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A B S T R A C T

The paper describes the results of an experimental campaign on the seismic behaviour of a full-scale
concentrically braced steel frame designed according the EC8 and equipped with different types of passive
fire protection. In this respect, fire protection boards made of calcium silicate and mineral spray-based fire
protections were applied to dissipative members, such as the bracings, and to non-dissipative elements, such
as one column of the bracing system. Two solutions of calcium silicate fire protection boards were employed:
(i) a standard solution and (b) an improved solution conceived for seismic applications. Moreover, the external
bays of the specimen equipped with mineral spray-based fire protections were filled with two fire walls both
of them made of concrete blocks without and with seismic detailing, respectively. In total 10 tests on 4 frames,
that also include a first test of the bare frame, were performed, and for each test different seismicity levels
were applied. The hybrid simulation technique was used to maintain the relevance and accuracy of a full-scale
test and also to optimize the use of the available test facilities. In this respect, only the ground floor of the
prototype structure was physically tested in the laboratory, whereas the remainder of structure was numerically
simulated. The tests showed that the fire protections and the fire walls did not suffer major damage owing to
cyclic loading. Indeed, the damage was not likely to significantly affect the fire performance. The outcomes
of the experimental results of all the tests are thoroughly described in the paper.
. Introduction

.1. Background and motivation

Earthquakes are destructive and unpredictable events with catas-
rophic consequences for both people and built environment [1,2].
oreover, secondary triggered effects can strike further an already
eakened community, i.e. landslides and tsunamis. In this respect, also

ires following earthquake (FFE) have historically produced large post-
arthquake damage and losses in terms of lives, buildings and economic
osts, like the San Francisco earthquake (1906), the Kobe earthquake
1995), the Turkey earthquake (1999), the Tohoku earthquake (2011)
nd the Christchurch earthquakes (2011). In detail, FFE pose a consid-
rable potential threat as they can be widespread both at the building
evel and at the regional level within the seismic affected area [3]
wing to the rupture of gas lines, failure of electrical systems etc. [4]
nd at the same time failure of the fire compartmentation measures

∗ Corresponding author.
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and because fire brigades should be also engaged in rescue operation
after earthquake. Moreover, they are more difficult to tackle by the fire
brigades because of their possible large number and extent, as well as
of possible disruptions within the infrastructural network that hinder
their timely intervention and within the water supply system [5,6].

In this context, the structural fire performance can worsen signif-
icantly because the fire acts on an already damaged structure [7].
Furthermore, passive and active fire protections may have also been
damaged by the seismic action and the fire can spread quickly if
compartmentation measures have failed [8]. Thus, the seismic perfor-
mance of the non-structural components may directly affect the fire
performance of the structural members. Consequently, minimization of
the non-structural damage is paramount in mitigating the possible drop
in structural fire performance. The loss of fire protection is particularly
dangerous for steel structures because the high thermal conductivity
associated with small profile thicknesses entails quick temperature
141-0296/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access ar
c-nd/4.0/).
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rise with consequent fast degradation of strength and stiffness [9,10].
Moreover, the post-fire assessment of the steel members becomes sig-
nificant [11]. Experimental research at the element or component level
was performed.

In greater detail, a series of quasi-static cycling tests on the seismic
performance of sprayed fire-resistive material applied to the steel ele-
ments were carried out by Braxtan et al. [12]. Damage to the fireproof-
ing was observed after the tests. The same research group [13] later
investigated the post-earthquake fire performance of a steel moment-
resisting frame protected with sprayed fire-resistive material. Pucinotti
et al. [14,15] experimentally analysed the post-earthquake fire be-
haviour of beam-to-concrete filled steel tube column joints. Steel–
concrete composite beam-to-column joints partially damaged by cyclic
loading were investigated at elevated temperatures by Ye et al. [16].
Moreover, Song et al. [17] investigated the fire behaviour of unstiff-
ened welded steel I-beam to hollow column connections subjected to
the post-earthquake scenario. The results showed that severe damage
would significantly affect the performance of the connections under
post-earthquake fire. Imani et al. [18] performed an experimental cam-
paign on concrete-filled double-skin tube columns subjected to fire after
two different simulated seismic loads and using a specific boundary
condition (fixed and semi-fixed ends). The comparison results between
the two damaged columns and the undamaged column showed that the
seismic damage level had insignificant effects on the fire resistance time
of the specimens. Wang et al. [19] studied the residual capacity and
mechanical behaviour of circular concrete-filled steel tubular columns
exposed to the post-earthquake fire. The experimental results indicate
that these types of columns generally performed well after a fire
following earthquake event. Lou et al. [20] investigated the structural
response and failure procedure of a self-centring steel system subjected
to fire following earthquake.

