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Abstract

Existing steel moment-resisting frames in several seismic regions worldwide are often charac-
terised by high vulnerability to earthquakes due to insufficient local and/or global ductility. 
Nowadays, it is of paramount importance to assess their response under strong motions and 
provide cost-effective retrofitting strategies. Amongst others, the seismic behaviour of these 
frames is often strongly affected by the presence of masonry infills which, from one side, if 
adequately distributed, beneficially contribute to the seismic resistance of the structure provid-
ing stiffness and strength to the frame, from the other side often experience a brittle behaviour 
and are very vulnerable to seismic actions. To this end, the H2020-INFRAIA-SERA project 
HITFRAMES (i.e., HybrId Testing of an Existing Steel Frame with Infills under Multiple Earth-
quakeS) experimentally evaluated a case study building representative of non-seismically de-
signed European steel frames with masonry infills and investigated a possible retrofit strategy.
This paper takes advantage of the experimental results of the HITFRAMES project to calibrate
numerical models in OpenSees of a case study building which is analysed as bare, infilled and 
retrofitted frame with buckling-restrained braces (BRBs). The impact of masonry infills and 
BRB-retrofit is investigated by comparing the response of models with different configurations. 
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The numerical results provide some insights on the ability of BRB-retrofit option in protecting 
not only the steel frames from experiencing critical damage during earthquakes but also the 
masonry infills and on the importance of using appropriate models for the masonry infills in 
the assessment procedures.

Keywords: Existing steel frames, Retrofitting, Buckling-restrained braces, Masonry infills, 
Seismic response, Numerical Simulations.
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1 INTRODUCTION

Many existing steel structures worldwide were built before the introduction of modern seis-
mic design provisions and may exhibit high seismic vulnerability due to lack of proper lateral 
resisting systems and detailing, as well as inadequate energy dissipation capacity [1,2]. Among 
others, Di Sarno et al. [3] investigated the failure patterns of an existing steel moment resisting 
frames (MRFs) located in Amatrice and damaged by the 2016 Central Italy earthquakes. The 
case study structure was characterised by large residual lateral drifts with significant yielding 
at beam-column connections and soft storey mechanisms. Severe damage was also noted in 
non-structural components, including in-plane and out-of-plane failure of masonry infill walls. 
This damage is consistent with damage reported in previous earthquakes (e.g., [4–6]). Although 
masonry infills can significantly contribute to the overall strength and stiffness of a steel MRF 
[7–9], their structural properties easily degrade with strong or long ground motions (GMs), as 
well as with cumulative demands, such as foreshock-mainshock-aftershock sequences, as in the 
case of the 2016 Central Italy Earthquake [10–13].

In this context, the H2020-SERA project HITFRAMES (Hybrid Testing of an Existing Steel 
Frame with Infills under Multiple Earthquakes) is aimed on assessing the seismic performance 
of existing steel frames with masonry infills under multiple earthquakes and the feasibility of 
retrofitting with buckling restrained braces (BRBs) [14–18]. Among others, the objectives of 
the HITFRAMES project include: (1) to experimentally assess the seismic performance of non-
seismically designed steel frames with masonry infills under earthquake sequences, including 
the effects of cumulative damage; (2) to evaluate the existing masonry infill models and to 
develop new calibrated models aimed at describing the behaviour of masonry panels within 
infilled steel MRFs; and (3) to experimentally evaluate the contribution and effectiveness of 
BRB-based retrofitting strategies in steel MRFs.

Figure 1 shows the set-up of the experimental test carried out as part of the HITFRAMES
project. It consists of a 75% scaled, two-storey steel MRF, designed primarily for gravity loads 
with insufficient seismic detailing [19,20]. The test was conducted at the Structures Laboratory 
(STRULAB) of the University of Patras, Greece, and it included a pseudo-dynamic (PsD) test-
ing procedure. The prototype building was designed to be a representative of non-seismically 
designed steel frames based on the characteristics observed in the Amatrice building [3]. The 
specimen was subjected to GM sequences, based on GMs recorded at Norcia (NRC) station, in 
Central Italy, and summarised in Table 1.

