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A B S T R A C T

The paper describes the results of an experimental campaign conducted on full-scale steel frames equipped with
dissipative components within the European Research Fund for Coal and Steel (RFCS) pilot project DISSIPABLE.
Dissipative Replaceable Link Frame (DRLF), whose characteristic is the large energy dissipation combined with
ease of replacement, were installed on the frame and coupled through high-strength steel (HSS) beams char-
acterised by an elastic response to increase the overall frame stiffness and to improve the re-centring capability
after a major seismic event. The seismic performance of the steel frame was investigated by means of Hybrid
Simulation (HS) at three different limit states, i.e., damage limitation (DL), significant damage (SD) and near
collapse (NC). In particular, the first floor of the frame was physically built, whilst the response of the remaining
five floors was numerically simulated. The results of the tests highlighted the large dissipation capabilities of the
DRLF system. In addition, the high-strength steel coupling beams remained elastic even at the NC limit state and
provided excellent behaviour in increasing stiffness and re-centring capabilities. Finally, the repairability of the
DRLF components was demonstrated.

1. Introduction

Unpredictable natural disasters like earthquakes have devastating
consequences for the environment and communities, often resulting in
the collapse of buildings, significant economic losses, and casualties.
Current building design codes and guidelines [1–3] rely on energy
dissipation mechanisms and capacity design principles to enable build-
ings to withstand seismic actions. For example, in moment resisting
frames (MRF), plastic hinges are formed at the ends of beams. Various
approaches, like reduced beam sections (RBSs) at the element ends, have
been explored to facilitate high dissipative behaviour [4,5]. Further-
more, research has explored the use of partial-strength joints in place of
the traditional full-strength connections between beams and columns [6,
7] as well as column bases [8,9] to concentrate energy dissipation
[10–16] or by adding dampers to the joints [15,16]. While effective in
protecting lives under seismic loading, those solutions do not guarantee
rapid post-earthquake repairs, leading to extended downtime and eco-
nomic losses.

In response, researchers have focused on energy dissipation solutions
that are able to enhance structural resilience and are replaceable and
affordable. Friction connections were investigated since they allow for
the dissipation of large amounts of energy without experiencing high
damage [17–21]. Slit dampers have been experimentally tested for
eccentrically braced frames [22] and moment resisting frames [23],
exhibiting a wide and compact hysteretic behaviour in both cases. Those
results demonstrated that the slit dampers effectively dissipate energy
and provide the desired damping characteristics. Added Damping and
Stiffness (ADAS and TADAS) dampers [24], have also been investigated.
These dampers have shown suitable hysteretic behaviour when sub-
jected to natural ground acceleration records, effectively providing
additional damping to the structure while preserving the integrity of the
main elements. Linked Column Frame (LCF) systems, consisting in steel
columns connected by replaceable link that act like fuses, were studied
in [25–30]. These studies demonstrated the effectiveness of such solu-
tions in dissipating energy and protecting the main structure from
damage. However, there is a lack of experimental tests on full-scale
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frames, and no investigations have been conducted on the actual
replaceability of beam links. These solutions has also been proven
effective as a retrofit measure, as demonstrated by Ezodin et al. [31].

In order to ensure that buildings incur minimal damage and thus
enhance their structural resilience, a viable strategy is to provide
structures with self-centring capabilities [32]. Moreover, the partial
self-centring behaviour of structures also offers advantages in terms of
life-cycle costs [33]. Various approaches are available to achieve partial
or full self-centring proficiency. For instance, Self-Centring Column
Bases [34], designed for application in a steel moment resisting frame,
have proven highly effective in minimising structural residual
displacement.

On these premises, in recent years, the scientific community has
focused on developing systems able to guarantee the dissipation of the
seismic action and that could be easily replaced if damaged, reducing
the material consumption and costs related to serviceability restoration.
In this context, a series of European projects were carried out. In
particular, the INERD project [35] and the FUSEIS project [36] con-
ceptualised the design. They investigated the seismic behaviour of
innovative devices capable of dissipating significant energy and being
replaced after a seismic event. In greater detail, the INERD project dealt
with energy dissipation in bracing systems [37], whilst in the FUSEIS
projects, major attention was given to moment resisting frames by
conceiving two different devices, namely FUSEIS 1 [38,39] and FUSEIS
2 [40]. More recently, the DISSIPABLE [41] pilot project was funded to
provide experimental evidence on typical steel and composite
steel-concrete frame in terms of energy dissipation and ease of

