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Abstract

Around the globe, the need for additional housing, due to the increase in world population, has led to the exploration of more
cost effective and environmentally friendly forms of construction. Out of many technologies found, mortar-free interlocked
masonry systems were developed to eliminate the deficiency of traditional masonry. For such systems against earthquakes,
lateral resistance can be enhanced with plaster. But there is a need to further improve the performance of plaster in mortar-
free interlocking walls for better ductility. The objective of this study is to develop nonlinear finite element (NLFE) mod-
els to explore the likely failure mechanism (e.g. bond failure) of such systems and to do parametric studies more cheaply
than constructing many walls. Lateral failure load, load—displacement curves and crack patterns were compared with the
experimental results. Parametric studies involving variation in block and plaster compressive strength and plaster thickness
were undertaken using TNO DIANA NLFE models. A 150% increase in thickness of plaster only resulted in 28% increase
in failure load, and column thickness can be reduced to theoretical 25 mm of blocks with 8 mm of plaster and yet exceed
the lateral strength of a 150-mm-thick unplastered column. A cost analysis was also carried out, based on NLFE models,
and showed that fibrous plastered column with 25-mm-thickness blocks gave equivalent performance to the 150-mm-thick
unplastered column with 67% cost saving.

Keywords Nonlinear finite element - Interlocked single block - Lateral resistance - Fibrous plastering - Parametric - Cost
analysis

1 Introduction

Masonry is a common term for a composite material made
of various separate small elements (units) bonded together
by some binding filler (mortar) or interlocked mechanisms
for mortarless construction [1]. Historical masonry struc-
tures are, for a number of reasons, normally classified as
low-strength and these masonry structures can be broadly
divided into following three categories [2]:

— Masonry with poor mortar strength
— Masonry with poor unit strength
— Masonry with poor unit and mortar strength
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Masonry with poor mortar strength refers to structures
where the unit/mortar interface governs the formation of
cracks and collapse mechanism. Masonry with poor unit
strength concerns structures where the strength of unit domi-
nates mechanical behaviour. Tuff blocks are a prime example
of this case. In the third case, the strength of mortar and unit
are considered comparable and both have a major effect on
failure mode. The type of material and bond strength affect
the mechanical performance of the overall masonry structure
[3]. Different experimental work was carried out in various
studies to explore the effect of bond between masonry and
plastering and concluded the high importance of bond in
the strength of masonry [4]. Masonry walls are considered
to be strong in resisting of vertical axial load [5], but there
is often a need to improve their resistance when subjected
to lateral load [6] such as wind and earthquake. Evaluation
of the safety of masonry structures under seismic loading is
a complex problem, and both linear and nonlinear methods
have been used in different studies [7].
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The finite element method is the most well-known analy-
sis technique for elements subjected to static or dynamic
loading. For a numerical model to effectively represent the
behaviour of a real structure, both the constitutive model
and the input material properties must be selected carefully.
For this study, the computational software TNO DIANA
was used for the application of the finite element method.
For a masonry structure, FEM analysis can be performed
using various modelling approaches. These include macro-
element and micro-modelling approaches [8]. The most
refined approach used by other researchers is micro-model-
ling [9]. Here different mechanical parameters and constitu-
tive laws are used for different component parts. It allows
for local failure of the units and of any bonding, so they can
be modelled separately. In addition, it is possible to model
the units with or without interfaces. Furthermore, to study
structural failure cracking behaviour should be modelled
accurately. Two types of cracking model are available to
simulate behaviour numerically, which include the discrete
crack and smeared crack models. The former introduces
the crack to FE models manually by means of a separation

Fig.1 Cracking concept: a dis-
crete crack concept, b smeared

between element edges [10]. The smeared crack approach
does not track individual cracks but smears their effect over
the FE by modifying its mechanical properties, as shown
in Fig. 1 [11]. This approach is considered better than its
discrete crack counterpart, which requires the mesh configu-
ration to be updated as the cracks develop in the FE model.
The smeared crack approach is further divided into two
types: fixed smeared cracking and rotating smeared crack-
ing approaches. With the former, the orientation of cracks
remains fixed, which leads to an unrealistic and distorted
crack pattern. With the rotating smeared crack approach, the
orientation of the crack follows any change in the direction
of principal tensile stresses. This gives results closer to the
realistic value accepted by other studies [12].

