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Abstract

Bonded brickwork as loadbearing walls is widely found in the heritage structures worldwide.
The bonded brickwork consists of two or more bricks in the thickness direction which causes
them to behave differently to single leaf walls which are the basis of masonry design guide-
lines. The evaluation of bonded masonry structures under dynamic seismic actions therefore
requires appropriate numerical modelling techniques accounting for the cyclic loading. Sub-
sequently, a simplified 3D mesoscale numerical model has been developed in this paper to
analysis different thicknesses of bonded brickwork under cyclic compression. Each masonry
brick was defined using 3D solid elements with 8 nodes and 24 degree of freedom (DOF) rep-
resenting an enlarged brick consists of a full-scale brick enveloped by half thickness of the
mortar bedding layer all around. These masonry bricks were arranged in multiple layers us-
ing zero thickness cohesive interface elements to simulate the bond behaviour under shear,
tension, and compression actions. A plasticity-based damage constitutive model to represent
the damage in the masonry bricks under cyclic compression loading was employed. A thresh-
old strain level was used to enact the element deletion technique for initiating the brittle crack
opening in the masonry units. Whereas the joint interface failure between the masonry units
was defined using a cohesive model represented by a simple bi-linear traction-separation
constitutive law exhibiting an initial linear elastic behaviour at the interface followed by the
initiation of the damage and evolution until the surface bonding degradation. The robustness
of the developed model under cyclic compression loading has been proven by validating the
test data presented for the clay brick selected to construct 9 masonry wallettes of single, dou-
ble and triple brick thicknesses. The failure modes, cyclic stress-strain curves and stiffness
degradation have been studied.
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1 INTRODUCTION

Bonded masonry is invariably used as loadbearing elements in structures and the compressive
strength characteristics of this masonry are of prime importance in the design of new and as-
sessment of existing masonry structures. Subsequently, plenty of research efforts have been
put in place to comprehend the compressive strength characteristics of various masonry as-
semblies in the past [1-4]. However, most of the studies in the past were dedicated to deter-
mining the monotonic compressive strength properties of masonry, where only limited studies
were dedicated to understand the cyclic compression characteristics of masonry, which are
needed to assess the performance of masonry elements against seismic or dynamic actions.
Moreover, the non-loadbearing masonry infill walls in reinforced concrete or steel frames are
also considered to act as diagonal compression struts under in-plane actions [5-6], thus ana-
lysing such infill frames under dynamic actions need cyclic compression properties of mason-

ry.

The limited experimental studies on the cyclic compression behaviour of bonded masonry re-
vealed that the characteristics of masonry under cyclic compression are different to monotonic
compression in terms of the attainment of strength and deformation characteristics [7-9],
where relatively low compressive strength and considerably larger deformation were depicted
under cyclic compression than the monotonic loading. As a result of lack of cyclic compres-
sion experimental data on various assemblies, the development of constitutive models for ma-
sonry under cyclic compression was generally derived from the studies on concrete under
cyclic compression [10-12]. While there are some similarities on the general characteristics
between the masonry and concrete under cyclic compression, the damage evolution under cy-
clic compression is greatly different to concrete due to the anisotropic nature and interfacial
incompatibility between unit and mortar in masonry. Recently, Thamboo et al. [13] compared
the predictability of cyclic compression behaviour of the existing masonry models with the
available experimental data and highlighted that most of the models were not able to predict
one or other cyclic compression characteristics such as envelop response, plastic strain, un-
loading and reloading paths accurately. Nonetheless, experimental studies are not always via-
ble to develop constitutive models for masonry under cyclic compression, owing to the
diversity of masonry assemblies exist and difficulty in carrying out the cyclic testing. There-
fore, numerical assessment of masonry under cyclic compression is a prudent solution.

Although plenty of progresses have been made to develop numerical methods to assess the
masonry at different scales (micro, meso and macro) under various loading conditions [14-16],
no systematic methodologies were developed to evaluate the cyclic compression behaviour of
masonry in the past. Obviously, micro modelling technique is the most appropriate approach
to assess the various assemblies of masonry under a localised loading situation. As an alterna-
tive to complex micro-modelling, simplified micro modelling of bonded masonry can save
computational effort and avoid complexity of modelling additional mortar joints in the thick-
ness of bonded brickwork. In this technique, mortar thickness is omitted by expanding the
bricks into an equivalent masonry material which are joined to make assemblies of various
patterns through zero thickness interfaces. Simplified micro-modelling based numerical as-
sessment under cyclic compression could predict the characteristics of masonry reasonably,
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especially in terms of damage evolution and localised stress-strain responses as it has been
used earlier for the monotonic loading conditions [17-19].

