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1. Introduction 

 

In urban areas, steel and reinforced concrete (RC) 

structures are commonly infilled with masonry panels. Such 

structures, which are referred to as infilled frames, have 

high lateral stiffness, strength and energy dissipation 

capacity. Although these masonry walls interact with the 

bounding frames under earthquake loading and generally 

modify the dynamic response of structures, they are still 

treated, in some standards, as non-structural elements 

during the structural design process, leading to inaccurate 

results. 

Since 1960s, many experimental and finite element 

studies have been carried out to explore the performance of 

infilled frames. However, most of these researches were 

done into the vulnerability of infilled RC structures. On the 

other hand, a relatively small number of studies were 

performed on infilled steel frames. For example, Dawe et 

al. (1989) experimentally explored the dynamic behaviour 

of masonry-infilled steel frames and then made a 

comparison of the experimental results with those of 
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analytical models. Also, Tasnimi and Mohebkhah (2011) 

reported an experimental programme investigating the 

dynamic response of steel frames with masonry infill. In 

another study, Tong et al. (2005) performed tests to examine 

the cyclic behaviour of steel frames infilled with RC walls. 

Moreover, Teeuwen et al. (2010) experimentally and 

numerically investigated the behaviour of steel frames with 

precast concrete infill walls, taking window opening 

geometry into consideration. To explore the influence of 

masonry infill on the cyclic behaviour of special 

concentrically braced frames, Jazany et al. (2013) 

undertook a study combining both the experimental and 

analytical sides. The study’s results proved that the masonry 

infill existence may enhance the horizontal rigidity and 

ultimate load of steel frames. In another study, the effect of 

masonry infill type on infilled steel frames was 

experimentally investigated by performing quasi-static 

cyclic loading tests (Markulak et al. 2013). Additionally, 

Baloevic et al. (2017), Fang et al. (2013), Flanagan and 

Bennett (1999), Hariri-Ardebili et al. (2014), Hoenderkamp 

et al. (2015), Liu and Soon (2012) and Liu and Manesh 

(2013) carried out tests on steel frames infilled with 

different infill materials and under different loading, 

geometrical and structural conditions. 

All the above-mentioned experimental studies 

conducted memorable works on infilled steel frames and 

demonstrated that the existence of masonry walls has a 

significant impact on the ultimate load and dissipative 
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Abstract.  Although numerous researchers demonstrated the significant difference in performance between the various beam-

to-column connection types, most of the previous studies in the area of infilled steel frames focused on the behaviour of frames 

with welded connections. Therefore, there is a need for conducting studies on infilled steel frames with other common 

connection types (extended endplate with and without rib stiffeners, flush endplate and shear connections). In this paper, firstly, a 

two-dimensional finite-element model simulating the cyclic response of infilled steel frames was presented. The infill-frame 

interaction, as well as the interactions between connections’ components, were properly modelled. Using the previously-

validated model, a parametric study on infilled steel frames with five different beam-to-column connection types, under cyclic 

loading, was carried out. Several parameters, including infill material, fracture energy of masonry and infill thickness, were 

investigated. The results showed that the infilled frames with welded connections had the highest initial stiffness and load-

carrying capacity. However, the infilled frames with extended endplate connections (without rib stiffeners) showed the greatest 

energy dissipation capacity and about 96% of the load-carrying capacity of frames with welded connections which indicates that 

this type of connection could have the best performance among the studied connection types. Finally, a simplified analytical 

model for estimating the stiffness and strength of infilled steel frames (with different beam-to-column connection types) 

subjected to lateral cyclic loading, was suggested. 
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energy, as well as the overall behaviour of steel frames 

under lateral loading. 

Moreover, there are some reports for the numerical and 

analytical simulation of infilled steel frames (Dawe et al. 

2001a, b, Moghadam et al. 2006, Puglisi et al. 2009a, b, 

Asteris et al. 2013, Chen and Liu 2016, Quayyum et al. 

2013, Radnić et al. 2013, Radić et al. 2016, Yekrangnia and 

Mohammadi 2017, Eladly 2017). For instance, Dawe et al. 

(2001a) constructed a FE method for modelling the 

masonry infilled frames. Then, they used it to research the 

behaviour of masonry-infilled steel frames, considering 

various parameters (Dawe et al. 2001b). Radnić et al. 

(2013) analysed Statically and dynamically the performance 

of planar steel frames with infill walls, while Asteris et al. 

(2013) presented a comprehensive literature survey of the 

different micro-models developed to simulate the infilled 

frames’ behaviour. In other studies, two different analytical 

models of masonry-infilled steel frames were developed 

and verified by Hariri-Ardebili et al. (2014) and Radić et al. 

(2016). Finally, Chen and Liu (2016) and Eladly (2017) 

carried out research on the effects of gravity loads on the 

behaviour of steel frames bounding masonry panels. 

Although many researchers (Shi et al. 2008, Díaz et al. 

2011, Wang et al. 2013, Feizi et al. 2015, Ghassemieh et al. 

2015, El-Khoriby et al. 2017, Bayat and Zahrai 2017) 

confirmed that there is a great difference in performance 

between the various beam-to-column connection types, 

almost all of the aforesaid experimental and numerical 

studies on infilled steel frames investigated the behaviour of 

frames with welded connections. Thus, there is a necessity 

to understand the response of infilled steel frames, with 

other common connection types (extended endplate, flush 

endplate and shear connections). 

