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 Abstract: 
This study analytically investigates the behaviour of 
trapezoidal infilled frames (TIFs) with brick masonry 
infills having openings and various interface materials 
between the brick panel and reinforced concrete frame. 
Single-storey single-bay frame specimens are analysed 
under in-plane static loading. For this investigation, the 
optimum angle of the column inclination for the 
trapezoidal frame must be determined in terms of 
maximum lateral stiffness. The optimum angle must be 
further analysed and compared with rectangular bare 
and infilled frames, with various materials of the 
interface. This infilled frame is extended to analyse the 
openings in the infill further. To study the effects of 
openings in infilled panels, TIFs with different sizes and 
positions of window openings are analysed and 
compared with the rectangular frame. This study further 
analyses three different combinations of interfaces and 
determines the intermediate stiffness of the frame 
combination. The main focus of this investigation is to 
reduce the high rigidity of the TIF leading to high base 
shear. It is found that, the infilled frame is stiffer than the 
bare frame, and the cement mortar interface is stiffer 
than the lead–cork interface. This research uses 
ABAQUS software, a finite element analysis program, 
for expanding the observational analysis. 
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trapezoidal frame; rectangular frame; RC frame; 
masonry infill; interface; opening; lateral stiffness; static 
loading; finite element analysis 
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1 Introduction 

High-rise buildings have become increasingly essential. This is because of high population 
density problems and the scarcity of land for development. These buildings require a special 
structural system to sustain lateral loads, such as wind and seismic loads. One of the most 
common lateral load-resisting structures is an infilled frame. In developing countries, such as 
Argentina, Portugal, and India, some 30-storey buildings were built using this infilled frame as 
a lateral load resisting system without the use of shear walls [1]. Figure 1 shows some of the 
reinforced concrete (RC) infilled frame structures in Argentina, Portugal, Venezuela, and India. 

    
a) Argentina b) Portugal c) Venezuela d) India 

Figure 1. RC infilled frame structures [2,3] 

Infilled frames are beam and column frameworks with masonry walls infilling a few bays of the 
frame that may or may not be mechanically attached. Masonry RC infilled frames are widely 
used and regularly utilised in various structural systems, as shown in Figure 2. Among 
construction materials, brick masonry is commonly utilised as an infill because of its popularity 
and obtainability. It is also recognised as a traditional building and construction material. These 
masonry infilled walls are frequently observed in exterior walls, interior walls, and walls around 
stairs [4]. A frame with an infill has significant lateral stiffness, strength, ductility, energy 
dissipation capacity, and rigidity compared with a bare frame [5]. This is economically 
significant for tall buildings that are subjected to strong lateral loads. 
An experimental investigation of the macro-modelling approach with loading perpendicular to 
the surface (i.e., out-of-plane loading) was performed. A study of the behaviour of two types of 
brick masonry infilled walls and their calibration was also performed for a numerical model 
based on experimental results [6]. Karayannis experimentally and analytically investigated the 
seismic response of an RC frame under the influence of a solid masonry infill [7]. Jurko studied 
single-bay RC frames with various masonry infill materials and found that composite frame 
wall structures had higher stiffness, damping, and initial strength than bare frame structures 
[8]. Chao suggested two unique infilled pre-fabricated damping wall panels for semi-rigid steel 
frames and conducted an experiment to investigate their seismic reactions [9]. The behaviour 
and effects of infilled walls have been widely recognised by multiple studies over the past few 
decades. Calvi conducted extensive research on infilled frames [10]. In [11] and subsequently 
described the behaviour of infilled frames under lateral loads [12]. 
Most recent studies have investigated whether properly designed infills can improve the 
earthquake resistance of frame structures. These structures have shown excellent 
performance under few moderate earthquakes in seismic regions even when the buildings 
have not been properly designed and detailed to resist earthquake forces. When an 
earthquake occurs, the infill can strengthen the upper storey of the structure and form a soft 
first storey; however, this is unacceptable from the perspective of an earthquake-resistant 
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building [13]. The following were investigated based on the effects of infilled frames on 
structures under seismic action [14-20]. 

 
                          Bare Frame                     Infilled Frame 

Figure 2. Infilled frame with and without brick masonry 

Some parameters affect the strength, deformation, and stiffness of infills. These factors include 
openings in the infill, lateral loads, infills, and interface materials [21]. The interface is 
surrounded by a frame and infill, as shown in Figure 3. The ductility of the structure improves 
when the load transfer to the interface materials occurs midway between the frame and infilled 
panel. The main aim of providing a gap filling is to improve acoustic performance and heat 
resistance under seclusion [22]. Diagonal strut bracing action was verified to be provided by 
the stiffness of the infill [23], thus improving the structural system. The results of the study are 
affected by the model adopted, type of analysis implemented [24], condition of the interface, 
and construction details affecting the infilled frame behaviour [25]. 
As reported in [26], two-bay three-storey bare and infilled RC frames with a scale ratio of 1:6 
was experimentally investigated under static cyclic loading; three different types of interfaces 
were used in the middle of the infill and frame. Senthil [27] investigated the behaviour of a two-
dimensional (2D) RC infilled frame with different interface thicknesses subjected to lateral 
loads. The behaviour of RC infilled frames with various interface materials, such as cement 
mortar, lead, cork, and pneumatic air medium, has been investigated [28]. Zeeshan [29] 
investigated the use of polyethylene foam as an interface in RC infilled frames for the seismic 
isolation of masonry infills. 