This paper provides the details of a simplified 3D micro-scale modelling technique to assess
the characteristics of bonded masonry under cyclic compression. The rationality of the devel-
oped modelling technique and outcome under cyclic compression loading simulation have
been validated against the results from the experimental campaign carried out previously to
assess the cyclic characteristics of bonded brickworks by the third author. Subsequently, Sec-
tion 2 explains the simplified micro-modelling based numerical procedures established to
simulate the cyclic compression behaviour of masonry. The validation of the numerical meth-
od against the experimental data is described in Section 3. Finally, the key conclusions de-
rived from the study are mentioned in Section 4.

2 NUMERICAL MODELLING TECHNIQUE

An explicit finite element modelling method was developed to simulate the bonded brickwork
response under cyclic compression loading. A simplified 3D mesoscale homogenised material
model was adopted to analyse different thicknesses of bonded brickwork under cyclic com-
pression. The material and contact non-linearities were incorporated in this model, and the
parameters were calibrated using the datasets of the single brick thick wallette test specimens.
Figure 1 shows the developed FE model of the brickwork constructed of single, double and
triple bricks in their thickness.
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Figure 1: Wallettes model details (a) Single brick (b) Double brick (c) Triple brick with detail of expanded
bricks and (d) Mesh size

2.1 Geometry Details

In the simplified 3D mesoscale homogenised numerical modelling method, the homogenised
units were modelled using 3D solid elements (C3D8R) with 8 nodes and 24 degrees of free-
dom. The selected mesh size (shown in Figure 1(d)) was 20 mm % 20mm x 20mm based on
the mesh sensitivity analysis performed in [17]. The brick size representing an enlarged brick
consists of full-scale brick enveloped by half-thickness of the mortar bedding layer all around,

389



Mohammad Asad, Tatheer Zahra and Julian Thamboo

was modelled as shown in Figure 1. These masonry bricks were arranged in multiple layers
using zero thickness cohesive interface elements to simulate the bond behaviour under shear,
tension, and compression actions. The sizes of single, double and triple brick thick brickwork
samples were 410 (L) x 740 (H) x 95 (T) mm, 410 (L) x 740 (H) x 200 (T) mm, and 410 (L)
x 740 (H) x 305 (T) mm, respectively. Loading plates were also modelled to distribute the
compressive load uniformly over the specimens and to restrain the specimens against dis-
placement from the bottom.

2.2 Material properties and constitutive model of expanded bricks

A plasticity-based damage constitutive model to represent the damage in the masonry bricks
under cyclic compression loading was employed. The concrete damage plasticity (CDP) mod-
el in-built in ABAQUS was used to simulate homogenised brick and mortar behaviour. This
model can predict two main failure modes: tensile cracking and compression crushing. Be-
yond the failure limit, the formation of minor and major cracks were represented with a sof-
tening stress-strain response, as shown in Figure 2. The stress-strain and other material data
were taken from the experimental results of Thamboo & Dhanasekar [20], which were used in
the calibration and validation of model results. A threshold strain level was used to enact the
element deletion technique for initiating the brittle crack opening in the masonry units. The
elastic modulus of the expanded clay bricks was input as 200 MPa. The Poisson’s ratio was
kept as 0.18 as was observed from the experiments [20]. In addition, the CDP model requires
five main parameters: dilation angle (y) to account for the volume change caused by the ine-
lastic behaviour of bricks, flow potential eccentricity (e) that defines the rate at which the hy-
perbolic flow potential approaches its asymptote, the ratio of the biaxial compressive strength
of the material to its uniaxial compressive strength ratio (foo/fco), shape factor (K¢) which is
the ratio of the tensile to the compressive meridian for describing the shape of the yield sur-
face and viscosity (n) that represents the relaxation time of the visco-plastic system, and is
used for the visco-plastic regularisation. More details of these parameters can be found in [21].
The assigned CDP parameters are given in Table 1.
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Figure 2: Stress-strain curve with damage properties of clay brick for CDP material model (a) Compression and
(b) Tension
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Parameter Magnitude
Dilation angle (y) 30°
Eccentricity (e) 0.1
Strength ratio (fpo/feo) 1.16
Shape factor (K.) 0.66
Viscosity (p) 0.001

