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Abstract

The conventional design of buildings in seismic zones entrusts energy
dissipation to the structural elements. The capacity design, adopted in the
main national and international design standards, ensures that the forma-
tion of plastic hinges occurs at specific points of the structure to facilitate
a ductile collapse mechanism. Although this strategy allows for design-
ing structures capable of dissipating energy under seismic loading, they
do not guarantee ease of repair after an earthquake, resulting in a long
downtime/business interruption of the structure. Moreover, buildings de-
signed according to these approaches may undergo significant damage,
whose repair work is often not feasible or too expensive. Therefore, re-
ducing damage to structural and non-structural elements after a disaster
is fundamental for costs and functionality.

The work presented in this thesis was developed in the framework
of the project DISSIPABLE, funded by the European Research Fund of
Coal and Steel (RFCS). The project was funded to perform large demon-
stration tests on steel frames equipped with easily repairable seismic dis-
sipative devices, aiming to demonstrate their effectiveness in mitigating
seismic hazard and their ease of substitution/repair. The tested frames
were equipped with three innovative components, namely the dissipative
replaceable link frame (DRLF), the dissipative replaceable beam splices
(DRBeS) and the dissipative replaceable braced connections (DRBrC).
In order to fully characterize the seismic behaviour, the tests were con-
ducted at three limit states of increasing intensity, i.e. damage limitation
(DL), significant damage (SD) and near collapse (NC). Hybrid simula-
tion (HS) and the substructuring technique were exploited, allowing for
reduced experimental costs by testing only part of a full structure yet
providing meaningful and accurate results. Six-storey full-scale frames
were investigated by physically realizing only their first floors and nu-
merically simulating the remainder of the structure, ensuring compat-
ibility between the parts by controlling the displacements and imple-
menting a real-time numerical algorithm, namely Generalised α (G-α)



algorithm. Prior to performing the experimental tests, the stability and
accuracy analyses of the G-α algorithm were carried out, also consider-
ing possible differences between the estimated and the effective stiffness
of the physical subdomain. The study proved that the algorithm is sta-
ble and first-order accurate considering the discrepancies in the stiffness
matrix estimation.

The laboratory test results highlighted that the dissipative replaceable
components successfully protected the irreplaceable parts of the frames,
which remained elastic at the design limit state, i.e. SD limit state. The
devices dissipated a large amount of energy through wide and stable hys-
teretic behaviours at both SD and NC limit states. Finally, the damaged
components were replaced without any difficulty. Furthermore, the com-
parison with the predictions of the reference numerical models shows
favourable outcomes. Moreover, the novel algorithmic correction imple-
mented in the G-α algorithm in hybrid simulation was validated. Via an
extensive investigation, stability and accuracy were studied for the G-α
algorithm along with the proposed correction, considering the inherent
realistic laboratory sources of error, e.g. delay and noise in the signal.
The analyses confirmed that the algorithm is stable and first-order accu-
rate.

Finally, following the results of the tests, high-fidelity models of the
structures were developed and calibrated on the results of the experimen-
tal campaign. This provided a deeper insight into the seismic behaviour
of the structures and allowed for the derivation of reliable experimen-
tally calibrated fragility curves by means of incremental dynamic anal-
yses (IDAs). In particular, frames equipped with the seismic dissipative
components developed in DISSIPABLE were compared with a state-of-
the-art reference model. It turned out that the frames equipped with the
seismic dissipative components, at the same probability of failure, can
be repaired more quickly, and they are more cost-effective.
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Chapter 1

Introduction

1.1 State-of-the-Art

Unpredictable natural disasters like earthquakes can potentially cause
devastating environmental and community consequences. These events
can result in the complete collapse of buildings and even larger structures
like bridges or industrial facilities, leading to substantial economic loss
and casualties.

