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A B S T R A C T   

Structural frames infilled with masonry material called masonry-infilled frames (MIFs) are common types of 
constructions around the world. These structures generally have mortared masonry as infill material which made 
the buildings stiff during past earthquakes and generated additional torsional forces. With a view to improve the 
seismic performance of MIFs this paper presents the results of a numerical simulation study on the behaviour of 
previously-tested MIFs with semi-interlocking masonry (SIM) material. In a simplified micro-modelling 
approach, the concrete and masonry materials are simulated using Concrete Damaged Plasticity technique and 
the joints are considered as zero-thickness cohesive interfaces modelled using traction-separation model. The 
numerical model is then used to study the lateral load response of the alternate MIF with SIM. The methodology 
for FE modelling of MIFs with SIM as an infill material is developed and explained in detail. The numerical 
models incorporate the sliding of the masonry units under the application of lateral loads. It is shown that the 
models capture the experimental results quite well although the modelling technique has certain limitations. The 
outcomes of a sensitivity analysis on the effects of the interface mechanical properties are presented along with 
discussion of limitations and suggestions for future improvements.   

1. Introduction 

Masonry-infilled frames (MIFs) are common types of constructions 
around the world [1–8] but the presence of mortared masonry infill in 
buildings has been associated with catastrophic earthquake damages 
[9–16]. Some of the earthquake damage has been linked to increased 
stiffness of frames due to the presence of masonry infill [17] which have 
the potential to create torsional forces within the building according to 
the distribution in plan. Alternative infill materials or construction 
methods have been researched increasingly in the past decade. 

Internationally, the existing literature includes both experimental 
and numerical studies of infilled frames with sliding [18–25] or plastic 
joints [26]. Some research has focused on out-of-plane response char-
acteristics [e.g. 18] whilst others primarily investigated the in-plane 
response. Semi-interlocking masonry (SIM) originated in Australia has 
been experimentally investigated in a few studies including Hossain 
et al. [27,28] and Dorji et al. [29]. In Hossain et al. [28], the SIM-infilled 
frames were found to have relatively high energy dissipation capacity 
which was attributed to shear sliding between the masonry units. The 
high energy dissipation capacity is a structural property that is 

advantageous during earthquake loading. The newer study [29] 
observed that SIM-infilled frames have smaller initial stiffness in com-
parison to traditional MIFs which can potentially reduce the torsional 
forces. The study [29] also found that sliding occurred between masonry 
courses which resulted in repairable damage at relatively low drift ra-
tios. This behaviour at low drifts seemed to prevent other forms of 
damage including the commonly observed shear cracking of 
reinforced-concrete elements in traditional MIFs [30–33] which is 
attributed to the formation of diagonal struts in the masonry infills 
[33–35]. Notwithstanding, the infill damage increased with drift such 
that at extreme drifts (e,g, over 5%; see Fig. 1) almost all vertical mortar 
joint (infill-column interface) had spalled and sliding between joints was 
quite visible and irreparable. While these drift ratios should not be 
practically encountered in buildings, the condition in Fig. 1 is presented 
solely to illustrate the significance of masonry joint in-plane sliding. 

To create a computer model and validate it, a literature review was 
conducted. The sliding phenomenon described above and shown in 
Fig. 1 is generally absent in the damage patterns reported for traditional 
MIFs, and hence some of the macro- and micro-modelling [36] tech-
niques developed for the structures are unsuitable for SIM-infilled 
frames. 
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This research was therefore developed with a first objective of 
incorporating the sliding phenomenon in numerical models. Further-
more, a feature of SIM construction is that it requires to be core-filled 
with grout to meet insulation requirements against fire, moisture, etc. 
The presence of grout presents a curious case as it restricts the sliding 
between joints. However, low-strength grout can induce controlled 
sliding in joints given the inherent bed-joint weakness in the in-plane 
direction. This was observed in the experimental campaign [29], in 
which one specimen that had a low-strength grout underwent limited 
joint sliding. Its stiffness was still significantly smaller than traditional 
masonry infills [29]. Therefore, the second objective of the current study 
was to investigate grout effect numerically using the validated computer 
model. 

While the current study presents an overview of the salient charac-
teristics of this construction type, both modelling and related experi-
mental study limitations have been highlighted throughout the paper. 
Future refined studies would be required to confirm the suitability of 
this kind of infill for construction, including aspects such as dynamic 
response, out-of-plane stability (despite interlocking features), local 
dislodgment of blocks due to sliding, and refined studies on grout effects. 
These research areas that can inform resilient earthquake designs are 
further highlighted throughout the paper including in the Conclusions. 

This paper includes a brief overview of the relevant literature on 
modelling discontinuous surfaces using interface elements within 

Abaqus [37], followed by a brief description of the recently completed 
SIM-infilled frame tests [29] that were used for numerical modelling. A 
FE modelling strategy for in-plane loaded SIM-infilled frames is then 
explained and used to reproduce the results of one bare frame and four 
MIFs. Finally, detailed discussions on the FE results and sensitivity an-
alyses are presented. 

