—strain curves
Figure 3. Material properties

3.2 Prism test

Brick prisms comprising of one block, two blocks and four blocks are tested under uniaxial
compression. The prisms are built by stacking the blocks on top of each other without mortar.
Brick prism compressive tests are conducted with reference to EN1052-1 [65]. It is worth
noting that there is no testing or design standard available yet for interlocking brick.

SHIMADZU-300 Universal Testing System at Curtin University is used for the
compressive test. A stiff steel plate (150 mm %300 mm x20 mm) is used to distribute the
compressive load from the loading platen to the prisms. A constant loading rate of 0.03 mm/s
is applied through the loading platen to the brick prism specimens. Two laser LVDTs (linear
variable differential transducers) are installed at the two sides of the brick prisms to measure
the compressive displacements of the prisms during testing. The averaged values measured
from two laser LVDTSs are taken as the compressive displacement. The compressive load is
monitored by a load cell embedded in the loading machine. A typical prism set-up is shown in

Figure 4 (2-block prism). Three specimens for each type of prisms are tested.
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Figure 4. Compressive test setup for 2-block prism

3.2.1 Failure modes

Figure 5 shows the typical compressive failure process of the 1-block prism. The initial
crack appears at the inner flaw tip of the concaved shear keys of the central brick at
approximately 80% of its peak load, which propagates downwards with the increase in
compressive load. This is consistent with the theoretical assumption and formation of wing
crack (Figure 2) in Section 2. The crack develops into crack coalescence till the peak load is
reached. Then more cracks appear both in the central brick of the top convex interlocking key.

The cracks continue to develop until the applied load is stopped.

| (i) Stage 1 (ii) Stage 2 (ii) St;ge 3 (iv) Stage 4
Figure 5. Typical damage-to-failure progress of 1-block prism: (i) tensile wing cracks initiate;

(i) cracks extend from key and propagate downwards; (iii) crack coalescence; (iv) more

cracks occure near the contact region

3.2.2 Compressive load-carrying capacity

Figure 6 summarizes the ultimate compressive load-carrying capacities of the 1-block, 2-
block and 4-block prisms. The theoretical predictions are also included for comparison. An
averaged compressive capacity of 128.3 kN is measured for the 1-block prism, which is very
close to the theoretical prediction of 119.59 kN. It is apparent that the compressive capacity of
the interlocking brick prism decreases with the increased number of blocks, indicating the
compressive strength of interlocking blocks is influenced by the number of blocks. For example,
an averaged compressive capacity of the 2-block prisms is 108.5 kN, and that of the 4-block

prisms is 102.9 kN. This is because the increased number of interlocking joints introduces more
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weak sections for the prisms. The theoretical prediction is based on the analysis of 1-block
prism, therefore could not take this into consideration, hence results in a +10.22% and +16.22%
overestimation of loading capacities of the 2-block and 4-block prisms, respectively.
Considering more bricks in the theoretical derivation is not straightforward because of more
weak sections and flaws. In the subsequent sections, numerical models of prisms with different
number of bricks are developed, and numerical analyses are carried out to investigate the
influences of the number of bricks on the load-carrying capacities of interlocking masonry
blocks.
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Il Analytical
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1-block 2-block 4-block
Type of prism

Figure 6. Comparison of experimental and analytical compressive loads

4. Numerical Modelling

To better understand the behaviour of interlocking bricks and facilitate further parametric study,
detailed three-dimensional numerical models of interlocking brick prisms are generated. The
models are used to simulate the laboratory tests and the results are compared with those
recorded in the tests to verify the accuracy of the numerical model. The material model is firstly
described, followed by the details of the numerical models of the interlocking prisms. As
discussed above, contacts between interlocking bricks affect the performances of mortar-less
masonry blocks made of interlocking bricks, which are not straightforward to be accurately
modelled. To investigate the modelling accuracy and efficiency, three different contact
methods are used and compared. The numerical results are presented and compared with the

laboratory testing results.
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4.1 Material model

The commercial software ABAQUS [66] is used in this study. To simulate the nonlinear
behaviour and damage of the interlocking prisms, the concrete damage plasticity (CDP) model
proposed by Lubliner et al. [67] to predict the behaviour of concrete and other brittle materials
is used. Crushing in compression or cracks in tension from micro- to macro-levels can both be
modelled. CDP model assumes that the uniaxial compressive and tensile failures of the material
are characterized by damaged plasticity (see Figure 7). Material hardening and softening
behaviour can also be incorporated by this model.