The present paper proposes a preliminary numerical study of the seismic response of the 
steel building tested during the HITFRAMES experimental campaign. First, a preliminary cal-
ibrated masonry strut model is developed, based on the observations of the HITFRAMES ex-
periment. This model is compared with three widely used single strut masonry models available 
in literature, through time history analysis and by considering GM1. Then, the numerical model 
is retrofitted by means of BRBs, in order to evaluate the effectiveness of the devices when 
interacting with the masonry panels. Finally, conclusions are drawn highlighting the relevance 
of accurately modelling the masonry infills while assessing the performance of the retrofitted 
structure.

Event Date & time Mw Repi [ km ] PGA [ g ]
GM1 24/08/2016 1:36 6.0 15.3 0.35
GM2 30/10/2016 6:40 6.5 4.6 0.48
GM3 26/10/2016 17:10 5.4 9.4 0.3

Table 1: Main characteristics of the GMs used during the HITFRAMES experimental campaign.
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(a) (b)

Figure 1: Experiment set-up: (a) 3D model of lab specimen; (b) constructed lab specimen.

2 EVALUATION OF EXISTING MASONRY INFILL MODELS

For the present paper, a non-linear OpenSees numerical model [21] is developed. Columns 
are modelled with a distributed plasticity approach (Steel01), while the beams are modelled by 
considering a lumped plasticity approach. In the latter approach, plastic hinges are modelled by 
considering the formulation by Lignos and Krawinkler [22] and modified according to Zareian 
and Medina [23]. Material properties are consistent with the characterisation tests performed 
on the steel members after the experiments.

Masonry panels are included by considering a macro-modelling approach, which consists of 
one simple compression-only diagonal strut on each direction (i.e. in X shape). The behaviour 
of the masonry infills is represented by using a pinching4 OpenSees material.

2.1 Calibration of masonry infill struts based on experimental results

The calibration of masonry struts is carried out by reproducing the deformation history im-
posed during the PsD testing in an OpenSees numerical model. The full GM sequence com-
prises six records in the following order: GM1, GM1, GM2, GM3, GM1 and GM2, with the 
last two upscaled to 300% in the acceleration axis. As the 75% scaling rules followed for the
lab specimen consider constant stress, the time axis in the accelerogram is also multiplied by 
0.751/2 = 0.87 in all GMs.

The masonry strut displacement values (δn) are directly obtained from the horizontal floor 
deformation (Δn), assuming negligible vertical deformation and by considering a simple geo-
metric transformation, as follows

(1) 

where d0 is the undeformed diagonal length, dn is the deformed diagonal length at step n, and L
is the span length of the frame. Forces are estimated under the assumption that the MRF system 
works in parallel with the masonry strut, which effectively creates a truss-like mechanism with 
the steel frame (i.e., the infill-frame interaction does not modify the frame deformation pattern), 
therefore, the forces assigned to the masonry strut in the numerical model are simply a subtrac-
tion of the total storey shear minus the storey shear exhibited by the bare frame at the same 
level of storey drift.

A1

B1
A2

B2
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For this purpose, the elastic and modal properties of the bare frame OpenSees model are 
validated by comparing the results of the lab characterisation tests (i.e., material testing, snap-
back test) [13] with the numerical model. The validated numerical model of the bare frame is 
then subjected to the storey displacement history observed during the PsD testing in a displace-
ment-controlled manner, with the resulting storey shear values (Vn) recorded. The resulting 
horizontal shear values at each storey (Vn) are approximated to diagonal equivalent forces (Fn), 
as follows

(2) 

where h is the inter storey height.
Figure 2 shows the forces and deformations attributed to one masonry panel (i.e., one com-

pression-only strut on each direction) in comparison with the calibrated model. Four masonry 
panels per storey are considered in the numerical model (i.e., two double layer walls), therefore, 
the struts shown in Figure 2 only withstand one quarter of the total load. The masonry struts are
calibrated on the pinching4 material in OpenSees, and their properties are summarised in Table 
2.

