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Abstract An experimental and analytical study is carried out to investigate the effects of

lateral loading type on the behavior of masonry infilled steel frames. During earthquake the

lateral load is applied as distributed loading to the top beams and columns through rigid

floors; however, in most available experimental studies the lateral loading is applied as

concentrated loading. In this study, two identical specimens are tested and their behavior is

compared under distributed and concentrated lateral loadings. Finite element models of the

specimens are also developed and validated against the experimental results. To have a

better view, the influence of loading type is studied on another experimental specimen

having concentrated loading. A parametric study is also conducted on the influence of

loading type in multi-span frames and infills with different aspect ratios. The obtained

experimental results show that the distributed loading results in 18.5 and 29% increase in

the strength and stiffness of Infilled frames, compared to the case with concentrated

loading. Less strength and stiffness in specimens subjected to concentrated loading is a

result of stress concentration at the infill corner near the loading point which leads to

premature corner crushing. Therefore, it is believed that the codes’ formulas, mostly based

on specimens with concentrated loading, are conservative, underestimating the real ulti-

mate strength and stiffness of masonry infilled steel frames.
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List of symbols
Hult Corner crushing strength

Kult Empirical constant for calculating infill strength

t Net thickness of the infill

Ixx Second moment of area of steel section

A Section area

f 0c Compressive strength of masonry prism

e0c Strain corresponding to the peak stress of the masonry prism

� Flow potential eccentricity

fb0 Initial equibiaxial compressive yield stress

fc0 Initial uniaxial compressive yield stress

Kc Second stress invariant ratio

lv Viscosity parameter

w Dilation angle

dt Damage parameter for tension

dc Damage parameter for compression

E Young’s modulus

bc Empirical scalar parameters for compression damage

bt Empirical scalar parameters for tension damage

wt Tension stiffness recovery

wc Compression stiffness recovery

q Density

m Poisson’s ratio

f
0
t

Tensile strength

l Friction coefficient

fb Compression strength of brick

Ec Masonry prism Young’s modulus

t0n Peak tensile bond strength

t0s Peak shear bond strength

GIC Mode I-fracture energy

GIIC Mode II-fracture energy

GC Mixed mode fracture energy

Em Mortar Young’s modulus

Eb Brick Young’s modulus

fm Compressive strength of mortar

hm Mortar height

Kn Normal stiffness

Ks Shear stiffness

Gb Shear modulus of brick

Gm Shear modulus of mortar

dfm Effective separation at complete failure

d0m Effective separation at damage initiation

dmaxm Maximum value of effective separation

M Diagonal lumped mass matrix

F Applied load vector

I Internal force load vector

n Fraction of critical damping of highest mode

xmax Highest eigenvalue in the system
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1 Introduction

Masonry infills are regularly applied in most structural systems in high seismic risk regions

throughout the world. Unreinforced masonry (URM) panels, often employed for archi-

tectural purposes in both reinforced concrete and steel frames, are usually considered as

non-structural elements. Thus their effect is either not included or simplified in the current

design practices due to the design complexities. Ignoring URM associated role in the

mechanical properties of the infilled frame such as strength, stiffness and ductility is not

always safe and leads to inaccuracy of the analyses. During a seismic event, they interact

with the bounding frames and attract lateral loads which may provide various failure

mechanisms.

Over the last six decades, numerous extensive experimental and analytical researches

have been conducted on structural effects of infill panels including studies which intend to

investigate the effect of these panels on the behavior of infilled frames under lateral

seismic loads (Mainstone and Weeks 1972; Mehrabi et al. 1996). There are different types

of panels which are frequently used in steel structures as a partition such as sandwich

panels, masonry, drywalls and etc. (De Matteis and Landolfo 1999; Liu and Soon 2012;

Mohebbi et al. 2016). Several experimental studies have been carried out to investigate the

effects of different partitions on the behavior of steel frames (Dawe and Seah 1989; De

Matteis 2005). In this respect, the researchers have attempted to provide design approaches

and procedures that consider the effect of these panels in buildings (Asteris et al. 2013; De

Matteis and Landolfo 2000; El-Dakhakhni et al. 2003). It was concluded that panels have

significant influences on the behavior of steel frames that should not be ignored in order to

have a realistic design.

This study focuses on steel frames that use masonry panels as infill. Most of the seismic

rehabilitation codes recommend replacing the masonry infill with single or multiple struts

in order to consider the effects of these panels on the behavior both concrete and steel

frames. Polliakov (1963) was the first who suggested ‘‘diagonal strut concept’’ method,

which included replacing the infill with an equivalent diagonal strut. This method was

further developed by Holmes (1961) and other researchers (Chrysostomou et al. 2002;

Crisafulli and Carr 2007; Madan et al. 1997).

The analytical models, developed by researchers, are categorized in two groups of macro

and micro models for simulating overall and detailed behaviors of the infilled frames,

respectively (Chrysostomou et al. 2002). Various macro modeling studies were performed

by many researchers. These studies, which are mostly based on the equivalent strut method,

investigated the behavior of an infilled frame under monotonic loading (Barua and Mallick

1977; Smith and Carter 1969). Other methods such as multiple strut models and two

diagonal struts were also developed to consider the presence of connectors and openings

(Choudhury et al. 2015; Klingner and Bertero 1976; Liauw and Lee 1977; Mochizuki 1988;

Thiruvengadam 1985). Crisafulli and Carr (2007) proposed a multi strut model which

employed a 4 node element. In this model the compression and shear behavior of the

masonry panel were represented with two struts and a shear spring respectively. Moreover,

several micro modeling studies were developed to assess the behavior of an infilled frame in

more specific details as well as different possible failure modes (Choudhury et al. 2015;

Dhanasekhar and Page 1986; Kumar et al. 2014; Minaie et al. 2014).