Regarding experimental research on large-scale specimens, a full-
scale test on a reinforced concrete frame was performed by Kamath
et al. [21] to investigate the fire response after a seismic event. A
large-scale test was carried out at the University of California, San
Diego (UCSD), to study the post-earthquake performance of a 5-storey
reinforced concrete building [22,23]. The seismic damage was induced
by means of the shaking table, and tests with seismic isolation and
fixed-base were performed. Fire tests were then carried out to analyse
the performance of non-structural components. Shah et al. [24] pre-
sented the outcomes of a full-scale on seismically damaged RC frames
subjected to post-earthquake fire. The results showed that seismic
damage affected the rise in temperatures in the structural elements. The
experimental research conducted by Hutchinson et al. [25] summarizes
the global responses, the physical damage, the shear wall behaviour
protected with 16-mm thick gypsum boards, and the design impli-
cations of a full-scale 6-storey cold-formed steel-framed building test
campaign that involved earthquake and live fire testing at two select
floors.

Tests on non-structural components were performed by Calayir
et al. [26] that investigated the performance of fire door sets after ex-
periencing simulated earthquake damage. The earthquake effects were
imposed using a quasi-static cyclic loading test procedure. The results
of cyclic load tests showed severe distortion of the fire door frames
and excessive gaps, while results of the subsequent post-earthquake
fire test showed a decrease of the fire resistance up to 70%. The
experimental research conducted by Tian et al. [27] presents the results
of an experimental program designed to evaluate the seismic behaviour
of fire extinguishing sprinkler piping systems. Three full-scale speci-
mens spanning two-floor levels were tested with three different pipe
materials and various bracing configurations. The results showed some
damage to the sprinkler heads, failures of vertical hangers, and a
complete branch line fracture. Moreover, useful information on the
seismic damage to relevant non-structural components that can affect
2

the fire development, such as glazing, partition walls, and doors, are
presented and quantified using fragility functions in Federal Emergency
Management Agency P58 background documentation [28].

Shaking table testing is an effective experimental method to under-
stand the dynamic behaviour of a structure, while hybrid simulation
(HS), also known as pseudodynamic technique [29], allows a better
focus on the interaction between structure and substructure [30]. In-
deed, several research works have been conducted in the past, e.g. on
a reinforced concrete viaduct where two piers were physically tested,
whereas the other piers and the deck were numerically simulated [31];
HS tests of a steel frames equipped with easily replaceable dissipative
elements for which the ground floor was physically tested and the
upper floors constituted the numerical remainder of the structure, were
performed [32,33]. Moreover, Memari et al. [34] carried out a hybrid
simulation test on a small-scale steel-braced frame under fire and FFE.

The issue of post-earthquake fire performance of protected struc-
tural systems has not received much attention despite its importance.
This research aims to fill this gap by presenting new experimental
data from full-scale tests, also using a hybrid simulation technique to
account for the boundary conditions of the specimen, which represents
a full-scale part of a larger building.

The literature analysis also reveals that few studies on the ex-
perimental behaviour of the interaction between structural and fire-
resistant non-structural components were performed. Therefore, this
research, funded within the European Transnational Access project
EQUFIRE, aims to provide more experimental data on the behaviour of
passive fire protections made of silicate calcium boards and spray-based
vermiculite applied to the structural members composing a steel-braced
frame subjected to seismic loading. In particular, since no provisions
exist for seismic areas, both standard fire protection boards and seismi-
cally improved boards were tested by means of the hybrid simulation
technique. Moreover, according to the capacity design philosophy both
the dissipative members, i.e. the bracings and the non-dissipative mem-
ber, i.e. the columns of the bracing system, were equipped with passive
fire protections. The paper is organized as follows: In Section 2, the
design of the prototype structure is presented; in Section 3, the ground
motion selection is described, whilst Section 4 reports on the numerical
model and the preliminary simulations targeted to the tests; Section 5
presents the experimental campaign; Section 6 describes the test out-
comes and finally, in Section 7 the conclusions along with the future
perspectives are drawn.

2. Design of the prototype building

A four-storey, three-bay steel building with concentric bracings in
the central bay was selected as a case study, as shown in Fig. 1. It was
located in Lisbon, Portugal, in an area of medium seismicity. Since the
experimental tests were conducted on full-scale specimens, the design
of the structure was influenced by the laboratory capacity in terms
of maximum available dimensions, applied force and displacement.
In particular, it is an office building with a square plan (12.5 m ×
12.5 m), as reported in Fig. 2. The storey height is 3 m, except the
first floor, which is 3.6 m high. The selection of 3.6 m was due to the
furnace height at BAM, where FFE tests on columns were made [35].
The lateral-resisting system is made of I-profile sections with the weak
axis oriented in the plane of the frames to force in-plane buckling.
This choice was essentially made for two reasons: (i) to avoid possible
damage in the walls where the bracing is inserted owing to out-of-
plane buckling; (ii) to keep a 2D modelling of the frame meaningful
and consequently to reduce the computational demand for the hybrid
simulation, because the tests and the simulations were performed on
bi-dimensional frames. Two different steel grades were used, namely
S275 and S355. S275 was employed for the dissipative elements, i.e. the
bracing system, while S355 was selected for the non-dissipative mem-
bers, i.e. columns and beams. The loads on the frame selected for
the test and the type of profiles are shown in Fig. 3. The composite

floor is formed of a steel I-section, which is connected to a concrete
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Fig. 1. EQUFIRE case study: Isometric view of the structure.