In this paper, a FE model was constructed for the 

analysis of masonry-infilled steel frames ’ cyclic 

performance. The model parts, including type of used 

elements; cyclic constitutive models of steel and infill; 

contact between beam-to-column connection components as 

well as between the masonry wall and the bounding frame) 

were described. Material nonlinearity was taken into 

 

 

consideration. After that, the validated model was used to 

perform a FE parametric study on cyclically loaded 

masonry-infilled steel frames with five different beam-to-

column connection types (fully welded, extended endplate 

with rib stiffeners, extended endplate without rib stiffeners, 

flush endplate and shear connections). The effects of several 

parameters, including the presence of infill, infill material, 

fracture energy of masonry and infill thickness, were 

studied. The strength, rigidity, hysteretic behaviour, 

dissipative energy and failure modes were compared and 

researched comprehensively. Furthermore, a simple 

analytical method, that considers the effect of beam-to-

column connection type, was proposed. 
 

 

2. Finite element analysis 
 

The commercial FEA software ABAQUS was employed 

to construct a 2D model, representing the dynamic response 

of infilled steel frames with endplate beam-to-column 

connections. A typical endplate connection’ components 

and the interactions between them are illustrated in Fig. 1. 

The endplate connections’ behaviour was simulated 

based on El-Khoriby et al. (2017)’s numerical work, while 

the modelling of masonry wall and its contact with the 

surrounding frame was conducted depending on the FE 

model, for steel frames infilled with masonry panels, 

presented and verified in Eladly (2017) and in the MSc 

thesis of the second co-author under the supervision of the 
 

 

 

Fig. 2 High-strength bolts represented by connector 

elements 

 

 

Fig. 1 Interactions between a typical endplate connection’s components (Eladly 2017) 
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Fig. 3 A 2D FE model of an infilled steel frame 
 

 

 

Fig. 4 Adopted constitutive model for masonry 

 

 

other three co-authors (Eladly 2016). The model is briefly 

described as follows.CPS4 (a four-node plane stress 

element) was utilised for the infill panel and steel members. 

A homogenised macro-model (in which the units, mortar 

and the unit-mortar interface were represented as one 

continuum element) was used to mimic the response of the 

infill wall. This macro-model fits the current study, which 

explores the overall behaviour of infilled frames, and thus 

there is no need for performing detailed stress analysis. 

Many trials have been performed using various mesh sizes 

(5-50 mm for the steel frame and 25-100 mm for the infill 

panel) to choose an ideal size of mesh. Fine mesh of 

elements with approximate size of 23 mm for the steel 

frame and 82 mm for the infill wall was adopted, as 

choosing finer mesh does not provide any noticeable 

improvement in the accuracy of results. 

The nodes of endplate and those of column flange were 

connected by connector elements -r igid plast ic 

CARTESIAN elements- (ABAQUS Analysis User ’s 

Manual 2012) in order to simulate the real response of 

bolts, as shown in Fig. 2. “The connector behaviour was 

modelled as: (i) rigid up to the slip force limit Pslip,i; (ii) slip 

at the bolts up to ± 1 mm (clearance of the bolts to the bolts 

holes) at constant force Pslip,i; and (iii) multi-linear plastic 

behaviour up to the failure load of bolts” (El-Khoriby et al. 

2017). Additionally, to model the pretension force in bolts, 

 

(a) Fully welded (k = 1.00) 
 

 

(b) Extended endplate with rib stiffeners (k = 0.86) 
 

 

(c) Extended endplate without rib stiffeners (k = 0.72) 
 

 

(d) Flush endplate (k = 0.48) 
 

 

(e) Header plate (k = 0.23) 

Fig. 5 Details of the five studied connection types [k is 

an initial stiffness ratio and can be calculated 

using Eq. (4)] 
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“Connector Force” command was utilised. 

For the contact between the endplate and column flange, 

“Hard contact” and “Coulomb friction” were, respectively, 

used for the normal and tangent interactions (with friction 

coefficient of 0.44 between steel surfaces, according to Shi 

et al. (2008)’s numerical results). In terms of the frame-

infill contact, “Hard contact” was utilised for the normal 

contact, whilst “frictionless formulation” was used for the 

tangent interaction. A 2D model of an infilled steel frame 

with extended endplate connections is shown in Fig. 3. 

The Chaboche model (Chaboche 1986, 1989) was 

employed to represent the steel material in the current study. 

This model can be represented in ABAQUS as a plastic 

constitutive model with defining its parameters (σ0, Q∞, b, 

Ci, ɤi), where σ0 is the yield stress at zero plastic strain; Ci 

and ɤi are the kinematic hardening parameters; Q∞ and b are 

the isotropic hardening parameters. These parameters can 

be obtained by data fitting (Wang et al. 2013, El-Khoriby et 

al. 2017). 

Regarding the infill material ’s modelling, the 

constitutive model presented by Radnić et al. (2012), which 

is suitable for the 2D macro-modelling of infill panels 

performed in this paper, was used. Fig. 4 shows the adopted 

 

 

model for masonry infill panel and its parameters, where fm,c 

is the average of the vertical and horizontal compressive 

strengths; fm,t is the average of the vertical and horizontal 

tensile strengths; εm,c is the average of the vertical and 

horizontal crushing compressive strains; εm,t is the average 

of the vertical and horizontal cracking tensile strains; Em is 

the elastic modulus. These parameters can be obtained from 

masonry wallet compression and tension tests, in both 

vertical and horizontal directions. The Concrete Damaged 

Plasticity (CDP) model in ABAQUS, which was adopted in 

previous studies (Giordano et al. 2002, Agnihotri et al. 