According to previous studies infilled frames, subjected to lateral loading, are expected

to show five different failure mechanisms: (1) diagonal cracking; (2) corner crushing; (3)

sliding shear; (4) diagonal compression; and (5) frame failure (El-Dakhakhni et al. 2003).
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Corner crushing is the most probable failure mode, anticipated in an infilled frame.

Therefore, several approaches were developed by researchers to establish a method for

determining corner crushing strength. These methods were mostly based on equivalent

strut and plastic collapse theory (Liauw and Kwan 1983; Mainstone 1971; Saneinejad and

Hobbs 1995; Smith and Coull 1991; Wood 1978). Masonry Standards Joint Committee

(MSJC) (2008) has provided provisions for designing masonry infills, based on the studies

conducted by Flanagan and Bennett (Flanagan and Bennett 2001; Caliò et al. 2012). They

conducted several experimental tests on large scale steel frames infilled with clay tile and

clay brick with various geometry and frame parameters to establish a simple formula as

follows (Flanagan and Bennett 1999):

Hult ¼ Kulttf
0
c ð1Þ

in this formula Hult, Kult, t, and f 0c are corner crushing strength, empirical constant, net

thickness of the infill and prism compressive strength of the masonry, respectively.

The proposed equations for determining infill strength are based on the failure modes

obtained through the experimental tests and depends on the test setup arrangement (Liu and

Manesh 2013). In almost all test setups of the experimental studies available in the liter-

ature, a concentrated load is applied to the specimen near the top beam to column con-

nection (Fig. 1) (Dawe and Seah 1989; El-Dakhakhni et al. 2004; Ju et al. 2012;

Moghaddam 2004; Mohammadi et al. 2010). However, in reality the applied seismic loads

produce uniform displacements in the top beam regarding the rigid diaphragm of the roof.

Therefore, to better simulate an earthquake phenomenon, it is more realistic to consider the

lateral load as distributed in an experimental test. Figure 2 shows a common steel deck

used in buildings. As it can be seen seismic load transfer to the infilled frame is different

than that of usual test setups showed in Fig. 1.

This study investigates the effects of different types of lateral loading on the behavior of

infilled steel frames. For this purpose, two identical specimens are subjected to distributed

and concentrated lateral loading.

To further investigate the influence of different lateral loading types on behavior of a

masonry infilled steel frame, finite element models of these specimens are developed and

calibrated by experimental results. Later on, these simulations are used to perform a

parametric study. The influence of number of spans and aspect ratio on the behavior of the

infilled steel frame is investigated. In order to show that the obtained results do not depend

on the test setup arrangement, another experimental study conducted by Moghadam et al.

Fig. 1 Regular test setup of infilled steel frames subjected to lateral loading
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(2006) is selected. This study includes a masonry infilled steel frame tested under con-

centrated lateral loading. The finite element model of the specimen is developed and its

monotonic behavior is verified by the experimental data. After that, the model is subjected

to distributed loading and its behavior is compared to that of specimen subjected with

concentrated lateral loading.

2 Experimental study

2.1 Test setup and procedure

Test setups of the experiment are illustrated in Figs. 3 and 4. A four story building is

designed in accordance with the uniform building code (UBC 1997). An infilled frame of

the first story of the prototype is chosen to calculate the dimensions and sections of the test

specimens. The main frame height, span length and wall thickness is 300, 450 and 20,

respectively. The frame has column made of 2IPE 400 section and beam made of IPE 330

section. The provisions for scaling steel frames and masonry walls by Harris and Sabnis

(1999) is employed in order to scale the infilled frame. The scaling ratio is selected with

respect to frame height that could have been performed in the laboratory. The exe-

cutable frame height is 150 cm which is half of the prototype frame height; therefore the

Fig. 2 Realistic seismic load transferring for an infilled frame

Fig. 3 Schematic view of specimen DL (dimensions are in mm)
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scaling ratio is considered as 1:2 of the actual structure dimensions. In this respect, the

length of the test specimen is also reduced to 225 cm which is half of length of the

prototype frame. Using the scale ratio, the sections area (A) and moment of inertia (Ixx) are

multiplied by 1
2

� �2
and 1

2

� �4
. Available sections in the market with closest values to

obtained A and Ixx are chosen for beam and columns of the test specimens.

Many studies are available in literature which has employed scaling method to study the

behavior of masonry buildings or buildings with masonry infilled frame (Beyer et al. 2015;

Krstevska et al. 2010; Lourenço et al. 2013; Tomaževič and Weiss 2010). The purpose of

these papers is usually studying the response of scaled buildings which are tested on the

shake table. Nevertheless, this study aim to compare two scaled specimen and the dif-

ferences in results that are obtained for scaled specimens should correlate with differences

in results that would have been reached in full scale specimens. In this respect, the frame

dimensions and sections are scaled based on the existing provisions. Therefore the only

part that is left to be scaled is masonry wall. Since in current study, solid clay bricks have

been used, the results of studies by Mohammed (2006) and Mohammed and Hughes (2011)

which have the similar materials have been considered. The results of these studies showed

that there was no considerable difference in strength and stiffness of the half scale spec-

imen. However, changes were observed in friction and cohesion behavior between units of

scaled specimen. In general, it was concluded that except for strength that is subjected to

significant change in scaling ratios of 1:4 and 1:6, other parameters such as flexural

strength, initial shear strength, bond strength and shear strength are not considerably

influenced. It was mentioned that this remarkable change in strength in scaling ratios of 1:4

and 1:6 might be relevant to the production process of brick and the mortar thickness (Petry

and Beyer 2014). So as an alternative Petry and Beyer (2014) stated to only change the

brick thickness and keep the other dimensions of brick and mortar thickness the same.

