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Abstract: The stiffness of masonry infill walls is commonly neglected in design practice of 
Reinforced Concrete (RC) structures. In fact, the stiffness of masonry infill wall may significantly 
influence seismic performance and dynamic behavior of RC buildings. In this research, influence 
of masonry infill walls to the structural performance of a three-story RC frame is investigated. In 
addition, possible application of friction-based support is also studied. Full 3D non-linear time 
history analysis is conducted to observe the behavior of the structure under two-directional ground 
motion. In the analysis, any failed elements are removed subsequently from the model to avoid 
numerical analysis problem. The result shows that the masonry infill walls can significantly 
influence the structural behavior of RC structure. Inappropriate placement of masonry wall may 
lead the building undergo soft-story mechanism. It is also found that the use of friction-based 
support can effectively improve the seismic performance of the building. 
 
Keywords: Element Removal; Friction Base; Masonry Infill Walls; Non-linear time history 
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Introduction   
 

Most Reinforced Concrete (RC) buildings in Indonesia 

are constructed with unreinforced masonry (URM) 

infill walls. URM infill walls are generally regarded 

as non-structural elements which rest on beams. In 

practice, infill walls are only considered as gravity 

loads in structural analysis and design. In fact, their 

stiffnesses may significantly influence structural 

behavior of RC buildings. Infill wall will interact with 

reinforced concrete frame as compression strut. 

Under lateral force, this interaction may contribute as 

part of resisting system and change the failure 

mechanism and seismic behavior of the building [1-6]. 

 

Many researchers have put efforts to study the 

influence of infill walls on structure. One approach is 

to model the URM as continuum model by using finite 

element analysis [5,7]. Other approach is by replacing 

the URM with equivalent compression struts. Infill 

wall model was proposed by FEMA 356 [8] as single 

equivalent compression strut. This approach based on 

the assumption that infill walls tend to interact 

thoroughly with frames on diagonal compressive side 

and they separate from frame at diagonal tension side 

[9].  
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However, single equivalent strut is inadequate to 
model the interaction between infill wall and frame 
(beam and column), and three equivalent compres-
sion struts model was developed and proposed by 
Kaushik et al. [10]. 
 
Pangestu and Polles [11] studied progressive collapse 
of infill walls in non-engineered residential house. 
Three equivalent compression struts model was 
adopted, and 3D non-linear time history analysis was 
conducted. Failed elements were removed to avoid 
numerical analysis problem due to local instability of 
the elements. However, the element removal was 
done manually, and the analysis was restarted from 
zero stress state of the modified structure. Santoso 
and Susanto [12] successfully continued this study 
with applying element removal in analysis process, 
without restarting the analysis. However, only one 
directional earthquake load was applied on the struc-
ture. 
 
In this research, influence of masonry infill walls to 
the structural performance of a three-story RC frame 
is investigated, considering in plane (IP) and out of 
plane (OOP) behavior of the infill wall. In addition, 
possible application of friction-based support is also 
modeled and studied. Element removal feature in 
SAP2000 v21.2 [13] is employed to remove failed 
element to avoid local instability. The seismic load is 
simultaneously applied to the structure in both 
orthogonal directions. 
 
In-Plane (IP) Properties of URM infill wall 
 
The masonry infill walls are modeled by using 
equivalent single strut model proposed by FEMA 356 
[8]. Actual thickness of URM infill wall (tinf) is used in 
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the model, while equivalent strut width (ws) is 
determined by using Equations 1 to 3, where rinf is the 
diagonal length of the infill wall; λh, a coefficient 
(defined in Equation 2); hinf, the height of infill wall; 
Einf , the modulus of elasticity of infill wall; f’m, the 
compressive strength of infill wall; , the slope of 
diagonal strut; Ec, the modulus of elasticity of concrete 
frame; and Icol , the second moment of inertia of 
column.  

𝑤𝑠 = 0.175 × 𝑟𝑖𝑛𝑓 × (𝜆ℎ × ℎ𝑖𝑛𝑓)
−0.4

 (1) 

𝜆ℎ =  [
𝐸𝑖𝑛𝑓×𝑡𝑖𝑛𝑓×sin 2𝜃

4×𝐸𝑐×𝐼𝑐𝑜𝑙×ℎ𝑖𝑛𝑓
]

1
4⁄

 (2) 

𝐸𝑖𝑛𝑓 = 550 × 𝑓′𝑚 (3) 

 
The IP axial capacity of the equivalent strut (Pn) is 
calculated by using shear and compressive strengths 

of the infill wall. The capacity is given by the 
minimum value of Equations 4 and 5 as follows:  

Pn = Vine / cos θ (4) 

Pn = f’m× As (5) 

where Vine is the shear strength of infill wall and As, 
the cross sectional area of equivalent diagonal strut. 