An enlarged view of the part

Fully Infilled Frame

Frame with window 

opening 

Frame with doorway 

opening 

 Frame

Infill

Interface Gap

 
 
 

Figure 3. Typical infilled frames 
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Infilled panels with openings are best viewed as a collection of subcomponents of appropriate 
materials. Furthermore, for functional reasons, openings (such as windows and doors) play an 
important role in infilled frames. These openings in the infill modify panel behaviour, which is 
influenced by numerous factors, such as the size and location of the openings. The two most 
predominant forms of openings are doors and windows [30]. The behaviour of frames is 
influenced by the opening of infilled walls (doors and windows). The effect of openings on the 
resultant lateral stiffness and strength of such frames has gained considerable attention in 
recent studies. During the action of lateral loads, the infilled panel with openings generally fails 
near the opening owing to stress concentration [31]. In previous studies, infilled panels with 
openings were found to provide significant lateral stiffness and strength to a frame. In a specific 
investigation, frames with an opening area exceeding 50 % with respect to the total infilled 
area tend to behave as bare frames [32]. 
One study used a non-contact technique to measure strain and deformation in an experimental 
investigation of the out-of-plane response of RC frames with masonry infilled walls; the frames 
were with and without openings (i.e., doors and windows) [33]. In [34], the development of a 
multi-strut model for masonry infilled frames with various opening configurations (i.e., different 
sizes and positions) was reported; the overall force displacement for these configurations was 
also simulated. Mallick [35] experimentally studied the impact of various positions of openings 
on infilled frames with lateral stiffness as well as on infilled frames with and without shear 
connections. In [36], the experimental testing of five RC infilled frames with various opening 
proportions was reported. Based on the findings, a foundation was laid for improving the 
performance of an infilled frame with openings, thus reducing the danger of progressive 
collapse. 
Liborio extensively studied computational experimental campaigns based on finite element 
(FE) models by reducing the out-of-plane stiffness and strength owing to in-plane damage [37]. 
Minas built an analytical model of a steel moment-resisting frame with brick masonry infills for 
estimating the initial lateral stiffness [38]. Liborio summarised the findings of an actual case 
study on the seismic performance of an RC school structure. The model was evaluated by 
concentric equivalent struts to model the infill. The additional shear introduced to the column 
led to the discovery of a correlation based on numerical observation [39]. Asteris investigated 
a number of 14-storey RC infilled frame buildings with a fundamental period of vibration using 
an FE macro-model and eigenvalue analysis [40]. An in-depth analytical investigation of 
various parameters affecting the fundamental period of the RC structure was also conducted 
[41].  

   

Figure 4. Buildings with trapezoidal frame [42–44] 

Joao performed complete research based on four primary vectors affecting seismically 
vulnerable RC structures. These factors include international code guidelines and insight 
gained from the observation of seismic behaviour, experiments, and numerical modelling. The 
order in which they should be used (divided into macro-modelling and micro-modelling) was 
investigated [44]. 
According to available reports in literature, only rectangular-shaped and square-shaped infilled 
frames have been investigated to a considerable extent. However, trapezoidal infilled frames 
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(TIFs), which provide more lateral stiffness than normal rectangular and square-shaped infilled 
frames, require further study. Some examples of trapezoidal buildings are shown in Figure 4. 
The foregoing studies demonstrate the importance of the configuration of a structure because 
high-rise structures with typical shapes, such as square-type and rectangular-type buildings, 
are unable to withstand lateral loads. A new configuration, known as trapezoidal frames, has 
been adopted to improve the lateral stiffness of such buildings. 
To fill this research gap, a 2D RC trapezoidal frame configuration was analysed, and the 
behaviour of the structure was investigated. The structure was modelled and analysed using 
the ABAQUS FE analysis (FEA) software package. Because columns are the most significant 
part of a structure, an optimum angle analysis was performed. A fixed optimum angle was 
analysed using an infilled frame with different interface materials under static lateral loads. 
Various sizes and positions of openings in the infilled panel were investigated in the TIF using 
various interface materials. In this study, the bare frame and cork interface materials are also 
known as bare frames and soft interface materials, respectively. 
The in-plane lateral behaviour of a trapezoidal frame with an infill has become significant 
because of the increasing use of inclined columns to satisfy the demand for longer spacing 
among columns. The use of inclined columns from the base has also become popular, resulting 
in the formation of trapezoidal frames. Because these frames may have higher stiffness than 
rectangular or square frames, they attract greater base shear. Infilling these frames is expected 
to further increase the magnitude of this base shear to a higher level. Hence, gaining more 
knowledge in this area is relevant, especially with the aim of controlling the increase in base 
shear by introducing soft materials to the interface gap between the frame and infill. 
A number of studies have been performed on infilled frames with straight columns known as 
rectangular or square frames. However, studies on infilled frames with inclined columns, 
known as TIFs, are limited. The investigation of the influence of different interface materials 
and infill openings on trapezoidal frames is limited. Therefore, comprehensive studies related 
to different interface materials and openings in infilled panels must be conducted. 