The compressive strength, tensile strength, initial Young’s modulus and the relationship
between stress and strain are defined. The compressive strength of the material is obtained from
the material tests presented above. The initial Young’s modulus is taken as a secant modulus
and is measured from the slope at a stress extent equal to 40% of the ultimate compressive
strength. Poisson’s ratio is determined at the same extent of the stress, which is obtained by the
ratio of the transversal strain over the longitudinal strain. The material properties adopted for
the interlocking blocks are given in Table 1, where Eo is the initial Young’s modulus; v is the
Poisson’s ratio; and ft is the tensile strength. The tensile strength is obtained as fi=0.1fc, which

is a relation often used for concrete material [68, 69].
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Figure 7. lllustration of concrete damage plasticity model [68]

Table 1. Brick material properties

Mass density  Elasticity Plasticity
(kg/m?) Initial Poisson’s  Dilatation  Eccentricity Biaxial K Viscosity
Young’s ratio v angle y stress Parameter
modulus, ©) ratio
Eo (MPa) Jfrol feo
2565 2184.58 0.2 35 0.1 1.16 0.65 5E-5

Note: K is the ratio between the second stress invariant on the tensile meridian and compressive meridian at initial yield.

Table 2. Material constants for the CDP model in Abaqus
Compressive behaviour Tensile behaviour
Yield stress Inelastic strain Yield stress  Cracking strain
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(MPa) (MPa)

12.74 0 1.38 0
13.78 0.0003 1.24 0.0012
13.05 0.0015 1.19 0.0014
10.81 0.0034 1.14 0.0016
8.64 0.0052 1.09 0.0018
7.10 0.0067 0.80 0.0030
1 0.0200 0.56 0.0040

To evaluate the accuracy of the model and material parameters, uniaxial compression tests
on the 50 mm length by 100 mm diameter core specimen is numerically modelled. As shown

in Figure 3b), the column is meshed with solid element of size 4 mm X 4 mmX 4 mm in

longitudinal, transverse and thickness direction respectively, and the material parameters are
presented in Table 2. As shown in Figure 3b, the stress-strain curve from the numerical results
(as highlighted in the red curve — FEM-CDP) agrees reasonably well with the laboratory testing

results.

4.2 Model details

Three-dimensional models of the interlocking brick prisms with solid elements are
generated to model the interlocking block prisms. The C3D8R type element (3D 8-node linear
with reduced integration) is selected which is an eight-node solid element with three
translational degrees of freedom per node. The reduced integration is calculated by the
incorporation of the lower-order rigidity of the unit, while the distributed loads and the mass
matrix are determined by full integration. This element can be used to improve the calculation
efficiency, and to obtain more accurate stress fields and displacements. For the interlocking
brick prism, the axial and hoziontal degrees of freedom at the base are restrained, whereas the
nodes of the top block are restrained to prevent lateral movements and vertical movement is
allowed. Displacement control loading method is used, which follows the loading method used

in the tests. Nonlinear analysis is used in the numerical modelling.

4.3 Convergence study

Mesh convergence study is conducted by gradually reducing the mesh size from 56 mm
to 3.5 mm. As shown in Table 3, further reducing mesh size from 7 mm to 3.5 mm yields minor
changes in the computed maximum peak compressive force but the computational time
increases substantially. Therefore, 7 mm mesh size is adopted for the numerical model in this
study.