Nonlinear finite element models have been developed in
other studies of masonry structures using TNO DIANA. In
some cases, FE models are used to simulate the behaviour
of experimental work. Table 1 shows the outcome of the dif-
ferent studies and the details of the parameters explored. The
scale of modelling varies from a single block to a masonry
wall panel. Modelling was also used to identify the material
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Table 1 Comparison of
numerical and experimental
results from the literature

Sample

Type of test

Parameters Numerical (experimen- References

tal) outcome

Tuff masonry panel
Adobe wall panel
Hollow concrete block

Hollow clay units

Diagonal compression
Diagonal compression
Compression

Cyclic shear load

0.39 MPa (0.38 MPa)  [14]
0.15 MPa (0.14 MPa)  [I]
550 kN (600 kN) (8]
215 kN (222 kN) [15]

Shear stress
Shear stress
Peak load
Shear capacity

parameters for a masonry structure in the study by Sarhosis
[13]. In Fig. 2, FE models developed in a variety of studies
using TNO DIANA are shown.

In light of the outcome of previous studies micro-mod-
elling, rotating smeared crack finite element modelling was
chosen in this study to predict the lateral failure load of inter-
locked masonry. FE modelling of mortar-free interlocked
block was also identified as a knowledge gap in the litera-
ture. The proposed FE modelling was validated by compar-
ing peak load with the experimental lateral failure load, as
explained in Sect. 3. These validated NLFE models are used
to carry out the parametric study of different parameters
including block and plaster compressive strength and plas-
ter thickness rather than constructing various experimental
columns/walls.

2 Modelling Methodology
2.1 Geometry

The geometry of the experimental tests was reproduced by
modelling blocks and interlocked mechanism with interface
elements between them representing a mortar-free inter-
locked block column as shown in Fig. 3. Seven models were
produced as detailed in Table 2.

The block size was 300 mm X 150 mm X 100 mm with
a gap of 10 mm representing the interlock between the
blocks. 15 blocks were modelled representing a 1590-mm-
high column. The selection of element types, and of mate-
rial cracking and plasticity models, has already been suc-
cessfully employed in other studies [14, 17] and are applied

Model Modelling approach

Reference

Micro-modelling smeared crack approach
representing the tuff and the mortar independently

[13]

Masonry wall panel using micro -modelling approach | [1]
with brick and mortar without interface.

Macro-modelling approach unreinforced masonry
panel for diagonal compression testing.

[14]

block.

Smeared crack approach for sisal reinforced concrete | [8]

Fig.2 FE models developed by other researchers
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4 Plaster

Interlock

(@ (b)

Fig.3 Geometry of interlocked masonry column a experimental
view, b TNO DIANA view

Table 2 Labelling of TNO DIANA models

Combinations Model symbol
Block-only unplastered M1—(U)
8-mm-thick plain-plastered column M2—(P,8,N)
20-mm-thick plain-plastered column M3—(P,20,N)
8-mm-thick rice-straw-plastered column M4—(P,R,8)
20-mm-thick rice-straw-plastered column M5—(P,R,20)
8-mm-thick sisal-plastered column M6—(P,S,8)
20-mm-thick sisal-plastered column M7—(P,S,20)

Table 3 Number of elements for the TNO DIANA models based on
mesh sizes

Model Block Block inter- Plaster inter-  Plaster
elements face elements face elements elements
no No no no

M1—(U) 2400 520 - -

M2—(P,8,N) 2400 520 640 1480

M3—(P,20,N) 2400 520 640 3700

M4—(P,R,8) 2400 520 640 1480

M5—(P,R,20) 2400 520 640 3700

M6—(P,S,8) 2400 520 640 1480

M7—(P,S,20) 2400 520 640 3700

in this study. A regular and dense discretisation was used
based on the HX24L eight-node isoparametric solid brick
element which was successfully used by other studies [16,
17]. Table 3 details the no. of elements used for different
models. In TNO DIANA, these elements are represented by
eight-node brick elements with three translational degrees

@ Springer

of freedom at each node. Mesh arrangement average dimen-
sions of 30 mm, 25 mm and 37.5 mm in x, y and z directions,
respectively, have been used for meshing the blocks. For the
plaster, 30 mm, 25 mm and 4 mm in x, y and z directions,
respectively, have been used, as per previous studies [14,
16, 17]. Figure 4 shows the adopted mesh size of the pro-
posed FE models. Different meshing sizes were examined
as explained in Sect. 3.4, and the selected mesh size gave a
good agreement between the output of finite element models
and experimental results for unplastered column.

2.2 Material and Interface Properties
2.2.1 Block Properties

The compressive strength (f,) and Young’s modulus (E)
were derived from uniaxial compression tests of mortar-
free interlocking block samples as detailed in the work by
Qamar [18]. The tensile strength of a masonry unit is diffi-
cult to obtain from any direct relationship to its compressive
strength. This is because of variation in the shapes, material
and method of manufacturing of masonry blocks. An exten-
sive testing was carried out by [19] for the tensile strength
of clay units and proposed a ratio between the tensile and
compressive strength which ranges from 0.30 to 0.10. A 0.10
ratio between tensile and compressive strength was used in
this study to best match the experimental findings. The block
properties used in the model are detailed in Table 4.