2 Properties of interface materials  

The material properties of a single-bay single-storey frame with a column size of 400 × 300 
mm, beam size of 300 × 300 mm, and storey height of 3500 mm with different interface 
materials are described below. 
The properties of interface materials are presented in the following sections. In an analytical 
investigation, an element surrounded by an infilled panel and RC frame is termed as interface 
medium. Different interface materials, namely cement mortar, lead, and cork are investigated. 
They are 10 mm thick and the width corresponds to that of the masonry. In construction 
practice, soft materials with viscoelastic properties are commonly used at the interface to avoid 
vertical cracking of the infilled functional wall owing to the vertical load transfer from the frame 
because of the deformation caused by the load, thermal effects, or both.  
In practice, these materials are cork, rubberised corks, and lead. Lead and cork are used in 
this study. 

2.1 Cement mortar interface 

Cement mortar is used as the interface between the frame and infill. It is the same cement 
mortar used in laying brick masonry works. Experimental results on cement mortar (Figure 5) 
show that the mortar’s compressive strength and elastic modulus are 2,78 and 27386 N/mm², 
respectively.  
The density and Poisson’s ratio of cement mortar selected from literature are 18,02 kN/m3 and 
0,15; respectively [23]. 
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Figure 5. Cement mortar specimen 

2.2 Lead interface  

A 10-mm-thick non-structural lead material was used as interface material to study its effect 
on and behaviour in the infilled frame system. The basic stress–strain behaviour of the lead 
sheet was estimated by tensile test experiments.  
The elastic modulus of lead obtained from literature was 8000 N/mm² [45, 46]. The selected 
Poisson’s ratio and density were 0,447 and 111,210 kN/m3, respectively.  
The stress–strain graph of the lead sheet is shown in Figure 6. 

Figure 6. Stress–strain diagram of lead sheet 

Tensile test was performed on the lead sheet material using a TUE-C-1000 machine. The test 
data are listed in Table 1. 
 
 

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08

S
tr

e
s
s
 (

N
/m

m
2
)

Strain



Vishali, M., et al. 
Influence of different interface materials and openings in infill of reinforced 

concrete infilled frames 

 

ACAE | 2023, Vol. 14, Issue No. 26 

 

Page | 60  

 

Table 1. Tensile test results of lead sheet 

Input Data Output Data 

sample shape Flat load at yield 0,16 kN 

sample type Lead Sheet elongation at yield 4,880 mm 

sample description 1 yield stress 0,254 N/mm2 

sample width 210 mm load at peak 0,200 kN 

sample thickness 10 mm elongation at peak 6,170 mm 

gauge length for % elongation 150 mm tensile strength 0,317 N/mm2 

pre-load value 0 kN load at break 0,010 kN 

max. load 1000 kN elongation at break 9,760 mm 

max. elongation 200 mm % reduction area 52,38 

specimen C.S. area 630 mm2 % elongation 6,67 

2.3 Cork interface 

A 10-mm-thick non-structural cork material was used as the interface material between the 
frame and infill. The basic stress–strain behaviour of the cork sheet was evaluated by tensile 
test. The elastic modulus of cork obtained from [47] was 12,6 N/mm2. The selected Poisson’s 
ratio and density are 0,097 and 1,765 kN/m3, respectively. Figure 7 shows the stress–strain 
curve of the cork sheet. 

 

Figure 7. Stress–strain diagram of cork sheet 

Tensile tests were performed on the cork sheet material using the TUE-C-1000 machine. Table 
2 lists the output data. 

Table 2. Tensile test results of cork sheets 

Input Data Output Data 

sample shape Solid Flat load at yield 59,35 kN 

sample type Cork Sheet elongation at yield 6,150 mm 

sample thickness 10 mm yield stress 524,77 N/mm2 

sample diameter 12 mm load at peak 76,690 kN 

gauge length for % elongation 200 mm elongation at peak 26,010 mm 

pre-load value 0 kN tensile strength 678,089 N/mm2 

final SP diameter 8,7 mm load at break 55,830 kN 

final gauge length 223 mm elongation at break 32,740 mm 

final area 59,45 mm2 % reduction area 47,44 

specimen cross-sectional area 113,1 mm2 % elongation 11,50 

0

100

200

300

400

500

600

700

800

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2

S
tr

e
s
s
 (

N
/m

m
2
)

Strain



Vishali, M., et al. 
Influence of different interface materials and openings in infill of reinforced 

concrete infilled frames 

 

ACAE | 2023, Vol. 14, Issue No. 26 

 

Page | 61  

 

The mechanical properties and compressive strengths of the interface materials are based on 
Poisson’s ratio and density values assumed based on literature, as summarised in Table 3. 

Table 3. Mechanical characteristics of materials used 

Material name Specifications 
Elastic modulus 

(N/mm2) 
Poisson’s 

ratio 
Density 
(kN/m3) 

concrete  
(m30)* 

M30 grade; Average 
compression strength of 

35,20 N/mm2 
5000√fck = 27 386 0,23 23,53 

reinforcement* Fe415 200 000 0,30 76,98 

infilled  
(brick masonry) * 

Class II brick masonry; 
strength: 4,175 N/mm2 

1020 0,22 13,27 

interface (cement 
mortar)** 

Thickness: 10 mm; 
strength: 2,78 N/mm2 

27386 0,15 18,02 

interface (lead)*** 10-mm-thick sheet 8000 0,447 111,210 

interface 
(cork)**** 

10-mm-thick sheet 12,6 0,097 1,765 

Notes: * Muthukumar (2019) [26], **Achyutha et al. (1994) [45], ***Riddington and Sahota (2003) [46], 
**** Silva et al. (2005) [47]. 