reparability after a major seismic event. Three different components
were examined, namely Dissipative Replaceable Braced Connections
(DRBrC) [42], Dissipative Replaceable Link Frame (DRLF) and Dissi-
pative Replaceable Beam Splices (DRBeS) [43], which were respectively
named in the previous projects as INERD, FUSEIS type 1 and FUSEIS
type 2. The experimental campaign conducted at the University of
Trento on the DRLF system successfully bridged the gap between pre-
vious RFCS projects, where only tests on the single components were
carried out, by performing full-scale tests on frames equipped with
dissipative components. The experimental test results demonstrated the
component’s ability to dissipate energy and protect critical and irre-
placeable elements of the structures. Furthermore, the repairability of
the structure after an intense seismic event was also verified. Two
distinct sets of tests were conducted on frames equipped with the DRLF
system. In the first set, the favourable dissipative behaviour of the DRLF
system was demonstrated when employed in an entirely mild-steel
structure [44]. The experimental outcomes of these tests were
employed to calibrate the non-linear numerical models of the RBSs,
which were extensively used in the presented work. Furthermore, the
paper examines the potential advantages of utilizing coupling beams
made of HSS to enhance the structure resilience and increase the frame
stiffness, as proposed in [45–47]. For that purpose, a six-storey frame
with alternatively fixed HSS beams in the non-dissipative zones was
subjected to investigation. HSS coupling beams were employed to
ensure that the frame remains elastic even during high-intensity seismic
events. In previous years, several studies have been carried out to
evaluate the use of HSS in steel or steel-concrete composite structures for

Fig. 1. DRLF system configuration.

Fig. 2. Lateral-resisting mechanism. Dimension in meters.
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both dissipative [48] and non-dissipative elements [49,50]. The Hybrid
Simulation (HS) technique was exploited, enabling full-scale frames to
be tested by physically building only part of the structure, whilst
numerically simulating the remainder. HS for experimental tests in civil
engineering was proposed in the early ’70 [51] and has been success-
fully applied and validated since then [52–54]. The paper is organised as
follows: a brief description of the dissipative component under

investigation is given in Section 2; in Section 3, the description of the
numerical model implemented for the simulation is described, whilst the
basic concepts of the HS procedure employed in the tests are presented
in Section 4 together with the laboratory mock-up. Section 5 describes
the test programme as well as the ground motion selection, while Sec-
tion 5.2 reports the experimental test results. Finally, in Section 5.3, the
conclusive remarks are drawn.

Fig. 3. Substructuring of the prototype building: a) 3D Building; b) 2D Frame; c) Substructured Frame; d) Influence of P-Δ effect on the substructured frame.
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2. Dissipative Replaceable Link Frame (DRLF) system and
coupling beams

The Dissipative Replaceable Link Frame (see Fig. 1) is composed of
two rigid, closely spaced columns connected by multiple beams through
bolted connections. The beam links may work mainly in bending or
shear, based on their length, whilst the columns are subjected to a strong
axial force [55]. By weakening the beam links at their ends, the plastic
hinges are induced at those locations, i.e. the RBSs, designed in accor-
dance with Eurocode 8–3 [56]. Moreover, the beam links are not part of
the gravity load-carrying system, ensuring easy replaceability after a
major seismic event. In general, when connecting the DRLF with
coupling beams, the overall frame develops two lateral-resisting
schemes. The DRLF contributes to global strength, stiffness and energy
dissipation, whilst the additional frame, consisting of the strong columns
and the coupling beams, adds further strength and stiffness to reduce the
deformability and enhance the structure repairability [45–47]. Once the
DRLF undergoes large inelastic behaviour, its contribution to the overall
stiffness decreases, and, consequently, the force demand in the coupling
beams increases. Thus, the coupling beams must be designed with
overstrength to withstand the additional loading after the beam links
yield. For this reason, the coupling beams are made of high-strength
steel, and a steel grade S460 was chosen in this work. Moreover, after
carrying out a set of numerical studies, a pinned-fixed joint solution was
selected for the coupling beams as the optimal configuration for guar-
anteeing a substantial stiffness contribution as well as avoiding the
premature yielding of such elements. Fig. 2 depicts the described
lateral-resisting mechanism.