Fig. 2. Typical floor framing plan. Dimensions in m.

slab with a 1 mm thick cold-formed profiled steel sheeting element
perpendicular to the beam with a mesh reinforcement of diameter 6-
mm spaced at 100-mm spacing. The height of the ribs is 55 mm and the
total height of the slab is 120 mm (see Fig. 4). In this way, it could be
considered as a rigid diaphragm that simplified the seismic analyses.
The concrete strength class was C30/37. Moreover, the composite
solution prevents lateral–torsional buckling, and this allows keeping
meaningful 2D modelling.

The structural weight of the slab is equal to 2.0 kN∕m2. The non-
structural weight of a typical floor and of the roof are respectively
2.7 kN∕m2, and 1.3 kN∕m2. The weight of the curtain wall is estimated
as 8.44 kN∕m2. The value of the imposed load for an office occupancy
is specified as 2.0 kN∕m2 according to EN 1991-1-1 [36], while for the
roof, a value of 0.5 kN∕m2 for the snow load was considered. The latter
was computed according to EN 1991-1-3 [37] by considering that the
building was located at 2 m above sea level and that there was no
significant snow removal by wind in the building area. So, the normal
topography (𝐶 = 1) value coefficient was adopted.
3

𝐸

Fig. 3. Frame geometry and loads. Dimensions in m.

Fig. 4. Section of cold formed profiled steel sheeting element. Dimensions in mm.

Fig. 5. Elastic spectrum 𝑆𝑒(𝑇 ) and design spectrum 𝑆𝑑 (𝑇 ).
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Fig. 6. Translational modes along UX: (a) Mode 1 and (b) Mode 4.
2.1. Seismic design

The design of the lateral-resisting system of the building was gov-
erned by the seismic action. In accordance with EN 1998-1 [38],
the frame was seismically designed according to the capacity design
criterion, which means that dissipation is expected in the bracing mem-
bers. A high ductility class (DCH) was selected, entailing a behaviour
factor equal to 4 for regular elevation systems. The seismic design
was performed in accordance with EN 1998-1 [38] and the forces and
displacements were obtained by means of a linear 3D dynamic analysis
with response spectrum. A Significant Damage limit state, i.e. life safety
limit state, only the diagonal in tension of the bracing system was mod-
elled. The columns were considered continuous along the height of the
structure and all connections of the beams and diagonals were assumed
as pinned. Given the slab thickness of 6.5 cm, the rigid diaphragm
condition was applied and masses were lumped at the floors. In terms
of regularity, the building is both regular in plan and in elevation.
Moreover, it is located on a type B soil and a seismic importance factor
equal to 1 was assumed.

For the seismic part, a general design described by the EN 1998-
1 [38] was adopted without using national annexes. The only exception
was for the determination of the reference peak ground acceleration.
Indeed, based on the study of Silva et al. [39], the building was located
in an area where the reference peak ground acceleration equals 𝑎𝑔 =
0.186 g and type B soil. The seismic action type 1, characterized by long-
distance severe magnitude earthquakes for a 475-year return period
(Life safety limit state), was selected. The lower bound factor 𝛽 for the
design response spectrum was assumed to equal 0.2 [38]. As a result,
the elastic and the design spectra are shown in Fig. 5. The parameters
of the elastic response spectrum are reported in Table 2.

To perform the linear dynamic analysis with the response spectrum,
a 3D model of the prototype structure was developed in OpenSees [40].
The first nine modes were considered based on the modal masses, as
shown in Table 1. The two first translational modes along the direction
of testing are shown in Fig. 6.

2.2. Fire design

The building was designed to withstand an exposure to the standard
ISO 834 fire curve for 60 min in accordance with the fire requirements
4

Table 1
Periods of the structure and modal masses.

Mode Dir. T (s) 𝑚𝑥 (%) 𝑚𝑦 (%) 𝑚𝑧 (%)

1 UX 0.674 83.9 0 0
2 UY 0.674 0 83.3 0
3 RZ 0.682 0 0 84.4
4 UX 0.223 14.3 0 0
5 UY 0.223 0 14.1 0
6 RZ 0.208 0 0 13.8
7 UX 0.123 1.3 0 0
8 UY 0.119 0 1.4 0
9 RZ 0.116 0 0 1.3

foreseen in Portugal for an office occupancy building of height 12.6 m
and less than 1000 occupants. Since the unprotected structure was not
capable of satisfying such requirement, two types of passive fire protec-
tion were envisaged, i.e. boards made of calcium silicate and mineral
spray-based protection based on vermiculite and gypsum, whose prop-
erties are reported in Table 3 and are typical of protection materials
that can be found on the market. The thickness of the protections was
selected equal to 20 mm and this choice was also based on application
purposes. Indeed, different applications were conceived:

1. Boards of calcium silicate with a standard application using
staples were employed, as depicted in Fig. 7a.

2. Boards of calcium silicate designed to achieve better behaviour
under seismic loading by adding a metallic substructure and
using screws to connect the boards, as shown in Fig. 7b. The
metallic substructure consists of steel angles (50 mm × 50 mm
× 6 mm).

