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Abstract 

It is now widely recognised that masonry infill plays an essential role in the seismic behav-

iour of existing steel buildings; however, there is still a lack of clear guidance on the model-

ling of masonry infill in the current Eurocode 8-Part 3. Several methods for the numerical 

modelling of masonry infills have been proposed in literature over the past few decades, 

which either adopt a detailed approach (micro-model) or a simplified approach (macro-

model). In the former case, bricks are individually modelled, taking into account the brick-

mortar cohesive interface, which is able to provide detailed insights of the behaviour of ma-

sonry infills and the frame-wall interaction but usually at a high computational cost. On the 

other hand, a simplified model can be easily built within finite element software, most of 

which replace the infill wall panel with one or more equivalent struts in the diagonal direc-

tion. It has been demonstrated that the strut models can simulate RC infilled structures’ glob-

al response with acceptable accuracy; however, there are still no adequate recommendations 

for their modelling within steel frames. Besides, these models are generally incapable of cap-

turing the interactions between the infills and the frame members. To this end, the present pa-

per numerically investigates an Abaqus macro-model of the infilled steel frame, which was 

experimentally tested as part of the recent SERA HITFRAMES project. The preliminary re-
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sults shows that the different detailing of steel frames could lead to different damage patterns 

in the infill walls when compared to RC frames. In particular, instead of a single diagonal 

strut, at most three struts were observed in this study. The results also suggested that the 

number and geometry of struts could change with increasing displacement demands, hence it 

might not be appropriate to use the same strut model for infill walls on different floors.  
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1 INTRODUCTION 

Masonry infill walls were widely used in existing steel frame structures as exterior walls 

mainly for insulation and aesthetic purposes; hence in the code-based assessment procedures 

of existing buildings, e.g., Eurocode 8-Part 3 [1], they are typically considered as non-

structural components. As a consequence, only the self-weight of infill walls is usually con-

sidered during the assessment, while their effects on the structural behaviour under lateral 

load are often neglected. However, it has been widely recognised that masonry infill can sig-

nificantly affect the seismic response of structures, as they considerably influence the lateral 

stiffness and strength of structures (and their distribution), as well as the energy dissipation 

capacity under seismic loading [2-8]. In addition, the strut action of infill wall panels may also 

exert concentrated force to beams, columns and beam-column joints, increasing local seismic 

demands. Besides, in the case of infill walls not uniformly distributed, e.g., non-infilled 

ground floor, severe soft-storey mechanisms can also be triggered [9-11], leading to complete 

failure of the non-infilled storey. 

Currently, a considerable number of studies focused on the behaviour of masonry infills 

within reinforced concrete (RC) frames, while the current knowledge level on the behaviour 

of infilled steel frames is still inadequate. Although the masonry infill confined by RC and 

steel frames share some commons in their seismic response, the different characteristics of 

steel frames may significantly alter masonry infill response. Steel frames are usually more 

flexible and more ductile and have different features and detailing compared to RC members, 

such as the aspect ratio of the frames and the geometries of steel beams and columns. Moreo-

ver, when involved in the infill-frame interactions, some local details typical of steel struc-

tures, e.g., stiffener plates and connections, may cause local stress concentration in the wall 

and, consequently, lead to a different response and failure mode of the masonry infills. De-

spite some experimental tests investigated the behaviour of infilled steel frame over the past 

few decades [e.g., 6, 12, 13], and a few simplified models have been proposed [e.g., 14, 15], 

further research is still of great necessity for the development of simplified models that can be 

used in practice for the assessment of infilled steel buildings. In addition, within the European 

context, there is an urgent need for additional and detailed rules and recommendations for the 

assessment of existing steel structures [e.g., 16] to be implemented within an updated version 

of the Eurocode 8-Part 3. These should include and consider the interaction with the masonry 

infills, thus promoting reliable assessment procedures. 