3. Design of the prototype structure

To analyse the seismic performance of the DRLF system coupled with
the HSS beams, a prototype six-storey building was designed according
to the Eurocodes (see Fig. 3). In greater detail, a 3D linear model was
subjected to dynamic analysis with response spectrum, characterised by
peak ground acceleration (PGA) equal to 0.36 g at the Significant
Damage (SD) limit state and soil type A. In this respect, a 3D finite
element (FE) model was developed in SAP2000 [57]. The building has
an inter-storey height of 3.5 m, and a span length of 4.275 m, which was
determined to fit the geometrical laboratory constraints. The structure
had two and three spans in the main directions, respectively, whilst the
laterally resisting frames were located along the structure perimeter.
The frame composed by the DRLF component and the coupling beams
was located in the two-span directions, whilst a concentrically braced
frame (CBF) equipped with the DRBrC component [42,58] was located
in the three-span direction. The study examined the use of HSS, namely
S460 steel grade, for the coupling beams due to their high seismic
strength demand, which is required to couple two DRLF. Additionally,
once the beam links undergo plastic deformation, the contribution of the
coupling beams to the overall stiffness increases, further augmenting
their load demand. Concerning the other elements, S355 steel grade was
chosen for the non-dissipative members, whilst for the dissipative beam
links, i.e. the IPE profiles that constitute the DRLF, an S235 steel grade
was employed. Member profiles and component dimensions are depic-
ted in Fig. 3b. The dissipative components were designed according to
Eurocode 8–3 [56], whilst the non-dissipative elements were checked
referring to Eurocode 8–1 [1] and the INNOSEIS provisions [55].
Moreover, the static design was performed by following Eurocode 3–1-1
[59] provisions. To investigate the non-linear behaviour, a reference 3D
model was developed in the FE software OpenSees [60]. Beams and
columns were modelled by means of “ElasticBeamColumn” elements,
whilst the beam links were subdivided into five segments, as shown in
Fig. 4 [55]. The non-linear elements, i.e., the RBSs, were modelled
employing a “TwoNodeLink” element while the remaining parts were
modelled as “ElasticBeamColumns” elements with the mechanical
properties of the gross section. A rigid link was inserted at both ends of
the beam to reproduce the moment-resisting joint between the beams
and the column and avoid considering additional flexibility. The
Bouc–Wen [61] model was chosen for the rotational degree of freedom
(DoF) of the “TwoNodeLink” element as it was the most suitable to
reproduce the hysteretic behaviour of the steel sections. An initial esti-
mation was based on a RBS model developed in the finite element
software ABAQUS [62], see Fig. 5. In a second stage, the Bouc-Wen
model parameters were calibrated on the results of previous tests con-
ducted at the University of Trento on a different structure entirely made
of mild steel and equipped with the DRLF system [41,44,63].

Since the tests were performed on a 2D frame, it was necessary to
develop a 2D FE model that reproduced the behaviour of the building
well in the DRLF direction. To take the gravity frames into account, a

Fig. 4. Beam link numerical model.

Fig. 5. RBS cyclic behaviour of the IPE160 profile.
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lumped column [64] was introduced in the 2D model. Given the three
spans in the CBF direction, two internal gravity frames were oriented in
the DRLF direction. Therefore, the lumped column modulus of inertia

was calculated floor by floor as the sum of the modulus of inertia of the
columns associated with one internal gravity frame. Indeed, half of the
total mass was assigned to the frame and concentrated in one node on
each floor, placed at the top of the central column and connected to the
others by means of rigid links. The 2D model is depicted in Fig. 3b. To
exploit hybrid simulation, the substructuring technique was employed.
Since only two translational DoFs can be controlled in the laboratory,
the procedure to define the substructured configuration led to subdivide
the structure at the midpoint of the second-floor columns, which well
approximates the position of the inflection point, as shown in Fig. 3c. In
doing so, by controlling the horizontal DoFs located at the first floor and
at mid-height of the second floor, the structural seismic behaviour could
be effectively reproduced in the laboratory. To give continuity between
the two subdomains, horizontal constraints were introduced at the
interface between the two subdomains, so that the displacement applied
at the top of the physical subdomain columns was the same as the base of
the numerical subdomain. In addition, vertical restraints were imposed
at the base of the numerical subdomain to avoid an ill-conditioned
problem, i.e., a floating domain in the vertical direction. The influence
of these simplifications on the structural behaviour was investigated by
comparing the response of the three levels of modelling, namely 3D
building, 2D frame and 2D Substructured Frame (SF), in terms of modal
analysis. The consistency of the periods and the vibration modes ac-
cording to Modal Assurance Criterion (MAC) [65] was checked, as re-
ported in Tables 1-3 . Furthermore, a thorough investigation was
conducted on the P-Δ effects, see Fig. 3d, which revealed that second
order effects did not significantly influence the overall structural
behaviour of the substructured frame. Consequently, the application of
the vertical axial load on the physical substructure was avoided.
Furthermore, the non-linear behaviour was compared by means of
pushover analysis, and the corresponding results are presented in Fig. 6.
The outcomes showed a very good agreement between the three
different modelling levels, with errors within 10 %.