3 Analytical investigation 

3.1 Modelling and analysis  

The single-bay single-storey 2D RC trapezoidal frame was modelled as a solid element using 
the FEA software ABAQUS. The beam and column frame members were designed as line 
elements, and the interface and infill were designed as plane stress elements. Figure 8 shows 
the frame members as beam elements with three degrees of freedom per node. Figure 9 shows 
the infill as a four-node plane stress element with two degrees of freedom per node and 
homogeneous masonry characteristics. In the case of an infilled frame, the interface linking 
the frame to the infill was also modelled using four-node plane stress components with two 
degrees of freedom per node and different interface characteristics, as shown in Figure 9. 

 

Figure 8. Beam element for frame member 

 

Figure 9. Four-node plane stress elements used in infill 
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Figure 10. Test of normal and inclined bed joints 

Modelling was based on homogenous isotopic properties. However, a part of the investigation 
(not shown in this paper) includes the effects of principal stress orientation on the bed joint 
(Figure 10) and the corresponding mechanical properties for the analysis; the results do not 
differ significantly. The support conditions for the frames are fixed. M30-grade concrete and 
Fe415-grade steel reinforcement were used in all the cases. The same material 
characteristics, namely density, Young’s modulus, and Poisson’s ratio, are also adopted in all 
cases, as listed in Table 3. The dimensions of members and details of reinforcement are listed 
in Table 4 

Table 4. Dimensions and reinforcement of 2D trapezoidal RC frame 

Member 
Dimensions 

(mm) 
Clear Cover 

(mm) 
Main Steel Bars Stirrups/Ties 

beam 300 × 300 30 4-12-mm diameter bars 
8-mm-diameter bars 

@ 150 mm C/C 

column 400 × 300 40 
4-16-mm-diameter and 2 

12-mm-diameter bars 
8-mm-diameter  
@ 150 mm C/C 

 

3.2 Meshing and discretisation 

A convergence investigation of the infill element was performed in developing an FE model 
(FEM) of the infilled frame to attain constant stiffness for the solid element. Discretisation is 
the process of converting an object-based model's material domain into an analytical model 
that is appropriate for analysis. 
In approximating the FE analysis, the element is discretised to obtain results that are 
sufficiently close to convergence. A mesh convergence investigation was performed on the 
infill with element mesh size ranging from 5 × 5 to 50 × 50. A load of 1 kN was applied to the 
infill for analysis. Mesh sensitivity was investigated in terms of frame displacement, strain in 
the infill, and monotonic convergence in terms of displacement. As a result, only the 
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displacement was considered in the mesh sensitivity analyses. The frame displacement was 
constant up to a mesh size of 50 × 50. Based on the mesh convergence investigation, the 
mesh size used in all the elements throughout the analytical work was 50 × 50 mm. Figure 11 
depicts the evolution of the curve into an asymptote, displaying linear variation once the 
element size is 50 × 50 or larger. The rest of the analysis was performed using the 50 × 50 
grid discretisation pattern. 

 

Figure 11. Convergence study 

3.3 Loading and Interaction 

Loading is an important project module for interpreting outcomes. A 10-kN static monotonic 
lateral load was applied to the top left beam–column intersection. The interaction between the 
reinforcement (embedded region) and RC frame (host region) was designated as embedded 
interaction. A tie constraint with a discretisation method of surface-to-surface interaction was 
designed for the interface material and infilled wall. 

4 Results and discussion 

A linear FEA was performed for both configurations. Because studies on trapezoidal frames 
are limited, in this study the elastic behaviour is first investigated. By analysing the models 
under various situations and scenarios, the essential structural features, such as lateral 
stiffness, axial load, bending moment, and shear force, are evaluated. 

4.1 Study of optimum angle for trapezoidal frame configuration through FEM 
analysis 

Different angles were considered to examine the optimum angle for the trapezoidal frame 
configuration under static loading. The frames were treated as both bare and infilled frames. 
For each configuration, i.e., (a) trapezoidal bare frame (TBF) and (b) TIF with brick masonry, 
10 angles were considered. Table 5 lists the specifications of the prototype of the two frame 
configurations considered for the analysis. 

Table 5. Details of 2D trapezoidal frame 

SI. 
No. 

Frame  
details 

Dimensions (mm) Description of Materials 

Members 
Top 

Width 
Storey 
Height 

Frame Infill 

1 
bare 

frame 
BF 

column: 400 
× 300 
beam: 

300 × 300 
 

3000 3500 

Fe 415-
grade 
Steel; 
M30- 
grade 

concrete 

Compressive strength 
of brick masonry = 
1,54 N/mm2; wall 

thickness = 230 mm 2 
infilled 
frame 

IF 
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4.2 Lateral stiffness 

Lateral stiffness was calculated based on the applied lateral load and the resulting horizontal 
displacement with respect to the frame. The linear analysis indicates that the lateral stiffness 
of an RC frame with an infilled panel is greater than that of a bare frame because the infilled 
panel resists the lateral load [12]. The stiffness K in each configuration is calculated using Eq. 
(1): 

𝐾 =  
𝐹

Δ𝑥
 (1) 

Where: 
 F denotes load applied to the member, and 
 Δx denotes displacement of the member in the X direction. 

Figure 12 shows that the stiffness of the bare frame is higher when the column’s angle of 
inclination exceeds 70°. The data value fluctuation is depicted by a polynomial curve. 