3. Spray-based protection with a plastic-coated galvanized metallic
mesh for better adhesion in seismic regions of the spray-based
protection, as illustrated in Fig. 7c. The mesh size is 2 in (51 mm)
hexagonal and the wire diameter is equal to 1.5 mm.

The seismic performance of such fire protections was then assessed in
the experimental campaign described in this work. Moreover, they were
also tested in FFE tests at BAM, that it will be part of future works.
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Fig. 7. Fire protections: (a) boards of calcium silicate with a standard application; (b) boards of calcium silicate for seismic region; (c) vermiculite spray-based protection; (d)
firewall.
Table 2
Parameters of the elastic response spectrum.

Parameter Description Value

S Soil factor 1.2
𝑇𝐵 Lower limit of the period of the constant spectral acceleration branch 0.15 s
𝑇𝐶 Upper limit of the period of the constant spectral acceleration branch 0.25 s
𝑇𝐷 Value defining the beginning of the constant displacement response range of the spectrum 1.2 s
In addition to the fire protections applied to steel members, firewalls
were also envisaged to subdivide the different compartments within the
prototype building. They were also tested to verify whether they could
provide effective fire compartmentation without altering the seismic
response of the frame. In particular, the walls were made of autoclaved
aerated concrete blocks of thickness 200 mm. Two different solutions
were tested: (i) a firewall without any measure against the seismic
action (Fig. 8a); (ii) a firewall with reinforcement that consisted of two
parallel wires welded together with a continuous truss wire between the
blocks (Fig. 8b). The aim was to increase the strength of the masonry
and delay cracking.
5

3. Ground motion selection

As previously mentioned, the design of the prototype structure was
affected by laboratory constraints inherently present at the JRC and at
the BAM. This also applied to the ground motion selection. Indeed, the
following constraints had to be considered when choosing the ground
motion record to use in the experimental campaign:

• The selected accelerogram had to cause significant damage to the
bracing elements.

• The horizontal displacement of the first floor had to be equal to
or lower than ±30 mm to be compatible with the stroke of the
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Fig. 8. Firewall connection details: (a) without seismic detailing; (b) with seismic detailing. Dimensions in mm.
Table 3
Technical data of the passive fire protections.

Boards made of calcium silicate

Bulk density 870 kg/m3

Thermal conductivity 0.17 W/m K (20 ◦C)
0.19 W/m K (100 ◦C)
0.21 W/m K (200 ◦C)

Specific heat capacity (400 ◦C) 0.92 kJ/kg K
Modulus of elasticity E Longitudinal/Lateral 4200/2900 MPa
Bending strength Longitudinal/Lateral 7.6/4.8 N/mm2

Tensile strength Longitudinal/Lateral 4.8/2.6 N/mm2

Compressive strength at ambient temperature 9.3 N/mm2

Mineral spray-based protection based on vermiculite and gypsum

Density (theoretical) 365 kg/m3

Thermal conductivity 0.078 W/m K (20 ◦C)
Specific heat capacity 0.949 kJ/kg K

horizontal actuator inside the BAM furnace. This entailed a maxi-
mum inter-storey drift ratio of 0.8%, which is a value in between
the life safety (1.5%) and immediate occupancy (0.5%) limit
states for steel braced frames according to the FEMA-356 [41].

• The axial force of the interior columns at the base of the second
floor had to be below 1000 kN to be compatible with the actuators
used to impose the vertical loads on the specimen at the ELSA
Reaction Wall.

On these premises, a set of fifteen accelerograms was selected con-
sidering the target spectrum, earthquake scenario (magnitude range,
distance range, style-of-faulting), local site conditions, period range,
and ground motion components using the INGV/EPOS/ORFEUS Euro-
pean strong motion database [42]. Among the fifteen accelerograms,
the one shown in Fig. 9a was selected for the experimental hybrid
simulation tests. The selected seismic action was represented by a nat-
ural accelerogram recorded during the Patras earthquake in 1994 with
peak ground acceleration (PGA) equal to 0.2 g. It was then modified to
be compatible with the Eurocode 8 (EN 1998-1 [38]) elastic response
spectrum type B used in the seismic design (see Section 2) in the period
range of 0.4 s–0.9 s, which includes the structure fundamental period,
as shown in Fig. 9b. The parameters of the elastic spectrum are reported
in Table 2. Its selection was based on preliminary nonlinear time–
history analyses conducted on a finite element model of the prototype
structure used to assess the performance of the mock-up to be tested in
the laboratory, as described in Section 4.