To face this problem and build structures that can withstand the seis-
mic load, the conventional design of buildings relies on energy dissi-
pation mechanisms within the structural elements. Most current codes
and guidelines [1–3], widely adopted in national and international con-
texts for seismic actions, propose a capacity design approach to facilitate
a ductile collapse mechanism. This approach ensures the formation of
plastic hinges at specific points of the structure. In the case of moment
resisting frames (MRF), special attention is given to designing structural
details that allow for the creation of plastic hinges at the ends of beams,
safeguarding columns and preventing soft storey mechanisms. Various
strategies have been proposed to promote plasticisation at the beam ends
of MRF, such as weakening the beams at their ends [4, 5]. Research stud-
ies have recently investigated the replacement of traditional full-strength
connections between beams and columns [6, 7] and column bases [8, 9]
with partial-strength joints where energy dissipation concentrates [10–
14]. Additionally, the use of dampers in partial-strength joints has been
examined [15, 16].
While these strategies enable the design of structures capable of dissi-
pating energy during seismic loading, they do not guarantee easy repair
after an earthquake. Consequently, economic losses are associated with
the prolonged downtime of the structure. Furthermore, buildings de-

1
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signed using these approaches may experience significant damage that is
often impractical or too expensive to repair. Therefore, minimising dam-
age to structural and non-structural elements after a disaster is crucial,
considering both costs and functionality.

To overcome this problem, researchers have focused their attention
on passive control systems such as tuned mass dampers and base iso-
lation. The former strategy entails installing a device within the target
structure to induce anti-resonance. Introducing such a device aims to
mitigate or suppress resonance phenomena that may occur in the struc-
ture under specific dynamic loading conditions by altering the structure’s
natural frequencies. In particular, several types of tuned mass damper
can be identified [17]. This strategy was originally developed for high-
rise buildings which can suffer strong wind loads [18, 19]. More recently,
its potential application for structural protection against earthquakes has
been investigated [20–22]. Concerning the base isolation, the main goal
is to decouple the building structure from the earthquake input motion,
aiming to minimize the transfer of destructive forces and vibrations [23].
This technique is considered the most effective for seismic protection of
buildings and has been a subject of engineering research for many years
[24].
These passive strategies have proven effective in mitigating seismic events’
impact on structures and have garnered significant attention in engineer-
ing research and practice. Nevertheless, they are very expensive sys-
tems and, therefore, suitable for use in strategic facilities where the cost-
benefit analysis gives a positive outcome.

In this context, researchers directed efforts on solutions that can dis-
sipate energy, concentrating the plasticisation on specific parts of the
structures that can be replaceable after a seismic event and are afford-
able for everyone. This fact is particularly important in the context of
structural resilience. Friction connections were investigated since they
allow for the dissipation of large amounts of energy without experienc-
ing high damage [25–28]. In particular, friction beam-to-column con-
nections were studied within the framework of the FREEDAM project
[29]. The experimental campaign results demonstrated that these inno-
vative solutions could sustain destructive seismic events without causing
any damage to the steel components [30]. Slit dampers have been exper-
imentally tested in two structural systems: eccentrically braced frames
[31] and moment resisting frames [32]. The slit dampers exhibited a
wide and compact hysteretic behaviour in both cases, as observed in
the force-displacement and moment-rotation diagrams. This behaviour
demonstrates that the slit dampers effectively dissipate energy and pro-
vide the desired damping characteristics. Added Damping and Stiffness

2
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(ADAS and TADAS) dampers [33], have also been investigated. These
dampers have shown suitable hysteretic behaviour when subjected to nat-
ural ground acceleration records, effectively providing additional damp-
ing to the structure while preserving the integrity of the main structure.
For rocking structures, supplemental rotational inertia can be employed
to control the seismic response [34]. This system utilizes inerters, which
are mechanical devices that generate a resisting force in proportion to the
difference in acceleration between their terminals.
Buckling-restrained braces (BRB), usually made of a yielding steel core
surrounded by a hollow steel shape filled with mortar, have been exten-
sively studied in the last three decades. The protective fill is unconnected
from the core, preventing it from buckling and allowing it to undergo
axial yielding both in compression and tension [35–37]. However, Kig-
gins and Uang [38] highlighted that the braces’ limited stiffness after
yielding increases the susceptibility of the system to significant perma-
nent displacements. The mitigation of residual story drifts is achievable
by employing BRBs within dual systems [39]. For braced frames, re-
movable dissipative devices were studied within the DUAREM project
[40]. The devices comprised short links that were fastened to the floor
beams in eccentrically braced frames. Findings demonstrated that the
framework could endure the intended earthquake standards, containing
all damage within the seismic links that could be replaced with ease.
In order to ensure that buildings incur minimal damage and thus enhance
their structural resilience, a viable strategy is to equip structures with
self-centering capability [41]. Moreover, the partial self-centring be-
haviour of structures also offers advantages in terms of life-cycle costs
[42]. Several strategies could be used to reach partial or complete self-
centering capability, e.g., for structures equipped with BRB, the core
could be modified by inserting parallel connections of steel plates with
different yield stress so as to modify the hysteretic response and achieve
a second yielding point, thus ensuring the structure can re-centre [43].