 

Figure 12. Optimisation of column inclination for bare frame and infilled frames 

A new parameter is introduced to the trendline. An order value can be specified to determine 
the maximum number of variations or bends of the line. When data fluctuate, a polynomial 
trendline, i.e., a curve, is employed. With the polynomial equation in the trendline option, Eq. 
(2) is used: 

𝐾 =  −0,0052𝜃2 + 0,7573𝜃 − 11,243; 
𝑑𝐾

𝑑𝜃
= −2 ∙ (0,0052) ∙ 𝜃 + 0,7573 → 𝜃 = 72,81°  (2) 

Because the analysis is optimised with the infilled frame at various angles under the influence 
of static lateral loading with respect to lateral stiffness, the infilled frame has a 10-mm-thick 
cement mortar interface in all cases. Figure 12 also shows the optimisation of the column 
inclination for the infilled frame. Similarly, using the polynomial equation for optimising the 
column inclination of the infilled frame, Eq. (3) is derived: 

𝐾 =  −0,0959𝜃2 + 11,633𝜃 − 142,6; 
𝑑𝐾

𝑑𝜃
= −2 ∙ (0,0959) ∙ 𝜃 + 11,633 → 𝜃 = 60,65°  (3) 

The foregoing analysis clearly shows that a 60° angle is optimal for the column inclination, as 
indicated by the maximum stiffness of the infilled frame. Therefore, the optimum column 
inclination angle of the TIF is 60°. 
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4.3 Comparative study  

An analytical study was conducted using two configurations. A trapezoidal frame configuration 
with an optimum angle was found in the previous analysis. The analytical models were 
designed using the limit state design method according to IS 456:2000 [52]. The dimensions 
and reinforcements for the 2D RC trapezoidal frame configuration were the same as those 
used in a previous study. The rectangular frame configuration is modelled and analysed with 
the indicated dimensions and reinforcement details listed in Table 6. 

Table 6. Details of 2D RC rectangular frame 

Description 

Member size 

Reinforcement details* 
Material 

description 
Length C/C 

(mm) 
Breadth 

(mm) 
Depth 
(mm) 

Beam 3000 300 300 4-12-mm-diameter bars 
M30-grade 

concrete and 
Fe415-grade 

steel 
Column 3500 400 300 

4-16-mm-diameter and 2 
12-mm-diameter bars 

Note: *8-mm stirrups @ 150 mm C/C. 

Four types of frame configuration were used in this investigation. Their designations are listed 
in Table 7. The cross-sections of the trapezoidal and rectangular frames are shown in Figure 
13. 

Table 7. Designation of frame configurations 

Frame Designation Description 

RBF rectangular bare frame 

RIF rectangular infilled frame 

TBF trapezoidal bare frame 

TIF trapezoidal infilled frame 

 

 

 

Figure 13. Details of RC frame 
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This section compares and discusses the findings of the linear FEM analysis conducted on 
four structural features: lateral stiffness, axial load, bending moment, and shear force. 

4.3.1 Lateral stiffness 

Stiffness was evaluated by applying a lateral load horizontally to generate displacement along 
the x direction. A comparison of the stiffnesses is shown in Figure 14. Compared with the other 
three configurations, the TIF has the highest stiffness (289 kN/mm). In the bare frame, the 
lowest stiffness was found in the rectangular frame structure; the stiffness was 17 % lower 
than that of the trapezoidal frame structures. The rigidity of trapezoidal frame structures 
compared with that of rectangular frames increases by 50 % when an infilled frame is used. 

 

Figure 14. Comparison of stiffness 

The stiffness of the trapezoidal frame configuration is higher than that of the rectangular frame 
configuration. This is because the column inclination at the 60° angle results in higher frame 
stiffness than a column inclination of 90°. 

4.3.2 Axial Load 

A 10-kN static monotonic concentrated lateral load was applied to the top left beam–column 
junction. The maximum axial load was 10,91 kN in the RIF. The rectangular frame better 
absorbs the lateral load than the trapezoidal frame because its column inclined at 60° reacts 
as a rigid structure. 

 

Figure 15. Comparison of axial force 

The RBF sustains an axial load of 4,51 kN, which is 51 % higher than that borne by the TBF. 
As for the infilled frame, the axial load in the rectangular frame is 70 % higher than that in the 
trapezoidal frame (Figure 15). 
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4.3.3 Bending Moment 

 
Structures, such as load-carrying frames and RC frames, can provide excellent earthquake 
protection when the beam–column intersection is perfectly constructed [48]. The moments at 
the beam–column junctions of the trapezoidal and rectangular frame configurations were 
obtained and compared. In both configurations, the bare frame had a higher bending moment 
than the infilled frame. 

 

Figure 16. Bending moment comparison 

Compared with the bare frame, additional strength and constraints are provided by the infilled 
panel to the infilled frames. The moment of the TBF is 4,27 kNm, which is 21 % less than that 
of the RBF. The bending moment of the TIF is 0,071 kNm, which is 74 % lower than that of the 
RIF. Figure 16 shows a graphical representation of the bending moment for all cases.  

4.3.4 Shear force 

The shear force at the beam–column intersection was also simulated. The linear analysis 
clearly shows that the shear force of the bare frame is greater than that of the infilled frames 
[49]. Figure 17 shows that the shear force of the infilled frame was lower than that of the bare 
frame. 