4. Numerical model and simulations

A 2D model of the building, illustrated in Fig. 10 was created
in OpenSees. Opensees was used because it is suitable for multi-
hazard analysis such as FFE analysis [43]. In this paper, only the
6

numerical analyses relevant to the experimental tests performed at
the JRC are presented. Thus, the results obtained by applying the
ground motion presented in Section 3 were described. In this re-
spect, nonlinear finite beam elements were used for all elements
to check that non-dissipative elements remained in the elastic field
under the seismic action. In particular, seven nonlinear fibre-based
beam elements based on corotational formulation and the uniaxial
Giuffre–Menegotto–Pinto steel material, with isotropic strain hardening
(Steel02Material/SteelFFEThermal) [7,40] were used for each of the 4
members composing the concentric bracing system [44]. It is worth
pointing out that the yield strength of the bracings was taken as the
expected value, i.e. 330 MPa, considering a coefficient of variation
equal to 0.12. In order to be also suitable for thermomechanical
analysis, the columns were discretized with 15 elements considered
continuous along the height of the structure and all connections of the
beams and diagonals were assumed as pinned. Both global and member
imperfections were included in the model and their magnitude was
selected in accordance with EN 1993-1-1 [45]. Masses were considered
lumped at the floors, following the assumption of rigid diaphragms.

Fig. 11 illustrates the results of the numerical simulation of the
seismic test on the bare structure, i.e. without fire protections and
firewalls, for the selected acceleration time–history. Fig. 11a shows
the final deformed configuration of the steel frame at the end of the
simulation. The horizontal displacements of each floor are shown in
Fig. 11b, and the axial forces of the columns at the ground floor are
depicted in Fig. 11c. As is possible to observe in Fig. 11d, the energy
dissipation is concentrated in the braces and, in particular, at the
ground floor. The internal columns and all the other elements remained
in the elastic field during the seismic event. Moreover, the horizontal
displacement of the 1st floor was within the limit ±30 mm range.

5. Experimental campaign

Large-scale tests of an entire structure are generally prohibitively
expensive in terms of costs and time because of the need for expensive
specialized facilities. As a result, hybrid simulation emerged as a viable
solution for performing component-level experiments that account for
the interaction between the tested specimen and a realistic yet virtual
sub-assembly instantiated in a finite element software. For instance,
large-scale tests with hybrid simulation techniques in the seismic field
were successfully performed on a concrete bridge by Abbiati et al. [31]
and on steel frames by Andreotti et al. [32,33]. Memari et al. [34]
carried out a hybrid simulation test on a small-scale steel braced frame
under fire and FFE. Moreover, Abbiati et al. developed partitioned al-
gorithms both for seismic [46] and fire [47] applications. In the hybrid
simulation context, the experimental full-scale mock-up, representative
of only the ground floor of the prototype four-storey structure, was

built at the ELSA Laboratory of the JRC, as illustrated in Fig. 12. As
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Fig. 9. (a) Original and modified N-S ground acceleration time–history of Patras earthquake (1994); (b) Patras N-S ground accelerogram compared to EC8 response spectrum.
Fig. 10. Finite element discretization of the 2D numerical model of the frame.
can be observed in Fig. 14, only three degrees of freedom (DOFs) are
coupled between the physical and numerical substructures. In fact, a
master–slave relation is imposed on all horizontal DOFs of the first
storey to follow DOF (DOF 1). Since external columns are connected
to the braced frame by means of truss elements, the vertical displace-
ment at their base was blocked on the numerical substructure. In
order to enable hybrid simulation with mixed force- and displacement-
controlled degrees of freedom (DOFs), a specific simulation algorithm
was developed. Indeed, for each test, the horizontal actuator operated
in displacement control, while the vertical actuators operated in force
7

control. For the sake of simplicity and space, the full description of the
algorithm will be described in a future work.

On these premises, the three-bay steel frame with concentric bracing
in the central bay was assembled and a secondary frame, parallel to
the main one, was used to stabilize the specimen for any possible
out-of-plane instability during the test. The two frames were fixed to
the strong floor and tare-connected together by steel rods, which did
not alter the seismic response of the mock-up. Two 600 kN hydraulic
actuators applied the vertical load on each column composing the
bracing system, whereas lateral loads were applied through 500 kN
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Fig. 11. (a) Deformed shape of the numerical model at the end of the simulation; (b) horizontal displacements of each floor; (c) axial force; (d) Axial force versus axial displacement
response.
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Fig. 12. (a) General view of the specimen and experimental setup at the ELSA Reaction Wall; (b) detail of the bracing system.
Fig. 13. Sensors location.
actuators connected to the reaction wall, one for the main frame and
another for the secondary frame.

Load cells measured the loads applied by the vertical and horizontal
actuators. Since the frame is statically indeterminate, the two central
columns and the three beams were equipped with strain gauges that
measured their internal axial strain. Displacement transducers mea-
sured the vertical deformation of the central columns, the axial strain
of the braces, as well as the lateral displacement of the whole frame.
Fig. 13 shows the sensor location.