For block material properties, constitutive models pro-
posed by another researcher [16] were used, based on a
smeared-crack approach, assuming exponential strain sof-
tening in tension and plasticity in compression. Parabolic
curve formulations, based on tensile and compressive frac-
ture energy, are shown in Fig. 5.

The validation of models with the experiment values, as
demonstrated in Sect. 3, was obtained by using a Poisson’s
ratio of 0.15. The same Poisson’s ratio was also used by sev-
eral researchers, such as [17, 19]. The fracture energy (Gy)
was related to compressive strength by Eq. 1, as was used
and proposed by different researchers [20, 21]. Equation 1 is
a fracture energy model which is frequently used to study the
concrete behaviour. No fracture energy model is available
for masonry in the literature studied. Hence, Eq. 1 has been
adopted. However, it was found that the FE results for the
control column are in good agreement with the experimental
results when using this model as detailed in Sect. 3. Conse-
quently, the same model has been used for other FE models.

G, = (432 + 1.13f,,) = 10° (1)

G;, fracture energy (N/mm); f,, compressive strength of
blocks (MPa).
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Fig.4 TNO DIANA analysis,
adopted mesh a X-view, b
Z-view

200
y
X
(a)
Table 4 Block properties used in the models
Material Modulus  Poison’s  Com- Tensile Fracture
of elastic- ration pressive  strength f, energy G;
ity E strength f, (MPa)* (N/mm)
(MPa) (MPa)
Block 201 0.15 0.83 0.080 0.0441

*Taken as 0.1%f,

2.2.2 Block Interface Properties

The interlocked mechanism of ISSB (Interlocked soil stabi-
lised block) was modelled using 8-node bond slip interface
elements between the blocks. Both friction-based and perfect
bond models were studied, and it was found that a friction-
based model gave a better match with experimental find-
ings. A friction-based model is based on the resistance being
proportional to the self-weight of the block. In the friction-
based model as shown in Fig. 6, a yield shear stress is cal-
culated for each course of the blocks in the wall depending
on their weight. A value for the coefficient of friction was
obtained by using hit and trial method. A maximum slip (F2)
was assumed as 150 mm, based on the width of the block.
F1 and S1 are representing the starting point of slip-dis-
placement constitutive model. It means no slip is expected,
when no force is applied. Equation 2 is used to calculate the
interface properties at each layer of the blocks. The values of
block interlocked interface properties are shown in Table 5.

peak bond stress = u * nx W,/a, 2)

where u, coefficient of friction; n, number of blocks; wy,
weight of block; a,, area of block.

00

(b)

2.2.3 Plaster Properties

The compressive strength (f,) and Young’s modulus (E) were
derived from uniaxial compression tests of plaster cube sam-
ples as detailed in the work by [18]. Fracture energy values
in Table 6 are obtained from Eq. 1, and tensile strength is
taken as 0.1*f,. The same constitutive model was used for
the plaster as explained above in the block properties sec-
tion. The values of the material properties used in this study
are detailed in Table 6.

2.2.4 Properties of the Interface Between Block and Plaster

Plaster to block interface was modelled with 8-node bond-
slip interface elements. In this model, it was considered that
bond failure occurs within a thin layer of block adjacent to
the interface of plaster-to-block, because the plaster is usu-
ally stronger than the block. The bond-slip models, which
were developed by [22], were used in this study, and values
are calculated based on Eqs. 3—6 and detailed in Table 7.
Hence, the bond-slip model displays the overall behaviour of
the block-to-plaster interface, rather than the plaster or block
material. Bond-slip model was proposed by [22]:

0.19

Toeak = (54;) 3)

Speak = 0.057 V Gﬁ (4)
= 5

! Tpeak ( )

@ Springer
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Fig. 5 Material model used in TNO DIANA

Bond Stress (MPa)

Skip (mm)

Fig. 6 Friction-based bond slip model for the interface between block
and plaster

Tpeak 2

G = 6
f < 6.6 > (6)
where 7., the peak bond stress (N/mm?); f!, compressive
strength of plaster (N/mm?); Speak- Slip corresponding to the
peak bond stress (mm); S, ultimate slip (mm); G, interfa-

cial fracture energy (N/mm).
The above equations, based on bond-slip model, con-
sider bond stress-slip linear relation up to the peak bond

@ Springer

stress. The separation of block and plaster interface starts
if the slip exceeds the limiting value, the slip value related
to the peak bond stress. This process is based on linear sof-
tening behaviour, as shown in Fig. 5. In this research, this
model was adopted as it gave a better agreement between
the FE predictions and the experimental result, as vali-
dated in Sect. 3.