1.1. Review of numerical modelling 

In general, infilled frames have been modelled using macro- 
modelling, meso-modelling, micro-simplified, or micro-detailed ap-
proaches, with an overview of the modelling strategies being discussed 
by [19]. Macro-modelling assumes the whole masonry infill as only a 
few structural elements such as panel, beam, struct, etc [38,39] 
requiring minimal number of elements. In micro-simplified modelling, 
concrete and masonry materials are often considered as continuum solid 
elements and modelled using Concrete Damaged Plasticity (CDP) model 
[36,40,41] whilst the mortar joint may be simplified as an interface. The 
masonry materials are typically constructed as solid 3D deformable 
parts using C3D8R elements [42]. According to [43], determination of 
all material model parameters would require large experimental testing, 
and therefore, the properties that cannot be tested within the typically 
limited budget of studies are selected from the literature. This approach 
was also taken in the current study as discussed later. Micro-detailed 
approaches would include modelling of mortar joints as well as ma-
sonry material [19] and are quite extensive to run. 

In the micro-simplified method used herein, the frame-masonry infill 
interfaces, the bed-joints and the perpends were specified as interfaces. 
the interfaces were assumed as zero-thickness cohesive elements 
modelled using traction-separation behaviour discussed below. The 
length and the height of the masonry units were increased on either side 
by half the perpend and bed joint thicknesses respectively as was the 
case also in several earlier studies [36,44,45]. 

The traction-separation was assumed as a bilinear relationship (see  
Fig. 2) that requires the elastic stiffness coefficients and the damage 
initiation criterion characterisation. The stiffness coefficients are Knn, Kss 
and Ktt in Mode I (normal), Mode II (in-plane shear) and Mode III (out- 
of-plane shear) directions respectively that the users must specify. 
‘Quadratic nominal stress’ [37] is commonly used to specify the damage 
initiation of the interface by using the limiting strengths (t0

n , t0s , t0
t ; see 

Fig. 2). After the interface has failed, the contact of the materials is 
generally modelled as ‘Hard-contact’ in the normal direction and fric-
tion in the tangential directions [44,46]. The ‘Hard-contact’ model 
prevents the surrounding materials to penetrate each other [36,38]. 

A review of the micro-simplified (interface) modelling in traditional 
MIFs was conducted in this study to gain confidence in modelling MIFs 
with SIM infill. The studies have generally adopted the same frame- 
masonry infill interface properties for both the bed joints and the per-
pends in the masonry infill as shown in Table 1. It can be seen from 
Table 1 that the mechanical properties can vary significantly (from 0 to 
74.4 MPa/mm for stiffness coefficients and from 0.00001 to 0.311 for 

Nomenclature 

δ0
n ,δ

0
s and δ0

t Separation of joints at the damage initiation in 
Mode I, Mode II and Mode II directions respectively 

δf
n,δ

f
s and δf

t Separation of joints at complete failure in Mode I, 
Mode II and Mode II directions respectively 

fc, fm, fmg and fcg Average compressive strengths of concrete, 
ungrouted and grouted masonry prisms, and grout 
cylinder respectively 

fct, fmt , ftg and fct.f Average tensile strengths of concrete, 
ungrouted masonry prism, grouted masonry prism and 
grout cylinder respectively 

h Height of MIF from the top of foundation to centre of 
beam 

Knn, Kss and Ktt Elastic stiffness coefficients of interface in Mode I, 
Mode II and Model III respectively 

t0
n , t0

s and t0t Limiting traction strengths of interface in Mode I, 
Mode II and Model III respectively 

l Length of MIF between column centres  

Sliding

Vertical alignment 
mortar completely 
spalled 

Fig. 1. Relative sliding of the masonry courses [19].  

Separation

Traction 

Fig. 2. Bilinear relationship of cohesive material. Re-drawn from [43].  
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limiting strengths) which can be attributed to the different scopes of the 
research in the respective studies. For example, the masonry infill in 
Kareem et al. [36] was made of clay bricks while in Khatiwada & Jiang 
[47] concrete masonry units were used. Since the present study deals 
with mortarless masonry, the interface properties for this construction 
type were also reviewed that showed high variability (see Table 2) due 
to different masonry materials used in the investigations. The materials 
included SIM in Zahra [48] and masonry units with shear keys in Shi 
et al. [49]. In addition, the former study tested mortarless masonry made 
of concrete units while in the latter study the masonry was constructed 
using clay bricks. No documented studies could be found that investi-
gated mortarless masonry as an infill material using the 
traction-separation model in Abaqus [37]. 

2. Experimental programme 

Versaloc SIM units produced by Adbri Masonry [51] were used in the 
original experimental study [29], and the masonry units are shown in  
Fig. 3. The masonry units included end- and standard-units, with both 
unit types having dimensions of 400 (length) × 200 (height) × 150 mm 
(thickness) with 32.2 mm thick face-shell. The half-unit had the length 
halved to 200 mm while the other dimensions were same with that of 
the other two unit types. The lugs located on top and the tongue and 
grooves (T&G) that interlock the units at the sides (see Fig. 3c) prohibit 
the relative out-of-plane movements of the units. Similarly, the lugs and 
T&Gs eliminate the need for bed-joint and head-joint mortars. The lack 
of mortar facilitates in-plane movements between the masonry units that 
are restrained only by friction. The five MIFs that are subjects of this 
study are listed in Table 3 and Fig. 4 [29]. 