Figure 2: Hysteretic behaviour of the masonry struts during the HITFRAMES experiments, in comparison with 
the calibrated model. The calibrated pinching parameters are rDisp = 0.5, rForce = 0.2, uForce = 0.05. The cali-

brated degradation parameters are gK1 = 0.15, gD1 = 0.15, while all the others keep their default values.

2.2 Comparison of existing masonry infill models with experimental results

Several masonry strut models have been proposed in literature, nonetheless, most of them 
have been calibrated for reinforced concrete (RC) frames and their application to steel frames 
is not yet validated. Some of these models comprise complex strut configurations (e.g., multiple 
struts, additional shear springs, etc.), nonetheless, the most common ones are based on a single 
strut approach.

Panagiotakos and Fardis (PF) [7,24] proposed a single-strut constitutive model to represent 
the behaviour of solid (i.e., with no openings) masonry infills in RC frames. This model is 
characterised by four stress states: (1) initial elastic behaviour of the uncracked masonry infill;
(2) post-elastic linear response, characterised by a reduced stiffness; (3) softening of the ma-
sonry panel after the maximum force; and, (4) residual axial strength region. The strut resistance 
is calculated based on the area of the masonry strut, which is the product of the wall thickness 
and the theoretical width of the strut. This measure depends not only on the properties of the 
masonry wall, but also on the surrounding frame. Dolšek and Fajfar (DF) [8] proposed a similar 
model whose main difference is to have a strut resistance implicitly calculated in the capacity 
formulations. In addition, this model considers that the masonry strut possesses no residual 
capacity. Decanini and Fantin [25] proposed a model, successively updated by Liberatore and 
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Decanini (LD) [26], for the evaluation of the seismic response of high-rise RC buildings de-
signed as bare frames but with significant infill contribution. This model considers empirical 
relationships to define the horizontal capacity and stiffness of the struts.

A comparison of the calibrated masonry strut model is made with the aforementioned models 
proposed in literature and is shown in Figure 3. The basic material properties of the masonry 
were obtained from material characterisation tests: compressive strength, σw0 = 2.85 MPa; shear 
strength, τw0 = 0.653 MPa. The elastic modulus was estimated by using the relationship pro-
posed by FEMA 356 [27], Ew0 = 550σw0, while the shear modulus is considered to be Gw0 =
0.4Ew0. The following observations can be made from the comparison with the calibrated ma-
sonry struts: (1) the calibrated model for the bottom storey seems to have more similarities in 
terms of forces with the PF model and the DF model; (2) the LD model tends to underestimate 
the force capacity and to overestimate the deformation capacity; regardless of the similar inter-
storey heights, the top masonry strut exhibits lower capacity; and (4) the calibrated model ex-
hibits lower initial and post-yielding stiffness than any of the models available in literature. A
comparison of the backbone properties for each model is detailed in Table 2.

Figure 4 shows a comparison of the storey shear response obtained during the GM1 of the 
displacement-based test, by considering the LD and the calibrated models. As observed, the LD 
shows larger force at low values of displacement, in comparison with the calibrated model. On 
the other hand, forces are larger in the calibrated model at large displacement values. These 
observations are consistent with the larger initial stiffness and lower maximum force capacity 
of the LD model.