2.3 Loading Applied

Out-of-plane loading was applied in this analysis corre-
sponding to unit displacement applied at the nodes cor-
responding to 1000 mm height of masonry column as per
experimental work. The experimental work and the results
are detailed in the work by [23]. A displacement loading
method was used for the modelling as this can predict the
post-failure behaviour of the columns (in a way not pos-
sible in the laboratory). This method was also successfully
used by the other researchers [16, 24].
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Table 5 Block interlocked Model Df,, N/mm®) Df, (N/mm®) u S, (MPa) F,(mm) S,(MPa)  F,(mm)

interface properties used in the

models M1—(U) 0.02 0.20 01 0 0 3.488E—-07 150
M2—PS8,N)  0.02 0.20 01 0 0 0.0001744 150
M3—(P,20,N) 0.01 0.1 01 0 0 0.0001744 150
M4—(P,R,8) 0.0021 0.021 01 0 0 0.0001744 150
M5—(P,R,20)  0.0015 0.015 01 0 0 0.0001744 150
M6—(P,S,8) 0.0021 0.021 01 0 0 0.0001744 150
M7—(P,S,20)  0.00035 0.0035 01 0 0 0.0001744 150

where Df|; =normal linear stiffness modulus;Df,, =shear linear stiffness modulus; u= coefficient of fric-
tion; S;=peak bond stress; F;=slip corresponding to peak bond stress; S, =yield stress; F,=Maximum

slip
Table 6 Mat.erial properties for Material Modulus of Poison’s ration  Compressive Tensile Fracture
plaster used in TNO DIANA elasticity £ strength f strength f; energy Gy (N/
(MPa) (MPa) (MPa)* mm)
Plain plaster 2990 0.15 19.33 1.933 0.065
Rice straw plaster 2483 0.15 8.67 0.867 0.053
Sisal plaster 7175 0.15 19.88 1.988 0.657
*Taken as 0.1%f,
Table 7 Plaster and block 3 3 2
Model Df,; (N/ Df,, (N/ ax N/ S e S, Gq (N/
interface properties used in the o 1 (N/mm) 2 (NN Zpeai (NIMA) Sy (mm) S, () i (N/mm)
models M1—(U) _ - _ _ _ _
M2—P_8,N) 157.8 1577.9 3.590 0.164 0.031 0.295
M3—(P,20,N) 157.8 1577.9 3.590 0.164 0.031 0.295
M4—(P,R,8) 157.8 1577.9 3.082 0.141 2.66E-02 0.218
M5—(P,R,20) 157.8 1577.9 3.082 0.141 2.66E-02 0.218
M6—(P,S,8) 157.8 1577.9 3.609 0.165 0.031 0.299
M7—(P,S,20) 157.8 1577.9 3.609 0.165 0.031 0.299

2.4 Constraint Condition

The bases of the columns were considered fixed and rep-
resented by a fixed constraint in the model. The effect of
base constraints should be explored in further studies. For
experimental work, plain concrete was used at the base of
the columns as shown in Fig. 7.

2.5 Solution Method

To attain convergence in the analysis of failure load, an
incremental iterative process was adopted by increasing
displacement by 0.1 mm for 20 steps. The Secant iteration
method was used, to achieve balance at each step. Similar
procedures were adopted by [12]. Based on [25, 26], a dis-
placement norm value of 0.05, 0.2 and 0.9 for block, plain
plaster and fibrous plaster models, respectively, was adopted
to specify convergence critical. A maximum of 1000,000

iterations was allowed at each step before termination of
the analysis in the case of non-convergence; however, in
all models convergence was achieved before reaching the
iteration limit. This approach proved successful, as conver-
gence was achieved at every load step for the block-only,
plain-plastered and fibrous-plastered FE models. The output
reports showed that convergence was met at each load analy-
sis step. The values used are presented in Table 8.

3 Results and Validation

In this section, the results of the comparison between the
finite element model output and the experimental work are
presented. The comparative study was undertaken to deter-
mine the validity of the finite element models in predicting
the nonlinear behaviour of the unplastered, plain-plastered
and fibrous-plastered columns. Failure load, maximum
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displacement, stiffness and cracking patterns are compared
in Sects. 3.1, 3.2 and 3.3, respectively. The results of the
comparative study between FE models and experimental
works are presented with the help of graphs and tables.