Table 3. Mesh size convergence study

Mesh size Peak compressive force
(mm x mm x mm) (kN)
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56 x 56x56 177.82

28 x 28x28 152.27
14 x 14x14 138.81
7 x X7 118.29
3.5x3.5x3.5 112.46

4.4 Contact algorithm

Three different modelling methods, i.e. perfect contact, imperfect contact and cohesive
element contact are considered herein to simulate the contact behaviour at the interlocking
brick joints. The perfect contact is the fundamental method used by most engineers, which
assumes the brick surfaces are smooth and in perfect contact condition with adjacent bricks.
The imperfect contact method considers predefined gaps at the joint to model the imperfect
surface condition of the brick. The cohesive contact method employs a cohesive element to
deal with the non-linear behaviour at the joint. These three different types of contact model are

detailed below:

4.4.1 Perfect contact

Perfect contact assumes the two surfaces of adjacent blocks match perfectly and ignore
surface roughness condition. A contact pair is composed of the neighbouring contact surfaces,
which can prevent penetration between the interlocking bricks. It provides a method for
ensuring an appropriate transformation of forces between two interlocking bricks on the basis
of tangential and normal contact behaviour. This study takes into account of both the normal
contact behaviour, which dominates the penetration between the two interlocking bricks, and
the tangential contact behaviour used to model sliding between adjacent bricks depending on
the friction coefficient [70].

For tangential behaviour, the Mohr-Coulomb criterion is applied into the contact model.
Tlim=us+Cc, Where ziim denotes the limit for shear stress at which sliding starts, « denotes the
coefficient of friction, o denotes the pressure of normal contact, and cc denotes the cohesion of
contact. There is no relative sliding between the contact surfaces before the tangential force
reaches the critical shear stress, while the contact surface slides when the shear stress exceeds
ziim. In this study, the friction coefficient is set to be 0.3 between the interlocking blocks and
0.15 between blocks and steel plates [69, 71], and for dry joints, contact cohesion is negligible
(ce=0) [72].

4.4.2 Imperfect contact
As discussed in the introduction, due to unavoidable manufacture error/tolerance and

surface roughness, imperfect contact with small invisible gaps at the interfaces occurs most of
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the time between bricks. Rough surfaces involve lots of asperities (or valleys and peaks). For
modelling the uneven surface roughness, the imperfection distributions existing in the
interlocking blocks are firstly examined and quantified experimentally.

Experimental measurements of surface unevenness

Fifteen interlocking bricks are selected randomly from the same batch of bricks in this
study. The experimental setup is illustrated in Figure 8a). The specimen is mounted on a flat
table which provides a flat reference surface for measurement of imperfections. A surface
height dial indicator is used to measure the absolute height of the brick surface along the key
joint at 0.25 mm intervals along the section of the brick to map out the profile of the cross-
section. As shown in Figure 8b), the mortises are surface S1, S5 and S6, and tenons are surface
S2, S3 and S4. A total of 60 tenons and 30 mortises are measured. Figure 9 shows the surface
unevenness measurement results. With respect to the lowest point of each surface, the asperity
height varies from 0 mm to 0.2 mm for the mortise (S1,5,6), while tenons (S2,3,4) are rougher
with the roughness amplitude varying from 0 mm to 0.3 mm with over 55% frequency of 0.1
mm. For a typical joint comprising of two interlocking blocks, to obtain the average gap length
between the mortise and tenon, from the baseline of a brick (Figure 8b), the absolute roughness
amplitudes from all measured points on each surface are averaged to obtain the average
roughness amplitude of the surface. The average relative gap width Gap2 between S2 and S5
can then be calculated as Gapz=hs-hz, in which hs and h2 are the average roughness amplitude
of S5 and S2, respectively. Similarly, the average gap width between S1 and S4, and S6 and
S3 can be calculated as Gapi=hs-h1 and Gaps=he-hs, respectively. As shown in Figure 9,
compared to the Gapiand Gaps of the tenons, the Gap2 could be ignored. Therefore, the S1 and
S4 contact is assumed as perfect contact, hence it is idealized that there is no pointwise contact
due to uneven surfaces. As illustrated in Figure 8c), once the joint is under compression, the
compressive force will push the central gap between S1 and S4 to close, but leave a gap
between S2 and S5, as well as S3 and S6. Therefore, an idealized imperfect contact model is
generated with the central contact surfaces being fully closed but the two adjacent contact
surfaces have a uniform gap of width 0.1 mm. The uniform gap width of 0.1 mm is an assumed
value based on the measured roughness amplitude shown in Figure 9. Because the roughness
profile on each brick surface is basically random, it is not possible to exactly model them in
the numerical model, therefore simplification is made. In this study the gap width is based on
the average roughness amplitudes measured from the brick surfaces. This simplification allows

engineering assessment of the influence of surface unevenness in numerical simulations.
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Figure 9. Results of the roughness surface