Finite element modelling of masonry infill can be classified into two groups, namely mi-

cro- and macro-modelling. Detailed micro-modelling approaches usually include a detailed 

description of brick units and mortar as continuum elements and the brick-mortar interfaces to 

simulate the cohesive behaviour between brick units and mortar. Such models are able to re-

produce the basic mechanisms of the masonry unit, hence are more likely to capture the com-

plex damage patterns of masonry infill accurately. However, the high computational cost of 

detailed micro-models usually constrains their application to small structures. To this end, 

simplified micro-models were proposed as an alternative to detailed micro-models, which 

usually neglect the geometry of mortar and utilise expanded brick units to account for the 

thickness of mortar [17-19]. Subsequently, the material properties are often defined based on 

masonry samples, and the interactions between expanded brick units are simulated through 

cohesive elements or surface-based cohesive behaviour. The simplified micro-modelling can 

effectively reduce the computational cost but may lead to less accurate results. On the other 

hand, macro-modelling approaches consider the masonry infill as homogeneous isotropic ma-

terial, whose mechanical properties can be defined based on various material tests of masonry 

triplets [11, 20, 21]. As a cost-effective computational strategy, macro-models are usually 
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adopted while investigating the global response of infilled frames and/or to perform prelimi-

nary analyses of the stress distribution in the infill wall panel. 

The present paper investigates the behaviour of infilled steel moment frames through the 

macro-modelling approach. The finite element models are validated based on the results of 

large-scale experimental tests conducted on a one-bay two-storey infilled steel frame as part 

of the HITFRAMES SERA project. The steel frame was designed to be representative of typi-

cal existing steel frames with inadequate sesimic detailing at joints. A pushover analysis is 

carried out, providing insights into the response of masonry infills. In particular, the change of 

number and geometry of struts formed in the infill walls were investigated considering in-

creasing displacement demands. 

2 EXPERIMENTAL TEST 

2.1 Description of the steel frame 

A two-storey single-bay 3:4 scaled steel frame was experimentally tested to investigate the 

behaviour of masonry infill confined by steel members. The test frame had a storey height of 

2.5 m, and span of 3.5 and 6.5 m in the transverse (X) and longitudinal (Y) direction, respec-

tively. A sketch of the steel frame is shown in Figure 1. The columns, primary and secondary 

beams profiles were HE 180A, IPE 200 and IPE 140, respectively. The test was performed in 

the X-direction with the columns placed along with their weak axis; beam-to-column joints 

were made through full penetration welds with stiffeners installed to increase joints’ rigidity, 

while beam-to-beam connections, for the primary beams, were placed at a distance of 400 mm 

with respect to the column axis. Besides, the columns’ bases were welded to 30 mm-thick 

steel plates with stiffeners to ensure their rigidity. The stiffened beam-column joints, the 

beam-to-beam connection and column bases are shown in Figure 2. 

 

Figure 1: Plan and side view of the steel frame experimentally tested in the laboratory. 

      

Figure 2: Detailing at the beam-column joints (left) and column base (right) of the test frame. 
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The test frame included a composite slab at both storeys, consisting of 150 mm-thick con-

crete slabs poured on a 1.25 mm-thick corrugated steel sheet. Shear studs were implemented 

on both external and internal beams to ensure the transfer of applied horizontal loads to the 

steel frame through the slab. However, shear studs were omitted in the 0.5-m-wide regions 

around the columns to avoid the development of composite actions in the joints. Finally, only 

the masonry infill in the transverse direction of the steel frame were included in the experi-

mental test, each consisting of two layers of 58 mm-thick perforated bricks of size 58  83  

190 mm. 

2.2 Experimental setup 

The test frame is shown in Figure 3 and was built in the laboratory, according to standard 

European constructional practice. The steel members were prepared in the workshop and fully 

assembled in the lab. Two parallel tubular beams were placed on top of each steel base plates 

and anchored to the strong floor in order to increase the rigidity of the base restraints of the 

test frame. Besides, the composite slab was built following the assembly of the bare steel 

frame, where the corrugated steel sheets were installed on the beams and fixed with the shear 

connectors, with the concrete slab subsequently cast and poured on-site. 

      

Figure 3: Experimental setup and positions of the actuators. 

As shown in Figure 3, two actuators were placed at each storey of the test frame and con-

nected to the reaction wall. Additionally, pre-cast concrete blocks were placed on the slab of 

each storey to simulate the gravity loads imposed on the structure, which would influence 

beams and columns’ behaviour. It is noteworthy that additional concrete blocks were used to 

represent the mass of infill walls in the preliminary dynamic characterisation tests and were 

successively removed upon the installation of infill walls. 