However, they mentioned this method results in less brick courses and probably lead to

changing in strength and failure mode of the masonry wall. More recently a study has been

conducted by Sathiparan et al. (2016) which investigate the effect of scaling on com-

pression strength, shear strength, flexural strength of masonry cement block which its

obtained results are opposed to the one by Mohammed and Hughes (2011). In this study

compression strength has not been changed in different scaling, but shear and flexural

strength are greatly varied.

Considering that there are different results and conclusions regarding scaling of

masonry walls, in current study authors preferred to use bricks and mortars with original

Fig. 4 Schematic view of specimen CL (dimensions are in mm)
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dimensions. This approach reduces the brick courses and ultimately might slightly

strengthen the masonry wall. Furthermore, the authors believe that the differences in

dimensions are not that high to affect the failure mode. Also it should be noted that when

masonry units are scaled, the influence of workmanship is increased and therefore another

source of inaccuracy is involved in the experiment. Thus, in this study merely the wall

thickness is halved and other dimensions of brick and mortar layer are considered similar

to a full scale masonry wall.

Masonry units are solid clay brick with compression strength of 30 Mpa. The infill wall

consists of 196 9 85 9 65 mm bricks and 10 mm thick mortar joints. The mortar mixture

has 1:6 cement to sand ratio. The grade of steel used for this experiment is St37 steel. The

column is constructed from standard IPBl 180 section with an area of 45.3 cm2 and second

moment of area of 2510 cm4 about its major axis. The beam is constructed from standard

IPB1 120 section with an area of 25.3 cm2 and second moment of area of 606 cm4 about

its major axis. The flanges and web of beam are directly welded to the column flange. Two

continuity plates are placed at each panel zone on the both sides of the frame. Table 1

shows the details of the test specimens.

The test setups of both specimens are exactly the same and their difference is in the

loading method. Cyclic displacement control loading is applied to both specimens.

Specimen DL is subjected to the distributed lateral loading applied through a loading beam

of IPBl 220 section with 5 shear keys. Shear keys are in charge of transferring the hori-

zontal loads to top of the beam. As shown in Fig. 3 a rebar is located at each side of the

shear key and acts as roller so that the shear key does not prevent the beam from vertical

movement. Specimen CL is subjected to the concentrated lateral loading, usually con-

sidered in regular experimental studies, shown in Fig. 4; the loading is applied as a con-

centrated force to the column, at the top beam to column connection.

The imposed cyclic lateral displacement history is based on FEMA461 (2006) shown

in Fig. 5.

2.2 Material properties

Some tests were carried out in order to establish material properties of the steel frames and

the infill walls. The frame material test was conducted on samples taken from the web of

the beam members. The obtained values for modulus of elasticity and yielding stress were

199.9 GPa and 320 MPa respectively. To determine the material properties of masonry

units, 10 masonry prism specimens were constructed which included 3 bricks and 2 mortar

layers. The averages that are obtained for compressive strength and modulus of elasticity of

these prism specimens are 9.5 and 1425 MPa, respectively. The prism specimens were

cured under the same circumstances of the test specimens. The strain corresponding to the

peak stress of the prism specimens e
0
c

� �
is equal to 0.01. Also based on the material tests,

the mortar compressive strength is obtained as 7.5 MPa.

Table 1 Details of the test specimens

Specimen ID Loading type Max lateral displacement (% drift)

DL Distributed 7.4

CL Concentrated 7.7
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2.3 Experimental results

Lateral load-drift curves of the specimens DL and CL are illustrated in Fig. 6. Due to the

support condition of the column base, lateral load in positive loading direction is greater

than the opposite direction. As shown in Fig. 4 the bolts of base plate is so arranged to have

rigid connection in positive direction and almost pinned connection in negative direction.

Stiffness of the specimen DL is equal to 13.4 and 9.7 kN=mm in positive and negative

loading direction respectively. As indicated in Fig. 6a the maximum recorded shear force

in positive loading direction occurs at 5.1% drift and is 325 kN while it is 218 kN in

negative loading direction, occurred at 3.5% drift. The stiffness of the specimen CL in

positive and negative loading direction is 10.6 and 7.3 kN=mm, respectively. Also the

maximum strength of the specimen in positive and negative loading direction is equal to

272.1 and 211.9 kN, respectively (Fig. 6b).

Figure 7 shows cracks and failure modes at the end of the test. In specimen DL sliding

cracks were developed in the middle of the infill panel in early loading cycles. At 1.7%

drift cracks inclined at approximately 60� against horizontal axis were initiated and

propagated through the infill specimen which lead to formation of compression strut. This

strut was initiated at bottom compression corner and continued to the top beam at

approximately 60�. As it can be observed in Fig. 6a stiffness degradation is negligible in

early drifts. However as the crack extends, the stiffness degradation increases. As it can be

seen in Fig. 7a the predominant failure mode of this specimen is diagonal cracking and

Fig. 5 Displacement history

Fig. 6 The experimental and analytical lateral load-drift curve a Specimen DL, b Specimen CL
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although damage can be observed in the corners, corner crushing is not the dominant

failure mode. Ultimately, due to the damage in the masonry panel, a minor strength loss is

observed in negative loading direction of the lateral load-drift curve (Fig. 8) and therefore

the test was terminated.

In specimen CL the first cracks were developed at 0.8% drift in the infilled panel. As

loading continued, these cracks were gradually spread along two compression struts which

were developed in each half cycle. Similar to specimen DL, with extension of cracks in the

masonry panel, considerable stiffness degradation is observed in the lateral load-drift

curve. At 5.5% drift, beam to column connection at left corner was damaged. Same thing

occurred to the beam to column connection at right corner in the last negative cycle with

6.3% drift which has caused strength loss in negative loading direction and it is evident in

Fig. 8. Consequently the test was terminated due to the failure of the surrounding frame.