4.4.3 Cohesive contact

Cohesive element can be introduced to model the complex contact behaviour between two
adjacent surfaces, whose stiffness could degrade after the pre-defined threshold criteria due to
the shear and tensile deformations [46]. It enables the study of the cohesive behaviour and
damage for the interlocking bricks to consider the surface unevenness and friction interaction.

In this study, a cohesive element of zero-thickness is used to model the interaction between
two interlocking bricks. The constitutive model for the cohesive element employs the traction-
separation law in ABAQUS. It assumes an initially linear elastic behaviour at the interface. As
the compressive load increases and reaches the pre-defined stress, interface evolution and
damages are triggered. Then, the friction model is activated which attributes to the shear stress
[44]. The friction behaviour is modelled based on the Mohr-Coulomb failure criterion. The
compressive stiffness is taken as 10 times that of the Young’s modulus of the interlocking brick
following reference [2]. The in-plane and out-of-the plane shear stiffnesses are taken as 0 since

only the compression behaviour is considered. The maximum nominal stress for damage
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propagation is used here. The selected properties of interfaces available in the numerical
simulation are tabulated in Table 4.
Table 4. Properties of interface

Interface Properties Interface behaviour
Normal stiffness (N/mm) 21800
Shear stiffness (N/mm) 0
The coefficient of friction 0.3
Maximum tensile stress (MPa) [44] 0.68
Maximum shear stress (MPa) 0
5. Results and Analysis

The laboratory testing results and numerical modelling results are presented in this section.
Compressive force versus axial displacement curves, brick prism damage and failure modes,

and ultimate compressive load-carrying capacity are compared and examined.

5.1 Force-displacement curves

Figure 10 shows the axial load-displacement curves for the 1-block, 2-block and 4-block
prisms under compression. As shown, for the 1-block prism, the load increases slowly to about
20 kN at about 1.3 mm axial displacement, which is because of seating effect [69] that the gaps
between the bricks close. As joints gradually close, the slope of the curve increases, and the
compressive load also quickly rises almost linearly with displacement till the ultimate load at
about 128 kN, after which it begins to drop, indicating the damage of the block. Among the
three tested 1-block specimens, differences can be found in the force-displacement relations,
which are because of the inherent variability at the interface of dry-stacking bed joints block
and the variations between units in material properties [69]. Similar behaviour can be observed
for the 2-block and 4-block prisms that the initial displacement for seating effect increases with
the increase in the number of blocks hence the number of gaps. This is because asperity
interactions at prism interfaces increase with the increase in the number of blocks. More
asperities could be worn when more blocks are under compression. For the 4-block prisms,
peak loads of about 100 kN are achieved at around 4mm displacement. Larger vertical
displacements are observed on the 4-block prisms as compared to those of the 1-block and 2-
block prisms. After reaching the peak load, the load quickly decreases with further increased
displacement.

Figure 10 compares the load-displacement curves of the numerical models using the
above-mentioned three contact methods. Since the numerical model could not accurately

represent the seating effect, their axial force-displacement curves are aligned with the