2013) to represent the behaviour of masonry structural 

elements showing good accuracy, was utilised in the current 

research to model the masonry material. This model 

provides a general capability for the analysis of quasi-brittle 

materials (e.g., concrete, masonry infill and rock) under 

arbitrary loading conditions, including monotonic, uniaxial, 

multiaxial, cyclic, and/or dynamic loading. To define a 

material in ABAQUS using the CDP model, it is required to 

specify the compressive and tensile behaviours; in addition 

to some parameters, including dilation angle, eccentricity, 

σb0/σc0, K and viscosity parameter (ABAQUS Analysis 

User’s Manual 2012). 

 

 

Table 1 Summary of the FE models in the parametric study 

Model No. Infill presence 
Beam-to-column 

connection type 
Infill material 

Fracture energy 

of infill (J/m2) 

Infill panel 

thickness (mm) 

1 Bare W -- -- -- 

2 Bare Ext-rib -- -- -- 

3 Bare Ext-no-rib -- -- -- 

4 Bare F -- -- -- 

5 Bare H -- -- -- 

6 Infilled W WI 143 125 

7 Infilled Ext-rib WI 143 125 

8 Infilled Ext-no-rib WI 143 125 

9 Infilled F WI 143 125 

10 Infilled H WI 143 125 

11 Infilled W SI 423 125 

12 Infilled Ext-rib SI 423 125 

13 Infilled Ext-no-rib SI 423 125 

14 Infilled F SI 423 125 

15 Infilled H SI 423 125 

16 Infilled W SI 225 125 

17 Infilled Ext-rib SI 225 125 

18 Infilled Ext-no-rib SI 225 125 

19 Infilled F SI 225 125 

20 Infilled H SI 225 125 

21 Infilled W WI 143 200 

22 Infilled Ext-rib WI 143 200 

23 Infilled Ext-no-rib WI 143 200 

24 Infilled F WI 143 200 

25 Infilled H WI 143 200 
 

* The meanings of abbreviations are described in Table 2 

446



 

Cyclic behaviour of infilled steel frames with different beam-to-column connection types 

 

 

3. Verification of the FE model 
 

The suggested FE model proved its ability to accurately 

represent the dynamic response of steel beam-to-column 

bolted connections in El-Khoriby et al. (2017)’s numerical 

research. On the other hand, the model’s capability to 

simulate  the infilled steel frames’ behaviour under cyclic 

loading was verified in Eladly (2017)’s FE study, using 

experimental results from four different studies, including 

Markulak et al. (2013), Liu and Manesh (2013), Liu and 

Soon (2012) and Tasnimi and Mohebkhah (2011). The FE 

model was capable of mimicking the response of infilled 

frames, whether the frames were under cyclic or monotonic 

loading, simulating the evident pinching phenomenon of the 

force–displacement hysteretic curve with high accuracy 

(Eladly 2017). 

 

 

4. Parametric study 
 
There is a clear lack of studies investigating the 

influence of beam-to-column connection type on the overall 

behaviour of infilled steel frames. Hence, in the current 

study, the validated 2D shell model described in Section 2 

was used to undertake a numerical parametric study, whose 

main objectives were: (1) to understand the impact of beam-

to-column connection type in addition to other parameters 

on the dynamic response of infilled steel frames; and (2) to 

 

 

 

 

figure out which type of steel beam-to-column connections 

has the best seismic performance when included into an 

infilled frame. 

 
 

 

 

Fig. 6 Steel frame details and dimensions 
 

 

Table 3 High strength grade 10.9 bolts’ material parameters 

Elastic 

modulus 

(MPa) 

Yield 

strength 

(MPa) 

Ultimate 

strength 

(MPa) 

Strain 

at ultimate 

strength 

205000 995 1150 0.137 
 

 

 

 

Table 2 Abbreviations and symbols in the parametric study 

Abbreviation Meaning 

W Fully welded 

Ext-rib Extended endplate with rib stiffeners 

Ext-no-rib Extended endplate without rib stiffeners 

F Flush endplate 

H Header plate 

WI 

 

 

Weak infill having the same properties of the clay masonry infill used in Markulak et al. 

(2013)’s experimental work (with elastic modulus = 3500 MPa; compressive strength = 1.6 

MPa; and tensile strength = 0.22 MPa, based on masonry wallet compression and tension tests) 

SI 

 

 

Strong infill having the same properties of the clay masonry infill used in Yuksel et al. (2010)’s 

experimental work (with elastic modulus = 7000 MPa; compressive strength = 4.14 MPa; and 

tensile strength = 0.65 MPa, based on masonry wallet compression and tension tests) 

FE-XX 

 

Fracture energy of masonry 

(where XX represents the value of fracture energy in J/m2) 

IT-XX 

 

Infill thickness 

(where XX represents the value of infill thickness in mm) 

UL Lateral load-carrying capacity of frame 

Ki Initial stiffness of frame 

Ed Energy dissipation capacity of frame 

DRmax Maximum ductility ratio for frame 
 

Table 4 Calibration parameters of Q345B steel (Wang et al. 2013) 

σ|0 )MPa) Q∞ (MPa) B C1 (MPa) ɤ1 C2 (MPa) ɤ2 C3 (MPa) ɤ3 C4 (MPa) ɤ4 

363.3 21 1.2 7993 175 6773 116 2854 34 1450 29 
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Fig. 7 Loading system 
 

 

Thus, the parametric study focused on the cyclic 

performance of infilled steel frames with five different 

beam-to-column connection types (fully welded, extended 

endplate with rib stiffeners, extended endplate without rib 

stiffeners, flush endplate and header plate connections), 

whose details are illustrated in Fig. 5. For each connection 

type, five different cases of masonry infill were considered 

including: (1) no infill (bare frame); (2) weak infill; (3) 

strong infill; (4) infill with low fracture energy; and (5) 

thick infill. These cases were studied for investigating the 

effects of several parameters (infill material, fracture energy 

of masonry and infill thickness) which are three of the most 
 

 

  
 

  
 

 

Fig. 9 Hysteretic curves of bare and infilled frames with 

different connection types 
 

 

Fig. 8 Hysteretic skeleton curves of bare and infilled frames 

with different connection types 
 
 

important factors influencing the performance of an infill 

panel. Table 1 summarises the FE models in this parametric 

study, whilst a list of abbreviations and symbols used in the 

study is presented in Table 2. 