To further reduce any possible interference from the secondary
frame and eliminate any relative displacement during testing, the ac-
tuator of the secondary frame applied the same displacement as the
horizontal actuator applied to the main frame.

5.1. Experimental programme

The experimental programme consisted of a series of hybrid simu-
lation and cyclic tests performed on 4 different specimens:
9

• Frame A, bare frame without fire protection;
• Frame B, frame equipped with fire protection boards not designed

for seismic regions;
• Frame C, frame equipped with fire protection boards designed for

seismic regions;
• Frame D, frame equipped with sprayed-based fire protection,

designed for seismic regions, and with two firewalls built in the
external bays. The two firewalls were installed in such a way
that the concrete blocks were not in direct contact with the steel
frame, leaving a gap of 12 mm that was filled with material to
guarantee the fire resistance requirement, as shown in Fig. 8.

Two hybrid simulation tests were carried out for each frame, as
reported in Table 4. The scope of the second hybrid simulation test was
to simulate a large aftershock test by remaining close to the ±30 mm
range of horizontal displacement. Since the horizontal displacement
was below this range for tests C-EQ1 and C-EQ2, a further cyclic test
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Fig. 14. Substructuring scheme adopted for the hybrid simulation tests.

Fig. 15. Earthquake acceleration time–history.

C–CYC of amplitude ±30 mm was performed on Frame C. For the same
reason, a final cyclic ‘‘funeral test’’ (D-CYC) was performed on Frame
D comprising the firewalls. The maximum horizontal displacement
for test D-CYC was ±35 mm, because it was hard to see damage in
the walls at ±30 mm. As explained in Section 3, among the fifteen
accelerograms, the one shown in Fig. 15 was selected. However, only
the most significant portion of the full accelerogram (see Fig. 15) was
used for the experimental hybrid simulation tests to reduce the total
time of each test.

6. Experimental tests

The results of the experimental tests are hereinafter described.
10
Fig. 16. Material coupon tests.

Table 4
Experimental programme.

Test ID JRC ID Test type Fire protection

A - EQ1 A-32 Mainshock None
A - EQ2 A-33 Aftershock None
B - EQ1 B-06 Mainshock Standard fire protection boards
B - EQ2 B-07 Aftershock Standard fire protection boards
C - EQ1 C-04 Mainshock Reinforced fire protection boards
C - EQ2 C-05 Aftershock Reinforced fire protection boards
C - CYC C-06 Cyclic Reinforced fire protection boards
D - EQ1 D-03 Mainshock Reinforced spray-based fire

protection and firewalls
D - EQ2 D-04 Aftershock Reinforced spray-based fire

protection and firewalls
D - CYC D-05 Cyclic Reinforced spray-based fire

protection and firewalls

Table 5
Material properties of structural steel.

Label Tested
component

Steel
grade

Yield strength
(MPa)

Ultimate tensile
strength (MPa)

1A Brace (web) S275 345.5 466.6
1B Brace (web) S275 343.4 474.4
2A Brace (web) S275 368.0 471.6
2B Brace (web) S275 351.1 485.0
3A Brace (web) S275 359.3 488.3
3B Brace (web) S275 355.8 469.6
3C Column (web) S355 431.9 518.3
3D Column (flange) S355 425.1 508.7

6.1. Material properties

Material tests were performed on the structural steel. As previously
mentioned, the columns and beams were made of S355 steel, while
the braces were made of S275 steel. Several material coupons were
extracted from the specimens: from the flanges and the web, parallel
to the rolling direction. As a result, the stress–strain relationships are
reported in Fig. 16, and the data are reported in Table 5.

6.2. Test results

6.2.1. Hybrid simulations
Figs. 17 and 18 present the horizontal force–displacement curves,

vertical forces and vertical displacements of the first and second hybrid
simulation tests for each frame, respectively. The results in terms
of maximum displacement and force are reported in Table 6. From
Fig. 17, it is possible to observe that the bare frame (Frame A) and the
specimens with the fire protection boards with (Frame B) and without
(Frame C) seismic design showed similar responses. Frame B practically
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Fig. 17. Results of the 1st hybrid simulation tests (Mainshock): (a) force–displacement curves; (b) vertical displacement of the left actuator (DOF 2); (c) vertical displacement of
the right actuator (DOF 3).
exhibited the same displacement (+1%), while Frame C showed a mod-
erate reduction (−11%). Compared with panels directly attached to the
frame, the metal profiles used to fasten the protection boards in Frame
B probably introduce a mechanical decoupling between the frame and
the panels. On the other hand, this feature preserves boards against
seismic deformations transferred by the frame. Frame B and C dissi-
pated more energy than the Frame A, i.e. +14% and +23% respectively
(see Table 6). This could be attributed to the metallic substructure of
the fire protection boards with seismic design. As expected, Frame D
with sprayed-based fire protection and the firewalls showed smaller
displacement, i.e. −20%, which means, on average, higher stiffness
and higher resistance than the other configurations, i.e. +8%, along
with higher dissipated energy (+32%). In fact, once the displacement
was approximately 12 mm, the firewalls directly interacted with the
steel frame. Moreover, it is interesting to note that when the vertical
displacement became positive (see Fig. 17d and e), i.e. the columns
were in tension, the partitioned algorithm put the force of the vertical
11