468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501

experimental load-displacement curves after the initial gap is believed to be closed. It can be
found that the numerical models with perfect and imperfect contacts could closely represent
the stiffness of load-displacement curves after the gaps at the joints are fully closed as well as
the ultimate compressive load. For example, for 1-block prisms the numerical load-
displacement curves match the test curves relatively well if they are shifted by 1.3 mm, i.e., the
initial seating displacement of the tested 1-block specimen. The compressive load increases
almost linearly with displacement till about 80% of the ultimate strength, and then the stiffness
begins to degrade indicating the damage of the brick. The predicted ultimate compressive loads
with the three contact models, namely perfect contact model, imperfect contact model and
cohesive model are 118.29 kN, 114.93 kN and 97.19 kN, respectively. The corresponding
stiffnesses are 99.98 N/mm, 95.97 N/mm and 88.11 N/mm. As shown in Figure 10b) and 10c),
as the number of brick increases, more apparent seating effect can be observed. The
numerically modelled load-displacement curves for the 2-block and 4-block prisms are shifted
by 1.5 mm and 2 mm respectively to align with the experimental curves. For the perfect and
imperfect contact models, the load increases quickly to about 110 kN at about 3 mm axial
displacement for the 2-block prism and about 105 kN at about 4 mm axial displacement for the
4-block prism. As shown, for the 2-block and 4-block prisms, the perfect contact model predicts
a compressive stiffness of 71.18 N/mm and 44.71 N/mm, and the corresponding values from
the imperfect contact model are 65.73 N/mm and 41.71 N/mm, respectively. The cohesive
contact model gives the lowest compressive stiffnesses of 63.71 N/mm, 40.49 N/mm with the
ultimate compression capacity of 93.96 kN and 91.67 kN, respectively. As shown in the above
figures, the numerical models can reasonably well predict the stiffness and ultimate load-
bearing capacity of the masonry blocks, although they cannot simulate the process of asperities
compaction from the initial surface contact to complete contact. Furthermore, the post-peak
behaviour of the interlocking prisms cannot be fully modelled with the numerical methods
which drops quicker and has less residual capacity in comparison to the laboratory test results.
This is probably because of the material model used. Nevertheless, for design purpose since
only compressive stiffness and ultimate compressive capacity are of primary interests, further
modification of the numerical model to achieve better post peak behaviour is not conducted in
this paper.

Through the above comparisons it can be found that the perfect contact model omits the
rough surface effect in terms of varying peak height of the asperities. Slightly larger stiffness
and ultimate load are therefore predicted by the perfect contact model as compared to the

imperfect contact model. It is clear from Figure 10 that the cohesive contact model considerably
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underestimates the stiffness and the ultimate strength of the interlocking prisms, which is
probably because the stiffness of the cohesive element is underestimated in the numerical
model in comparison to that of the actual contact surface. Therefore, the numerical models with
perfect and imperfect contact predict reasonably good result for both the compressive stiffness
and ultimate load-carrying capacity of the interlocking brick prisms. Further studies with
advanced numerical modelling technique to describe the roughness and imperfect contact

surface so as to model the seating effect is under development.
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Figure 10. Load-displacement curves from laboratory test and numerical simulation
5.2 Crack propagation

Figure 11 illustrates the crack propagation processes of the prisms in stages with respects
to the load-displacement curves. Tensile wing cracks can be found near the tenon and mortise,
which initiate from flaw tips and extend in a steady pattern towards the direction of maximum
compression [73]. It can be observed that for the 1-block prism wing cracks initiate from around
the corner of the shear tenon when the applied compressive load is about 105 kN, and extend

slowly along the compressive loading direction until the ultimate compressive force of 115 kN
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is reached. Two thorough vertical cracks are developed. With further increased vertical
displacement, the cracks further extend vertically and interact with neighbouring microcracks,
which lead to crack coalescences as well as ultimate failure of the prism [59, 74]. In the
numerical model, the initiation and growth of crack are both controlled by the stress field near
the existing interlocking key. The numerical simulation agrees with experimental observations
in that cracks initiate at about 80% of the peak load around the shear tenon, and extend along
the vertical direction and result in the crack coalescence till the peak load is reached. Then
these cracks grow wider with the increased load. Similarly, for the 2-block prisms, from both
the numerical simulations and experimental observations it can be found that crack initiation
occurs at 80% of the peak load and crack coalescence at the peak load is firstly presented on
the concaved shear keys. With the increase in the applied displacement and load, a growing
wing crack is developed at the outer tip in the middle of the bridge area [61] of the convex
block, which is associated with wider and more cracks. The growth of cracks at the inner tips
is faster than those shown at the outer tips, which agrees with that in the experimental
observation. This is due to the higher stress concentration near the inner joint tip which enables
the crack to propagate further. For the 4-block prisms, similar crack initiation and development
can be observed. For multi-block prisms when the maximum compressive load is reached
(corresponding to the second point in the figure), crack coalescence initiation occurs in the
inner tip of the concaved interlocking key, and then these cracks propagate up and down
forming a thoroughly penetrated crack. The crack pattern agrees well between numerical

modelling and experimental observation.
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Figure 11. Prism crack initiation and development in the experiments and numerical
simulations