The study was performed on frames with fixed-ended 

columns, as shown in Fig. 6. H-shaped steel sections were 

used for the beam and columns. Steel members’ dimensions 

are described in Fig. 6. The thicknesses of endplate, column 

stiffeners and rip stiffeners were 16 mm, 12 mm and 10 

mm, respectively. Standard bolts (Grade 10.9) connected 

the endplate to the column flange in the four bolted 

connection types. The diameters of bolts in each connection 

type are shown in Fig. 5. Pretension forces of 76 kN and 
 
 

Table 5 Summary of modelling results for bare and infilled 

steel frames with different connection types 

Connection 

type 
Indicator 

Frame type 

Bare Infilled 

W 

UL (kN) 383 515 

Ki (kN/mm) 9 52 

Ed (kN·mm) 7659 15019 

DRmax (%) 1.88 1.31 

Ext-rib 

UL (kN) 379 512 

Ki (kN/mm) 8 51 

Ed (kN·mm) 13272 17140 

DRmax (%) 2.28 1.49 

Ext-no-rib 

UL (kN) 349 493 

Ki (kN/mm) 7 50 

Ed (kN·mm) 13001 23307 

DRmax (%) 2.59 1.79 

F 

UL (kN) 317 450 

Ki (kN/mm) 6 45 

Ed (kN·mm) 10391 17936 

DRmax (%) 2.50 1.64 

H 

UL (kN) 266 334 

Ki (kN/mm) 5 43 

Ed (kN·mm) 7731 8288 

DRmax (%) 2.28 1.06 
 

* The meanings of symbols are described in Table 2 
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99 kN were applied to the M14 and M16 bolts, respectively, 

in compliance with Eq. (3.1) in Eurocode 3, Part 1.8 

(Eurocode 2005). Bolts’ material parameters are listed in 

Table 3, Whereas Q345B steel parameters under cyclic 

loading are presented in Table 4. In the frames infilled, the 

length and height of infill walls were, respectively, 4200 

mm and 3050 mm, without any special connection, outside 

adhesion, between these panels and the bounding frames. 

 

 

The properties of the used infill are described in Table 2. As 

shown in Fig. 6, force-controlled cyclic loading was 

imposed, at the upper left corner of frame. The loading was 

imposed according to the loading system illustrated in 

Fig.7, until the beam-to-column connections regions 

became fully plastic, causing an unstable plastic 

mechanism. 

 

 

 

 

(a) The whole frame 

 

 

  

(b) Welded (c) Extended endplate with rib stiffeners (d) Extended endplate without rib stiffeners 
 

  

(e) Flush endplate (f) Header plate 

Fig. 10 (a) Crack patterns in an infill panel bounded by a steel frame with extended endplate connections; and 

(b-f) equivalent plastic strain in different connection types 
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5. Results and discussion 
 

5.1 Effect of the presence of infill 
 

Figs. 8, 9 and Table 5, respectively, compare the 

hysteretic skeleton curves, the hysteretic curves and the 

performance of bare and infilled steel frames with five 

different connection types. Three indicators were 

considered, including load-carrying capacity, initial stiffness 

and energy dissipation capacity, where the load-carrying 

capacity is defined as the maximum load that could be 

carried by the frame; and the energy dissipation capacity 

can be calculated as the area under force-displacement 

hysteretic skeleton curve. The imposed horizontal force and 

the corresponding horizontal displacement were calculated 

for each increment using the “History Output Requests” 

option in ABAQUS. In the current section, the studied 

infilled frames are infilled with weak infill (WI) panels, 

whose material properties are shown in Table 2. 

As shown in the table and figures, regardless of the 

beam-to-column connection type, infilling the steel frames 

with masonry walls led to significant enhancements of 

lateral strength, rigidity and dissipative energy; and reduced 

the ductility. The infilled frame with welded connections 

had the highest lateral strength and initial stiffness. 

However, the infilled frame with extended endplate 

connections (without rib stiffeners) showed the best 

performance. Its load-carrying and energy dissipation 

capacities were, respectively, about 96% and 155% of those 

of frame with welded connections. This indicates that 

reducing the stiffness of extended endplate connections 

 

 

  

Fig. 11 FE distribution of compressive stress in an infill 

panel (WI) 

 

 

 

Fig. 12 Hysteretic skeleton curves of infilled frames with 

different infill materials 

included into an infilled steel frame to a certain level (by 

means of using thinner endplate; removing rib stiffeners; 

using bolts with smaller diameters; etc.) may improve the 

overall seismic behaviour of the frame. 

Fig. 10 shows the crack patterns in an infill panel and 

the equivalent plastic strain in different connection types, 

while compressive stress distribution in an infill wall is 

shown in Fig. 11. It is clear from Fig. 10(a) that the main 

failure modes were damage to the core and the four corners 

of the infill wall. In the case of welded connections (Fig. 