 

Figure 17. Shear force comparison 

Among the four cases, the maximum shear force, 2,1 kN, occurs in the RBF. However, in the 
case of the infilled frame, the maximum shear force appears in the rectangular structures; the 
force is 90 % greater than that in the trapezoidal structures. In the case of the bare frame, the 
shear force of the trapezoidal frame configuration is 60 % lower than that of the rectangular 
frame structure. Validation is an important aspect of analytical studies.  
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Figure 18. Validation study for rectangular frame 

As shown in Figure 18, the RIF with different interface materials is verified and validated in a 
previous investigation [23]. 

4.4 Analytical study of elastic behaviour of TIF with different interface materials 
under static monotonic lateral load 

Modelling and analysis were implemented using a FEA software package tool. A single-bay 
single-storey trapezoidal bare frame was initially modelled. Then, a single-bay single-storey 
trapezoidal RC infilled frame was also modelled and analysed. Tables 4 and 5 list the frame 
dimensions and reinforcement details. Two-node beam elements with two degrees of freedom 
were utilised to model the frame elements 

 

Figure 19. TBF                                                               Figure 20. TIF 

Boundary conditions were fixed at the bottom of the column. A horizontal lateral load of 10 kN 
was applied at the beam–column joint. Table 3 lists the characteristics of the materials used 
to model the trapezoidal RC bare frame and infilled frame.  

 

Figure 21. Load vs. storey displacement 
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Figures 19 and 20 depict the single-bay single-storey trapezoidal RC bare and infilled frames 
simulated using FEM-based software. The slope of the load versus displacement graph shown 
in Figure 21 is used to calculate the frame stiffness. The graph indicates that the stiffness of 
the TBF is 19 kN/mm under monotonic loading. The interface and infilled panels are 
discretised. Discretisation is an FE method used to break down a large piece into small parts 
[4]. Each division is independently investigated to acquire precise findings, and the cumulative 
behaviours of all parts are considered. The interface materials and infilled panels are modelled 
using a three-dimensional deformable solid extruded type element. In all cases, the thickness 
of the interface is assumed to be 10 mm. Four trapezoidal frame configurations with various 
interfaces are investigated. The frame designations are listed in Table 8. 

Table 8. Designation of trapezoidal frame configurations used 

Frame Designation Description 

TBF Trapezoidal Bare Frames 

TIFCM Trapezoidal Infilled Frame with Cement Mortar Interface 

TIFL Trapezoidal Infilled Frame with Lead Interface 

TIFC Trapezoidal Infilled Frame with Cork 

As listed in Table 9, the single-bay single-storey TIF has a rigidity of 289.03 kN/mm under 
monotonic loading. The TIFCM was initially modelled. Then, its interface was replaced by lead 
and cork; analyses were performed in the same manner. For the frame with lead and cork 
interfaces, the stiffness values were found to be 288,11 and 206,16 kN/mm, respectively.  
A comparative evaluation of stiffness for the single-bay single-storey frame with three different 
material interfaces is presented in Table 9. In a comparative study of different interface 
materials, specifically cement mortar, lead, and cork, the lateral stiffness of the infilled frame 
was found to be 15,19; 15,15; and 10,84 times the stiffness of the corresponding TBF, 
respectively; that is, the stiffness decreased with the modulus of elasticity of the interface 
material. Table 9 indicates that the TIFCM has the maximum stiffness. 

Table 9. Comparison of stiffness 

Type of Frame 
Stiffness  
(kN/mm) 

TBF 19,02 

TIFCM 289,03 

TIFL 288,11 

TIFC 206,16 

Compared with all frames, the TIF with traditional cement mortar as interface has the highest 
stiffness value. The stiffness is expected to increase when lead interface is used. However, 
the use of cork interface is anticipated to yield a lower stiffness value, and the frame is bound 
to exhibit bare-frame action. This investigation proceeded to the next phase by conducting 
experiments. In this phase, no of out-of-plane failure did not occur in the cement mortar or 
cork. Similarly, this failure did not occur in the rectangular frames with cement mortar or cork 
interfaces [22, 23]. 

4.5 Effects of window openings with different sizes and positions on TIF under static 
loading 

The effects of various opening sizes and positions on the TIF and the seismic performance of 
RC infilled frames are discussed in this section. Under monotonic loading, the problem is 
investigated in an elastic area. In addition, the stiffness reduction ratio, λ, defined as the ratio 
of the stiffness obtained from a frame with opening to the stiffness obtained from a fully infilled 
frame (i.e., without opening), was calculated and compared with that of an RIF (as conducted 
in a previous study). 
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Figure 22. Stiffness reduction factor, λ, of TIF in relation to opening percentage (Case 
C: opening on diagonal) 

The ABAQUS software package mentioned above was used to analyse a number of different 
single-bay single-storey trapezoidal infilled structures with various configurations. The 
structures were tested with a 10-kN horizontal load and a load distribution equivalent to that 
around the frame and infill brick panel. Table 3 lists the mechanical properties of both the RC 
frame and infilled brick masonry frame. The following parameters and instances were 
investigated to determine the effect of openings on the lateral stiffness or behaviour of 
infilled frames under static lateral loading: 

1. Presence (or absence) of an opening in the infilled panel. 
2. Percentage of opening = (Area of opening / Total infilled panel area). 
3. Position of opening; the opening percentages of the following four cases were studied: 

o Case A: Opening on loading diagonal, 
o Case B: Opening at top centre, 
o Case C: Opening at centre between two diagonals, 
o Case D: Opening on off-loading diagonal. 