5.3 Failure modes

Figure 12 summarizes and compares the damage modes of the interlocking prisms from
the laboratory tests and numerical modelling. Both the laboratory test and the numerical model
show wing cracks occur around the shear keys. For the perfect contact model, cracks at the unit
interface propagate up and down from the flaw tips at an angle of 45°, exhibiting an X shape
failure mode across the prism. The numerical models with cohesive contact model predict
inclined cracks through the full block, which differs from the test observations. Through the
comparisons, it can be found that the predictions from imperfect contact model most closely
match the observed damages in the test among the three models, although some deviations are
obvious. For example, the damages predicted by the numerical model is basically symmetric,

whereas they are not necessarily symmetric in the tests. These differences can be attributed to



551  the non-perfect contact conditions between adjacent interlocking bricks, and also possibly non-
552  uniform material properties of the brick. Nonetheless, it can be concluded that the simplified
553  imperfect model yields the closest predictions of the failure pattern of the interlocking brick

554  prisms under compression.
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556 The above results and analyses show the compressive behavior of interlocking brick prism
557 s strongly influenced by the number of blocks. The compressive strength decreases with more
558  blocks in prisms. Wing cracks are initiated from the protruded key tenon and mortise which is

559  similar to the assumption of fracture mechanism theory. The developed numerical models could
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reasonably predict the behavior of the interlocking brick prisms. The imperfect contact

modeling method gives the closest prediction.

6. Parametric Study

Parametric study is carried out in this section to examine the influences of the number of
blocks, the level of brick surface roughness amplitude, and material strength on the
compressive load-carrying capacity of the interlocking brick prism. An empirical formula is
derived based on the numerical modeling results, experimental results, and analytical solution
to predict the compressive load-carrying capacity of the interlocking brick prism. A semi-
empirical method is also generated to estimate the compressive stiffness of the interlocking
brick prism.

6.1 Effect of block number

A series of numerical simulations are carried out with gradually increased number of
blocks for the prism until the ultimate compressive load converges. In the meanwhile,
roughness amplitude due to brick surface imperfection and unevenness is assumed to be 0.1
mm, and the material compressive strength is 13.78 MPa in the numerical modellings. The
cross-section area, brick size and interlocking key dimension are kept the same.

Figure 13 shows the results combining the prism ultimate compressive load with the
number of blocks. It can be observed that as expected the influence of the number of blocks on
the compressive load-carrying capacity of prisms is significant. For example, the equivalent
compressive strength drops quickly from 6.18 MPa for 1-block prism to 5.93 MPa for 2-block
prism, and further to 5.75 MPa for 4-block prism. Nevertheless, as the number of bricks in the
prism increases, the decreasing speed also gradually reduces. The compressive strength reduces
from 5.59 MPa for 8-block prism to about 5.52 MPa for 10-block prism (-1.3%), which further

reduces to about 5.51 MPa for 12-block prism, indicating an ignorable -0.2% decrease.
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Figure 13. Ultimate compressive strength for interlocking brick prisms with different
numbers of brick

6.2 Effect of brick surface roughness amplitude

As demonstrated above in the laboratory test and numerical simulation, since joint
imperfection due to brick manufacturing error/tolerance and surface unevenness could strongly
influence the interlocking prism compressive strength, the interlocking bricks with surface
roughness amplitude varying from 0 mm to 0.25 mm with a 0.05 mm increment are numerically
modeled to quantify its influence on prism compressive strength. The cross-section area, brick
size and interlocking key dimension are kept the same. The material compressive strength is
also 13.78 MPa in the numerical simulations.