To perform hybrid simulations with a reasonable computational
demand, a limited DoFs number of the numerical subdomain was
required; hence, two condensation steps were followed. First, the beam
link model depicted in Fig. 4 was condensed into a shear spring,
modelled in OpenSees [60] as shown in Fig. 7. The non-linear parame-
ters were calibrated based on the results of numerical analyses per-
formed on the single beam links.

Second, the five shear springs of each floor were further condensed
into one, as depicted in Fig. 8. To calibrate the related Bouc-Wen pa-
rameters, a displacement control analysis was performed by imposing a
cyclic displacement at the top floor of the reference model. The results of
the pushover and time-history analyses at the NC limit state on the three
structures are depicted in Figs. 9 and 10, highlighting a good agreement
between the models.

Table 1
Modal comparison between 3D building, 2D frame and 2D SF.

Mode 3D Periods
[s]

2D Periods
[s]

2D SF Periods
[s]

Error 3
D–2D

Error
2D-SF

1 1.33 1.26 1.21 5 % 4 %
2 0.42 0.41 0.42 1 % 1 %
3 0.21 0.21 0.22 0 % 1 %

Table 2
MAC matrix between 3D Building and 2D Frame.

2D Frame

Mode 1 2 3

3D Building 1 1 0 0
4 0 1 0
8 0 0 1

Table 3
MAC matrix between 2D Frame and 2D SF.

2D SF

Mode 1 2 3

2D Frame 1 1 0 0
2 0 0.99 0
3 0 0 1

Fig. 6. Pushover comparison.

Fig. 7. a) Condensed beam link model; b) RBS numerical modelling in OpenSees of the IPE160 profile.
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4. Hybrid simulation

4.1. Hybrid simulation algorithm

The experimental campaign was carried out through HS technique,
where the full-scale substructure of the ground floor was built up in the
laboratory and tested by means of hydraulic actuators, whilst the
remaining part was numerically simulated. The physical and numerical
substructure’s response, PS and NS, is computed and coupled step-by-
step by the partitioned G-α algorithm [66]. In particular, Lagrange
multipliers were employed, representing the interface forces exchanged
between NS and PS. At each step, the equations of motion (1) for both NS
(superscript N) and PS (superscript P) are solved.

MNẎN
n+1+RN( YN

n+1

)
= LNΛn+1+ FNn+1

MPẎP
n+1+RP( YP

n+1
)
= LPΛn+1+ FPn+1 (1)

whereΛ are the Lagrange multipliers, L are the Boolean matrices that
localise the interfaces DoFs, M is the generalised mass matrix, F is load
vector, RN is the generalised reaction force of the numerical substruc-
ture. RP is the generalised reaction force of the physical substructure that

Fig. 8. Reduced models: a) reference model, b) condensed beam link model and c) condensed model.

Fig. 9. Pushover comparison between reference and condensed models.

Fig. 10. Near collapse peak displacement comparison between reference and condensed models.

G. Giuliani et al.
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is partially measured after the movement of actuators and forwarded to
the controller. Since the equation of motion (Eq. 1) is written in state-
space form, the state vector YN and vector RN read, respectively:

YN =

⎡

⎣
uN
vN
sN

⎤

⎦, RN =

⎡

⎣
− vN

rN(u, v, s)
gN(u, v, s)

⎤

⎦ (2)

In Eq. (2), u, v and r are the displacement, velocity and restoring
force vectors, whilst s is an additional state vector used to model non-
linearities and g(u, v, s) is the non-linear function that models the evo-
lution of this additional state vector. Since the Bouc-Wen model [61]
was implemented for modelling the evolution of the RBSs non-linear
behaviour, the additional state vector s is the hysteretic displacement
z(t) and the differential Eq. (3) represents the non-linear function g(v, z)
that was implemented in the laboratory PC. The Bouc-Wen restoring
force r(t) is given by Eq. (4) where α is the ratio between the
post-yielding and the initial elastic stiffness, and k is the initial elastic
stiffness.

ż =
[Av − v(β|v||z|n− 1z+ γv|z|n)]

η (3)

r(t) = αku(t)+ (1 − α)kz(t) (4)

In Eq. (3) A, β, γ and n are parameters that control the shape of the
hysteretic loops whilst η and ν govern the main stiffness and strength
degradation phenomena, respectively. In addition, the HSs were per-
formed as pseudodynamic tests, which entailed expanding the simula-
tion time by a constant time-scale factor λ. The method can avoid
performing tests in real-time, which could not be possible given the
limitations of the laboratory equipment. Consequently, the contribu-
tions of mass and damping of the physical and numerical substructure
were only numerically considered. In particular, a damping ratio of 2 %
was set in the numerical substructure, whereas it was set to zero for the

Fig. 11. Experimental test set-up.