actuators to zero.
Similar behaviour was observed when the frames were subjected
to the second hybrid simulation test, i.e. the aftershock, as illustrated
in Fig. 18. Despite the frames being partly damaged by the first hy-
brid simulation test, no appreciable differences in the overall seismic
response could be detected. Only Frame D lost some of its dissipation
capability (−12%) with respect to the main shock.

6.2.2. Cyclic tests
The time histories of the horizontal displacement and the vertical

forces imposed on the frame are illustrated respectively in Fig. 19a and
b. The horizontal displacement imposed on the frame consisted of:

• three cycles at ±30 mm for Frame C.
• three cycles at ±30 mm and two cycles at ±35 mm for Frame D.

The vertical forces imposed on the frame consisted of:

• three cycles from 0 to −600 kN or Frame C.

• five cycles from 0 to −600 kN or Frame D.
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Fig. 18. Results of the 2nd hybrid simulation tests (Afteshock): (a) force–displacement curves; (b) vertical displacement of the left actuator (DOF 2); (c) vertical displacement of
the right actuator (DOF 3).
Table 6
Seismic tests results.

Seismic response compared to the bare frame (A) in the first shock

EQ1 Displacement (mm) Force (kN) Energy (kJ)

𝑑𝑚𝑎𝑥 𝑑𝑚𝑖𝑛 𝛥𝑑 𝛥𝑑𝑖∕𝐴 𝐹𝑚𝑎𝑥 𝐹𝑚𝑖𝑛 𝛥𝐹 𝛥𝐹𝑖∕𝐴 𝐸 𝛥𝐸𝑖∕𝐴

Frame A 32.03 −21.63 53.66 – 268.5 −288.4 557.0 – 12.58 –
Frame B 28.20 −26.11 54.31 +1% 271.5 −310.4 581.9 +4% 14.36 +14%
Frame C 27.52 −20.09 47.61 −11% 274.2 −265.1 539.4 −3% 15.51 +23%
Frame D 22.46 −20.31 42.77 −20% 302.1 −297.7 599.9 +8% 16.56 +32%

Comparison between first shock and aftershock

EQ2 Displacement (mm) Force (kN) Energy (kJ)

𝑑𝑚𝑎𝑥 𝑑𝑚𝑖𝑛 𝛥𝑑 𝛥𝑑𝐸𝑄2∕𝐸𝑄1 𝐹𝑚𝑎𝑥 𝐹𝑚𝑖𝑛 𝛥𝐹 𝛥𝐹𝐸𝑄2∕𝐸𝑄1 𝐸 𝛥𝐸𝐸𝑄2∕𝐸𝑄1

Frame A 33.60 −18.42 52.02 −3% 278.5 −286.0 564.5 +1% 12.06 −4%
Frame B 25.82 −25.42 51.24 −6% 297.2 −289.6 586.8 +1% 13.66 −5%
Frame C 29.04 −21.03 50.07 +5% 302.3 −264.3 566.6 +5% 14.97 −3%
Frame D 23.07 −19.23 42.29 −1% 336.9 −276.9 613.8 +2% 14.53 −12%
12
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Fig. 19. Cyclic tests: (a) horizontal displacement imposed time–history (DOF 1); (b) vertical forces imposed time–history (DOF 2 and DOF 3); (c) force–displacement curves.
Table 7
Cyclic tests results.

CYC

Displacement (mm) Force (kN)

+ − + −

Frame C 30 30 300 269
Frame D 35 35 395 375

As previously mentioned, the cyclic tests were intended to induce
ore damage to Frame C and D, while keeping the maximum horizontal
isplacement within 30 mm (inter-storey drift ratio 0.8%) and 35 mm
inter-storey drift ratio 1.0%), respectively. Fig. 19c presents the result-
ng force–displacement curves for the cyclic tests. It may be noted that
or Frame C, despite an increase in horizontal displacement, the maxi-
um measured horizontal force when pulling back the frame (negative

ign) is essentially the same as for the second hybrid simulation test, as
hown in Fig. 18a. Indeed, from the figure, it is possible to observe

change of stiffness owing to the buckling of one of the braces in
ompression, as illustrated in Fig. 22. This phenomenon is less evident
n Frame D; however, the stiffness variation is still observable in the
ast cycle when the frame was pulled back (negative sign) because of
he buckling of one of the braces in compression, as depicted in Fig. 23.
he results are reported in Table 7.