Table 1: CDP model parameters for expanded bricks

2.3  Zero thickness interface: cohesive zone model

The zero-thickness interface between the homogenised expanded bricks was simulated using
the cohesive zone model as shown in Figure 3(a). The interaction between the bricks was
modelled using the simple bi-linear separation constitutive law, as shown in Figure 3 (b). The
traction law is graphically represented using the traction force ( 7 ) resulted in the opening dis-
placement (0 ). The interface allowed a damage initiation based on the threshold value which
is followed by damage evolution until complete degradation of the surface bonding. The inter-
face's elastic behaviour relates the normal and the shear (tractions) to the normal and shear
displacements (separation) across the interface.

The normal stiffness matrix (K,) is directly related to the thickness of the adhesive (ce-
ment) properties and the stiffness of the mortar (bedding layer). To evaluate the normal stiff-
ness at the interface, a mathematical expression used for this relation is given in Equation (1).

1
K,=| ——— (1)

mortar + ad

E E
Where t ; represents the thickness of the adhesive found in the cement [22], t

mortar ad

is the thick-
[20] and E,, [22] are the young modulus of

mortar

ness of the mortar bedding layer and the E

mortar

the mortar and the adhesive, respectively.

Similarly, the shear stiffness matrix (Kgs and Ky) at the interface is mathematically expressed
as shown in Equation (2).

1
tmortar + tad

G G,

are defined as the shear moduli of adhesion and mortar, respectively.

KO = Kss = Ktt = (2)

mortar

Where, G, and G
The input values for the interface modelling are provided in Table 2.

The damage initiation in the interface was assumed to occur when a quadratic traction
factors involving the combined normal stress and shear stress ratio reached to the value of 1
as shown in Equation (3). These criteria can be represented as

EE
o, 7 7,

Where o, is the cohesive tensile and the 7 and 7, are the shear stresses of the interfaces and

mortar

n,s and t refers to the direction of the stress component as shown in Figure 3(c).
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However, the interface damage evolution was expressed in terms of fracture energy release as
shown in Equation (4).

n
+
RN o

G, +(G;-G))
G,+G, +G,

Where, G is the fracture energy; the superscript ¢ represents the critical fracture energy and
the dependency of the fracture energy # is a material parameter (Benzeggagah & Kenane

[23]. The Benzeggagah- Kenane fracture criterion defines the critical fracture energies when
the deformation along the first and the second shear directions are same. The properties of the

zero-thickness interface to account for cohesion, traction separation law and friction are listed
in Table 2.

Parameter Magnitude
Normal stiffness, K N/mm?) 28
Shear stiffness, K and K, (N/mm?) 32
Friction coefficient 0.6
Maximum tensile stress, O': (MPa) 0.68
Maximum shear stress, 7 SO and 7 to (MPa) 0.82

Table 2: Mechanical properties of cohesive interfaces
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Figure 3: Zero thickness Cohesive Interface model details (a) geometry details of zero-thickness interface (b)
damage criteria at the interface (c) failure modes at the interface
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3 VALIDATION RESULTS

This section presents the validation of the FE model using the experimental results of single,
double and triple brick thick wallettes under cyclic compression loading presented in [20].
The validation includes the failure modes of bonded brickwork walletes, stress-strain curves
comparison with the experimental results and the strain variation in the region of damage.

3.1 Details of experimental programme

The experimental investigation on the cyclic response of the masonry wallettes was studied by
the authors in the previous study [20]. The tested bonded brickwork samples in this experi-
mental programme were constructed using clay bricks. The material properties and geomet-
rical descriptions of types of bonded brickworks are presented in Figures 1 and 2. The
properties of clay bricks varied mainly due to the manufacturing process depending on the
controlled and uncontrolled firing in the kiln. However, the bricks used in this study with low
strength and modulus of rupture are very common in practice in many developing countries.
These bricks also have resemblance to the brick types mainly found in the historical masonry
structures. In total, nine bonded brickwork wallettes were constructed with three different
thickness (single, double, and triple) to assess their cyclic compression behaviour. The wal-
lettes were built and tested according to BS EN 1052-1 provisions and loaded under the cyclic
displacement-controlled protocol. The thickness of the mortar was restricted to 10 mm with
the help of an experienced mason. The constructed masonry wallettes were air cured for 28
days under an ambient temperature of 34°C.