2.3 Experimental test scheme 

A snap-back test was performed to capture the frame’s modal properties for both the bare 

and infilled configurations. The initial displacement imposed on the frame also allowed the 

definition of the test frame’s lateral stiffness. Both stiffness and modal properties were used 

for the numerical models’ calibration. 

After the modal characterisation test, pseudo-dynamic (PsD) displacements’ control tests 

were performed to investigate the infilled frame’s behaviour subjected to an earthquake se-

quence. Three ground motions, recorded during the 2016 Central Italy earthquakes, were se-

lected to define the earthquake sequence used in the PsD tests. The time-history of 

accelerations of the earthquake sequence is shown in Figure 4. Two scaling factors (SF) of the 

earthquake sequence, SF = 1.0 and 3.0, were used during the PsD tests. The scaling factors 
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were decided based on comparisons of the response spectra of selected ground motions with 

the code-based elastic response spectrum, where the use of unit scaling factor was to investi-

gate the behaviour of the test frame subjected to real earthquakes, while the scaling factor of 

3.0 was adopted to ensure the failure of the test frame, i.e., the collapse of infill walls and se-

vere yielding of steel members. 

 

Figure 4: Accelerogram of the selected earthquake sequence. 

2.4 Experimental results 

The response of the infilled steel frame recorded during the entire PsD test, i.e., top storey 

displacement against base shear, is shown in Figure 5(a). Aside from the response curve, en-

velopes are also presented individually for the positive and negative direction. Subsequently, 

the corresponding backbone curve could also be derived based on the envelopes, which was 

assumed to be symmetric in the positive and negative direction. 

      
(a)                                                                (b) 

Figure 5: Response of the infilled steel frame with backbone curves: a) global response; b) first storey displace-

ment against base shear. 

As shown in Figure 5(a), the first significant change of the frame’s lateral stiffness corre-

sponds to a 10 mm top storey displacement. Then the steel frame reached the maximum base 

shear of around 650 kN when the lateral displacement at the top storey was approximately 25 

mm. This also marked the onset of negative stiffness in the backbone curve of the steel frame. 

In addition, degradation of strength was also noticed at 100 mm of top floor displacement, 

where the capacity of base shear dropped by about 8% to 600 kN. Lastly, the largest top sto-

rey displacement experienced during the PsD test corresponds to 140 mm, when the collapse 

of infill occurred, and the test was terminated. 

The pushover numerical analysis requires the knowledge of the forces and displacements’ 

distribution at both storeys. To this end, the response history at the first storey was determined 
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and is shown in Figure 5(b). This also included the envelopes for the definition of the corre-

sponding backbone curve. The comparison of the backbone curves for both storeys is shown 

in Figure 6, and six points were selected for the determination of displacement ratios of the 

top storey to the first storey, as also summarised in Table 1. It can be concluded that initially 

the displacement ratio was around 1.5, however, when the displacements were increased, the 

ratio was slightly reduced to 1.34 at point D and 1.20 at point E, which was attributed to the 

concentrated damage at the first storey. Consequently, it can be anticipated that soft storey 

mechanism might be triggered at some point beyond 140 mm top floor displacement. 

 

Figure 6: Comparison of backbone curves for the first and top storey of the steel frame (symmetric in the posi-

tive and negative directions). See Table 1 for more details. 

 

 A B C D E F 

Top storey, d2 6.61 11.09 26.39 35.31 99.37 139.25 

First storey, d1 4.36 7.27 13.01 25.60 82.78 92.06 

d2/d1 1.52 1.53 2.03 1.34 1.20 1.51 

 

Table 1: Distribution of displacement demands along with the height of the steel frame. 

3 NUMERICAL STUDY 

3.1 Finite element modelling of masonry infill and steel frame 

Finite element models of the bare and infilled steel frame were built in Abaqus [22]. Only 

half of the 3D steel frame was modelled due to symmetry conditions and to reduce the com-

putational cost. Meanwhile, all the internal secondary beams were excluded from the model as 

their contribution to the lateral resistance of the steel frame were considered negligible. All 

steel and masonry components were modelled using the solid element C3D8R. Figure 7 

shows an overview of the Abaqus model. 