Figure 14 shows the results combining the prism ultimate compressive load with
imperfection roughness amplitude and the number of blocks in the prisms. It can be observed
that the compressive capacity of the interlocking brick prism with the same number of bricks
decreases with the increased roughness amplitude. For example, for the 6-block model with
roughness amplitude of 0.1 mm and 0.25 mm, the ultimate capacity decreases to approximately
5.09 MPa from 5.67 MPa; for the 12-block prism, the ultimate capacity decreases from 5.51
MPa when the roughness amplitude is 0.1 mm to 4.87 MPa when the roughness amplitude is
0.25 mm. These results indicate that the roughness amplitude also has strong influence on the

prism compressive capacity.
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6.3 Effect of material strength

To examine the influence of material strength (f},icx) On the compressive strength of the
interlocking prism, numerical simulation is conducted with f;,.;.,varying between 13.8 MPa
and 30 MPa with around 5 MPa increment. The Young’s modulus is taken as 160 times the
compressive strength of the material, and the material tensile strength is 0.1f,,.;cx [69]. The
roughness amplitude is assumed to be 0.1 mm.

Figure 15 presents the compressive strength of the prisms of different number of blocks with
respect to the material compressive strength. For instance, for the 10-block model the ultimate
compressive strength increases from approximately 5.52 MPa to 9.30 MPa when the material
strength increases from 13.8 MPa to 30 MPa. As expected, the compressive strength of
interlocking brick prisms is strongly influenced by the material strength, and the prism loading
capacity shows a near-linear relation with the material compressive strength. Moreover, the
ratio of the prism strength to the material strength is approximately 0.23, and is dependent on
other parameters such as the brick surface roughness amplitude and the number of bricks as
discussed above. However, the influence of these parameters is not as significant as the material

strength.
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6.4 Modified design formula for compressive strength

To account for the influence of the number of blocks, and the brick surface roughness
amplitude as demonstrated above in engineering analysis and design, modification to the
analytical solution of Eq. (2) is made by introducing to correction factors, i.e. f(noiock) and
g(himp). In addition, to account for the variation of material strength, another term u(forick) is
also introduced. The compressive strength of an interlocking brick prism, onn, could be
expressed using the following equation

Tnn = 01" % f (Myioct) * G (himp) * 1 (Forick) (3)

where o7*** is the unit block compressive strength of the analytical solution given in Eq. (2).

Regression analysis on the laboratory testing and numerical modeling results is conducted
to derive the above modification components in the proposed formula. Regression models are
considered to achieve a best-fitted formula. The adequacy of regression models is evaluated
with the coefficients of determination (R?). The Eq. (4) with high R? of 94.7% is therefore
chosen, which reflects the prism strength is positively proportioned to material strength, and

negatively related to the number of bricks and roughness amplitude.

1 1
= 6™ 4 (0.199f, 10 + 2.2 ( 1 ) 4
0 =01 * (0199 priex + 2.238) (0133 + Toae o —— > 576) * 0.784h;,, + 0.855 )

To evaluate the accuracy of the proposed formula, Figure 16a) compares the formula
predicted prism strength with those obtained from tests and numerical calculations. It can be
found that the prediction using the proposed formula could closely predict those from the
numerical simulations and experimental tests with the ratio of o s/ o pred. CONSistently

distributing around the surface of 1.0.
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For engineering design purpose, to account for uncertainties such as material strength, the
above proposed prediction formula is further integrated with a safety margin by setting a
confidence limit. Following CSA-S304.1 [75], the specified compressive strength for the
interlocking brick prism can be determined with 95% confidence. Assuming the ratio of
Orest/ oprea. 10 fOllow normal distribution, the 95% confidence can be determined by subtracting
1.64 times the standard deviation from the arithmetic mean. Therefore, the confidence lower
limit for a standard deviation of 0.047 and a mean of 1.00 can be estimated to be 0.92 (as shown
in Figure 16b). Therefore, Eq. (5) can be presented appropriately for engineering assessment

though re-evaluating as:

o = 0.92 6" % (0.199fy ik + 2.238) * (0.133 + ! ) x ! ()
ic 1.933 * Nypoe + 22.076)  0.784hp,, + 0.855