1.2 DISSIPABLE Project

In recent years, the scientific community focused on developing systems
that could guarantee the dissipation of seismic action and that could be
easily replaced if damaged, reducing the material consumption and costs
of restoring serviceability. In this context, a series of projects funded
by the Research Fund for Coal and Steel (RFCS) were carried out. In
particular, the INERD project [44] and the FUSEIS project [45] con-
ceptualized the design and the investigation of the seismic behaviour of

3
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innovative types of devices, capable of dissipating a significant amount
of energy and being replaced after a seismic event. In greater detail, the
INERD project dealt with energy dissipation in bracing systems [46] by
means of semi-rigid ductile brace-to-columns connections. The dissipa-
tive connections consisted of two external eye-bars welded or bolted to
the column flanges, one or two internal eye-bars welded to the end of
the diagonal member and a pin running through the eye-bars. In con-
trast with conventional frames, in the INERD project, the energy dissi-
pation was concentrated in the connections rather than in the structural
members. However, this solution presented some issues, i.e., transverse
bending of the steel eye-bars, and bearing capacity reduction at the pin-
plates interface because of slippage due to holes ovalization. In the FU-
SEIS project, major attention was given to moment resisting frames by
conceiving two different devices, namely FUSEIS 1, constituted by two
closely spaced strong columns rigidly connected by multiple beams with
reduced sections made of open or closed steel profiles [47, 48], and FU-
SEIS 2, which introduce a discontinuity on the composite beams and
restore the continuity through steel plates bolted or welded to the web
and flange of the beam [49].

More recently, the RFCS pilot project DISSIPABLE [50] was funded
to provide experimental evidence on the high degree of energy dissipa-
tion and the easy replaceability after a major seismic event of dissipa-
tive seismic components, so as to enhance structural resilience. Since
there is an absence of demonstration regarding the behaviour of struc-
tures equipped with dissipative and repairable devices on an appropriate
scale, using suitably large components, the project has tested full-scale
steel structures. Therefore, as part of the project, full-scale tests were
performed both on individual components [51] and on two-dimensional
frames by means of a pseudodynamic method at the University of Trento
[52, 53]. In addition, scaled 3D frames were tested on a shaking table at
the National Technical University of Athens to investigate the effect of
eccentricity in mass distribution.

Three different components were investigated starting from the pre-
viously described devices. The Dissipative Replaceable Brace Connec-
tion Figure 1.1a consists of a pin with a chamfered rectangular cross-
section, linked by external and internal plates. The pin is the only dissi-
pative element designed for plastic deformation, while other parts remain
elastic. This component represents an improved version of the INERD
device. The Dissipative Replaceable Link Frame system Figure 1.1b,
which is intended to be used in the perimeter frames of steel or steel-
concrete buildings, consists of two strong columns connected by mul-
tiple beams whose ends are intentionally weakened to promote plastic
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hinge formation. The Dissipative Replaceable Beam Splice, depicted
in Figure 1.1c, is designed for use in composite steel-concrete moment-
resisting frames. Plastic deformations are concentrated in steel plates,
near the beam-to-column joint. This is achieved by disrupting the steel
profile and concrete slab and reconnecting them with fuse plates on the
steel profile’s web and flange, which is designed to dissipate energy.

The primary benefit of DISSIPABLE devices is that they are made
up of common steel fabrication elements (pins, plates, short beams) and
bolted joints. As a result, they do not require specific manufacturers to
be commercially mass-produced and are not subject to patenting. All
the component systems are carefully designed assemblies of structural
steel that any steel fabricator can produce without being subject to any
patents.