 
Out-of-Plane (OOP) Properties of URM Infill 
Wall 

 
The OOP capacity of the strut model is expressed by 
using an equivalent flexural capacity (My_eq) as pro-

posed by Kadysiewski and Mosalam [14]. Expressions 
to determine the capacity is given in Equations 6 to 8 

as follows: 

My_eq = 1.570 × 
Ldiag

hinf
× Myinf  (6) 

Myinf = ⅛ × qin × hinf
2 × Linf  (7) 

qin  =  
0.7 𝑥 𝑓′

𝑚 𝑥 𝜆2   
ℎ𝑖𝑛𝑓

𝑡𝑖𝑛𝑓

  (8) 

where Ldiag = rinf is the diagonal length of infill wall; 

Myinf, the actual flexural strength of infill wall; Linf, the 

horizontal length of infill wall; and 2, slenderness 

parameter as defined in Tables 7-11 of FEMA 356 [8]. 
In this model, the dynamic behavior of the infill wall 
is assumed to be dominantly governed by the first 

mode. To obtain similar dynamic behavior, the 
natural frequency of the equivalent diagonal strut is 
set the same as the actual infill wall [14], which 

requires lumped equivalent modal effective mass 
(MEM) at midpoint of the diagonal strut as seen in 
Figure 1. This equivalent modal effective mass for the 

first mode is equal to 81% of actual mass of the infill 
wall (Minf), which is the MEM of the first mode. 
 
In order to get natural frequency that is equal to that 
of the actual infill wall, a modification of second 
moment of inertia (Ieqinf) is necessary, which can be 

calculated by using Equations 10 to 12 proposed by 
Kadysiewski and Mosalam [14] as follows: 

𝐼𝑒𝑞𝑖𝑛𝑓 = 
𝑘𝑒𝑞×𝐿𝑑𝑖𝑎𝑔

3

48×𝐸𝑖𝑛𝑓
 (10) 

𝑘𝑒𝑞 = (2 × 𝜋 × 𝑓𝑠𝑠)2 × 𝑀𝐸𝑀 (11) 

𝑓𝑠𝑠 = 

𝜋×√
𝐸𝑖𝑛𝑓×𝐼𝑖𝑛𝑓𝑐𝑟𝑎𝑐𝑘×𝑔

𝑤𝑖𝑛𝑓

2×ℎ𝑖𝑛𝑓
2   (12) 

where keq = the equivalent OOP stiffness which 
provide the identical frequency; fss = the first mode 
natural frequency of actual infill wall, and Iinf crack = the 
cracked second moment of inertia of infill wall which 
is taken as 50% of its gross second moment of inertia. 
 

 
Figure 1. OOP Model of the Equivalent Single Diagonal 
Strut.  

 
Interaction of IP and OOP Capacity of URM 
Infill Wall 
 

Kadysiewski and Mosalam [14] proposed the interac-
tion between IP and OOP capacity of infill wall as 
expressed in Equation 13. 

(
𝑃𝑛

𝑃𝑛𝑜
)

3

2  + (
𝑃ℎ

𝑃ℎ𝑜
)

3

2  ≤ 1.0 (13) 

where Pn is the OOP capacity in the presence of IP 
force, Pno is the OOP capacity without presence of IP 
force, Ph is the IP capacity with presence of OOP force, 
Pho is the IP capacity without presence of OOP force. 
 

Friction Base Isolation 
 

Possible application of friction-based support is 
simulated in this study to investigate its potential in 
dissipating earthquake energy. The support is not 
anchored to the foundation but is assumed to have 
certain friction coefficient. The friction capacity of the 
support is the product of the friction coefficient and 
normal force perpendicular to the plane of friction. 
During time history analysis, the friction-based 
supports remain stationary if the horizontal reaction 
force is less than the friction capacity. Otherwise, it 
moves horizontally and stops again after the 
horizontal force drops below the friction capacity. 
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Building and Loads Considered 
 

Two by three bay, three-story reinforced concrete 
building as seen in Figure 2 was modeled and 
designed. This considered building was designed by 
using current Indonesian Concrete and Seismic codes 
[15,16]. Building plan view is shown in Figure 3. The 
important data of this building is summarized in 
Table 1.  
 