Table 4
Mechanical properties of hot-rolled and welded profiles.

Property S355 hot-rolled profiles S460 welded profiles S235 welded profiles

HEA 340 HEB 240 t = 16 mm t = 10 mm t = 8 mm t = 5 mm

Yield strength fy [MPa] 385 409 512 545 281 304
Ultimate strength fu [MPa] 529 499 620 649 370 418
Elongation at failure [%] 29 29 29 25 39 30

Fig. 12. Configuration of the instrumentation system for the DRLF-HSS frame.

Fig. 13. Strain gauges location and displacement transducer location on the
beam link.

G. Giuliani et al.
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Fig. 14. Selected accelerators and spectro-compatibility: a) DL accelerogram - rsn763; b) SD accelerogram - rsn4483; c) NC accelerogram - rsn3548.

Table 5
Accelerogram main characteristics.

Database Record Number Event Year Station PGA
[g]

Mw Component Limit state Scaling factor

rsn763 Loma Prieta 1989 Gilroy – Galivan Coll. 0.21 6.93 East DL 2.16
rsn4483 L’Aquila, Italy 2009 L’Aquila - Parking 0.40 6.30 East SD 1.20
rsn3548 Loma Prieta 1989 Los Gatos - Lexington Dam 0.53 6.93 East NC 1.20

G. Giuliani et al.
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physical part, given the inherent damping of the latter due to friction in
bolted joints and other non-linear phenomena. The value of λwas varied
between 50, for the test at DL limit state, and 100, for SD and NC tests.

4.2. Hybrid test configuration

The test set-up involved the use of two actuators, namely Actuator 1
and Actuator 2, located respectively at the top of the first-floor level and
at the mid-height of the second floor, see Fig. 11. An axially rigid system,
consisting of two beams laterally placed at the floor level, was adopted
to impose the same displacement at each column, to reproduce the rigid
diaphragm behaviour and to prevent the application of a significant
axial force to the beam links composing the DRLF system. Furthermore,
to impose the same displacement to each column, beams with high axial
stiffness were placed at the level of the top actuator. Finally, a truss
system was adopted to brace the frame laterally and prevent any out-of-
plane instability. It is worth noting that, the availability of IPE S235 and
HEB S460 profiles was scarce. For this reason, such members were made
of welded cross-sections in such a way to reproduce the characteristics of
the relative hot-rolled profiles as close as possible. Material testing was

performed, and all the actual mechanical properties are reported in
Table 4. For the S235 profiles, the material properties of the one
equivalent to an IPE 160 are shown.

The configuration of the instrumentation is schematised in Fig. 12.
Two beam links were fully instrumented by means of displacement
transducers and strain gauges at two sections in an elastic region near
the RBSs. The strain gauges were installed to estimate the bending
moment, while the displacement transducers were employed to compute
the rotation of the RBS. Moreover, to get an accurate measurement of the
out-of-plane deformation on each beam link section, strain gauges were
located at each of the four edges of the section, as depicted in Fig. 13.
The displacement transducers were installed at a distance lbar equal to
300 mm and oriented 45◦ with respect to the horizontal plane to amplify
the displacements read by the instruments. Moreover, the HSS coupling
beams were instrumented by means of strain gauges to estimate the
bending moment.

In this respect, both the in-plane and out-of-plane curvatures were
calculated by assuming plane sections, as reported in Eq. (5), where all
the subscripts refer to Fig. 13 and Bsec is the cross-section width, whilst
Hsec is the cross-section height.

χy =
(εt,l + εt,r)

/
2 − (εb,l + εb,r)

/
2

Hsec

χz =
(εt,l + εb,l)

/
2 − (εt,r + εb,r)

/
2

Bsec
(5)

An estimation of the bending moment on each instrumented section,
located in the elastic range, could then be obtained by means of the

Fig. 15. Maximum RBSs rotation for the selected accelerograms at: a) DL; b) SD; c) NC limit state.

Table 6
Parameters error betweenmonolithic and substructured frame responses. Values
in %.

Parameters DL SD NC

NRMSE – Bending Moment 7.43 13.40 8.17
NENERR – Bending Moment 5.37 9.52 16.85

Fig. 16. DL - Bending moment time history of RBSs.

G. Giuliani et al.
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elastic theory (Eq. (6)) in which Ibeam is the modulus of inertia of the
gross section and Es is Young’s steel modulus.