The material properties were defined based on the results of material tests when possible. 

For parameters that could not be obtained from the tests conducted, typical values recom-

mended in literature were adopted. The yield and ultimate strength of steel were defined to be 

433 and 575 MPa, respectively, while the Young’s modulus was assumed to be 210,000 MPa. 

On the other hand, as the masonry infill walls were modelled using macro-modelling ap-

proaches, the Young’s modulus of masonry was manually adjusted to be about 3,000 MPa 

based on model calibration.  

The concrete damaged plasticity model was used to simulate the inelastic behaviour of ma-

sonry. This model is characterised by five parameters: 1) dilation angle (ψ); 2) the flow poten-
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tial eccentricity (); 3) the ratio between initial equibiaxial compressive yield stress to initial 

uniaxial compressive yield stress (fb0/fc0); 4) the ratio between second stress invariant on the 

tensile meridian to that on the compressive meridian at initial yield (K), and 5) the viscosity 

parameter (μ). Values recommended by D’Altri et al. [19], reported in Table 2 were adopted 

in this study as typical assumptions for masonry infill. Besides, the compressive and tensile 

strength of masonry were defined to be 5.70 and 1.30 MPa, respectively. Furthermore, the 

composite slabs were modelled as rigid bodies to simulate the rigid diaphragm behaviour and 

ensure a smooth transfer of load to the steel frame. Lastly, a 75 mm-thick concrete block was 

included in the model as the base of ground floor masonry infill. Since no damage was ob-

served on this concrete base during the experimental test, it was assumed to behave in the 

elastic range with a Young’s modulus of 35,000 MPa. 

 

Figure 7: Numerical models of the steel frame in Abaqus using macro-model of masonry infill. 

 

ψ  fb0/fc0 K μ 

10° 0.1 1.16 0.667 0.0005 

 
Table 2: Parameter to define the inelastic behaviour of masonry infill using concrete damaged plasticity 

model in Abaqus [21]. 

Beam-to-column joints, stiffeners, and cover plates of the beam-to-beam connections were 

modelled through tie constraint. Appropriate boundary conditions were applied at the end of 

the transverse beams to simulate the structure’s symmetric condition. Besides, in the region 

with shear connectors, a tie constraint was used to simulate the slab-beam interaction. Con-

versely, for the region without shear studs, a surface-to-surface contact interaction was de-

fined between the slab and the beam with ‘Hard’ normal behaviour and a friction coefficient 

of 0.7 for the tangential behaviour. Lastly, a surface-to-surface contact (with the same proper-

ties as above) was also introduced to simulate the masonry infill and steel frame interaction. 
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3.2 Model validation 

The numerical models’ validation was performed with respect to the stiffness and dynamic 

properties observed during the snap-back tests. During this test, lateral loads of 13 and 31 kN 

were imposed on the top storey of the bare and infilled frame, respectively. The comparisons 

of the numerical and experimental lateral displacement profiles are shown in Figure 8 and re-

ported in Table 3. 

As shown in Figure 8, both the bare and infilled frame models achieved a ‘good’ match of 

lateral displacements with the test mockup, and the discrepancies were all within 10%. In both 

cases, the comparison of the numerical and experimental results show a nearly identical initial 

lateral stiffness at the first storey. Conversely, the top storey’s lateral stiffness was slightly 

underestimated in the bare frame and slightly overestimated when the masonry infills were 

present.  

      

Figure 8: Comparisons of lateral displacement profile of the bare frame (left) and the infilled frame (right) during 

the modal characterisation test. 

 

 
Test Abaqus  

First floor Top floor First floor Top floor 

Bare 5.25 13.97 5.28 +0.57% 14.78 +5.80% 

Infilled 0.34 0.75 0.34 0.00% 0.70 -6.67% 

 

Table 3: Comparisons of the lateral displacements of the steel frame obtained numerically and experimentally. 