3.1 Maximum Load

The experimental results of failure load F,, and the FE
predicted values Fp;,,, for all specimens are presented in

Fig. 7 Constraint condition for
the columns in the model and
experimental work

Fixed support

Table 9. The FE predicted value is the maximum force which
can be calculated as the sum of the reactions at the point of
application of loading. The FE prediction values were in
good agreement with the experimental results for all cases
within 13% difference. The proposed FE models for all cases
underestimated failure load with a maximum mean experi-
mental/FE ratio of 1.07 for plain-plastered models. The
rotating crack model assumes that cracking always occurs
within principal planes, and it does not consider internal

Plain concrete base

Table 8 Mesh sizes and solver

Model Size (step) mm  Tolerance mm  Nonlinear Max no. of Iterations Convergence
for the TNO DIANA models analysis critical mm
method
M1—(U) 0.1 (20) 1.00E—6 Secant 1,000,000 0.05
M2—P,_8,N)  0.1(20) 1.00E—6 Secant 1,000,000 0.2
M3—(P,20,N) 0.1 (20) 1.00E—6 Secant 1,000,000 0.2
M4—PR,8)  0.1(20) 1.00E—6 Secant 1,000,000 0.9
M5—(P,R,20) 0.1 (20) 1.00E—-6 Secant 1,000,000 0.9
M6—(P,S,8) 0.1 (20) 1.00E—6 Secant 1,000,000 0.9
M7—(P,S,20) 0.1 (20) 1.00E—6 Secant 1,000,000 0.9
Table.9 Comparison of . Model Experimental lateral peak/ TNO DIANA lateral peak/ Ratio Average
expelilmental and numerical failure load (F,) (N) failure load (Fpana) (V) Fox/Foiana
results
M1—(U) 15 14.8 1.01 1.01
M2—(P,8,N) 48 42.2 1.13 1.07
M3—(P,20,N) 75 74.57 1.00
M4—(P,R,8) 238 242.5 0.98 1.00
M5—(P,R,20) 256 247.9 1.03
M6—(P,S,8) 242 232.2 1.04 1.04
M7—(P,S,20) 312 289.3 1.04

@ Springer
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shear contribution across the crack plane. Therefore, it was
expected to obtain a lower value of failure load from FE
models than the experimental value. The only exception was
found for the 8-mm rice straw plastered model where the
experimental/FE ratio was 0.98. The reason for this is due
to assumed values of block interface properties due to a lack
of experimental data. Figure 8 shows the comparison of the
results for both experimental and FE analysis. The ranges
at the top of bars represent variability in the experimental
result.

3.2 Load-Displacement Curves

Figure 9a—g shows load—displacement curves for the results
of experimental and FE analysis. Results of seven different
FE models, listed in Table 2, were compared with the cor-
responding experimental results. For unplastered columns,
the FE results showed good agreement with the experimental
load—displacement graph, showing similar peak load and
stiffness. The load—displacement curves can be divided into
two stages, i.e. loading up to first-crack and further loading
up to failure. Comparing the first stage, it was observed that
the stiffness of the FE model was higher than the experimen-
tal work in general for fibrous plaster columns. Minor cracks
are normally formed during the setting time of plaster and
are known as shrinkage cracks. An increase in the applied
lateral load spreads these minor cracks and steadily forms
a bigger, more visible crack. However, the FE model was
based on using the smeared crack method, which means that
cracks due to shrinkage were not captured. Therefore, the
stiffness of the FE models was higher than the experimental
tests in the first stage of crack formation for fibrous plaster
columns. Comparing the displacement of the experimental
results and FE predicted values, it can be seen that the FE

models accurately projected the displacement in general for
all cases. Post-peak-load behaviour was not compared with
FE models as there were not enough data available from the
experimental results.

3.3 Crack Pattern

FE analysis has the capacity to show the development of
cracks which is considered as one of the merits of using such
analysis. Figure 10 shows the comparison between experi-
mental and FE model crack patterns at failure for unplas-
tered, plain-plastered and fibrous-plastered samples. The
FE models crack pattern is presented by the crack contour
plots. It can be seen that the FE model adequately projected
the failure cracks of unplastered sample, which showed the
stress concentration with red contours at the base and the
opening of interlock at tension face, as shown in experi-
mental results.

Similarly, for plain and fibrous samples, FE predicted the
cracks within block and plaster interface showing resem-
blance to the experimental results. The difference between
the plain-plastered and fibrous-plastered samples can be
observed with showing fewer cracks in the plain-plastered
FE model as shown in Fig. 10b, whereas the fibrous-plas-
tered sample showed more cracks as is visible in Fig. 10c.
This ties in well with the outcome of the experimental work
as fibrous plastered samples showed more ductility due to
the presence of the fibres.