Figure 7b shows the specimen CL at the end of the test. As it can be seen, corner crushing

is the dominant failure mode in this specimen which occurs in positive loading direction.

Cyclic load-drift envelope curve is utilized to compare the stiffness and strength of the

specimens under distributed and concentrated loadings. A smooth ‘‘envelope’’ curve shall

be drawn through each point of peak displacement during the first cycle of each increment

of the loading according to ASCE/SEI 41-06 (2007). Figure 8 shows the envelope curves

of the specimens. As it can be seen, there is a significant difference between the strength

(a) (b)

Fig. 7 Crack formation and failure modes at the end of the test a Specimen DL, b Specimen CL

Fig. 8 Envelope curves of specimens DL and CL
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and stiffness of specimens. The strength of specimen DL is almost 18.5 and 3% higher than

that of specimen CL in positive and negative loading direction, respectively. Also the

stiffness of the DL is 26 and 33% greater than that of specimen CL in positive and negative

loading direction, respectively. However, according to hysteresis curves in Fig. 6, both

specimens have almost similar amount of strength degradation in repeated cycles.

3 Analytical study

Finite element analysis has been proved to be a powerful tool to meticulously examine the

aspects that are difficult to study in an experimental study. A validated finite element

model of an experimental work can be utilized in a comprehensive parametric study and

therefore save time and diminish unnecessary expenses. In this regard, 3D finite element

models of the experimental specimens are developed and their hysteresis behavior under

distributed and concentrated lateral loading is verified by the experimental results. These

models are employed to evaluate the influence of types of loading on the force distribution

in masonry infilled steel frames. Finite element modeling is also used to investigate the

behavior of an infilled specimen with different test setup under distributed and concen-

trated loading. Afterwards, a parametric study is performed on the finite element models of

the experimental specimens.

Micro modeling method is used for analytical modeling of the current study. Non-linear

analysis of the specimens is performed using ABAQUS (Hibbit et al. 2012). The following

section describes the detailed procedure of finite element modeling:

3.1 Development of finite element models

All elements are modeled using 3D deformable solid elements, available in ABAQUS

program. The elements dimensions are in accordance with Sect. 2. The mortar joint as an

independent masonry unit increases computational cost (Mohyeddin et al. 2013). There-

fore, as discussed earlier, micro modeling method is employed for finite element modeling

of the wall. Thus, instead of considering the wall as one integrated masonry unit, the bricks

are modeled separately. Half of the mortar joint thickness is added to the adjacent brick

layers.

3.1.1 Material modeling

Concrete damage plasticity (CDP) approach is used to model inelastic behavior of the

masonry. This modeling method is an appropriate choice for modeling isotropic brittle

materials such as masonry units (Minaie et al. 2014; Moradabadi et al. 2015; Page 1981).

Five parameters are required to define CDP, four of which have default values in ABA-

QUS: (�), flow potential eccentricity, equal to 0.1 based on ABAQUS user manual; fb0/fc0,

the ratio of Initial equibiaxial compressive yield stress to initial uniaxial compressive yield

stress, equal to 1.16 according to both user guidelines and literature (Page 1981); Kc,

second stress invariant ratio, equal to 0.667; and lv is viscosity parameter. Implicit solver

encounters convergence difficulty when elements experience softening behavior. In order

to overcome this problem lv is defined (Tiberti et al. 2016). However, since explicit

procedure does not require convergence checking, lv is considered as zero in this study.
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Different values have been suggested by researchers to define dilation angle (w). CDP
defining parameters are listed in Table 2.

Lourenco (1996) recommended the dilation angle of zero when mortar is subjected to

confinement effect. Choudhury et al. (2015) used the value of 10�in his finite element

analysis. Values of 20� and 30� were also assumed in other analytical studies (Agnihotri

et al. 2013; Pereira et al. 2015). Since no particular value has been specified for dilation

angle in the literature, in the present study different values are tested and the value of 10� is
found to generate analytical results which are were consistent with the experimental ones.

CDP modeling implements the yield function proposed by Lubiner et al. (1989) to

define strength properties under tension and compression. Figure 9 presents the yield

surface corresponding to the yield function.

Cyclic loading results in degradation of stiffness. Damage parameter is required to

meticulously model the behavior of masonry. Krätzig and Pölling (2004) suggested a

formula to compute the damage parameter for tension (dt) and compression behavior (dcÞ
material as follows:

dc=t ¼ 1�
fc=t:E

�1

epl
c=t

1
bc=t

� 1
� �

þ fc=t:E�1
; epl

c=t ¼ bc=t:e
in
c=t ð2Þ

where, E is the initial elastic modulus; fc, eplc and einc are the current compressive stress,

corresponding plastic strain and corresponding inelastic strain, respectively; ft,e
pl
t and eint

are the current tensile stress, corresponding plastic strain and corresponding inelastic strain,

respectively; bc and bt are scalar parameters both with the values between zero and one.

Their exact values are determined for concrete through experiment (Krätzig and Pölling

2004). Pölling (2000) suggested bc = 0.7 and bt = 0.1 for concrete. In this study, the same

values were used in CDP modeling of masonry material in finite element analysis.

Cyclic loading might be associated with formation and closure of cracks or opening of

them, which will lead to stiffness recovery upon changing of the direction of applied load.

Since this is a significant mechanical characteristic of the quasi-brittle material such as

masonry and concrete, ABAQUS has provided an option to specify the amount of stiffness

recovery by the factors wt and wc tension stiffness recovery and compression stiffness

recovery, respectively. It has been proven through experiments that during cyclic loading

when load direction changes from tension to compression, compressive stiffness is

recovered due to the closing of the cracks. However, when the applied load direction

changes from compression to tension, tensile stiffness is not recovered since it leads to

opening of the existing micro cracks (Fig. 10). ABAQUS considers this phenomenon as

the default behavior of the aforementioned material by assigning the values of zero and one

to wt and wc respectively (Hibbit et al. 2012).