6.5 Semi-empirical method for prism compressive stiffness

A semi-empirical analysis method is proposed herein for simplified design purpose of
interlocking prisms under uniaxial compression loads. A homogeneous prism is derived with
an equivalent axial stiffness to predict the compressive properties for prisms comprised of

different numbers of interlocking bricks.
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As demonstrated in Figure 17a), an interlocking brick prism with n pieces of bricks can be
represented by a series of springs, i.e. KB and K for the block stiffness and the interlocking
contact stiffness, respectively. The equivalent spring stiffness K" for a homogenous model
(Figure 17b) can be written in the following forms:

1/K"= n/ K®4+ (n+1)/K*¢ (6)

For each block, its stiffness KB can be calculated by

KB :EmatAblock (7)

Lblock

where Emat is the Young’s modulus of the material, Aniock iS the cross-sectional area of the brick,
and Lbiock is the height of the brick. By using material constants and brick dimension, KB is
338.37 KN/mm.

The equivalent axial stiffness of n-block prism K" can also be expressed as

_EA _ fo(x)dx

K™ =2
L Al, X L,

(8)

where F is the peak compressive load, 41, is the corresponding axial displacement, and L,, is
the height of the prism. The equivalent stiffness of 1-block prisms can be calculated with the
laboratory testing data. And Eq. (8) is applied to the case of 1-block prism, the stiffness of

contact surface K€ can be written by

2K x KB
T KF —2K1 )

So it can be calculated that K€ is 263.28 N/mm. With the above-derived KB and K€, the

equivalent axial stiffness of the interlocking brick prism comprising of n-block can be easily

KC

estimated. Figure 18 presents the experimental tested prism stiffness and the estimated prism
stiffness using the semi-analytical approach. It shows the equivalent stiffnesses predicted by

Eqg. (6) and those from the experiments agree reasonably well.
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Figure 18. Equivalent compressive stiffness of interlocking brick prisms

7. Conclusion

This paper presents analytical analysis, laboratory testing and numerical modelling to
investigate the compressive properties of interlocking brick prisms. The damage and failure
modes of dry-stacking interlocking brick prisms are studied. Detailed numerical models of
interlocking brick prisms are generated using different contact modelling methods, which are
validated and verified with the laboratory tests. Parameter study is carried out to quantify the
influences of the number of blocks, joint roughness amplitude due to brick surface unevenness,
and brick material strength on the compressive load-carrying capacity. Combining the
numerical simulation and testing results, an analytical prediction formula is derived to predict
the compressive strength of interlocking brick prisms. A semi-empirical approach is also
developed to estimate the compressive stiffness of interlocking brick prisms. The following
conclusions are drawn from this study:

1. Fracture mechanism based analytical solution could closely predict the compressive
strength of unit interlocking brick. However, because the strength of prism is strongly
influenced by the number of blocks, the analytical solution based on a unit interlocking
block could not well predict the compressive strength of the prism.

2. Laboratory compressive tests are conducted on a series of multiple block prisms. Strong
seating effect of the dry-stacking interlocking brick prisms on their compression
performance is observed. It is found that the ultimate strength decreases with the

increase in the number of blocks because of the increased number of interlocking joints.
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3. Detailed numerical models using different contact modelling methods are generated
which could reasonably predict the behaviour of interlocking brick prisms. The
imperfect contact model gives the closest prediction considering the initial stiffness, the
ultimate compressive load-carrying capacity and damage modes. However, none of
these methods could replicate the seating effect.

4. Both laboratory tests and numerical simulation reveal the damage and failure patterns
of interlocking brick prisms.

5. Parametric study quantifies the influence of the number of bricks, joint roughness
amplitudes and material compressive strength on the prism compressive capacity. A
modified formula is derived to predict the compressive strength of interlocking brick
prisms with consideration of the number of blocks, joint roughness amplitudes, and
material strength. And a semi-empirical prediction method is also derived to predict the

axial stiffness of the interlocking brick prisms.
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