Table 1. Parameter Properties of 3-Story RC Building 

Parameter Remark 

  Dimension of building 10 × 15 mm2 
  Number of bay, X 2 
  Number of bay, Y 3 
  Bay width, X and Y 5 m 
  Number of stories 3 
  Story height 3 m 
  Concrete compressive strength 

(fc’) 
25 MPa 

  Yield strength of steel bar (fy) BJ 55; fy = 400 MPa 
  Beam 250 × 400 mm2 

  Column 350 × 350 mm2 
  Slab thickness 125 mm 
  Infill wall thickness 150 mm 
  Type of foundation Pile (Fixed)  
  Live load 250 kg/m2 
  Additional dead load 150 kg/m2 
  Live load at rooftop 100 kg/m2 
  Dead load at rooftop 50 kg/m2 

 

 
Figure 2. The 3D Illustration of Considered Reinforced 
Concrete Building 

In this building, URM infill walls are located in all 

stories except the bottom story. It is intended to 

represent typical commercial building with more open 

area at bottom story. Modeling techniques and 

assumptions of infill wall are adopted from Kaushik, 

Rai, & Jain [10]. 

 

In this study, infill wall is modeled as double three 

equivalent diagonal struts as seen in Figure 4(a) and 

5(a). Some parameters based on single equivalent 

diagonal strut are modified as necessary. The width 

of single strut is divided into 50% and 2 x 25% for the 

middle strut and two side struts respectively, to model 

three equivalent struts. The modal effective mass 

(MEM) is divided into lump mass on each mid-point 

of the double three equivalent diagonal struts. One 

fourth (25%) of MEM and one eight (12.5%) of MEM 

are assigned as lump masses for middle struts and 

side struts, respectively. Due to the different lump 

mass and length of each strut, the second moment of 

inertia in OOP direction should be adjusted to be 

equal as the natural frequency of the actual infill wall. 

Thereafter, IP and OOP capacities are adjusted based 

on proportion of MEM of each strut. 

 

Further, IP mass is lumped at each corner of RC 

frame concrete and modeled with additional mass on 

dummy frame. Gravity load of infill wall is assigned 

to beam also by using rigid dummy frames. This rigid 

dummy frames (no self-mass and stiffness) are 

removed if the infill wall in that panel fails. 

 

There are four variation of building model analyzed in 

this study, i.e. Fixed Base-Infill Wall (FIX-INF), Fixed 

Base-Load (FIX-LOAD), Friction Base-Infill Wall 

(FRB-INF), Friction Base-LOAD (FRB-LOAD). FIX 

and FRB indicate the assumption of fixed and friction-

based supports, respectively. INF indicate that infill 

wall is considered as structural elements, while 

LOAD assumed the infill wall as mass and load 

without any stiffness contribution to the building. The 

assumption variations of the building can be seen in 

Figure 4 and Figure 5. 

                   
                                                                                                                     

Figure 3. Building Plan: (a) First Story; (b) Second Story; (c) Third Story; (d) Rooftop 
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Figure 4. Variation Model Based on Fixed Foundation 

 

 

 

Figure 5. Variation Model Based on Friction Base Foun-

dation 

 

This building is modeled using SAP2000 v.21.2. Non-

linear time history analysis was conducted to inves-

tigate the seismic behavior of the structure. Gravity 

loads which consist of self weight of the structure, 

additional dead load, live load, and rooftop load are 

applied to the building. The seismic load used is 

spectrum consistent ground accelerations generated 

from El Centro 18 May 1940 earthquake N-S and E-

W components (El Centro mod) in accordance to the 

current Indonesian Seismic Code (SNI 1729:2019) for 

Surabaya City at risk-targeted most considered 

earthquake (MCER) and design earthquake level (⅔ of 

MCER). The ratio of peak ground acceleration (PGA) 

values of the modified ground motions in NS and EW 

direction is set equal to that of the original El Centro 

1940. The PGA in NS direction is 1.69 higher than 

PGA in EW direction. The result of modified El 

Centro 1940 accelerogram NS and EW component 

can be seen in Figure 6. The structures are subjected 

to this two-directional modified ground motions twice, 

where NS component acts in X-direction (scheme 1) 

and in Y-direction (scheme 2). Element removal 

feature is used once any element (rc frame or URM 

infill wall) failure is detected. 

 

 
Figure 6. Modified El Centro 1940 (El Centro Mod) 

Accelerogram N-S and E-W Direction 

 

Seismic Performance 
 

Seismic performance of the structure is determined 

based on severity of plastic hinge damage, maximum 

drift ratio, and maximum base shear. Table 2 shows 

plastic hinge damage level of the three-story RC 

Building. Damage index value is obtained by 

averaging the damage level of plastic hinges in 

structure. The state A-B shows that element still does 

not experience any plastic damages, and point B 

shows the initial yielding of RC element. Points IO, 

LS, and CP indicate that the element experiences 

10%, 25%, and 40% of its ultimate deformation. While 

point E marks the ultimate deformation of the 

element. It can be observed that damage indices of RC 

frames in all building models are at B-IO level, which 

indicates that building can be used after earthquake. 