10(b)), there is evident panel zone deformation in addition 

to local buckling of beam flanges. As shown in Fig. 10(c), 

the extended endplate connection suffered from obvious 

deformation of panel zone, rib stiffeners and beam flange; a 

gap between the column flange and the endplate. In the 

cases of the other three bolted connections shown in Fig. 

10(d)-(f), deformation of panel zone (slight) and of endplate 

and beam flange and web (obvious); a clear gap between 

the column flange and the endplate; all have occurred. In all 

the four bolted connection types, when the lateral load 

(imposed on the frame) increases to a certain level, the 

column flange-endplate gap increases significantly which 

eventually leads to bolts rupture. 

The beam-infill contact length is another indicator that 

may provide further clarification of the significant impact of 

the connection type on infilled frames’ performance. As 
 

 

  

 

 

 
 

 

Fig. 13 Hysteretic curves of infilled frames with different 

infill materials 
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shown in Table 6, the beam-infill contact length diminishes 

with the decrease in the connection rigidity. In the frames 

with relatively low-stiffness connections (e.g. flush endplate 

and header plate connections), there are deformations of 

frame members (especially the frame beam) more than in 

the cases of frames with relatively high-stiffness 

connections (e.g., extended endplate connections with rib 

stiffeners), which in turn decreases the contact length 

between beam and infill panel (Table 6). This decrease in 

contact length reduces the available loading paths for 

horizontal force transfer {i.e., decrease the effective width 

of the equivalent diagonal strut (Smith and Carter 1969) 

 

 

Table 6 Beam-infill contact length in infilled steel frames 

with with different connection types (at a lateral 

load of 250 kN) 

Connection type 
Beam-infill contact length/ 

Beam clear span 

W 0.31 

Ext-rib 0.29 

Ext-no-rib 0.27 

F 0.22 

H 0.20 
 

* The meanings of symbols are described in Table 2 

 

 

Table 7 Summary of modelling results for infilled frames 

with different infill materials 

Connection 

type 
Indicator 

Infill material 

WI SI 

W 

UL (kN) 515 681 

Ki (kN/mm) 52 80 

Ed (kN·mm) 15019 20067 

DRmax (%) 1.31 1.04 

Ext-rib 

UL (kN) 512 670 

Ki (kN/mm) 51 80 

Ed (kN·mm) 17140 22533 

DRmax (%) 1.49 1.14 

Ext-no-rib 

UL (kN) 493 650 

Ki (kN/mm) 50 75 

Ed (kN·mm) 23307 26589 

DRmax (%) 1.79 1.33 

F 

UL (kN) 450 561 

Ki (kN/mm) 45 67 

Ed (kN·mm) 17936 17977 

DRmax (%) 1.64 1.03 

H 

UL (kN) 334 496 

Ki (kN/mm) 43 65 

Ed (kN·mm) 8288 15008 

DRmax (%) 1.06 0.86 
 

* The meanings of symbols are described in Table 2 

which is substituted for the infill panel in the “equivalent 

strut” model} and consequently achieves a lower ultimate 

load. 
 

5.2 Effect of infill material 
 

The infill material’s impact on infilled steel frames with 

different beam-to-column connection types is presented in 

Table 7. Two different materials (weak infill (WI) and 

strong infill (SI), whose properties are shown in Table 2) 

were compared. Comparisons of the hysteretic skeleton 

curves and hysteretic curves of infilled frames with 

different infill materials are illustrated in Figs. 12-13, 

respectively. 

From the table and figures, the lateral strength, rigidity 

and dissipative energy increased (and the ductility 

decreased) as a result of using stronger infill. These 

improvements were more obvious in the case of header 

plate joints than in the other studied joints. For example, 

using stronger infill led to an improvement of 14% in the 

energy dissipation capacity of the frame with extended 

endplate connections (without rib stiffeners). However, in 

the case of frames with header plate connections, the 

improvement in the energy dissipation capacity reached 

81% as a result of using stronger infill. 

It was also noticed that the infilled frames with welded 

connections showed the highest strength and rigidity 

(whether the infill is strong or weak); however, the infilled 

frames with extended endplate connections (without rib stif- 

feners) had the best energy dissipation capacity. 

Moreover, the outcomes showed that the impact of 

beam-to-column connections on the frames’ response was 

greater in the weak-infilled frames than in the strong-

infilled frames. An instance of that is the energy dissipation 

capacity of strong- and weak-infilled frames with welded 

connections, which was, respectively, 134% and 181% of 

that of the same frames but with header plate connections. 

The reason for this is that in the strong-infilled frames, the 

relative frame-to-infill stiffness is higher than in the weak-

infilled frames. As a result, the ratio of stiffness of beam-to-

column connections to that of total infilled frame is less in 

the latter frames than in the former frames. Thus, the impact 

of the beam-to-column connection type decreases with the 

increase in the stiffness of the infill panel. 

It was also concluded that the performance of a frame 

with header plate connections infilled with strong infill was 
 

 

 

Fig. 14 Hysteretic skeleton curves of steel frames with 

infill walls with different fracture energy 
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Table 8 Summary of modelling results for steel frames with 

infill walls with different fracture energy 

Connection 

type 
Indicator 

Fracture energy of infill 

FE-225 FE-423 

W 

UL (kN) 598 681 

Ki (kN/mm) 80 80 

Ed (kN·mm) 11374 20067 

DRmax (%) 0.74 1.04 

Ext-rib 

UL (kN) 627 670 

Ki (kN/mm) 80 80 

Ed (kN·mm) 15989 22533 

DRmax (%) 0.90 1.14 

Ext-no-rib 

UL (kN) 620 650 

Ki (kN/mm) 75 75 

Ed (kN·mm) 21291 26589 

DRmax (%) 1.11 1.33 

F 

UL (kN) 499 561 

Ki (kN/mm) 67 67 

Ed (kN·mm) 11126 17977 

DRmax (%) 0.76 1.03 

H 

UL (kN) 454 496 

Ki (kN/mm) 65 65 

Ed (kN·mm) 9505 15008 

DRmax (%) 0.70 0.86 
 

* The meanings of symbols are described in Table 2 

 

 

 

Fig. 15 Hysteretic skeleton curves of steel frames with 

infill walls with different thicknesses 

 

 

obviously better than that of a frame with welded 

connections infilled with weak infill. This means that, a 

frame combines a strong infill panel and header plate 

connections can be an economical alternative to one with a 

weak infill panel and welded connections. 