(a) (b)

(c)

Figure 1.1: DISSIPABLE components: a) DRBrC, b) DRLF, c) DRBeS

The extensive experimental campaign carried out at the University of
Trento consisted of hybrid simulation of five full-scale specimens, (see

5
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Figure 1.2) at different seismic intensity levels, namely Damage Limita-
tion (DL), Significant Damage (SD) and Near Collapse (NC). The main
aim was to prove the structure’s elastic behaviour during lower levels of
earthquakes, and the safeguarding of non-repairable elements (such as
beams, columns, and bracings). In order to conduct meaningful tests on
whole frames, the substructuring technique was utilised. The method in-
volves physically constructing only a significant part of the structure in
the laboratory, while numerically modelling the remaining one. This en-
abled the verification of low residual displacements and the replaceabil-
ity of the devices that were substituted following the significant damage
limit state test, see 1.1.

(a)

(b)
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DL SD
Substitution
Difficulty &
Repair Time

NC
Structure
Sketch

Test
n°1

DRLF - MS ✓ ✓
High

6h/man
✓

Test
n°2

DRLF - HSS ✓ ✓
High

6h/man
✓

Test
n°3

& n°4

DRBrC - MS
DRBrC - HSS

✓ ✓
Moderate
4h/man

✓

Test
n°5

DRBeS ✓ ✓
Low

2.5h/man
✓

Table 1.1: Test Matrix
7
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(c)

(d)

Figure 1.2: Physical substructure: a) DRBrC, b) DRLF-mild steel, c) DRLF-
HSS, and d) DRBeS frames

1.3 Thesis organization

The thesis highlights the significant and noteworthy research outcomes
attained by the author throughout her doctoral program, emphasizing
their major contributions and relevance. The manuscript consists of
seven chapters, with the central focus on an experimental campaign con-
ducted at the University of Trento, starting from the preliminary analyses
and ending with numerical analyses performed on calibrated models. In
Figure 1.3, the workflow of the thesis is depicted.

Herein, a brief overview of the overall work is provided:

8



Giulia Giuliani - Experimental and numerical analysis of steel frames equipped with
repairable dissipative seismic components

Figure 1.3: Thesis Workflow

Chapter 1 - Introduction

In Chapter 1, the research work is contextualized, and the overall struc-
ture of the study is outlined. The chapter introduces the research back-
ground and objectives, providing a clear understanding of the motiva-
tions behind the study.

Chapter 2 - Partitioned G-α Algorithm

Chapter 2 details the algorithm used for conducting hybrid simulation
and comprehensively explains its implementation. The chapter also in-
cludes preliminary analyses conducted to assess the suitability of the al-
gorithm. These analyses delve into the stability and accuracy aspects of
the algorithm, offering valuable insights into its performance.

Chapter 3 - Numerical analyses on prototype buildings

Chapter 3 focuses on the numerical modelling of the prototype buildings.
It provides a detailed depiction of the modelling process, specifically
emphasizing the substructuring approach used to define the experimental
setup. The chapter elaborates on the step-by-step process for creating
the numerical models and thoroughly explains the methodology used to
define the experimental configuration.

9
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Chapter 4 - Hybrid simulation tests results

Chapter 4 of the thesis focuses on presenting and discussing the results
obtained from the experimental campaign. This chapter provides a com-
prehensive analysis and interpretation of the data collected during the
experimental investigations conducted as part of the research project.

Chapter 5 - Optimization of the Partitioned G-α Algorithm

In Chapter 5, the a posteriori validation of the used algorithm is pre-
sented. In particular, stability and accuracy analyses are performed in a
model in which every laboratory source of error is accounted for. This
Chapter highlights the effectiveness and the validity of the procedure fol-
lowed for the experimental campaign.

Chapter 6 - Probabilistic seismic demand model

Chapter 6 focuses on the definition of experimentally calibrated fragility
curves. In detail, Incremental Dynamic Analyses on experimentally cali-
brated models were performed to assess the probabilistic behaviour. The
Chapter specifically compares the behaviour of the DISSIPABLE frame
(equipped with dissipative devices) with a state-of-the-art moment-resisting
frame designed based on the capacity design philosophy.

Chapter 7 - Conclusions and future perspectives

Chapter 7 summarised the entire thesis manuscript, recapping the key
findings and conclusions. It provides a comprehensive overview of the
research conducted and the results obtained. Additionally, this chapter
outlines potential future developments and areas of further research re-
lated to the overall study.