My = EsIy,beamχy

Mz = EsIz,beamχz (6)

The bending moment along both the strong and the weak axis at the
RBS could be derived by linear interpolation from the bending moments
obtained in the elastic range of the beam. The rotation of the RBSs was
calculated then as:

φy =
(Δt,l + Δt,r)

/
2 − (Δb,l + Δb,r)

/
2

Hsec + 2⋅
(
lbar

̅̅̅
2

√ /
2
)

φz =
(Δt,l + Δb,l)

/
2 − (Δt,r + Δb,r)

/
2

Bsec + 2⋅
(
lbar

̅̅̅
2

√ /
2
) (7)

4.3. Test programme and ground motion selection

The seismic response of the frame was investigated by means of a
series of HSs with increasing intensity of the seismic action, which
corresponds to three different limit states, namely Damage Limitation
(DL), Significant Damage (SD) and Near Collapse (NC). The test pro-
gramme was conducted as follows:

1) Test at DL limit state. After the test, the elastic behaviour of dissi-
pative components and the structural members was checked.

2) Test at SD limit state. After the test, the elastic behaviour of the non-
dissipative structural members and inelastic behaviour of the dissi-
pative components were checked.

3) The beam links were replaced with new ones. The self-centring ca-
pacity of the prototype building was verified and the residual
interstorey drift was measured.

4) Test at NC limit state. After the test, the behaviour of structural
members and dissipative components was checked.

For each limit state, a set of seven triplets of accelerograms was
analysed with the aim to select the most suited ones to conduct the test.
The criteria of spectral compatibility, structural performance and error
minimisation between monolithic and substructured frames were
considered. As illustrated in Fig. 14, for each limit state, the spectral
compatibility was satisfied in accordance with the provisions of the new
Eurocode 8–1C8 [67]. It is worth noting that the selected ground motion
for NC limit state was a pulse-like record and did not respect the imposed
limits within the range of periods indicated by the draft of the new
Eurocode 8–1C8. However, Eurocode 8–1C8 allows for the use of such
accelerograms; hence it was employed to obtain a structural damage
substantially different from the one at the SD limit state. In Table 5, the
main characteristics of the accelerograms are summarised. To evaluate
the structural performance, the maximum rotation achieved by the RBSs

Fig. 17. DL - Maximum displacement of the six floors.

Table 7
DL – Interstorey drift ratio [%].

Floor Absolute
Maximum

Residual

1 0.17 0.0037
1-2 midpoint 0.35 0.0062
2 0.18 0.0061
3 0.34 0.0038
4 0.25 0.0038
5 0.22 0.0037
6 0.22 0.0037

Fig. 18. SD - Bending moment time-histories of RBSs.

G. Giuliani et al.
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was considered. In particular, it was verified that, for the DL limit state,
the rotations remained below the yield limit, i.e., 2.15 mrad, 3.19 mrad,
4.92 mrad respectively for IPE160, IPE 140 and IPE100, as shown in
Fig. 15a. Moreover, it was sought that the accelerograms at the SD and
NC limit states induced a uniform and diffusive inelastic behaviour in
the DRLF system, as illustrated in Fig. 15b and c. It is possible to observe
that at the DL limit state, the majority of the beam links remained in the
elastic range, whereas at the SD and NC limit states the DRLF system
exhibited large and uniformly distributed dissipation.

Finally, the consistency between the monolithic and the sub-
structured response was analysed by computing the statistical indicators
on the bending moment evolution of the RBSs, i.e., NENERR and NRMSE

calculated as in Eq. (8).

NRMSE =

⃦
⃦xi − xj

⃦
⃦
2

/ ̅̅̅̅
N

√

xj,max − xj,min

NENERR =

⃒
⃒
⃒
⃒
⃒

‖xi‖2 −
⃦
⃦xj

⃦
⃦
2⃦

⃦xj
⃦
⃦
2

⃒
⃒
⃒
⃒
⃒

(8)

In Eq. (8), the bending moment evolution of the two compared
models is considered, i.e. the 2D substructured frame i and the 2D
monolithic frame j, in which j is the dataset taken as reference. The
statistical indicators described in Eq. (8) are expressed in percentages.
The mean errors among all the devices for the selected accelerograms
are listed in Table 6, where satisfactory outcomes are highlighted.

5. Description of the results

5.1. Damage Limitation limit state

At the DL limit state, the frame behaved elastically. In fact, the
maximum bending moment along the strong axis (My) of three repre-
sentative RBSs (see Fig. 12) was lower than the elastic resisting moment,
as reported in Fig. 16, that was estimated equal to 19.34 kNm, based on
the reduced cross-section properties. Unfortunately, the strain gauges
installed at the RBS 2 section got damaged during the erection process of
the frame and could not be replaced; therefore, no accurate information
could be obtained in that case.