As detailed in Table 3, one bare frame and four MIFs (see Fig. 4) were 
tested in the experimental study [29]. Specimen 2 was similar to the 
bare frame except that it was infilled with SIM, ungrouted and without 
vertical load. Specimen 3 was narrower (length-wise) than Specimen 2 
by one masonry unit length (400 mm) hence having an aspect ratio of 
1.22 compared to 0.95 for Specimen 2. Specimen 4 was almost identical 
to Specimen 2 except that it was subjected to a vertical load of 40 kN on 
each column and a uniformly distributed load of 6.17 kN/m (or 10 kN 
total) on beam. This loading arrangement approximately represented 
that applied on the ground floor of a two-storeyed building. Finally, 
Specimen 5 was similar to Specimen 2 but a low-strength grout was used 
to fill the masonry unit cores. All specimens were subjected to cyclic 
displacements imposed at the left end of the beam. Detailed material 

properties of the Versaloc units are reported in [52], of which a sum-
mary is included in Tables 4 and 5. That study [52] found that only a 
part of the face-shell thickness (19 mm, see Fig. 3c) participated in 
taking the compressive load and that width was used to calculate the 
strengths of masonry prisms. Another major observation of the material 
testing was that the tensile strength of the grouted wallet was equal to 
the grout tensile stress as indicated in Table 5. 

3. FE modelling 

The bare frame was first created and calibrated against the experi-
mental results, and the verified model was used to develop a numerical 
model of Specimen 2, which entailed the calibration of masonry-related 
parameters including various interface properties. The geometries, 
vertical load conditions or masonry properties of the verified model of 
Specimen 2 was next modified to check for calibration against the 
experimental data for Specimens 3 to 5 without changing the interface 
properties. A detailed explanation of the procedure is given in the 
following sections. 

3.1. Specimen 1 (bare frame) 

The frame members were constructed as solid 3D deformable parts 
using C3D8R elements. A partition surface of 150 × 130 mm that cor-
responded to beam cross-section was created at the inner face of the 
columns at top to enable rigid beam-column connection using ‘tie’ 
constraint available within Abaqus [37]. The same dimension partition 
surface was made at the outside face of the columns to apply lateral 
displacement which is discussed later. Next, the longitudinal and 
transverse reinforcing bars were constructed as 2-node 3-dimensional 
(T3D2) elements and placed in their respective positions using 
‘embedded region’ available in Abaqus [37], and it allows for the perfect 
bond development between concrete and rebars [53,54]. A clear cover 
of 20 mm was provided from the outside of concrete to the edge of the 
transverse bars to replicate the original construction details. 

Concrete material was simulated using CDP with the modulus of 
elasticity (20,213.8 MPa) being obtained from material testing. Pois-
son’s ratio of 0.2 was adopted from [55]. Similarly, a dilation angle (ψ) 
of 40 degrees was assumed based on the suggestion of [53] and recog-
nising that [56] found that the commonly used value for concrete ma-
sonry ranges from 30 to 45 degrees. A viscosity value (µ) of 0.01 was 
chosen in this study instead of the Abaqus [37] default value (zero) in 
order to enhance the solution convergence [57,58]. To improve the 
convergence of numerical integrations in the relatively long displace-
ment range appropriate for the tested SIM-infilled frames, a large vis-
cosity was used in this study instead of the values commonly used 
(0.001) for analysis of traditional MIFs in the small displacement range 
[36,55]. It is highlighted that the sensitivity analyses of the plasticity 
parameters have been extensively conducted in the past studies [53,56, 
58–60] that found that the response of traditional MIFs are highly 
dependent on them. Other plasticity parameters include eccentricity (ϵ), 
fb0/fc0 ratio and shape factor, Kc which were maintained as per the 
suggested default values in the Abaqus [37] software (respectively 0.1, 

Table 1 
Interface properties from past studies for traditional MIFs.  

Parameters Frame-masonry infill Bed joints and perpends  

Kareem et al. [36] Khatiwada & Jiang [47] Emami et al. [50] Kareem et al. [36] Khatiwada & Jiang [47] Emami et al. [50] 

Knn (MPa/mm) 0 17.9 11 0 17.9 11 
Kss (MPa/mm) 36.6 74.4 11 36.6 74.4 11 
Ktt (MPa/mm) 36.6 NR 11 36.6 NR 11 
t0n (MPa) 0.00001 0.311 0.1 0.00001 0.311 0.15 
t0s (MPa) 0.17 0.311 0.15 0.17 0.311 0.20 
t0t (MPa) 0.17 NR 0.15 0.17 NR 0.20 

NR: Not reported 

Table 2 
Interface properties for mortarless masonry prisms subjected to compression.  

Parameters Zahra [48] Shi et al. [49] 

Knn (MPa/mm) 28 2.18 × 104 

Kss (MPa/mm) 32 0 
Ktt (MPa/mm) 32 NR 
t0n (MPa) 0.68 0.68 
t0s (MPa) 0.82 0 
t0t (MPa) 0.82 NR 

NR: Not reported 
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1.16, and 0.67). 
The inelastic compressive behaviour given in Fig. 6(a) was obtained 

from experimental testing with the initial yield approximated at 60% of 
the maximum strength following [48]. There was hardly any softening 
branch on the tensile stress-strain relationship of the cylinders that were 
tested using Brazilian splitting test [61]. Therefore, except for the failure 
stress that was obtained from testing (2.38 MPa; see Table 5), a para-
bolic tensile behaviour shown in Fig. 6(b) was assumed which is similar 
to the approximations adopted in [5,36,41]. The reinforcing bars had a 
yield stress of 500 MPa which were modelled as elastic-perfectly plastic 
similar to that in [62]. The modulus of elasticity of 200,000 MPa [53,63] 
and Poisson’s ratio of 0.3 [36,53,63] were assumed from the literature. 