 

5.3 Effect of fracture energy of masonry 
 

Fracture energy is defined as the energy absorbed to 

create a unit area of crack surface. It is a fracture mechanics 

parameter characterising the property of a material to resist 

Table 9 Summary of modelling results for steel frames with 

infill walls with different thicknesses 

Connection 

type 
Indicator 

Infill thickness 

IT-125 IT-200 

W 

UL (kN) 515 631 

Ki (kN/mm) 52 68 

Ed (kN·mm) 15019 19512 

DRmax (%) 1.31 1.31 

Ext-rib 

UL (kN) 512 606 

Ki (kN/mm) 51 63 

Ed (kN·mm) 17140 26923 

DRmax (%) 1.49 1.52 

Ext-no-rib 

UL (kN) 493 585 

Ki (kN/mm) 50 60 

Ed (kN·mm) 23307 30675 

DRmax (%) 1.79 1.80 

F 

UL (kN) 450 539 

Ki (kN/mm) 45 56 

Ed (kN·mm) 17936 23827 

DRmax (%) 1.64 1.67 

H 

UL (kN) 334 499 

Ki (kN/mm) 43 50 

Ed (kN·mm) 8288 21435 

DRmax (%) 1.06 1.65 
 

* The meanings of symbols are described in Table 2 

 

 

cracking and is not affected by the size of structure 

(Wittmann et al. 1990). The fracture energy of masonry can 

be estimated using the area under the stress versus 

displacement curve for masonry under uniaxial tension; 

such response can be obtained by performing tension tests 

on masonry prisms (Rots 1997). Fig. 14 and Table 8 show 

the influence of masonry fracture energy on infilled steel 

frames with different beam-to-column connection types. 

Two different cases were compared, including infill with 

fracture energy equal to 225 J/m2 (FE-225) and infill with 

fracture energy equal to 423 J/m2 (FE-423). All frames were 

infilled with strong infill (SI) panels, whose material 

properties are shown in Table 2. 

From the table and the figure, it can be concluded that, 

although using infill with higher fracture energy did not 

increase the initial stiffness, it led to a notable enhancement 

of the ultimate load, ductility and energy dissipation 

capacity. This means that an increase in the fracture energy 

of masonry walls, included into infilled steel frames, may 

improve the dynamic response of these frames, especially in 

the cases of welded, flush endplate, or header plate 

connections. 

 

5.4 Effect of infill panel thickness 
 

Infill panel thickness’s influence on steel frames with 

different beam-to-column connection types is illustrated in 
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Table 9, whilst Fig. 15 shows the hysteretic skeleton curves 

of these frames. The influence of two different thicknesses 

of masonry walls (125 mm and 200 mm) were compared. 

All frames were infilled with weak infill (WI) panels, 

whose material properties are shown in Table 2. 

From the table and figure, it can be concluded that, for 

all studied connection types, using thicker infill had a 

significant effect on the lateral strength, rigidity, ductility 

and dissipative energy, especially in the cases of header 

plate connections. This effect is similar to that of using 

stronger infill (which was previously presented in section 

5.2). It is also clear that the frames with extended endplate 

connections (without rib stiffeners) had the best cyclic 

response among the studied frames, regardless of infill 

thickness. 

The results also show that the frame with header plate 

connections infilled with thicker infill not only had better 

ultimate and energy dissipation capacities than the frame 

with welded connections infilled with thinner infill, but also 

showed lower initial stiffness which means that it would 

have higher time period under real earthquakes. Based on 

the above, in order to achieve an optimal performance of an 

infilled steel frame using a cost-effective system, header 

plate connections in addition to a stiff infill panel may be 

used instead of welded connections with a weak infill panel. 
 

 

6. Analytical model 
 

The “equivalent strut” model (Smith and Carter 1969), 

in which an equivalent pin-jointed diagonal strut is 

substituted for the infill wall, is one of the most 

straightforward models for simulating the masonry-infilled 

frames. Many scholars (Mainstone 1971, Saneinejad and 

Hobbs 1995, Gambarotta and Lagomarsino 1997a, b, 

Tasnimi and Mohebkhah 2011) used this concept to 

construct models representing the infilled frames under 

lateral loading. Lately, Chen and Liu (2016) and Eladly 

(2017) followed the same approach to propose analytical 

methods for estimating the stiffness and lateral ultimate 

capacity of masonry-infilled steel frames under a 

combination of lateral and gravity loads. However, almost 

all of these analytical models for infilled steel frames were 

developed for frames with welded connections, neglecting 

the other types of beam-to-column connections. Hence, a 

modified analytical model is suggested and presented here 

in the following sections to predict the strength and initial 

stiffness of infilled steel frames (with different connection 

types and various material and geometric properties) under 

lateral cyclic loading. 