Storey
Properties 
[ kN, m ] Calibrated PF DF LD

1 Fy (eNf1) -100 -132.6 -88.9 -75.5
Fm (eNf2) -155 -172.3 -148.2 -94.4
Fu (eNf3) -15.5 -13.3 0 -32.6
k1 45455 60273 59267 94375
k2 5340 14704 21179 4974
k3 -1594 -2972 -2976 -415
δy (eNd1) -0.0022 -0.0022 -0.0015 -0.0008
δm (eNd2) -0.0125 -0.0049 -0.0043 -0.0046
δu (eNd3) -0.1 -0.0584 -0.0541 -0.1535

2 Fy (eNf1) -70 -132.6 -88.9 -78.2
Fm (eNf2) -130 -172.3 -148.2 -97.7
Fu (eNf3) -13 -13.3 0 -33.6
k1 41176 60273 59267 86889
k2 7229 14704 21179 4875
k3 -1671 -2972 -2976 -400
δy (eNd1) -0.0017 -0.0022 -0.0015 -0.0009
δm (eNd2) -0.01 -0.0049 -0.0043 -0.0049
δu (eNd3) -0.08 -0.0584 -0.0541 -0.1653

Table 2: Comparison among the parameters of the masonry strut calibrated model and the models of Panagio-
takos and Fardis (PF) [7,24], Dolšek and Fajfar (DF) [8] and Liberatore and Decanini (LD) [26].
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Figure 3. Comparison among the force-displacement curves of the masonry strut calibrated model and the mod-
els of Panagiotakos and Fardis (PF) [7,24], Dolšek and Fajfar (DF) [8] and Liberatore and Decanini (LD) [26].

Figure 4. Storey shear output during GM1, considering the frame with the masonry strut calibrated model and 
the Liberatore and Decanini (LD) [26] model subjected to a displacement-controlled test.

1512



F. Gutiérrez-Urzúa, F. Freddi, L. Di Sarno, J. Wu, M. D’Aniello, R. Landolfo, and S. Bousias

3 ASSESSMENT OF THE RETROFITTED STRUCTURE

The frame with calibrated masonry struts is retrofitted by including diagonal steel braces 
equipped with BRBs. The sizing of the device is carried out by a simplified code-based design 
approach. For this matter, the structure is considered to be located in Central Italy and the design 
of the retrofitting was done in accordance with the recommendations of the Eurocode 8 Part 1 
(EC8-1) [28] and Eurocode 3 Part 1-1 (EC3-1-1) [29]. The design is performed for the Ultimate 
Limit State (i.e., probability of exceedance of 10% in 50 years), considering a Type 1 spectrum, 
with soil Type B, and Peak Ground Acceleration (PGA) equal to 0.25g. The structure is de-
signed by considering a basic behaviour factor q0 = 3. The design requirements are paired with 
a commercial catalogue of BRB devices, and result on a device with an initial yielding force 
Fy0-BRB = 143 kN. The device is included in the numerical model by using the SteelBRB model 
[30] in OpenSees. The monotonic and hysteretic properties of the device are validated with a 
characterisation test made by the manufacturer. The hysteretic behaviour of the BRB model is 
shown in Figure 5. The length of the BRB is 1.535m, therefore, the device is connected in series
to a steel tubular section (Ø = 0.16m, t = 0.01m) which completes the diagonal length. The full 
BRB and elastic brace system is pinned at the ends.

Figure 5. BRB model in OpenSees by using the SteelBRB material. Fy0-BRB = 143 kN; F1-BRB-C = 178 kN; F1-BRB-T
= 151 kN.

Time history analyses based on GM1 were performed on the unretrofitted and retrofitted 
structures, by considering the calibrated masonry strut model and the LD model. Figure 6 shows
the spectrum of GM1 and the comparison of the spectral accelerations (Sa) corresponding to the 
fundamental period of each structure. The period of the unretrofitted calibrated structure 
matches the observed fundamental period during the characterisation test of the lab specimen. 
The addition of the BRBs further reduces its fundamental period to 0.11 s. While considering 
the LD model, the fundamental period is shorter in the unretrofitted structure due to the higher 
initial stiffness of the struts and reaches a value of 0.09 s with the addition of BRBs. As observed
in Figure 6, for the considered GM, the retrofitted structures benefit from a slight reduction on 
the demand due to the increased stiffness.