3.2. Specimen 2 

To construct a numerical model of Specimen 2, the calibrated bare 
frame was infilled with SIM using a micro-modelling approach. Masonry 
material was simulated using CDP with the modulus of elasticity from 
experiment and Poisson’s ratio from literature (see Table 6) forming the 
elastic part. The parabolic relationships in Fig. 7 for compression and 
tension were developed, respectively, by assuming initial yield at 60% 
and failure stress at 100% of maximum strengths. While the maximum 
strength in compression was obtained from material testing, premature 
sliding of the top course was observed in the tensile testing of the 
ungrouted wallets (see Table 5) and therefore a suitable tensile strength 
of ungrouted wallets from the frictional component was considered 
which is explained below. A much higher compressive ultimate strain 
was required in the ungrouted wallets in comparison to that of the 
concrete and grouted wallets due to the flexible behaviour of the 
ungrouted wallets which was as a result of the presence of a dry joint in 
between the masonry units [52]. 

In the design of MIFs, additional horizontal and vertical ‘alignment 
mortar’ (see Fig. 5) was provided between the frames and the infill [29]. 
The horizontal mortar included 5 mm thick mortar between the beam 
and the masonry infill, and another 5 mm mortar between the founda-
tion and the masonry infill. The vertical alignment mortar was provided 
between the column and the masonry infill which were 10 mm thick on 
both sides of the masonry infill. It is highlighted that Fig. 1 shows that 
this vertical layers completely spalled by the time the drift ratio reached 
in excess of 5%. 

The horizontal alignment mortar thickness (10 mm) was divided 

equally among the number of masonry courses (8) which resulted in the 
masonry units height of 201.25 mm instead of the actual height 
(200 mm). A similar procedure was performed to distribute the vertical 
alignment mortar thickness (20 mm) to the length of the masonry units. 
In the courses with the end- and standard-units, the units were extended 
to 405 mm from 400 mm. In the courses that had the half- and standard- 
units, the standard-units were maintained with the same 405 mm length 
elsewhere which led to the half-units being longer than actual size by 
2.5 mm (extended length of 202.5 mm). In relation to the thickness of 
the masonry, the masonry was simplified as solid with a 38 mm thick-
ness for all masonry unit types based on the contact width shown in 
Fig. 3. Other methods of considering masonry include that of hollow 
units as done in [41]. 

The above method of distribution resulted in the dimensions (length 
× height × thickness) of 405 × 201.25 × 38 mm for the end- and 
standard-units, and 202.5 × 201.25 × 38 mm for the half-units. Similar 
to concrete, the masonry was constructed as solid 3D deformable parts 
using C3D8R elements and then interconnected with Interface elements 
as shown in Figs. 8 and 9. Meshing size was 32 × 32 mm which was 
similar to 30 × 30 mm and 35 × 35 mm suggested in [53] and [56] 
respectively, and the mesh size resulted in four and five elements across 
the beam and column depths respectively. 

The horizontal and vertical interfaces were modelled using different 
interface elements recognising the damage patterns that were observed 
in these surfaces. Cracking to vertical alignment mortar was the first 
damage that occurred in the MIF specimens during experiment [29], and 
these mortar joints completely spalled by the end of the tests (see Fig. 1). 
In contrast, the horizontal alignment mortar suffered much lesser 
damage compared to the vertical alignment mortar. In the masonry 
infill, the bed joints underwent sliding, while the perpends were mostly 
found to be intact. In view of these observations, the column-masonry 
infill and the bed joint interfaces were simulated using 
traction-separation cohesive model (see Fig. 9), while the 
beam-masonry infill interface and the perpends were modelled as rigid 
joints using ‘tie’ [37]. This method of ‘tie’ was also introduced in con-
necting the frame members to masonry infill in traditional MIF studies in 
[64] and [65]. It is highlighted that introducing a tie at head-joints 
presents a significant limitation on the model, making it unsuitable for 
modelling flexural-dominated infilled frames. In such structures (infills 
with high axial ratio), perpend joints could slide vertically. Therefore, 
the numerical model is considered to be appropriate only for the infill 
with similar aspect ratios. The horizontal sliding that occurred in the 
global X direction shown in Fig. 9 corresponded to Mode I (Knn) and 
Mode II (Kss) deformations for the column-masonry infill and the bed 
joint interfaces respectively. 

In assigning material model properties for the vertical interfaces 
(column-masonry infill interface), tn0 was assumed as 0.20 MPa due to 
unavailability of test data (see Table 7). This value is the default ma-
sonry bond strength recommended in the Australian masonry standard 
AS 3700 [66]. In addition, based on AS 3700 recommendations on 
masonry material properties, a constraint was applied between the shear 

(a) End-unit (b) Half-unit (c) Standard-unit 

T&G

Lug 

Contact width 
(2*19 mm) 

Fig. 3. Types of 150 mm series Versaloc concrete masonry units.  

Table 3 
Specimens tested in [29].  

ID h (mm) l (mm) Aspect ratio, h/l Vertical load Grout 

Specimen 1 1675 1770 Bare frame 
Specimen 2 1675 1770 0.95 No No 
Specimen 3 1675 1370 1.22 No No 
Specimen 4 1675 1770 0.95 Yes No 
Specimen 5 1675 1770 0.95 No Yes  
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Fig. 4. Specimen details [29].  
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strength and normal (bond) strength at these interfaces such that ts0 and 
tt0 were equal to 1.25 times tn0. 