Bolhassani et al. (2015) presented a method for simplified micro modeling of masonry

walls with grouted and hallow units. The masonry units and mortar layers were modeled as

a single homogenous material. Properties which were obtained in series of experimental

Table 2 Defining parameters of CDP model

Defining parameters Dilation angle (w) Eccentricity (�) fb0/fc0 kc Viscosity parameter

Values 10 0.1 1.16 0.667 0
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tests were used to define the behavior of models. It was concluded that the analytical

results are in good correlation with experimental ones. Agnihotri et al. (2013) studied the

effect of in-plane damage on the out-plane behavior of masonry walls using non-linear

finite element analysis. The model presented by Kaushik et al. (2007) for masonry prisms

were used to simulate the compressive behavior of masonry. Based on the aforementioned

papers the constitutive model, proposed by Kaushik et al. (2007), is employed to define

compressive behavior of the masonry panel in this study. This model suggests that masonry

stress–strain curve in compression (Fig. 11) can be considered as two parts, ascending

parabolic part and descending linear part. The former can be represented in forms of stress

and strain ratio as follows:

fc

f 0c
¼ 2

ec
e0c
� ec

e0c

� �2

ð3Þ

Fig. 9 Yield surface in plane
stress (Hibbit et al. 2012)

Fig. 10 Stiffness recovery model (Hibbit et al. 2012)
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where, fc is compressive stress in masonry; f
0
c is peak stress; ec is compressive strain; and e0c

is peak strain corresponding to peak stress. Using the recommendation by Angelillo et al.

(2014) the tensile strength (f 0t ) of the brick is considered between 0.03 and 0.1 of its

compression strength.

3.1.2 Interface modeling

While cohesive stiffness in the interface of bricks is undamaged, only the cohesive bond

contributes to the shear forces and not the friction. However, when damage is considered,

as the cohesive strength begins to degrade the friction activates, therefore a combination of

both cohesive and friction contribute to the shear stresses. When tangential displacement

between two surfaces reaches a point which results in full degradation of cohesive strength,

only the friction contributes to the shear stresses (Hibbit et al. 2012). The friction coef-

ficient varies from 0.7 to 1.2 which depends on the different mortar ratios (Pluijm 1999).

While different values of friction coefficient have been used in studies, Angelillo et al.

(2014) recommended to use the value of 0.75 when more detailed data is not available.

In this study bilinear curves as shown in Fig. 12 are employed for defining cohesive

behavior of the interface. In a study by Bolhassani et al. (2015) bilinear curves were used

for modeling the shear behavior and the analytical results were in good agreement with

experimental results. Normal stiffness (Kn) and shear stiffness (Ks) should be determined in

order to define the cohesive behavior. These parameters are calculated as follow (Lourenco

1996):

Kn ¼
EbEm

hm Eb � Emð Þ ð4Þ

Ks ¼
GbGm

hm Gb � Gmð Þ ð5Þ

where Eb is brick Young’s modulus, Em is mortar Young’s modulus, hm is mortar height,

Gb is Shear modulus of brick and Gm is shear modulus of mortar. The hm is mentioned in

Sect. 2.1. The Eb and Em are considered in accordance with results of study by Kaushik

Fig. 11 Stress-strain curve of
masonry units in compression
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et al. (2007) and are equal to 300 times compressive strength of brick (fb) and 200 times

compressive strength of mortar (fm), respectively and Poisson’s ratio is assumed to be

0.15.

The interface damage starts when the quadratic function as shown in left side of Eq. (6)

equals one. In this equation tn and ts are normal and shear stress at bricks interface,

respectively. t0n and t0s are peak tensile bond strength and peak shear bond strength (Nazir

and Dhanasekar 2013). In a study by Lumantarna et al. (2012), It was determined that t0n
and t0s are in direct relationship with compression strength of mortar. However these

parameters are not related to strength of masonry prism. In the aforementioned study, the

values of 0.031 fm and 0.055 fm were recommended for t0n and t0s , respectively. In current

study same values are adopted for these parameters.

tn

t0n

� �2

þ ts

t0s

� �2

¼ 1 ð6Þ

Fig. 12 a Tensile behavior of interface, b Shear behavior of interface, c Combination of shear and tensile
behavior of interface, (Camanho et al. 2003; Harper and Hallett 2008)
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Power model is employed in current study to model decohesion under mixed mode

loading. The a is set equal to 2 based on recommendation by Tao (2013).

GI

GIC

� �a

þ GII

GIIC

� �a

¼ 1 ð7Þ

In this equation, GIC and GIIC are mode I and II fracture energy. GI and GII are work which

is a result of traction and its corresponding displacement in normal and shear directions

respectively. Using the recommended values by Angelillo et al. (2014) GIC is considered

equal to 0.012 N/mm. The ductility index for shear fracture energy (ratio between fracture

energy GIIC and shear strength) is considered equal to 0.093 mm. Figure 12a, b and c

illustrate the pure tensile, pure shear and combination of tensile and shear behavior of

interface, respectively. In the Fig. 12c the GC represents mixed mode fracture energy.

In this study linear softening is used for defining damage evolution, damage rate, D, is

calculated as follows (Hibbit et al. 2012):

D ¼
dfm dmaxm � d0m

� �

dmaxm dfm � d0m
� � ð8Þ

in which dfm is the effective separation at complete failure, d0m is effective separation at

damage initiation and dmaxm maximum value of effective separation reached during loading

history. Further explanation about calculating d0m, d
f
m and GC can be find in a study by

Camanho et al. (Camanho et al. 2003; Harper and Hallett 2008).