The wallettes were tested in a 1000 kN capacity servo-controlled Universal Testing Machine
(UTM). A 5 mm thick plywood was used between the top and bottom platens of the UTM to
uniformly distribute the compression loading on the surfaces. In total eight displacement
transducers were attached to record the axial and lateral deformation in each wallette. Four
transducers were attached vertically on both faces (two on each face) of the wallette to record
the axial deformation. Similarly, four remaining transducers (two on each face) were placed
horizontally to record lateral deformation on each face of the wallette. A typical cyclic load-
ing protocol applied to the specimens is shown in Figure 4. The cyclic displacement proce-
dure was taken from the load-displacement responses of the similar wallettes under
monotonic testing [20]. The elastic, hardening and peak limits were identified form the load
displacement response presented in [20]. The elastic limit point was observed at the one third
of the peak load and the hardening limit was considered as 0.8 times the peak load. The num-
ber of cycles within each limit are reported in the Table 3.
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Figure 4: Loading input for the cyclic test of the wallettes

Monotonic Loading

Cyclic Loading

Load-Displacement Response

Number of Steps

Number of Cycles

Elastic Limit (one third of peak load) 4 steps 2 cycles at each step
Hardening Limit (0.8 times the peak load) 4 Steps 2 cycles at each step
Peak Limit 3 Steps 2 cycles at each step

Table 3: Typical Cyclic loading protocol

3.2 Failure modes

The failure modes of single, double and triple brick thick bonded brickwork models are
shown in Figure 5 in terms of principal strain. The failure pattern observed in the numerical
model for all wallettes was in close agreement with the experimental failure modes as shown
in Figure 5. For single brickwork wallette, vertical cracks developed in the bricks, mainly on
the central area and near the edges of the faces at about 50 to 70% of the peak force. After the
peak load, these cracks propagated diagonally and opened leading to the spalling from the
edges of the wallettes. However, for the double and triple brick wallettes, a single splitting
crack through the thickness of the wallettes and the parallel tensile cracks were observed
along the width of the wallettes. During the post-peak stage, the cyclic loading resulted in the
wider crack propagation within small span of time associated with the spalling of brick-and-

mortar pieces.
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Figure 5: Numerical Failure modes of the brick wallettes: (a) Maximum Strain contour (b) Single brick (c) Dou-
ble brick and (c) Triple brick

3.3 Stress-strain relationship

Figure 6 shows the compressive strength of single, double and triple brick thick bonded
brickwork models under cyclic compression loading. The compressive strength predicted by
the FE model of all three brickwork specimens matched well with the experimental data with
only 5~10% approx. deviation. The experimental and numerical results show a 10% increase
in the compressive strength of the double brick thick brickwork compared to the single- brick
wallette. The marginal increase in the compressive strength can be attributed to the reduction
in the slenderness ratio (height-to-thickness ratio). However, no significant enhancement in
the compressive strength observed when compared double brick to triple brick wallettes. The
reason for not increasing the compressive strength is the increase in the number of weak joints
(more perpend joint) with the increase in the thickness of the wallettes.

Additionally, it was also observed that the compressive strength for the cyclic loading was
lower than for the monotonic loading [20]. The compressive strength reduction observed in
the cyclically loaded wallettes was mainly because of the accumulating lateral tractions and
inelastic strains in the bonded brickwork. Hence, the accumulation of the strain over time his-
tory is significant for the compressive strength of the bonded brickworks as well as for defin-
ing the mitigating strategies under cyclic loading.
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Figure 6: Stress-strain variation of the bonded brick wallettes (a) Experimental setup (b) Single brick (¢) Double
brick and (d) Triple brick

4 CONCLUSION

A simplified 3D finite element model incorporating expanded bricks with zero thickness co-
hesive interfaces, representing brick — mortar joints, has been developed for predicting the
cyclic compression behaviour of different thicknesses of bonded brick masonry wallettes. The
experimental results of bonded brickwork constructed with single, double and triple brick
thickness were used for validating the developed model. The FE prediction of the failure
modes and cyclic stress-strain curves under the cyclic loading matched well with the experi-
mental results. The change in the thickness of the brickwork samples did not significantly al-
ter the failure pattern of the bonded brickwork confirming the experimental findings that the
effect of increase in the thickness of the bonded brickwork (or decrease in the slenderness)
was insignificant on the compressive strength of the bonded brickwork.
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