Damage index of buildings due to earthquake scheme 

1 is greater than earthquake scheme 2 since domi-

nant earthquake acts on the weak axes of the struc-

ture. 
 

Stiffness and strength of URM infill wall give signi-

ficant influence on the building’s seismic perfor-

mances. Table 3 shows maximum drift ratio and 

maximum base shear in both axis of the building. In 

both earthquake schemes at both earthquake levels 

(design earthquake and MCER), FIX-INF model has 

the largest maximum drift ratio in both directions. 

This condition indicates that presence of stiffness and 

strength of infill wall using a fixed foundation can 

decrease the seismic performance of the building. The 
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decreased performance is caused by soft-story mecha-

nism of first story which has lower stiffness than 

second and third stories. Meanwhile, FRB-INF 

models has the smallest maximum drift ratio in both 

directions. Stiffness and strength of infill wall can 

increase the seismic performance of building when 

friction base foundation dissipate enough earthquake 

energy to prevent excessive damages.  

Table 2. Plastic Hinge Damage Level of Three-Story RC Building 

 

Table 3. Maximum Drift Ratio and Maximum Base Shear of Three-Story RC Building 
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The damages of the three-story RC building in each 

model can be seen in Figures 7 to 10. The damage of 

infill wall can be observed by the hinge color. Dark 

blue color on the infill wall indicates that load received 

by infill wall is 50% of its capacity. Light blue color 

indicates that load received by infill wall is 80% of its 

capacity. If the stress resultants exceed the capacity, 

the infill wall will be removed by using element remo-

val feature. 

In term of base shear, it can be observed that building 

models with fixed supports (FIX-INF and FIX-LOAD) 

have larger maximum base shears than that of 

friction-based support models (FRB-INF and FRB-

LOAD) in both directions. It is obvious that friction-

based supports are very beneficial to the seismic 

performance that it can effectively dissipate seismic 

energy of the three-story RC building.  
 

 
(a)                                                                 (b)     

Figure 7. Damages of Three-Story RC Building in Final Step t=50s for Scheme 1 Design Earthquake Level: (a) FIX-INF, 

(b) FIX-LOAD 

 

 
(a)                                                                  (b)              

Figure 8. Damages of Three-Story RC Building in Final Step t=50s for Scheme 1 Design Earthquake Level: (a) FRB-

LOAD, (b) FRB-INF 

 

 
(a)                                                                                   (b)    

Figure 9. Damages of Three-Story RC Building in Final Step t=50s for Scheme 1 MCER Earthquake: (a) FIX-INF, (b) FIX-

LOAD  
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(a)                                                                                 (b) 

Figure 10. Damages of Three-Story RC Building in Final Step t=50s for Scheme 1 MCER Earthquake: (a) FRB-LOAD, (b) 

FRB-INF 

 

 
(a)                                                                            (b) 

Figure 11. Damages of Three-Story RC Building in Final Step t=50s for Scheme 2 Design Earthquake Level: (a) FIX-INF, 

(b) FIX-LOAD  

 

 
(a)                                                                                 (b) 

Figure 12. Damages of Three-Story RC Building in Final Step t=50s for Scheme 2 Design Earthquake Level: (a) FRB-

LOAD, (b) FRB-INF 
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 Conclusions 
 

The influence of URM infill wall and friction-based 

supports to the structural performance of the building 

is investigated in this study. From the analysis 

results, some conclusions can be summarized. URM 

infill walls can significantly change the dynamic 

behavior of RC structure. In models with fix supports, 

the interstory drift of the buildings with URM 

considered as structural elements are larger. For 

example, for structures subjected to design earth-

quake with Scheme 1, the interstory drift increases 

from 67.95 mm to 72.58mm. This is caused by more 

severe soft-story mechanism at the first story 

resulting from URM infill walls which are located 

only on the second and third story of the building. 

However, if friction-based supports are applied, 

reversed seismic performances of the buildings are 

observed. In this case, the interstory drift of the 

buildings with URM considered as structural element 

are smaller. Due to design earthquake with Scheme 

1, the interstory drift decreases from 42.28 mm to 

27.38 mm. When the inertia force is reduced small 

enough that it does not severely damage the first 

story, the effect of stiffness irregularity is less 

significant, and the relatively stiffer second and third 

stories may reduce the overall building drift. These 

facts are also true for analysis at any combination of 

earthquake levels (design or maximum considered 

earthquakes), and their directions (Schemes 1 or 2). 
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