3.1.3 Analysis method

Explicit dynamic procedure was employed for the analysis. Unlike implicit procedure, this

non-linear analysis method determines the solution without iterations and convergence

checking. This method is appropriate for solving the problems which include numerous

contact elements and experience high discontinuities such as buckling and material

degradation. As mentioned earlier, in the finite element analysis, masonry units have been

modeled separately, which leads to creating a large number of cohesive elements that

experience softening. Therefore, explicit dynamic was chosen as an analysis method, due

to providing efficient and reasonable solutions to such problems as well as reducing

computational costs (Dhanasekar and Haider 2008).

The explicit method employs Newton’s second law to calculate the acceleration at each

moment (Eq. 9). The explicit central difference integration rule is employed to integrate

the equation of motion as follows (Hibbit et al. 2012):

€u j ¼ M�1: F j � I j
� �

ð9Þ

_u jþ1
2ð Þ ¼ _u j�1

2ð Þ þ Dt jþ1ð Þ þ Dt jð Þ

2
€u jð Þ ð10Þ

u jþ1ð Þ ¼ u jð Þ þ Dt jþ1ð Þ _u jþ1
2ð Þ ð11Þ

in which, €u j is the acceleration vector,M is diagonal lumped mass matrix, F is applied load

vector, I is internal force load vector and _u is velocity vector. The superscript j represent

increment number and in this respect j� 1
2

� �
and jþ 1

2

� �
indicate mid increment values.
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The explicit procedure uses _u j�1
2ð Þ and €u j parameters, which are known, to obtain the

unknown values of _u jþ1
2ð Þ and u jþ1ð Þ using the Eqs. (10) and (11) respectively. The strain

and stress at jþ 1 increment are calculated using the corresponding displacement at this

point (u jþ1ð Þ) and therefore the internal force vector Ijþ1 can be computed. Since lumped

mass M and applied load F are known values it is possible to calculate €ujþ1 using the

Eq. (9), thus this procedure continues (Wu and Gu 2012). As it is obvious, to start the

procedure and compute the u1, the value of _u �1
2ð Þ should be defined. Further details

regarding this matter are presented elsewhere (Hibbit et al. 2012). This procedure is

computationally efficient since it is easy to obtain the inverse of diagonal lumped mass

matrix and it is not required to compute the stiffness matrix.

As it was mentioned earlier, the explicit procedure is computationally efficient in each

increment; however, the procedure is conditionally stable. In order to provide stability,

increments must be very small and meet the condition in Eq. (12); so that the procedure

would remain stable (Hibbit et al. 2012).

Dt� 2

xmax

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ n2

q
� n

� �
ð12Þ

in which, n is the fraction of critical damping associated with the highest mode and xmax is

the highest eigenvalue in the system.

3.2 Specimens DL and CL

As mentioned earlier, in the experimental study, specimen CL was subjected to lateral loading

at the top beam to column connection. However, in specimen DL lateral load was applied to

the top beam with a loading beam through five shear keys. In specimen CL, it was applied to

the same loading surface at the column as in the experiment. In specimen DL, the distributed

loading was applied uniformly throughout the surface of beam top flange and the columns.

The infilled frame was discretized by tri-dimensioned continuum first-order elements

with reduced integration (C3D8R available in ABAQUS library). A mesh study was

conducted and mesh elements with the dimensions of 50 9 50 mm was selected. All

members in this analysis have the same element shape and size. Geometry and mesh details

of the specimens are illustrated in Fig. 13. Necessary material properties that should be

defined in modeling are listed in Table 3. The correlation study is presented in Sect. 3.2.1.

3.2.1 Finite element modeling results

In Fig. 6 lateral load-drift curves of finite element models are compared to that of experimental

ones. As it is demonstrated, finite element modeling can properly estimate the behavior of the

specimens; up to 4% drift both curves are completely matched. However, after 4% drift, the

strength of the finite element model is higher than that of the experimental test. This can be

justified based on this fact that when the experimental specimen is subjected to cyclic loading,

some cycles are repeated twice which lead to further degradation of the strength of infilled

frame. However, in the finite element simulation each cycle is only applied once.

3.2.2 Comparing the stress distribution in the specimens

This section presents compressive stresses of the infilled frame of both specimens at the

drifts of 1, 3, 5 and 7%. As it is shown in Fig. 14, the second compression strut in the
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specimen DL is formed earlier than that in specimen CL and it also has more width. Higher

stiffness and strength of the specimen DL is due to better distribution of the force in the

infilled panel as well as more compression struts in the distributed loading. Figure 15

shows stiffness degradation due to compression and tensile damage. It is evident that the

cracks have been initiated from the compressive corners. As it can be seen, the damage in

finite element models is almost the same as the experimental specimens (Fig. 7). The

failure modes of the models are in good agreement with the experiment, as well.

3.3 Specimen MM

For further controlling of the obtained results and due to the lack of experimental data

regarding the investigation of effects of the loading condition on masonry infilled frames,

another test setup has been chosen. This infilled frame has the same aspect ratio as the

experimental specimens but with a weaker frame. This experimental research conducted by

Fig. 13 Geometry and mesh details of specimen DL and CL a Specimen geometry, b Mesh details of the
specimen

Table 3 Material properties of
Infill panel used for verification
of FE model

Property Value

Density qð Þ 1812 kg/m3

Young’s modulus Eð Þ 1425 MPa

Poisson’s ratio mð Þ 0.15

Compressive strength f
0

c

� �
9.5 MPa

Tensile strength f
0

t

� �
0.95 MPa

Strain corresponding to peak stress (e0c) 0.01

Friction coefficient lð Þ 0.75

Compressive strength of mortar (fm) 7.4 MPa

Peak tensile bond strength t0n
� �

0.23 MPa

Peak shear bond strength t0s
� �

0.4 MPa

Normal stiffness (Kn) 177 GPa

Shear stiffness (KS) 77 GPa

Mode-I fracture energy GICð Þ 0.012 N/mm

Mode-II fracture energy GIICð Þ 0.037 N/mm
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Moghadam et al. (2006) merely includes testing of masonry infilled steel frames subjected

to concentrated lateral loading. A finite element model of Moghadam et al. (2006) under

concentrated loading is developed and validated against the experimental data. Then,

distributed lateral loading is applied to this analytical model that eventually led to same

conclusions as those of the first finite element model. This indicates that the obtained

results from experimental and analytical study do not depend on the test setup

arrangement.