For bed joints properties, tn0 which is the tensile strength of 
ungrouted wallet was assumed as the product of axial stress at the mid 
height of the masonry infill and the coefficient of friction as proposed in 
[52] for mortarless masonry constructions. The frictional coefficient for 
SIM has been suggested in [28] as 0.75. Assuming this coefficient and an 
axial stress of 0.036 MPa, tn0 was estimated as (i.e. 0.036 × 0.75 =) 

0.027 MPa. While ts0 of the bed joint was approximated to be 1.25 times 
tn0 following the AS 3700 [66] guideline, tt0 was provided with a rela-
tively high value (1 MPa) to represent the lugs and T&G connections 
that prohibited the out-of-plane movement of the masonry units as 
discussed in the Experimental Programme section. ‘Quadratic nominal 
stress’ [37] was used to initiate damage in the cohesive interfaces which 
when failed was modelled by ‘hard-contact’ [44] in the normal behav-
iour. In the tangential directions, a frictional coefficient of 0.75 was 
assigned according to recommendation by [28]. Table 7 shows the 
stiffness coefficients that produced the best match of the experimental 
curve in the calibration process which is discussed later. 

3.3. Specimen 3 

The masonry infill width of the verified model of Specimen 2 was 
decreased to check for calibration against the experimental data of 
Specimens 3. This new width included the vertical alignment mortar 
thickness of 20 mm, which was distributed among masonry units in a 
similar manner that was discussed for Specimen 2. Since there were 
three units in the courses that contained end- and standard-units, the 
mortar thickness was increased to the nearest multiple of 3 which was 
21 mm. The resulting masonry unit dimensions were 
407 × 201.25 × 38 mm for end- and standard-units, and 
203.5 × 201.25 × 38 mm for half-units. 

During the testing it was found that one half-block at the end of infill 
was dislodged out-of-plane by 5 mm at 0.6% drift but the dislodgment 
did not progress. This out-of-plane movements (see [29] for full details) 
was considered isolated and hence not reflected in the numerical 
modelling. However, unlike in other specimens, there were imperfec-
tions due to casting with minor construction defects in Specimen 3 
frames (see Fig. 10). These imperfections were presumed to be the 
reason why the initial modelling of Specimen 3 using the reference 
specimen properties produced stronger and stiffer behaviour than 
experimental measurements. Kalkan [67] reported that a reduced 
modulus of elasticity, E, in the analytical model was adequate to repli-
cate the experimental results of reinforced concrete beams with 
geometrical imperfections. In the present study, the imperfections were 
considered by reducing the flexural stiffness EI where I is the frame 
moment of inertia. It was found that if the overall concrete-related (e.g. 
frame) stiffness in Specimen 3 is reduced by approximately 50%, a good 

 

Top horizontal 
alignment 
mortar (5 mm)

Left vertical 
alignment 
mortar (10 mm) 

Fig. 5. Typical MIF specimen.  

Table 4 
Compressive strength.  

Material No. of Samples Mean (COV) 

Concrete, fc, (MPa) 10 20.51 (17.8%) 
Ungrouted prism, fm, (MPa) 4 20.68 (17.2%) 
Grouted prism, fmg, (MPa) 4 12.21 (5.6%) 
Grout, fcg, (MPa) 3 6.23 (19.4%)  

Table 5 
Tensile strength.  

Material No. of Samples Mean (COV) 

Concrete, fct , (MPa) 10 2.38 (10.7%) 
Ungrouted wallet, fmt , (MPa) 4 Premature sliding 
Grouted wallet, ftg, (MPa) 3 0.53 (19.9%) 
Grout, fct.f , (MPa) 3 0.53 (3.7%)  

(a) Compressive properties (b) Tensile properties 

0

10

20

0 0.0005 0.001 0.0015 0.002

St
re

ss
 (M

Pa
)

Strain

0

0.8

1.6

2.4

0 0.001 0.002 0.003 0.004

St
re

ss
 (M

Pa
)

Strain

Fig. 6. Stress-inelastic strain relationship of concrete.  

Table 6 
CDP properties for infilled masonry.  

Material Elasticity Plasticity 

Modulus of elasticity (MPa) Poisson’s ratio Dilation angle Eccentricity fb0/fc0 K Viscosity 

Concrete (as per the bare frame) 20,213.80 0.2 40 0.1 1.16 0.67 0.01 
Ungrouted prism 6558.16 
Grouted prism 7842.25  
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balance between the calculated initial stiffness and peak strength and 
the experimental counterparts are obtained. For the purpose of stiffness 
adjustment, the frame cross-section dimensions were decreased from 
150 × 150 mm to 130 × 130 mm for the columns and 150 × 130 mm to 
130 × 110 mm for the beam. In addition, a reduced E value of 18, 
000 MPa was assumed. The combination of new EI corresponded to the 
reduction in elastic EI of 51% and 47% respectively for the columns and 
the beam. 

3.4. Specimen 4 

The frame members of the validated Specimen 2 model were applied 
with vertical loads for calibration against the experimental data of 
Specimen 4. These vertical loads were 40 kN on each column and 10 kN 
on the beam. The loads were converted as pressure loads which corre-
sponded to 1.78 MPa and 0.04 MPa applied at the top of the columns 
and the beam respectively. These vertical loads were applied before the 
lateral displacement was being imposed on the structure. 