3.3 Pushover analysis 

The results of the pushover analysis is presented hereafter. The numerical model was 

pushed up to 140 mm at the top storey, which was the maximum lateral displacement meas-

ured during the test. The pushover analysis was done assuming three displacement ratios of 

top storey to first storey (d2/d1). When the top storey displacement was less than 30 mm, the 

ratio d2/d1 was assumed to be 1.5. Then when the top storey displacement was between 30 and 

100 mm, the ratio d2/d1 reduced linearly from 1.5 to 1.2. Eventually, when the top storey dis-

placement was larger than 100, the ratio d2/d1 was equal to 1.2. Figure 9 presents the compari-

son between the pushover curve, i.e., the top storey displacement-base shear relation, and the 

structural response of the steel frame measured during the experimental test, while Figure 10 

shows the evolution of stress distribution in the infill walls during the pushover analysis. 

It can be seen that in general the numerical model were in good agreement with the test re-

sults when the displacement was smaller than 30 mm. However, the numerical model failed to 
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capture the deterioration of strength which took place beyond 30 mm top storey displacement. 

This is because that firstly a bi-linear relation was assumed for the mechanical property of 

masonry, which did not account for the strength degradation. Besides, the simplified model-

ling approach adopted was unable to simulate the falling of crushed bricks at the top corners. 

Consequently, the base shear of the numerical model continued to increase beyond the actual 

point of the onset of strength and stiffness degradation. 

 

Figure 9: Pushover curve of infilled steel frame. 

 
(a)                                         (b)                                          (c) 

 
(d)                                         (e)                                          (f) 

Figure 10: Stress contour of the masonry infill walls during the pushover analysis (See Figure 9): a) Point 1; b) 

Point 2; c) Point 3; d) Point 4; e) Point 5; f) Point 6. 

As can be seen in Figure 10(a), initially when the model was within the elastic range, stress 

concentration was noticed at both storeys surrounding the beam splice connections before any 

struts were formed in the infill walls. This illustrated the occurrence of cracks at the top cor-

ners of each infill wall, which were due to the interlock between the bolts of beam splice con-

nections and the top layer of bricks. When the displacement demand was increased, an 

inclined strut was formed within the lower storey infill wall, as can be seen in Figure 10(b). 

Successively, when the top floor displacement was approaching 30 mm (Point 3 in Figure 9), 

the previous strut was split into a diagonal strut and an off-diagonal strut, as shown in Figure 

10(c), and the diagonal strut appeared to be wider than the off-diagonal strut. In the meantime, 
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an inclined strut started to form in the top floor infill wall as well, which had a similar shape 

to the one previously formed in the lower storey infill wall. When the displacements at both 

storeys of the infilled steel frame were further increased, as shown in Figure 10(d) to (f), the 

contact length between the infill and the surrounding steel members remained almost un-

changed, and the diagonal strut in the lower storey infill wall was further split into two small-

er struts. It is clear that the upper strut connected the top corner and the end of contact length 

over the other column, while the middle strut connected the bottom corner and the mid-point 

of the contact length over the other column. Figure 10(f) also shows the tendency that with 

increasing lateral displacement, the upper strut would become wider, and the middle and low-

er struts might eventually become one single strut that has approximately the same width as 

the upper strut. It was also noticed that despite the infill wall on the top floor exhibited the 

same behaviour as that on the lower floor, the two infill walls contained different numbers 

and geometried of struts at the same step of pushover, which indicated that it might not be ap-

propriate to use the same simplified strut model to represent the infill walls on different floors. 

4 CONCLUSIONS  

This paper presented numerical modelling of infilled steel frame using a macro-model of 

masonry infill. It was concluded that the steel joints that were in contact with masonry infill 

caused local stress concentration in the part of infill wall adjacent to the joints. Besides, a sin-

gle inclined strut was noticed at small displacement, when the overall structural was within 

the elastic range. Subsequently, when the displacements at both storeys became larger, the 

single strut was firstly split into two struts and eventually became three struts. The width of 

struts was also found to be changing during the pushover analysis. Moreover, the contact 

length over beams and columns were also observed, which initially increased with increasing 

displacement and then remained approximately constant. Lastly, it was also concluded that 

the masonry infill on different floors could form different numbers of struts with varying ge-

ometries, which should be taken into consideration when developing simplified strut models. 

Future studies should be conducted using a more detailed micro-model of masonry infill to 

investigate the development of cracks in the infill walls and achieve more accurate observa-

tion of infill-frame interactions.     
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