10
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Chapter 2

Partitioned G-α Algorithm

Hybrid Simulation (HS) was utilised since it allows testing a full-scale
frame by only physically building a relevant part while the remaining
is numerically simulated. Indeed, HS for experimental tests in civil en-
gineering was proposed in the early ’70 [54] and has been successfully
applied and validated since then [55–57], in particular in seismic en-
gineering though its use has been extended in recent developments to
others fields, e.g., fire engineering [58–60].
This procedure relies on a numerical model of the specimen implemented
in the laboratory PC, as shown in Figure 2.1. At each step, the reaction
forces of the structure are measured and sent to the PC, which computes
the displacements to be imposed on the structure at the next step by solv-
ing the equations of motion. Due to laboratory constraints, performing
tests in real-time was impossible. Hence, the contributions of mass and
damping of the physical and numerical substructure were considered nu-
merically. Indeed, the time-scale factor λ given by Equation 2.1 was em-
ployed to expand the time scale to avoid considering the inertia forces on
the physical substructure. As shown, λ is given by the ratio between the
time integration step used to solve the equation of motion ∆tc and the
wall clock time that marks the solution of one-time integration step ∆t
[61].

λ =
∆tc
∆t

(2.1)

In the test performed, the value of λ factor varied between 50, for the
test at DL limit state, and 100, for NC test. This allowed us to disregard
inertial effects, which are typically responsible for instabilities. Indeed,
the impact of inertia is proportional to the inverse square of λ: in the
most unfavourable scenario of λ = 50, the specimen’s acceleration is
only 1/2500 of the actual acceleration. Consequently, the inertial force

11



is negligible, with a value less than the load cell measurement error (i.e.
3 · 102 N).

Figure 2.1: Conceptual scheme of hybrid simulation.

In particular, to perform laboratory tests in the Materials and Struc-
tures Testing Laboratory (MSTL) of the University of Trento, the parti-
tioned G-α method was employed to solve the equation of motion. This
algorithm was adopted since it allows for solving the equation of motion
for the numerical and the physical substructure independently, restoring
the continuity at the interface by means of Lagrange Multipliers. The ac-
tual implementation of numerical algorithms in experimental tests should
ensure reliable results regardless of the potential discrepancies with an
ideal situation, e.g. source of errors, simplifications, etc. For instance,
to maintain a constant time-scaling factor, coupled equations of motion
are solved by avoiding iterations or employing a fixed number of itera-
tions. Typically, this is achieved by means of linearly implicit methods
[62] that require an estimation of the stiffness matrix, which remained
constant during the test. This is a simplification since the stiffness could
be affected by the estimation strategy and could not be constant due to
non-linearities. This led to considering an initial stiffness different from
the actual ones. Therefore, an algorithmic analysis is developed in this
chapter taking errors into account in estimating the stiffness used in the
computation of operator splitting [63, 64].
This Chapter comprehensively describes the partitioned G-α by which
Hybrid Simulations were performed. In particular, the stability and ac-
curacy analyses of both the monolithic and the partitioned algorithms are
reported.
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2.1 Monolithic G-α method

The specific implementation of the G-α algorithm described by Abbiati
et al. [65] was implemented to perform HS since it allows for considering
the evolution of nonlinearities through time by means of a state vector,
enabling a fast computation of the single time step. The equations of
motion 2.2 are rewritten in a state-space form to integrate them as first-
order equations.

MẎ + R (Y) = F(t) (2.2)

where M is the generalized mass matrix, Y the generalized displace-
ment vector, R the generalized restoring force and F the generalized ex-
ternal load. In particular:

Y =

u
v
s

 M =

I 0 0
0 m 0
0 0 I

 R =

 −v
r(u, v, s)
g(u, v, s)

 F =

 0
f(t)
0

 (2.3)

In Equation 2.3, u, v and r are the displacement, velocity and restor-
ing force vectors, s is the additional state vector used to model nonlin-
earities, I and m are the identity and mass matrices, respectively, whilst
g(u, v, s) is the non-linear function that models the evolution of the ad-
ditional state vector.
In the original work of Jansen et al. [66] introducing the G-α algorithm
for a monolithic domain (MG-α), where monolithic refers to a domain
with no subdivisions, the equation of motion Equation 2.4 is integrated
from tn to tn+1 with a time step ∆t = tn+1 − tn.