3.5. Specimen 5 

As discussed in [29], sliding of masonry units in Specimen 5 was 
widespread due to which the same ungrouted specimen’s interface 
definitions of traction-separation model in the column-masonry infill 
and bed joint, and “tie” [37] in beam-masonry infill and perpends were 
used. The masonry material and bed joint interface properties of the 
validated Specimen 2 model were changed, with the new values being 
listed in Table 8. This change was necessary to incorporate the grouting 
effect for calibration against the experimental results of Specimen 5, 
which are explained below. 

Except for the modulus of elasticity which was obtained from the 
experiment, Poisson’s ratio and the plasticity parameters of Specimen 5 
were considered to be same as those for the ungrouted masonry (see 
Table 6). Similarly, the parabolic inelasticity behaviour given in Figs. 6 
and 7 were developed by assuming initial yield at 60% and failure stress 
at 100% of their respective maximum strengths which were both ob-
tained from the material testing. 

(a) Compressive properties (ungrouted) (b) Tensile properties (ungrouted) 

(c) Compressive properties (grouted) (d) Tensile properties (grouted) 
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Fig. 7. Stress-cracking strain relationship of masonry.  

Fig. 8. 3D view of the model.  
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For bed joints, tn0 of 0.53 MPa was obtained from the tensile testing 
of grouted wallets (see Table 5). Similar to ungrouted specimens, ts0 was 
made equal to 1.25 times tn0, and a significantly high value of tt0 due to 
the presence of interlocking mechanisms and grouts was assumed in 
Specimen 5. The column-masonry infill interface properties were un-
changed from that of the ungrouted specimens due to the vertical 
alignment mortar being used in both ungrouted and grouted specimens 
in the experiment. Additionally, ‘Quadratic nominal stress’ [37] was 
used for interfaces damage initiation, and the interfaces were modelled 
as ‘hard-contact’ [44] in the normal behaviour and a frictional coeffi-
cient of 0.75 in the other directions was assigned at failure (Table 8). 

3.6. Displacement-controlled analysis 

The validation was performed for push direction as recommended in 
ASCE 41–17 [6]. The initial boundary condition of the specimens 
included fixing the column base (Fig. 8) to represent the relatively stiff 
concrete foundation used in the experiment. The lateral displacement 
was applied through a ‘Ramp’ option [37] which allows the displace-
ment to be monotonically increased until the maximum displacement is 
reached. This maximum displacement was specified corresponding to 
the maximum test displacement of the respective specimens. In applying 
the boundary conditions and the lateral displacements, a reference point 
was created at the centre of the column bases and beam cross-section at 
the left end (see Fig. 8) and connected rigidly over the whole surface. At 
each analysis step, the displacement was recorded along with the sum of 
forces at the base of the columns in the negative direction to the imposed 
displacement. The force-displacement relationship of the specimens was 
constructed using the recorded displacement and force. In doing the 
analysis, a high specification computer with a 32 GB RAM and 11th 
generation Intel i7 with 3.0 GHz processor was used. 

4. Results and discussion 

Fig. 11 presents the comparison of cracking pattern in the experi-
mental investigation to that of the stresses obtained from FE modelling. 
The FE models adequately capture the crack formation in the experi-
mental investigations. In addition, it is observed that the damage in the 
frame members of the MIFs is similar to that of the bare frame. This 
finding implies that the presence of SIM infill did not critically alter the 
damage patterns of MIFs in comparison to the bare frame which is ad-
vantageous from the seismic loading point of view. 

A comparison of the force-displacement behaviour of specimens 
obtained from the FE modelling against the experimental results is 

Fig. 9. Interface surfaces.  

Table 7 
Interface properties for Specimens 2, 3 and 4.  

Interface Stiffness (MPa/mm) Limiting strength (MPa) 

Knn Kss Ktt tn0 ts0 tt0 

Column-Masonry infill 0.15 1 0.04 0.20 0.25 0.25 
Beam-Masonry infill Tie 
Bed joint 0.85 0.11 10 0.027 0.034 1 
Perpend Tie  

Fig. 10. Minor construction defects in Specimen 3 frame.  

Table 8 
Interface properties for Specimen 5.  

Interface Stiffness (MPa/mm) Limiting strength (MPa) 

Knn Kss Ktt tn0 ts0 tt0 

Column-Masonry infill 0.15 1 0.04 0.25 0.25 0.25 
Beam-Masonry infill Tie 
Bed joint 1.0 0.85 10 0.53 0.66 5 
Perpend Tie  
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Fig. 11. Crack patterns in experimental and FE modelling of (a) Specimen 1 (b) Specimen 2 (c) Specimen 3 (d) Specimen 4 (e) Specimen 5.  
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shown in Fig. 12. For convenience, the figure scales have been kept the 
same across Specimens 1 to 4, which had comparable ranges of behav-
iour. It can be seen from Fig. 12 that the overall calculated behaviour 
matched reasonably well with the experimental force-displacement 
relationship, however there are some discrepancies as discussed below. 

A distinctive, almost linear, initial stiffness can be found for most 
specimens including for the bare frame and most notably for Specimen 
3. This behaviour is replaced by a curved response in the FE modelling, 
which in most cases overestimates the experimental stiffness. Further-
more, the post-peak response of Specimen 5 is notably different from the 
calculated behaviour. Both of these differences are attributed in part to 
the difference in the loading scenario; the cyclic nature of the experi-
mental loading means the actual response includes strength and stiffness 
degradation whilst the capacity calculations using commercial software 
under monotonic loading does not accommodate these degradations. 
This difference is well-documented in the related literature, e.g. [see 
68–70. It is highlighted that for even for the bare frame, the initial 
stiffness and the peak strength could not be simultaneously achieved 
with good accuracy reflecting the strong cyclic loading effects. The 
overestimation of the frame stiffness in Specimen 1 propagated into 
similar trends for the rest of the specimens. It is recommended that in 
future numerical models capable of reproducing cyclic response be used 
for analysis. 