 

6.1 Suggested modification factor (MF) 
 

The results of the parametric study (reported in section 

5) demonstrate that the material and geometric properties of 

masonry infill and the type of beam-to-column connections 

are primary factors influencing the load-carrying capacity 

and rigidity of infilled steel frames. The impact of these 

factors may be taken into consideration by a modification 

factor to the strength and initial stiffness of infill panels in 

frames with welded connections; these two indicators can 

be estimated (for frames with welded connections), simply 

using the standard equivalent strut model (Smith and Carter 

1969, Saneinejad and Hobbs 1995, Tasnimi and Mohebkhah 

2011). The proposed modification factor (MF) can be 

defined as follows 

 

MF = [1 + f(λL, m)] ×  [1 + g(k, λL, m)] (1) 

 

where: 
 

 f(λL, m) and g(k, λL, m) are two independent 

expressions that take into account the influence of 

relative infill-to-frame stiffness, masonry infill’s 

material properties and beam-to-column connection 

type by means of three unit-less variables (λL, m and 

k, respectively). 

 λ is a term commonly-used in many former 

analytical researches on infilled frames (Smith and 

Carter 1969) and can be expressed as 
 

𝜆 =  
𝐸𝑚 𝑡𝑠𝑖𝑛(2𝜃)

4𝐸𝑓𝐼𝑐𝐻

4

 (2) 

 

where Em is the elastic modulus of masonry material; 

Ef is the elastic modulus of frame material; Ic is the 

moment of inertia of the frame column; t, L and H 

are the thickness, length and height of infill; and 

𝜃 =  𝑡𝑎𝑛−1(𝐻/𝐿). For the frames investigated in 

this study, the resulted λL values are shown in Table 

11. 

 m is defined as the fracture energy of masonry infill 

divided by the compressive capacity of infill per unit 

length, and can be calculated as 
 

𝑚 =
𝐺

𝑓𝑚
′ 𝑡

 (3) 

 

where G is the fracture energy of masonry infill; and 

𝑓𝑚
′   is the infill compressive strength. The m values, 

for the frames analysed in this paper, are listed in 

Table 11. 

 k is an initial stiffness ratio (for beam-to-column 

connections), which can be expressed as 
 

𝑘 =
𝑆𝑥
𝑆𝑤

 (4) 

 

where Sx is the initial stiffness of the beam-to-

column connection used in the frame, while Sw is the 

initial stiffness of a fully welded connection 

connecting the same steel members linked by the 

former connection. Thus, k is always equal to or less 

than 1. The initial stiffness of a connection can be 

calculated through the method presented in section 

6.3 in Eurocode 3, Part 1.8 (Eurocode 2005). The k 

values for the connection types investigated in this 

research are shown in Fig. 5. 
 

Utilising nonlinear regression analysis on FE results 

(taking into consideration several equation forms), the 

expressions of f(λL, m) and g(k, λL, m) were specified as 
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listed in Table 10. From the table, it is clear that g(k, λL, m) 

differed based on the connection type and equals 0.00 when 

the connections are welded (the default case). As the change 

in infill fracture energy (G) and infill compressive strength 

(𝑓𝑚
′ ) does not cause any variation in the initial stiffness of 

infilled frame,  f(λL, m) for stiffness is equal to 0.00 as 

shown in Table 10. 
 

 

 

 

 

6.2 Comparison with FE results 
 

Using the modified analytical model suggested in 

section 6.1, the stiffness and strength of masonry-infilled 

steel frames (with different infill material properties and 

various beam-to-column connection types) numerically 

researched in sections 4 and 5 were calculated. The 

proposed analytical model was able to predict the strength 

 

 

 

 

Table 10 The functions of f(λL, m) and g(k, λL, m) for four connection types 

Function Connection type    

f(λL, m) All connection types 
For strength -8.95 ×  10-7 ×  (λL)5.98 ×  m-2.5 

(5) 
For stiffness 0.00 

g(k, λL, m) 

Welded 
For strength 0.00 

For stiffness 0.00 

Extended endplate 
For strength 0.13 ×  (λL)0.1 ×  m0.2×  k1.19 (6) 

For stiffness -0.041 ×  (λL)-0.72 ×  m-0.52×  k-2.66 (7) 

Flush endplate 
For strength -3.71 ×  10-5 ×  (λL)3.98 ×  m-0.22×  k-1.83 (8) 

For stiffness -5.3 ×  10-3 ×  (λL)1.65 ×  m-0.12×  k-0.5 (9) 

Header plate 
For strength -1.41 ×  (λL)-2.6 ×  m1.07×  k-1.97 (10) 

For stiffness -0.048 ×  (λL)-0.025 ×  m0.02×  k-0.89 (11) 
 

Table 11 Comparison of FE and analytical results 

Model No. 
Beam-to-column 

connection type 
λL m 

kFE
*
 

(kN/mm) 

PFE
*
 

(kN) 

kAna
*
 

(kN/mm) 

PAna
*
 

(kN) 

𝑘𝐹𝐸
𝑘𝐴𝑛𝑎

 
𝑃𝐹𝐸
𝑃𝐴𝑛𝑎

 