 

Figure 23. Stiffness reduction factor, λ, of TIF in relation to opening percentage for 
different positions of openings 
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4.5.1 Stiffness Reduction Factor Calculation 

As mentioned, the stiffness reduction factor is defined as the ratio of the stiffness obtained 
from a frame with opening to the stiffness of a fully infilled frame (without opening). This factor 
is given by Eq. (4), as follows: 

𝜆 =
Δ𝑥𝑂𝑝𝑒𝑛𝑖𝑛𝑔

Δ𝑥𝐹𝑢𝑙𝑙
  (4) 

The foregoing equation yields the lateral stiffness of the solid masonry infilled panel. Equations 
(5) and (6) yield the lateral stiffness of the infilled panel without (Δx Full) and with opening (Δx 
Opening), respectively: 

Δ𝑥𝐹𝑢𝑙𝑙 = Δ𝑥𝐹 −  Δ𝑥𝐵  (5) 

Δ𝑥𝑂𝑝𝑒𝑛𝑖𝑛𝑔 = Δ𝑥𝑂 − Δ𝑥𝐵  (6) 

Where: 
 ΔxF denotes stiffness of the fully infilled frame, 

 ΔxB denotes stiffness of the bare frame, 

ΔxO denotes stiffness of the infilled frame with opening. 

Figure 22 shows Case A with an opening on the diagonal of the TIF. As expected, increasing 
the percentage of openings reduces the rigidity of the frame. A 51 % reduction in rigidity was 
observed compared with the rigidity of the bare frame. The stiffness factor remained virtually 
constant for openings greater than 50 %. Figure 23 shows the effects of openings on the 
stiffness of TIFs. The stiffness corresponding to the four positions of openings is reduced when 
the percentage of opening increases. The figure shows the behaviour of the stiffness reduction 
factor of TIFs as a function of opening percentage. When the opening was diagonal, the 
stiffness reduction factor appeared to be higher. The various positions of the opening region 
in the masonry infilled panel are illustrated in Figure 24. 

 

Frame 
Configuration 

Positions of Openings 

On loading 
diagonal 

 At top centre 
 

At centre between 
two diagonals 

 

On off-loading 
diagonal 

A B C D 

TIF 

    

RIF 

    

Figure 24. Various positions of openings in masonry infilled panel 

Figure 25 shows the impact of the opening on the stiffness reduction of RIFs considering four 
different regions in the opening. The stiffness reduction factor appeared to be higher when the 
opening was diagonal. This is because the effect of the compressed diagonal on the infilled 
frame is negated in this case [50]. 
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Figure 25. Stiffness reduction factor, λ, of RIF in relation to opening percentage 
considering different opening positions 

The foregoing figure indicates that the opening at the centre between the diagonal has the 
least stiffness reduction factor. However, at a certain limit (Case C: opening on diagonal), the 
stiffness reduction value increases. The figure further indicates that frame rigidity decreases 
as the percentage of openings increases. Therefore, in all cases, such as A, B, and D, the 
stiffness decreases as the opening increases. In contrast, when the opening is on the diagonal, 
the stiffness is high at a certain percentage of opening owing to the arch action of the infilled 
panel. 

 

Figure 26. Stiffness reduction factor, λ, of infilled frame in relation to opening 
percentage (Case C: opening on diagonal) 

Figure 26 displays the validation results of the current analysis compared with the prior 
analytical results of [50] and [51] on the effects of the percentage of opening on the diagonal. 
In this scenario, the consistency between the current and previous analytical results is 
considerable. 
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4.6 Effects of three different combinations of interfaces on intermediate stiffness of 
TIF 

A paper cited in this study reports that the use of cork or lead at the interface renders the lateral 
stiffness of an infilled frame to be similar to that of a bare frame. 
To identify the critical model for determining the higher and medium stiffness values obtained 
by modifying the interface properties, an analytical investigation was implemented.  

Table 10. TIF with different interface combinations 

Frame 
configuration 

Details of interface in frame 

1 2 3 

F1 CM CM CM 

F2 L L L 

F3 C C C 

F4 CM CM L 

F5 CM CM C 

F6 CM L CM 

F7 CM L L 

F8 CM C CM 

F9 CM C C 

F10 L L CM 

F11 L L C 

F12 L CM CM 

F13 L CM L 

F14 L C L 

F15 L C C 

F16 C C CM 

F17 C C L 

F18 C CM CM 

F19 C CM C 

F20 C L L 

F21 C L C 

F22 CM L C 

F23 CM C L 

F24 L CM C 

F25 L C CM 

F26 C CM L 

F27 C L CM 

Interface Description: CM, Cement Mortar; L, Lead; C, Cork 

 

 
 

Positions (sides) of Interface  
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The properties of the frame and infill materials were maintained, but the interface properties 
were varied. Different cases were generated by combining three interface materials (cement 
mortar, lead, and cork). The changes in the interface media are summarised in Table 9. This 
illustrates the necessity for a parametric study to achieve the best interface pattern. The storey 
stiffness was studied by applying a 10-kN in-plane lateral symmetrical load. A total of 27 
combinations were generated, and the corresponding lateral displacements were observed. 
The combination chart includes cases of all frames with the same interface materials (three 
cases, F1–F3). Next, 19 cases (F4–F21) are created with two material combinations. Six 
combinations (F22–F27) were formed by combining the three materials. 