The overestimation of the peak strength in Specimen 4 at a signifi-
cantly large drift of 4% is attributed to the fact that column axial load 
increased with drift (as predicted in experimental testing design). As 
explained in [29], the axial load was applied through vertical rods 
restrained by an already compressed, vertically positioned, linear spring 
mounted on each column. The spring length and stiffness were designed 
such that further compression of it due to lateral drift marginally 
increased the axial load, for example maximum of further 2 mm 
compression compared to initial 20 mm compression (please refer [29] 
for full explanation). Whilst this increase was deemed insignificant in 
low range of displacement, it becomes significant when lateral drift 
becomes substantial. Therefore, the modelling predictions in long range 
of drift are unreliable, however this drift range is rarely of any practical 
significance. 

For a quantitative comparison, a peak force prediction error is 

defined as Eq. (3) and the results listed in Table 9. 

(Vmax )FE − (Vmax )EXP

(Vmax )EXP
(3)  

where EXP and FE refer to the experimental and finite element results 
respectively. The error ranged from − 12.1% to +3.5% signifying the 
good capability of the model to predict the peak experimental strength, 
with mostly conservatism. In addition, the relative sliding between the 
top of the 1st course and the bottom of the 8th course was measured and 
compared against the experimental observation which showed that the 
models adequately captured the sliding of the masonry units as shown in 
Table 9. 

The best match of the experimental results for ungrouted specimens 
(2, 3 and 4) shown in Fig. 12 was obtained when interface stiffness 
coefficients in the global X direction were calibrated to 0.15 MPa/mm 
(Knn) and 0.11 MPa/mm (Kss) for the column-masonry infill and bed 
joint interfaces respectively (see Table 7). These stiffness coefficients 
corresponded to the sliding direction of the masonry infill and about 
36% greater coefficients for column-masonry infill indicates that the 
presence of dry bed joints resulted in the joints being more flexible. In 
comparison to the values for traditional MIFs (Table 1), the stiffness 
coefficients are significantly lower which is also true for the coefficients 
in the global Y direction with Ktt = 0.04 MPa/mm and Knn = 0.85 MPa/ 
mm for column-masonry infill and bed joint interfaces respectively. An 
artificially high stiffness coefficient in the global Z direction were used 
in the calibration process (Kss=1.0 MPa/mm for column-masonry infill 

(a) Specimen 1 (b) Specimen 2 (c) Specimen 3 

(d) Specimen 4 (e) Specimen 5 
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Fig. 12. Force-drift relationship of specimens.  

Table 9 
FE results.  

Specimen Vmax 

(kN) 
Error in Vmax 

(FE-Exp)/ 
Exp* 100 (%) 

Relative 
sliding 
(mm) 

Error in relative 
sliding (FE-Exp)/ 
Exp* 100 (%) 

1 41.3 -2.9%   
2 78.6 -4.5% 69.2 +8.1% 
3 60.5 -2.7% 67.6 -17.6% 
4 80.4 -12.1% 67.9 -11.4% 
5 182.7 +3.5% 19.9 -5.2%  
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and Ktt=10.0 MPa/mm for bed joint interfaces) to represent the pres-
ence of interlocking mechanisms (T&G and lugs) that prohibited the out- 
of-plane movement of the masonry infill. 

For grouted specimen (5), the column-masonry infill properties 
remained unchanged from that of the ungrouted specimens because the 
vertical alignment mortar was present in both types of specimens. 
However, the bed joint properties required alteration in the calibration 
process to include the grouting effect that resulted in about 18% and 
670% increase in Knn and Kss respectively compared to that of the 
ungrouted specimens. The presence of beam and relatively undamaged 
horizontal mortar between the beam and the masonry infill at top led to 
only marginal increase in Knn. Contrarily, the grout contributed much 
higher in the sliding direction (Kss) due to the vertical mortar joints 
undergoing extensive damage which created a gap between the masonry 
infill and the column as shown in Fig. 1. Similar to ungrouted specimens, 
a relatively higher stiffness coefficient was used in the out-of-plane di-
rection. It is highlighted that stiffness coefficients in the grouted spec-
imen are still considerably smaller than that reported for traditional 
MIFs which can be attributed to low grout strength use in filling the 
cores. 

5. Sensitivity analyses 

5.1. Effects of f ct.f and Kss 

The lateral response of SIM-infilled frames is dependent on many 
factors including aspect ratio, axial load, and the composite material 
relative strength. Parameteric studies such as that conducted in [25] 
would inform design. For the scope of this study it was considered 
appropriate to limit the parametric studies to two areas, influence of the 
grout strength as one of the objectives of this research and influence of 
modelling parameter, Kss, which represents joint in-plane stiffness. 
Further parametric studies are reserved for more advanced modelling 
that follows in future studies. Such models would alleviate limitations 
encountered in this research including the lack of strength/stiffness 
deterioration modelling and head-joint restraint which prevented 
flexural-dominated response modelling. 