The elastic behaviour is also confirmed by looking at the maximum
displacement depicted in Fig. 17 and measured at each floor, which
corresponds to a peak interstorey drift ratio (PIDR) of 0.35 %, as re-
ported in Table 7. This value is largely lower than the conventional limit
for the DL limit state of 0.7 % suggested by FEMA356 [68] for moment
resisting frames. Moreover, Table 7 highlights a residual maximum
interstorey drift lower than 0.01 %, which is deemed negligible.

5.2. Significant Damage limit state

As expected, at the SD limit state, the structure underwent plastic
deformations, localised at the RBSs of the beam links. In particular,
Fig. 18 shows the bending moment time-history of the three instru-
mented RBSs and it is possible to observe that the bending moment
exceeded the plastic bending moment, computed as 24.34 kNm
considering the actual material properties and cross-section dimensions.
Fig. 19 shows the wide hysteretic cycles of the RBSs, confirming the
ability of the DRLF system to dissipate a large amount of energy.

In Fig. 20, the evolution of the bending moment at end sections of the
HSS coupling is depicted. It can be highlighted that the bending moment
on the HSS beams is lower than the yield limit, confirming the ability of

Fig. 19. SD - Moment-rotation diagrams of RBSs.

Fig. 20. SD - Bending moment time-histories at HSS fixed joints.

Table 8
Maximum displacements and forces attained during the test by the actuators.

Actuator 1 Actuator 2

Displacement
[mm]

Push 19.98 40.39
Pull -26.68 -54.64

Force
[kN]

Push 172.68 476.38
Pull -226.18 -577.30

Table 9
SD – Interstorey drift ratio [%].

Floor Absolute
Maximum

Residual

1 0.76 0.0102
1-2 midpoint 1.50 0.0095
2 1.06 0.0103
3 1.95 0.0103
4 0.84 0.0104
5 0.73 0.0104
6 0.73 0.0104
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the DRLF devices to protect the irreplaceable elements. Finally, the
maximum values of force and displacement attained during the test for
the two actuators are reported in Table 8.

By computing the interstorey drift ratio (IDR), it was found that the
maximum value attained during the test for the PS was 1.50 %, while for
the NS was 1.95 %, as reported in Table 9. Moreover, Table 9 reports the
residual interstorey drift that was equal to 0.01 %, which confirms the
self-centring capability of the DRLF system coupled with HSS beams that
allows the rapid replacement of the beam links in the context of
enhanced structural seismic resilience.

5.3. Near Collapse limit state

After the replacement of the beam links, the HS at the NC limit state
was performed. The frame exhibited a strong non-linear behaviour
characterised by the plasticisation of the RBSs, as depicted in Fig. 21 and
Fig. 22, where the bending moment time-histories of the four RBSs (see
Fig. 12) are shown along with the moment-rotations diagrams.

During the ground motion the plastic bending moment was exceeded
and the RBSs showed large hysteretic behaviour, with maximum rota-
tions greater than 10 mrad. Nevertheless, besides the RBSs plasti-
cisation, the structure remained in the elastic field. In fact, Fig. 23 shows
the evolution of the bending moment at end sections of the HSS coupling
beams (see Fig. 12) that is lower than the elastic bending moment.

The maximum displacement at each floor is shown in Fig. 24,
whereas the peak and the residual IDR are reported in Table 10. The
maximum IDR was equal to 4.14 %, which is less than the conventional
limit of 5 % for the NC limit state given by FEMA356 [68]. Nevertheless,
the residual IDR value is significantly low, 0.03 %, thereby confirming
the structure self-centring capability.

Regarding the out-of-plane behaviour of the beam links, Fig. 25 de-
picts the bending moment time-history along the weak axis (Mz) of the
RBSs. Notably, the maximum value attained, which is 2.07 kNm, is only
little lower than the plastic resistance of the RBS, specifically 2.79 kNm,
resulting in a working rate of 74 % in the worst-case scenario. Therefore,
particularly at the NC limit state, the out-of-plane bending moment may

Fig. 21. NC - Bending moment time-histories of RBSs.

Fig. 22. NC - Moment-rotation diagrams of RBSs.

Fig. 23. NC - Bending moment time-histories at HSS fixed joints.
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influence the resistance and the overall response of the beam links.
Moreover, small residual bending moment was exhibited by the RBSs
due to the global residual plastic deformation.