This resulted in the ductile failure of the fibrous plas-
tered samples as compared to the brittle failure for all other
samples. It can also be observed that failure of plain- and
fibrous-plastered samples occurred due to cracking in the
interface between the block and plaster rather than within
the block. Similar behaviour was noted in FE models where

Fig. 8 Failure load comparison 350 -
between TNO DIANA model TNO DIANA Analysis (Failure load) T
and experimental results 300 J 1
250 - Experimental Results (Failure Load) . I
2 ! 7l B
3 0 -
(=]
veé (X2
- 24 1
: % I
= 150 S
: % I
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100 A 24 1z
' 5% 5%
I : 2ed [
: 2 I
50 1 = ' 222 72;
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Fig.9 Comparison of load—
displacement graphs between
TNO DIANA and experi-
mental results a block-only,

b plain-plastered 8 mm, ¢
plain-plastered 20 mm, d rice-
straw-reinforced plaster § mm,
e rice-straw-reinforced 20 mm,
f sisal-plastered 8 mm and g
sisal-plastered 20 mm

@ Springer
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Fig. 10 Crack pattern com- TNO DIANA Crack Pattern Experimental Crack Pattern
parison experimental and TNO
DIANA a unplastered; b plain-
plastered; ¢ fibrous-plastered
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blockg
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cracks were initiated within the interface between block and
plaster.

3.4 Sensitivity Analysis
In this section, sensitivity analyses for the parameters of

the FE model are discussed: these include the block mesh
size and the block and plaster tensile strengths. Both of

these were found to be critical in predicting the results
from FE as compared to experimental value. Mesh size
is a modelling variable which influences the FE results;
therefore, a sensitivity analysis was carried out to find the
most suitable mesh size as explained in Sect. 3.4.1. Tensile
strength comes from material testing. However, the experi-
mental work carried out in this study only gave values
for compressive strength, whereas the FE model’s failure
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load was mostly influenced by tensile strength. Therefore,
a relationship between compressive and tensile strengths
was assumed based on the literature, and sensitivity analy-
sis was carried out, to find the best suited value of this
parameter as explained in Sect. 3.4.

3.4.1 Effect of Mesh Size

To evaluate the effect of mesh size on the results of FE
model, three different sizes of mesh were considered for
unplastered FE model M1—(U) and divided into two cat-
egorises with reference to proposed mesh (medium mesh
30 mm, 25 mm and 37.5 mm in x, y and z direction, respec-
tively) in Sect. 2. One alternative is fine mesh, which
employs elements half those of medium mesh with a size
of 15 mm, 12.5 mm and 18.75 mm in x, y and z directions,
respectively. The second alternative is coarse mesh, with
elements twice the size of the medium mesh, with a size of
60 mm, 50 mm and 75 mm in x, y and z, respectively. The
outcome of the sensitivity analysis is shown in Fig. 11.
It can be observed that the medium mesh best suits the
experimental results for unplastered column, whereas fine
and coarse mesh overestimate the peak load and grossly
overestimate the stiffness of the model. This is due to the
fracture energy G; as the same values of fracture energy
G; are used for three types of mesh which is required to
be adjusted with the size of mesh. G; values are obtained
from Eq. 1, and this will vary depending on the size of
mesh and will be considered in the future studies. Equa-
tion 1 is related to crack band width h parameter. In this
study, h parameter has been fixed for all types of mesh in
sensitivity analysis. In reality, h value should be analysed
and should be considered in future work. Both linear and
nonlinear behaviours for the block and interface were con-
sidered; however, the block was always found within linear
behaviour and nonlinear behaviour only observed in inter-
face as it reached max elastic strength earlier than block.

20
====Medium Mesh FE
~ 15 — —Experiment Results
Z .
= Fine Mesh FE
§ 10 e N Coarse Mesh FE
1 .~
= s
= /
i 5 /
/
/
/
/
v
0 !
0 5 10 15 20 25 30
Displacement (mm)
Fig. 11 Effect of mesh size on the results of FE model
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3.4.2 Tensile Strength Effect

An extensive testing was carried out by [27] for the tensile
strength of clay units and proposed a ratio between the ten-
sile and compressive strength which ranges from 0.30 to
0.10. Similarly, for the plaster, a ratio of 0.10 was consid-
ered in many studies [16, 28]. No further tensile testing was
carried out in this study, and 10% of compressive strength
was selected. Trial values of this ratio were tested to iden-
tify the best value of tensile strength of block and plaster.
It was found that model with tensile strength equal to 10%
compressive strength gave the best results comparable to
experimental results.

4 Parametric Study

The following sections detail the parametric study of varying
three main parameters, namely the compressive strength of
block, compressive strength of plaster and thickness of plas-
ter. In order to investigate the effect of these parameters, only
one parameter was varied at a time and the values of other
parameters remained unchanged in the FE models. A similar
method was adopted by other researchers like [12, 29].