Figure 7, Figure 8, Figure 9 show the inter-storey deformation and storey shear demands 
during the time history analysis of GM1, for the calibrated and LD masonry strut models, con-
sidering the unretrofitted and retrofitted conditions. The deformation in the struts is compared 
with their own cracking deformation (δy), as suggested by the ASCE 41-17 [31] as a limit for 
the Immediate Occupancy Performance Level. When comparing the unretrofitted cases, the LD 
model exhibits lower deformation and force values than the calibrated model, as it avoids the 
strut deformation to reach significant levels of cracking. Nonetheless, the calibrated model (as 
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well as the lab specimen during the testing) exhibited extensive cracking in the struts. When 
comparing the retrofitted models, the addition of BRBs significantly reduce the demands on the 
masonry infills of the calibrated model. Nonetheless, the improvement is not as noticeable in 
the case of the LD model.

These observations highlight the sensitivity of considering higher values of initial stiffness 
in the masonry strut model. On one side, the larger stiffness underestimates the damage that the 
masonry panel could experience in the unretrofitted case. On the other side, it underestimates 
the capacity of the BRBs in protecting the masonry infills from damage in moderate intensity 
earthquakes.

Therefore, when the masonry strut properties are properly accounted for, the BRBs can pro-
tect the case-study structure from damage at lower and moderate intensity earthquakes, while 
they simultaneously increase the energy dissipation capacity of the structure at higher levels of 
demands.

Figure 6. Response spectrum for GM1, considering 3.3% damping, along with the fundamental period of the in-
filled frame model considering (a) the calibrated strut model and (b) the Liberatore and Decanini strut model 

[26].

Figure 7. Hysteretic behaviour of masonry struts in the first storey during GM1 considering the (a) calibrated 
strut model and (b) Liberatore and Decanini strut model [26].
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Figure 8. Inter-storey drift and storey shear comparison between the unretrofitted and retrofitted structures when 
considering the calibrated model for masonry struts.

Figure 9. Inter-storey drift and storey shear comparison between the unretrofitted and retrofitted structures when 
considering the Liberatore and Decanini [26] model for masonry struts.
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4 CONCLUSIONS

The present paper investigates the interaction of masonry infills and buckling restrained 
braces (BRBs) when these are used as a retrofit measure in existing steel moment resisting 
frames (MRFs). The study takes advantage of the experimental results of the HITFRAMES 
project to calibrate numerical models in OpenSees for a case study steel MRF which has been 
analysed as bare, infilled and retrofitted frame with BRBs. The impact of masonry infills and 
BRB-retrofit is investigated by comparing the response of different infills models. The numer-
ical results provide some insights on the ability of BRB-retrofit option in protecting not only 
the steel frames from experiencing critical damage during earthquakes but also the masonry 
infills and on the importance of using appropriate modelling strategies for the masonry infills 
during the assessment procedures. The following conclusions can be drawn:

All of the considered masonry strut models exhibited larger values of initial stiffness, in
comparison with the calibrated model. The Panagiotakos and Fardis (PF) model, and the
Dolšek and Fajfar (DF) model, exhibited larger force capacity but lower deformation
capacity than the calibrated model. The Liberatore and Decanini (LD) model exhibited
lower force capacity but higher deformation capacity than the calibrated model.
Large values of initial stiffness were translated in an underestimation of the seismic de-
mands (for GM1) and an overestimation of the capacity. This could lead to larger than
expected levels of damage in masonry panels. The calibrated model is able to capture the
cracking observed during GM1 in the pseudo-dynamic testing carried out on the lab
specimen.
The addition of BRBs as a retrofit measure for masonry infilled steel MRFs can reduce
the damage in the masonry infills at low and moderate seismic demands. Nonetheless, it
is necessary to consider a more accurate masonry strut model in the numerical analysis,
as the relative stiffness between the masonry and BRB system will dictate the capacity
of the BRB to protect the infills.
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