5.4. Repairability considerations

The experimental campaign results on the DRLF systems combined
with HSS coupling beams indicated minimal residual interstorey drift
ratio after the SD and NC limit states, with maximum values of 0.01 %
and 0.03 % recorded at the end of the tests. This finding enhances the
ease of replacement of the damaged beam links after a significant
seismic event and highlights the self-centring capability. The residual
interstorey drifts can be compared with the threshold value of 0.2 %,
which is the FEMA P58–1 [69] limit value to ensure that no structural
realignment is necessary. Moreover, the measured values are also lower
than 0.5 % [70], which is conventionally assumed as a permissible re-
sidual interstorey drift ratio to ensure the building repairability.
Furthermore, the experimental results were highly encouraging as they
emphasised the effortless nature of such replacements. In fact, hydraulic
jacks were used to securely substitute dissipative devices following an
earthquake. This technique guarantees minimal disruption to the
structural integrity of the building, while allowing the equipment to be
replaced quickly and effectively. Notably, the replacement time for
first-floor devices was particularly short: about 6 man/h. This level of
efficiency not only minimises possible business downtime but also in-
creases the overall seismic resilience of the structure. Moreover, the
aforementioned value can easily be used to determine the repair time of
an entire building.

5.5. Experimental versus numerical results

This section presents the comparison between the experimental re-
sults and the outcomes of non-linear numerical analyses performed on
the 3D model developed in OpenSees. For brevity, only the limit states
that induced inelastic behaviour in the DRLF system were considered.
Compared with the test data at the SD and the NC limit states, the FE
model accurately captures the overall seismic response parameters, e.g.
base shear and top floor displacement. Specifically, the differences be-
tween the actual and predicted peak displacements or peak forces are
mostly within 20 %, as reported in Table 11. The history over time of the
response parameters for the three limit states are depicted in Fig. 26 and
Fig. 27, respectively.

6. Conclusions

The paper provides comprehensive information about the experi-
mental campaign carried out at the University of Trento on a full-scale
steel frame equipped with a dissipative system, namely Dissipative
Replaceable Link Frame (DRLF) with the exploitation of HSS coupling

Fig. 24. NC - Maximum displacement of the six floors.

Table 10
NC – Interstorey drift ratio [%].

Floor Absolute
Maximum

Residual

1 1.42 0.0313
1-2 midpoint 3.50 0.0314
2 2.32 0.0310
3 4.14 0.0312
4 1.68 0.0314
5 1.37 0.0310
6 1.37 0.0310

Fig. 25. NC - Bending moment time-histories of RBSs along the weak axis.
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beams. The seismic response of the whole frame under increasing
seismic intensity was investigated by means of HSs. HS allowed for
physically testing only the ground floor and numerically simulating the
remainder of the structure, i.e. the five floors above. The tests were
conducted at three different limit states, i.e. Damage Limitation, Sig-
nificant Damage and Near Collapse limit state. The following main
conclusions could be drawn:

• At the DL limit state, the design assumptions of elastic behaviour of
the structure were satisfied.

• At the SD limit state, the beam links of the DRLF system underwent
large and favourable energy dissipation. The residual interstorey
drift ratio was negligible, i.e. 0.01 %, mainly due to the coupling HSS
beams remaining within the elastic range, enhancing structural
stiffness and self-centring capabilities. This low drift ratio made

replacing beam links easy, taking only about 6 man-hours, demon-
strating significant advantages for improved structural resilience.

• At the NC limit state, no damage was detected on the irreplaceable
parts, e.g. the HSS coupling beams and columns, whilst the reduced
beam sections of the beam links underwent significant and favour-
able inelastic dissipative behaviour. Also, the residual interstorey
drift ratio at the NC was negligible, highlighting the self-centring
capabilities.

Finally, this work has demonstrated the benefits of using HSS
coupling beams in combination with the DRLF system to increase the
frame stiffness and its self-centring capabilities without consuming
space on the facades, as is the case with bracing systems. Furthermore,
thanks to its inherent overstrength, the higher steel grade ensured the
plasticisation of the dissipative elements. Future perspectives include
the employment of the calibrated components for numerical

Table 11
Experimental vs numerical comparison.

SD NC

Test FE Error
[%]

Test FE Error
[%]

Base Shear [kN] Pull 492.84 408.44 17 % 711.6 578.13 19 %
Push 604.12 608.42 1 % 1008 765.3 24 %

Top Floor Displacement [m] Pull 0.148 0.172 16 % 0.222 0.241 9 %
Push 0.174 0.207 19 % 0.340 0.371 9 %

Fig. 26. Top floor displacement comparison: a) Significant damage; b) Near Collapse.

Fig. 27. Base shear comparison: a) Significant damage; b) Near Collapse.
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applications, e.g., Incremental Dynamic Analyses and seismic fragility
curves.
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