4.1 Strength of Block

Three values of block compressive strength were considered
for parametric study. The value of 0.83 MPa was considered
from the experimental work by [23] of mortar-free interlock-
ing blocks. The other two values of 2.5 MPa and 5.42 MPa
were found in different research studies for stabilised soil
blocks [30, 31]. The unplastered model (M1—U) was used
to identify the effect of block compressive strength, and the
outcome is shown in Fig. 12. It can be observed that load-
carrying capacity of the ISSB column was increased with
an increase in compressive strength. The failure load was

90
80 -

4 -

60 > Y

40 -
30 ’
20 5

10

Failwe Load (N)
\

0 1 2 3 4 3 6
Block Streagth (\MPa)

Fig. 12 Effect of block strength on unplastered failure load (FE mod-

elling)
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increased to 83 N from 15 N with an increase in compressive
strength from 0.83 to 5.42 MPa. However, in experimental
work, failure was observed in the interface between blocks
and compressive strength of block is not found as governing
mode of failure.

4.2 Strength of Plaster

Three values of compressive strength of plaster were con-
sidered for parametric study. The values of compressive
strength of each cube sample (plain, rice straw and sisal
fibrous plaster) evaluated from experimental work were
chosen as the initial values for each model. The other two
values were chosen from the literature review where most
commonly the values of 29 MPa and 41 MPa were found
[32, 33]. A total of 18 FE models were produced by keep-
ing all other parameters constant except for the compressive
strength of plaster. The outcome of the parametric study
is shown in Fig. 13. It can be observed that in almost all
cases there is no change in the failure load with the increase
in compressive strength of plaster. The reason for this, as
identified earlier in Sect. 3, was namely that the interface
between the plaster and block was the governing failure
mechanism. Therefore, increasing the compressive strength
of plaster did not result in increase in failure load. Secondly,
the change in tensile strength is based on compressive
strength; however, the change in tensile strength is negligi-
ble; therefore, no effect was found on the results.

4.3 Thickness of Plaster

Three values of thickness of plaster 8§ mm, 12 mm and
20 mm were considered to observe the effect on failure load.
In total, nine FE model was produced by keeping all other
parameters constant, except for the thickness of plaster. The
results of parametric analysis are shown in Fig. 14.

It can be observed there is 77% increase in failure load for
the plain-plastered column after increasing the thickness of

350

300

250
— — Plain Plastered
200
~ — = Sisal Plastered

150
Rice Straw Plastered

Failure Load (N)

100

0 5 10 15 20 25
Plaster Thickness (mm)

Fig. 14 Effect of plaster thickness on failure load graph

plaster by factor of 2.5. For the fibrous sample, it was noted
that a similar increase in thickness of plaster only gave 28%
improvement in failure load.

5 Cost Analysis and Practical Application

From experimental and numerical analysis, it was found that
addition of fibrous plastering to the tension face of columns
enhanced the peak lateral load and other mechanical prop-
erties such as elastic stiffness, pre- and post-crack energy
absorption and toughness. However, addition of plaster and
fibres to one face will increase the overall construction cost.
In order to reduce the construction cost of the wall in practi-
cal application, the thickness of the wall (i.e. thickness of
blocks) could be reduced. Finite element sensitivity analysis
was carried out to find the equivalent thickness of fibrous
plastered column to an unplastered column having similar or
better lateral resistance. An unplastered unmortared column
of 150 mm thickness was taken as datum. Plain- and fibrous-
plastered walls with mortar and interlock were compared to

Fig. 13 Effect of plaster — - —PlainPlastered 8mm - - -~ - Sisal 8 mm Rice Straw
strength on failure load graph Plain Plastered 20 mm Sisal Plastered 20 mm ----- Rice Straw 20 mm
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find this equivalent thickness. The following variations were
considered as detailed below:

A. (Datum) Unmortared, unplastered column of thickness
150 mm.

B. Unmortared, plain-plastered column of block thickness
x (plus 8 mm plaster).

C. Unmortared, fibrous-plastered column of block thickness
v (plus 8 mm plaster).

D. Mortared, unplastered wall of block thickness z.

5.1 Sensitivity Analysis and Results

Sensitivity analysis was carried out using hit and trial
method of reducing the block thickness in the models B,
C and D until their lateral resistance was equal to that of
datum model A. Results are detailed in Table 10: (25 mm
was considered to be the minimum theoretical block thick-
ness). 25 mm thickness may not be practically possible, but
this gives a range to reduce the thickness of block to reason-
able practical value between 25 and 150 mm.

It can be observed from the results (Table 10) that in both
cases (B and C) of unmortared masonry column, a 25-mm-
thick column with 8-mm plaster gave better lateral resistance
than the unmortared unplastered 150 mm datum.