 

Figure 27. Comparison of stiffness of TIFs with different configurations 

Simulations are implemented on F4-F21, which have two interface material combinations. The 
stiffness of some of these configurations was low. In some cases, it was high, even higher than 
that of F1. Simulations were also conducted on A22–A27, which consisted of three interface 
materials at different positions. 
All the models were analysed by applying a lateral monotonic load of 10 kN. The stiffness of 
the frame with the F1 configuration (cement mortar interface material on all three sides of the 
TIF) was found to be the highest among the 27 configurations (i.e., 289,05 kN/mm). In contrast, 
a drop in stiffness (29 % less than that of the highest stiffness) was observed in the frame with 
the F3 configuration. The stiffness of the frame with the F2 configuration (lead interface) was 
found to decrease by only 0,3 %. The stiffness of the frame with the F18 configuration (Figure 
27) was intermediate (i.e., 260,88 kN/mm). This stiffness was found to be 10 % less than that 
of the frame with the F1 configuration. The F18 configuration consisted of cement mortar and 
cork. Therefore, the combination of these materials as interface results in a frame with 
intermediate stiffness. 

5 Conclusions 

The present analytical investigation describes the behaviour of a TIF subjected to monotonic 
lateral loading. The influence of interface materials (cement mortar, lead, and cork and their 
combinations) and openings of various sizes and positions compared with those of 
conventional rectangular frames was analysed. The following conclusions are drawn from the 
FEA results: 

1. A single-bay single-storey RC trapezoidal frame was modelled and analysed using 
the FE software ABAQUS. An optimum angle of 60° was used as the column 
inclination of the trapezoidal frame. This angle was found to yield the maximum 
stiffness compared with the other column inclinations. This leads to the conclusion 
that a trapezoidal frame with a 60° column inclination was optimal. 
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2. The single-bay single-storey RC trapezoidal frame configuration was analysed and 
compared with the rectangular frame configuration. The following were observed: 

o The trapezoidal frame structure appeared to be more rigid than the 
rectangular frame configuration. The stiffness values of the trapezoidal 
frame were 55 % and 60 % greater than those of the rectangular frame 
considering bare and infilled frames, respectively. 

o In the linear analysis, the moment of the bare frame was evidently higher 
than that of the infilled frame.  However, the shear of the bare frame was 
lower than that of the infilled frame. This demonstrates that when an infill is 
introduced, the frame becomes less ductile than the bare frame. 
Consequently, material failure rather than structural failure occurs. 

o The trapezoidal frame has a higher lateral rigidity than the rectangular 
frame; consequently, its bending moment and shear force are found to be 
lower. 

o The trapezoidal structure can withstand greater lateral loads owing to the 
inclination of the column. The column inclination behaves as a strut in 
resisting lateral loads, thus consuming a considerable amount of energy. 

The foregoing shows that the trapezoidal-type configuration can be utilised in high-rise 
structures and in areas with strong seismic forces because of its superior lateral load 
resistance, which can avert disaster. 

3. A single-bay single-storey RC TBF and three infilled frames with different interface 
materials (cement mortar, cork, and lead) were modelled and analysed using the 
FEA software ABAQUS. A comparison of the analysis results considering four 
frames leads to the following conclusions: 

o The infilled frame has higher lateral rigidity than the bare frame. 
o The stiffness of TIFs with a cement mortar interface was higher than that of 

those with lead and cork interfaces. 

Among all the frames studied, TIFs with the typical cement mortar interface have the maximum 
stiffness. 

4. A detailed statistical investigation was performed on the effects of openings with 
various positions and sizes in a brick masonry panel on a trapezoidal frame. The 
frame was subjected to static lateral monotonic loading. In the analysis, the stiffness 
reduction factor was considered. The following conclusions are drawn: 

o The lateral stiffness of infilled frames decreased when the opening 
percentage increased. Compared with a bare frame, the reduction in lateral 
stiffness of infilled frames was 51 %. The stiffness factor remained virtually 
constant for openings greater than 50 %.  

o When the position of the opening moved diagonally (at the centre), the 
action between the frame and infill varied. When the opening was at the 
centre of the diagonal, the stiffness reduction factor appeared to be higher. 

o The trapezoidal frame configurations with various opening sizes and 
positions were compared with the rectangular frame configuration. In the 
case of the rectangular frame, positioning the opening on the diagonal 
increases the lateral stiffness to a certain percentage owing to the arch 
action failure of the infilled panel. 

The analysis results lead to the conclusion that 50 % openings and openings on the diagonal 
are the critical size and position of openings, respectively. 

5. The TIF was analysed considering different combinations of interfaces. The 
analysis results lead to the conclusion that the frame with the F1 configuration has 
the highest stiffness among the frames with 27 combinations. The F2 configuration 
yields the second highest stiffness, which is 0,3 % less than that of the highest 



Vishali, M., et al. 
Influence of different interface materials and openings in infill of reinforced 

concrete infilled frames 

 

ACAE | 2023, Vol. 14, Issue No. 26 

 

Page | 76  

 

stiffness. The F3 configuration yields the least lateral stiffness. The frame with the 
F18 configuration (cement mortar and cork interface) has an intermediate stiffness 
among all the cases. 
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