6 W 4.68 0.72 52.00 515.00 52.00 504.16 1.00 1.02 

7 Ext-rib 4.68 0.72 51.00 512.00 49.78 556.43 1.02 0.92 

8 Ext-no-rib 4.68 0.72 50.00 493.00 48.07 484.85 1.04 1.02 

9 F 4.68 0.72 45.00 450.00 44.58 428.71 1.01 1.05 

10 H 4.68 0.72 43.00 334.00 40.40 430.02 1.06 0.78 

11 W 5.56 0.82 80.00 681.00 80.00 652.09 1.00 1.04 

12 Ext-rib 5.56 0.82 80.00 670.00 77.33 738.38 1.03 0.91 

13 Ext-no-rib 5.56 0.82 75.00 650.00 75.83 677.99 0.99 0.96 

14 F 5.56 0.82 67.00 561.00 67.61 565.84 0.99 0.99 

15 H 5.56 0.82 65.00 496.00 63.89 469.43 1.02 1.06 

16 W 5.56 0.43 80.00 598.00 80.00 658.35 1.00 0.91 

17 Ext-rib 5.56 0.43 80.00 627.00 76.72 663.77 1.04 0.94 

18 Ext-no-rib 5.56 0.43 75.00 620.00 74.86 589.38 1.00 1.05 

19 F 5.56 0.43 67.00 499.00 66.79 546.42 1.00 0.91 

20 H 5.56 0.43 65.00 454.00 64.05 502.61 1.01 0.90 

21 W 5.26 0.45 68.00 631.00 68.00 544.18 1.00 1.16 

22 Ext-rib 5.26 0.45 63.00 606.00 65.68 633.31 0.96 0.96 

23 Ext-no-rib 5.26 0.45 60.00 585.00 63.77 577.01 0.94 1.01 

24 F 5.26 0.45 56.00 539.00 57.46 477.62 0.97 1.13 

25 H 5.26 0.45 50.00 499.00 54.57 439.37 0.92 1.14 

       Average 1.00 0.99 

       COV (%) 3 9 
 

* kFE and kAna are the initial stiffness predicted by FE and analytical models, respectively; while PFE and PAna 

are, respectively, the load-carrying capacity estimated by FE and analytical models 
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and stiffness of frames with a high degree of accuracy, as 

illustrated in Table 11. For all studied frames, a good 

agreement between the analytical and FE results was 

realised (R2 ≥ 0.88 for strength and ≥ 0.93 stiffness), 

demonstrating that the suggested analytical model may 

provide a strong tool for estimating the stiffness and load-

carrying capacity of masonry-infilled steel frames with 

different infill material properties and various connection 

types, under cyclic lateral loading. 
 

6.3 Application and limitations of the suggested 
model 

 

The suggested analytical model is applicable to 

masonry-infilled steel frames subjected to lateral in-plane 

loading, whether loading is monotonic or cyclic. However, 

the failure pattern of all infill walls in the frames 

(investigated in the study) was corner crushing and 

consequently the suggested equations must be used when 

this failure mode is the dominant. 

To verify (and enhance) the accuracy of the proposed 

analytical model in calculating the strength and rigidity of 

infilled steel frames, additional extensive parametric studies 

on these type of frames (with different beam-to-column 

connection types and with various geometric and material 

properties) can be conducted, utilising the simplified finite 

element model used in this study. The outcomes of these 

extensive FE studies can be then compared to the analytical 

model’s results to reformulate its equations, if required. 
 

 

7. Conclusions 
 

To study the cyclic performance of infilled steel frames, 

a 2D numerical model (which was verified in a previous 

paper demonstrating its capability of accurately predicting 

the response of masonry-infilled steel frames to cyclic 

loading) was utilised. A parametric study on the cyclic 

behaviour of infilled steel frames with different beam-to-

column connection types (fully welded, extended endplate 

with rib stiffeners, extended endplate without rib stiffeners, 

flush endplate and header plate connections) was 

undertaken. Several parameters were investigated including, 

the presence of infill, infill material, fracture energy of 

masonry and infill thickness. Based on the study results, the 

following conclusions can be drawn: 
 

 The cyclic response of infilled steel frames varied 

considerably depending on the beam-to-column 

connection type. The horizontal ultimate load of 

infilled steel frames (WI, IT-125) with welded, flush 

endplate and header plate connections, was, 

respectively, 515 kN, 450 kN and 334 kN. 

 The infilled frame with welded connections had the 

highest strength and rigidity. However, the infilled 

frame (WI, IT-125) with extended endplate 

connections (without rib stiffeners) showed the best 

performance, with load-carrying and energy 

dissipation capacities equal to, respectively, 96% and 

155% of those of the same frame but with welded 

connections. This indicates that reducing the 

stiffness of extended endplate connections included 

into an infilled steel frame to a certain level (by 

means of using thinner endplate; removing rib 

stiffeners; using bolts with smaller diameters; etc.) 

may lead to an improvement in the overall frame 

response to seismic loads. 

 Increasing the stiffness of infill panels minimises the 

impact of beam-to-column connections. For 

example, the energy dissipation capacity of weak-

infilled (WI) and strong-infilled (SI) frames with 

welded connections was, respectively, 181% and 

134% of that of the same frames but with header 

plate connections. 

 Using stiffer (stronger or thicker) infill resulted in 

significant enhancements of load-carrying and 

energy dissipation capacities. These enhancements 

were more obvious in the case of header plate 

connections than in the other studied connection 

types. 

 The frame with header plate connections infilled 

with stiffer infill not only had better load-carrying 

and energy dissipation capacities than the frame with 

welded connections infilled with weaker infill, but 

also showed lower initial stiffness which means that 

it would have higher time period under real 

earthquakes. Hence, in order to achieve an optimal 

performance of an infilled steel frame using a cost-

effective system, header plate connections in 

addition to a stiff infill panel may be used instead of 

welded connections with a weak infill panel. 

 A set of equations, for predicting the stiffness and 

strength of masonry infill panels bounded by steel 

frames under cyclic loading, was developed. The 

equations exhibited very good correlation with FE 

results for cyclically-loaded infilled steel frames 

with different connection types. 
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