5.2 Cost Comparison

Based on the above results, cost of construction of 1 m?
of walling was calculated for the various options. It can
be observed that a 67% cost saving could be achieved by
reducing the wall thickness to 25 mm for the examples B
and C. They will have better lateral resistance than datum
A (Table 11).

6 Conclusion

The aim of this numerical work was to develop NLFE pre-
dictive tools to firstly identify a likely failure mechanism
(e.g. bond failure) compatible with the experimental work
and secondly to do parametric studies more cheaply than
via constructing many walls. 3D nonlinear FE models of

Table 11 Comparison of cost

Type A—Datum B—thick- C—thick- D—
ness ness 150 mm
25 mm 25 mm thickness
Cost ($)/m? 3.52 1.15 1.16 5.90
Normalized to 1.00 0.33 0.33 1.68
unmortared
unplastered wall
(A)

unplastered, plain-plastered and fibrous-plastered columns
made of mortar-free interlocked blocks were developed.
The FE models were validated using the experimental
results of this study. The FE model represented the block
and plaster with eight-node isoparametric solid brick ele-
ments. For the interface between block and plaster, eight-
node interface elements were used. The adopted geometri-
cal and material properties were either obtained from the
experimental work as a part of this study or calculated
based on well-used models. The solution method was
adopted based on an incremental iterative procedure using
displacement increments of 0.1 mm for 20 steps. Failure
behaviour was verified by comparing the FE models fail-
ure load, load displacement curves and crack patterns to
the experimental results. Based on the comparative results
between FE models and experimental results, the follow-
ing conclusions were obtained.

— Lateral failure loads from FE models were in fair agree-
ment with the experimental results. The average experi-
mental and FE failure lateral load ratios obtained were
1.0, 1.07, 1.00 and 1.04 for unplastered, plain-plastered,
rice-straw-reinforced plaster and sisal-plastered columns,
respectively. This has validated the FE models and can
be used for further analysis.

— The load—displacement curves showed that the stiffness
of the FE model was markedly higher than the experi-
mental results for the first stage of crack formation. This
could be due to assumptions for constraint conditions
being fixed in FE model. Once the crack forms, the fail-
ure load was comparable between the FE values and

Table 10 Failure load
sensitivity analysis for
equivalent thickness

Model Fz (N) with Fz (N) with Reduced thickness of block
150-mm block reduced block
thickness thickness
A—~Unmortared unplastered (Datum) 27.36 - -
B—Unmortared plain-plastered 137.54 35.8 25 mm+ 8 mm plaster
C—Unmortared fibrous-plastered 167.7 454 25 mm+ 8 mm plaster
D—Unplastered but Mortared 208 - -
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experimental results, because of the rotational smeared
crack model.

— The FE models crack patterns have a good agreement
with the crack patterns observed in the experimental
tests, e.g. the opening of joints for unplastered col-
umns and cracking in the interface between plaster and
block for plastered ones. This showed most emphasis is
required to increase the strength of interface for an over-
all increase in lateral resistance.

— Parametric study of block strength has shown that the
failure load is directly proportional to the compressive
strength of masonry blocks. Failure of blocks was not
found to be a governing failure mode in experimental
work.

— Parametric studies suggest that increasing the strength of
plaster does not change the failure load. This is because
failure is initiated by cracks in the interface between plas-
ter and block. Also plaster contribution is expected in the
tensile zone rather than compressive.

— Parametric study for thickness of plaster showed that
increase in thickness of plaster resulted in the increase
in failure load, but this increase is not linear with the
increase in thickness of plaster, e.g. a 150% increase in
thickness of plaster only resulted in 28% increase in fail-
ure load.

— Column thickness can be reduced to 25 mm of blocks
with 8 mm of plaster and yet exceed the lateral strength
of a 150-mm-thick unplastered column.

— Cost comparison showed that fibrous-plastered with
25 mm thickness gave equivalent performance to the
150-mm-thick unplastered column with 67% cost saving.

Nonlinear finite element modelling of interlocked
masonry column was carried and validated using the experi-
mental results. Based on validated models, parametric study
was carried out. The results showed the potential use of
fibrous plaster in the tension face of interlocked masonry
and improved performance to lateral loading. Finite element
modelling suggested in this study for interlocked masonry is
a first step to develop the use of interlocked masonry further.
The cost saving could be achieved by reducing thickness
of blocks to a reasonable practical value, and at the same
time lateral strength could be increased by the additional of
plaster. The results also showed more emphasis is required in
the strength of interface between block and plaster. Based on
the outcome of finite element modelling of this study, NLFE
models could be extended to 2200 mm high walls connected
with roof truss and 8 mm fibrous plaster to explore the over-
all performance of masonry walling in future works. These
models could be subjected to seismic loading, and perfor-
mance of masonry interlocked walling could be evaluated
without expensive field testing.
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