The sensitivity of lateral strength and initial stiffness of Specimen 5 
to fct.f was studied through a Monte Carlo simulation using MATLAB. For 
this purpose, 30 samples of input fct.f that matched a lognormal distri-
bution with average value of 0.53 MPa and a standard deviation of 
0.30 MPa were generated. The resulting data had a range of [0.31 MPa 
to 0.94 MPa] which were used as input in the numerical model of 
Specimen 5. The same procedure of Monte Carlo simulation was 
repeated to study the effect of bed joint Mode II stiffness coefficient (Kss) 
on the response of the reference specimen (Specimen 2). The reason for 
choosing this coefficient was that it corresponded to the direction of 
masonry unit sliding which was one of the significant observations in the 
experimental testings of SIM-infilled frames as discussed in the Intro-
duction. In this simulation, the input data included average Kss of 
0.11 MPa/mm (see Table 7) with 0.30 MPa/mm standard deviation that 
produced the data range of [0.060 MPa/mm to 0.19 MPa/mm]. The 
resultant strength and stiffness of the specimens along with the statis-
tical data from the sensitivity analyses are shown in Table 10. 

As shown in Table 10, the average strength and stiffness from the 
sensitivity analysis of fct.f were 186.0 kN and 16.5 kN/mm, while for Kss, 
the average strength and stiffness were 78.4 kN and 3.2 kN/mm. The 
standard deviations of the strength and stiffness of the specimens varied 
between 0.04 and 0.08. These values show that when rest of the pa-
rameters had remained unchanged, a 30% variation in fct.f resulted in 
the MIF’s strength and stiffness change between 4% and 8%. Therefore, 
it can be concluded that both fct.f and Kss have marginal effects on the 
behaviour of SIM-infilled frames. The sensitivity analyses of other 
interface properties are identified as recommendations for future in-
vestigations. In addition, the model can be improved by incorporating 
flexible perpends instead of rigid joints to enable modelling of MIFs with 
different aspect ratios. 

6. Summary and conclusions 

The objective of the present paper was to develop, validate and apply 
FE models to study the lateral load response of MIFs with SIM. Two 
sensitivity analyses were conducted one aimed at testing modelling 
sensitiveness (to a stiffness coefficient) and the other aimed at investi-
gating variance in response due to a change in a physical property (grout 
tensile strength). The research novelty included incorporating sliding of 
masonry units that were observed during the experimental in-
vestigations of 4 MIF specimens. 

Cohesive traction-separation interface elements were used to simu-
late the large experimental deformations observed in the column- 
masonry infill and bed joint interfaces. The other interfaces that 
included beam-masonry infill and the perpends were rigidly connected 
due to lesser degree of damage sustained in the experiment. This 
constraint in the modelling is unsuitable for flexural-dominated struc-
tures, i.e. high aspect (height-to-width) ratio infills. Both concrete and 
masonry materials were simulated using CDP. The reinforcing bars were 
modelled as elastic-perfectly plastic behaviour that assumed perfect 
bond development with the surrounding concrete material. 

A large number of analyses was carried out using numerous interface 
properties of traction-separation model through the calibration process. 
The best match of the experimental results for ungrouted specimens was 
achieved when stiffness coefficients in the global X or sliding direction 
were calibrated to 0.15 MPa/mm (Knn) and 0.11 MPa/mm (Kss) for the 
column-masonry infill and bed joint interfaces respectively (see 
Table 7). A 36% higher coefficient for column-masonry infill was 
attributed to the presence of dry bed joints that resulted in flexible 
joints. The coefficients were observed to be significantly lower than that 
reported for traditional MIFs (Table 1) which were also found to be true 
for the tangential (global Y and Z) directions. The presence of grouted 
cores in Specimen 5 resulted in approximately 18% and 670% increase 
in Knn and Kss respectively compared to that of the ungrouted specimens 
where Kss corresponded to the sliding direction. The grout contributed 
much higher in the sliding direction (Kss) due to the vertical mortar 
joints undergoing extensive damage which created a gap between the 
masonry infill and the column as shown in Fig. 1. 

The sensitivity analyses of mechanical properties of interface were 
performed using Monte Carlo simulation. The results indicated that the 
Mode II stiffness coefficient of bed joint and grout tensile strength had 
marginal influence on the overall behaviour of SIM-infilled frames. 

Whilst the knowledge generated in this research will be helpful to-
wards development of SIM-infilled construction method for improved 
performance in seismic areas, future refined numerical studies would 
have to include 1) realistic modelling of head-joint interfaces to allow 
accurate vertical movement and flexural (not just shear) deformation 
predictions for broader parametric studies that can inform future 
building designs; 2) inclusions of out-of-plane restraint that corresponds 
to the definite strength of the directional interlocking features; 3) 
modelling dynamic response supported by suitable tests and conducting 
special studies focused on assessing infilled masonry cracking and falling 

Table 10 
Results of sensitivity analysis.   

Range Mean Standard deviation  

Effect of change of grout tensile strength, fct.f , on response of 
Specimen 5 

Strength (kN) 181.4 – 190.7 186.0 0.07 
Stiffness (kN/mm) 16.1 – 16.8 16.5 0.05  

Effect of change of stiffness coefficient, Kss, on response of 
Specimen 2 

Strength (kN) 70.2 – 82.2 78.4 0.04 
Stiffness (kN/mm) 2.9 – 3.5 3.2 0.08  
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hazards under earthquake loads; 4) determining limits on the core grout 
strength that can still promote limited sliding and hence less stiffness 
interaction with the frame whilst providing adequate insulating prop-
erties; and 5) incorporating and modelling features at masonry-frame 
interface aiming to increase resiliency against out-of-plane failure. 
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