.2.3. Damages
No significant damage was observed after the test on the bare

rame, i.e. Frame A. In fact, buckling of the braces was not observable.
uring the hybrid simulation tests on Frame B and C, small cracks were
bserved on the fire protection boards applied to the braces, as shown
n Figs. 20 and 21, whereas, as expected, no damage was detected on
13

he columns as they are non-dissipative members. Nevertheless, the
extent of damage to the fire protections is not expected to affect their
fire performance. Indeed, despite the accelerogram being modified to
be compatible with the elastic spectrum at the life safety limit state,
the maximum inter-storey drift was equal to 0.8%, which corresponds
to moderate yielding and buckling of the braces according to the
FEMA-356 [41]. Tests were then carried out with repeated cycles of
frames C and D, which induced buckling of the braces, along with
some damage to the fire protection elements applied to the braces, as
illustrated in Fig. 22. It is worth pointing out that in Fig. 22 the boards
were removed after the test in order to better identify the damage
to the brace; thus, the boards did not fall off from the brace during
the test, and only some cracks were detected, as shown in Fig. 22.
Analogously, Frame D with spray-based fire protection and firewalls
did not exhibit significant damage during the D-EQ1 and D-EQ2 hybrid
simulation tests. Conversely, during the D-CYC cyclic test, the braces
buckled and a diagonal crack passing through the masonry blocks and
the mortar joints developed at the lower corner of the wall without
seismic design, and the firewalls were detached from the columns and
the floor, as shown in Fig. 23. In contrast, the firewall reinforced against
the seismic action did not exhibit appreciable damage. In sum, the
most visible damage after tests C–CYC and D-CYC (Figs. 22 and 23)
was on the braces because of buckling. Again, the extent of damage
to fire protections was not expected to affect the fire performance
significantly. Before and after each test, several photos of the frame
were taken to reconstruct a 3D model of the frame using photogramme-
try. Photogrammetry allows visual comparisons and measurements to
evaluate the damage evolution before and after each test. For example,
Fig. 24, illustrates the 3D reconstruction of Frame D before and after
the tests.

7. Conclusive remarks

The paper presented the results of an experimental analysis of the

seismic behaviour of a concentrically braced steel frame with the aim
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Fig. 20. Damage state of Frame B after test B-EQ2: (a) bracing system; (b) enlargement of the brace crossing.
Fig. 21. Damage state of Frame C after test B-EQ2: (a) bracing system; (b) enlargement of the brace crossing.
to study the performance of structural and non-structural components.
A total of ten seismic tests were performed at the ELSA Reaction Wall
of the JRC. In particular, full-scale seismic testing by means of hybrid
simulation was successfully performed. The tests allowed to investigate
the seismic response of different types of fire protection elements:
calcium silicate boards with and without seismic design, spray-based
fire protection, firewalls with and without seismic design and their
interaction with the structural elements. Moreover, it was possible to
analyse the variations in seismic response induced by non-structural
elements (fire protections and firewalls) subjected to a sequence of
two identical shocks (first shock and aftershock). Hybrid simulation
14
tests showed that frames with fire protections and firewalls had higher
dissipation capacity than the bare frame. The frame equipped with
seismic reinforced calcium silicate boards dissipated more energy than
the bare frame (+23%) and than the frame with standard calcium
silicate boards (+8%). Moreover, the frame with the firewalls exhibited
lower horizontal displacements, i.e. −20%, with respect to the bare
frame due to the higher stiffness. A maximum inter-storey drift ratio of
0.8%, during the hybrid simulation tests, and 1.0% for the cyclic tests
were recorded. The aftershock hybrid simulation tests showed similar
results with respect to the main shock. Only the frame equipped with
the firewalls lost some of its dissipation capacity (−12%) with respect
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Fig. 22. Damage state of Frame C after test C–CYC: (a) bracing system; (b) buckled brace; (c–d) enlargement of the buckled brace.
to the main shock. Tests conducted with a larger number of cycles at
maximum amplitude caused buckling of the braces and damage to the
fire protection elements. In fact, some cracks in the fire protections
applied to the braces were observed (both boards and spray-based) and
in the firewall without seismic design. Nevertheless, because of the
inter-storey drift values, the damage level of the fire protections was
not expected to affect the fire performance significantly. In addition,
even at low drift values, the change in the seismic response of the
system induced by the fire protection could be observed and quantified.
In order to extend the experimental results obtained in this study to
structures with higher inter-storey drift values, further experimental
campaigns should focus on more flexible structures, such as moment-
resisting frames. The results indicate that compliance with the standard
design limit states, which restrict the maximum displacement, is in
15
itself an effective method for the prevention of seismic damage to fire
protection systems.
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Fig. 23. Damage state of Frame D after test D-CYC: (a) bracing system; (b) base of the firewall; (c) cracks on the firewall without seismic design.
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Fig. 24. 3D model of Frame D obtained using the photogrammetry methodology: (a) before the tests; (b) after the cyclic tests.
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