Eleven medium and small scaled reinforced and unreinforced specimens were tested

under concentrated loading. Among these specimens, the one which is related the most to

the current study is picked. This specimen is an unreinforced masonry infilled steel frame

and is referred to as specimen MM. The test setup of specimen MM is shown in Fig. 16a.

According to this figure, the infill panel is 220 cm high and 286 cm wide. The infilled

frame consists of beams and columns of single IPE140 sections. Plastic moment capacity

and modulus of elasticity of 25.3 kN m and 170 GPa, respectively, were obtained through

a material test for steel sections. The beam flanges were directly connected to the column

Fig. 14 Principal compressive stresses in the infill panels of each specimen in different drifts a Specimen
DL, b Specimen CL
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flanges; therefore, the frame connections can be considered rigid. 300 9 100 9 10 mm

bearing plates were placed at each side of the panel zone in order to provide adequate

contact surfaces. As shown in Fig. 16a, the concentrated lateral load is applied horizontally

by two hydraulic jacks at each side of the infilled frame.

The infill panel thickness in this specimen is 10 cm and made of solid brick units with

the dimensions of 194 9 98 9 56 mm. Material test showed that Prism specimens had

modulus of elasticity of 2300 MPa. Also, the values of 3–7 MPa were obtained for

compressive strength in material test done on three prism specimens.

Fig. 15 Stiffness degradation due to compression and tensile damage in different drifts a Specimen DL,
b Specimen CL

Fig. 16 a Moghadam et al. (2006) test setup (dimensions are in mm), b Load-drift curve of Moghadam
et al. (2006) specimen

Bull Earthquake Eng

123



Figure 16b illustrates the lateral load-drift curve of the Moghadam et al. (2006) spec-

imen. The maximum strength of this specimen (150 kN) occurs at the drift of 3.5%.

The finite element model of specimen MM is developed which its geometry and mesh

details is indicated in Fig. 17. Table 4 lists the important material properties that are

required for modeling.

3.3.1 Finite element analysis results

In order to verify monotonic behavior of Moghadam et al. (2006) specimen, the envelope

curve of its hysteresis curve should be derived. Figure 18 compares the experimental and

finite element lateral load-drift curves of the specimens which are in good agreement. The

comparison of failure modes in experimental and finite element model of the specimen

MM is indicated in Fig. 19.

Therefore after verifying the analytical model of specimen MM against experimental

results, the finite element model is subjected to distributed loading in order to affirm the

results obtained from the first experimental study. Figure 20 presents lateral load-drift

curves of Moghadam et al. (2006) specimen subjected to the concentrated and distributed

loadings. It can be seen that the stiffness and ultimate strength of analytical model sub-

jected to distributed loading are 14% and almost 27.5% higher than those of the model

under concentrated loading.

Figure 21 shows the principal compressive stresses in the infill panels at the drift of 3%.

It illustrates that the finite element model subjected to distributed loading has more

compression struts than that of subjected to the concentrated loading. This fact explains the

greater strength of analytical model under distributed loading in comparison with that of

the model subjected to the concentrated loading.

3.4 Parametric study

This section presents the result of parametric study performed on specimens DL and CL.

The parametric study is conducted to investigate the effects of different factors on the

behavior of the masonry infilled steel frames under distributed and concentrated lateral

loading. These factors include number of spans and aspect ratio of the infilled frame. To

study how number of spans influences the stiffness and strength of the infilled frame,

Fig. 17 Geometry and mesh details of specimen MM (Moghadam et al. 2006) a Specimen geometry
b Mesh details of the specimen
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Fig. 18 The experimental and analytical lateral load-drift curves of specimen MM

Fig. 19 Infill crushing in experimental specimen and analytical model a Experimental specimen
(Moghadam et al. 2006), b Finite element model

Table 4 Material properties of
Infill panel used for verification
of FE model (Moghadam et al.
2006)

Property Value

Density qð Þ 1812 kg/m3

Young’s modulus Eð Þ 2300 MPa

Poisson’s ratio mð Þ 0.15

Compressive strength f
0

c

� �
7 MPa

Tensile strength f
0
t

� �
1.5 MPa

Strain corresponding to peak stress (e
0

c) 0.014

Friction coefficient lð Þ 0.75

Compressive strength of mortar (fm) 7.1 MPa

Peak tensile bond strength t0n
� �

0.21 MPa

Peak shear bond strength t0s
� �

0.39 MPa

Normal stiffness (Kn) 168 GPa

Shear stiffness (KS) 73 GPa

Mode-I fracture energy GICð Þ 0.012 N/mm

Mode-II fracture energy GIICð Þ 0.036 N/mm
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specimens with 2, 3 and 4 spans are developed and subjected to distributed and concen-

trated lateral loading. Figure 22a compares lateral load-drift curves of specimens for dif-

ferent number of spans. As it can be seen the difference between the stiffness of infilled

frame specimens under distributed and concentrated loading with 2, 3 and 4 number of

spans are equal to 28, 26 and 26% respectively. The values that are obtained for ultimate

strength in FE analysis are not very precise. Therefore, it is hard to determine a particular

Fig. 20 Lateral load-drift curves of finite element model subjected to the distributed and concentrated
loadings

Fig. 21 Principal compressive stresses in the infill panels at 3% drift a Distributed loading, b concentrated
loading

Fig. 22 a The effect of number of spans on the lateral load-drift curve of the specimens subjected to
distributed and concentrated lateral loading, b The effect L=H ratio on the lateral load- drift curve of the
specimens subjected to distributed and concentrated lateral loading
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difference in ultimate strength of the specimens and this value does not follow a peculiar

trend. The minimum and maximum difference in ultimate strength of the infilled frame

subjected to distributed and concentrated lateral loading is equal to 10 and 28% for

specimens with 2 and 4 spans respectively.

The other important factor in infilled frames is the L=H ratio. The effects of L=H
(length to height) ratios of 1.75 and 2 on the strength and stiffness of the masonry

infilled frame are studied. Figure 22b compares the lateral load-drift curves of the

specimens with different L=H ratios, which includes the L=H ratio of experimental

specimens equal to 1.5. It can be seen that bigger L=H ratio results in less difference in

stiffness and strength of the infilled frame subjected to distributed and concentrated

lateral loading. For instance, the difference in stiffness and strength of the infilled frame

with L=H ratio of 2 decreases to 13 and 15% compared to the values mentioned earlier

for specimens with L=H ratio of 1.5.

Figures 23 and 24 show infill crushing in infilled frame specimens with 4 spans and

L=H ratio of 2, respectively.

Fig. 23 Infill crushing in four spans masonry infilled steel frames at 7% drift a Distributed loading
b Concentrated loading

Fig. 24 Infill crushing in masonry infilled steel frames with L=H ratio of 2 at 7% drift a Distributed
b Concentrated
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4 Conclusions

This research focused on the effects of different types of lateral loading on the

behavior of masonry infilled steel frames. An experimental study is conducted which

contains two identical specimens subjected to the distributed and concentrated lateral

loadings. The difference in stiffness and strength of the infilled frame specimens

under different types of loading is studied using the experimental results. The dis-

tribution of force in masonry infilled steel frame is further studied using finite element

analysis. Another experimental study is modeled to control that the obtained results

do not depend on the test setup arrangement. A parametric study is also performed to

investigate how number of spans and aspect ratio of the frame affect the masonry

infilled frames behavior.

Following conclusions can be drawn according to the experimental and analytical

results:

1. The strength and stiffness of the experimental specimen subjected to the distributed

loading is 18.5 and 29% higher than that of the specimen under concentrated loading

due to the better distribution of the force in the infilled frame.

2. Experimental study indicates that corner crushing is the predominant failure mode of

the specimen CL. However, in specimen DL, corner crushing does not occur at the

same drift as specimen CL and although damage can be observed in the corners, corner

crushing is not the dominant failure mode. Instead, this specimen has diagonal

cracking failure mode, in which two compression struts are created, initiated from the

compressive corners.

3. Finite element modeling is able to properly capture the failure modes of the specimens.

It also shows the same amount of difference in strength and stiffness of the infilled

frame subjected to concentrated and distributed lateral loading.

4. The MM specimen (Moghadam et al. 2006) has different test setup and weaker frame

compared to DL and CL specimens. Nevertheless, the finite element investigation on

the behavior of this frame under distributed and concentrated lateral loading repeats

the same results as the infilled frame specimens experimentally tested in the current

study.

5. Based on the parametric study, increasing the number of spans does not result in

significant difference between stiffness and strength of the specimen under distributed

and concentrated lateral loading. Moreover, investigation on the aspect ratio of the

infilled frame indicated that, increasing the value of L=H ratio might lead to less

difference between stiffness and strength.

6. It is illustrated in this study that the formulas of the design codes; such as MSJC

(Building Code Requirements for Masonry Structures (MSJC) 2008), which are based

on tests with concentrated loading underestimate the stiffness and strength of the

masonry infilled steel frames.
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Appendix

See Fig. 25.

Fig. 25 Simplified micro modeling procedure. (1) Based on a recommendation by Choudhury et al. (2015)
the values of 10� is chosen for the dilation angle. The value of 0.15 is used for Poisson’s ratio (Lourenco
1996). (2) In accordance with a study by Bolhassani et al. (2015) the behavior of prism specimens is
determined with material test for using as compressive behavior in FE software. Then the average of
parameters including stiffness, maximum strength and its corresponding strain for different specimens is
obtained. Using the recommendation by Agnihotri et al. (2013) the Kashik et al. (2007) model was
employed to reach a general behavior of the masonry specimens and this behavior was defined in FE
software. (3) Using the results of a study by Lumantarna et al. (2012), tensile and shear strength of interface
are determined as 0.031 and 0.055 of compressive strength of mortar. The friction coefficient was
considered equal to 0.75 based on the study by Angelillo et al. (2014). (4) The interface damage starts when
the quadratic function equals one (Nazir and Dhanasekar 2013). Using the recommended values by

Angelillo et al. (2014) GIC and the ductility index for shear fracture energy (GIIC

t0s
) are considered equal to

0.012 N/mm and 0.093 mm. (5) The bilinear curve shows the cohesive behavior and its softening in
different conditions (Bolhassani et al. 2015). Power model by Tao (2013) is employed to model decohesion
under mixed mode loading. (6) In accordance with results of study by Kaushik et al. (2007) Eb and Em are
equal to 300 times compressive strength of brick (fb) and 200 times compressive strength of mortar (fm),
respectively. (7) To define the cohesive behavior of the interface normal stiffness (KN ) and shear stiffness
(Ks) should be determined using the formulas by Lourenco et al. (1996). (8) The mortar layer is not modeled
and half of the mortar joint thickness is added to the adjacent brick layers. Instead, the cohesive behavior of
mortar in three conditions of pure tensile, pure shear and mix mode is assigned to the bricks interface as
shown in the chart. As mentioned the friction coefficient is assumed to be 0.75 (Angelillo et al. 2014)
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