MẎn+αm + R
(
Yn+αf

)
= Fn+αf

(2.4)

where:

Ẏn+αm = (1− αm) Ẏn + αmẎn+1 (2.5a)

Yn+αf
= (1− αf )Yn + αmYn+1 (2.5b)

Yn+1 = Yn + (1− αf ) Ẏn∆t+ Ẏn+1γ∆t (2.5c)

The parameters which define the algorithm characteristics, i.e., αm,
αf and γ, can be expressed as a function of the infinity spectral radius

13
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ρ∞ as reported in Equation 2.6.

αm =
3− ρ∞

2(1 + ρ∞)

αf =
1

1 + ρ∞

γ =
1

2
+ αm − αf

(2.6)

In the former, when ρ∞ = 1, αm = αf = γ = 1/2, the method col-
lapses in the trapezoidal rule, which avoids any algorithmic dissipation
whereas, if ρ∞ is equal to zero, frequencies higher than the sampling fre-
quency are dampened. By exploiting Equation 2.7, which relates the ex-
act and filtered state derivatives (respectively Ẏn, Ẏn+1 and Vn, Vn+1),
it is possible to rewrite the equation of motion as in Equation 2.8.

(1− αm)Vn + αmV(n+1) = . . .

(1− αf )Ẏ (tn) + αf Ẏ (tn+1) + o(∆t2)
(2.7)

MẎn+1 +R(Yn+1) = Fn+1 (2.8)

where:

Yn+1 = Yn + Vn(1− γ)∆t+ Vn+1γ∆t

Vn+1 = Ẏn(1− αf )/αm − Vn(1− αm)/αm

(2.9)

For an elastic system, in the monolithic case, Equations 2.2, 2.5
and 2.9 can be rewritten in the following form:

Zn+1 = A · Zn (2.10)

where A is the amplification matrix of the system. For a single degree of
freedom model, a rank four matrix was obtained, see Equation 2.12 con-
sidering an undamped system. Defining the spectral radius ρ as the max-
imum of the eigenvalues λ of the amplification matrix, Equation 2.11, an
algorithm is stable when the infinity spectral radius is lower than one. As
shown in Figure 2.2a, the stability of the algorithm also depends on the
dimensionless frequency Ω given by the product between the algorithmic
time-step ∆t and the natural frequency of the system ω. By performing
the algorithmic analysis, the authors found analogous results to those re-
ported in [65], showing, as depicted in Figure 2.2, that the MG-α method
is unconditionally stable and second-order accurate.

ρ = max|λi| (2.11)
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(a)

(b)

Figure 2.2: MG-α algorithmic analysis: (a) stability and (b) accuracy.

15



2.1. MONOLITHIC G-α METHOD
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(2.12)

With β1 = ρ∞ − 3; β2 = ρ∞ + 1; β3 = 3ρ∞ − 1; β4 = 1− ρ∞ and
δ = β2

1β
2
2 + 4Ω2.
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2.2 Partitioned G-α method

2.2.1 Main Concept

In the partitioned G-α method (PG-α), the spatial domain is partitioned
into disconnected subdomains where the compatibility is enforced by
means of Lagrange multipliers, as defined by Farhat and Roux on the
finite element tearing and interconnecting (FETI) method [67]. The
method solves the subdomains separately, deriving the free solutions and
imposing the continuity constraint on the interface boundary. The equa-
tions of motion are reported in Equation 2.13, where N refers to the nu-
merical (NS) and P to the physical subdomain (PS). The compatibility
between the two subdomains is enforced on the velocity Ẏ by means of
Equation 2.14.

{
MN ẎN

n+1 + RN
(
YN
n+1

)
= LNΛn+1 + FN

n+1

MP ẎP
n+1 + RP

(
YP
n+1

)
= LPΛn+1 + FP

n+1

(2.13)

GN ẎN
n+1 + GP ẎP

n+1 = 0 (2.14)

In the former, Λn+1 are the Lagrange multipliers representing the in-
terfaces forces. L and G are Boolean matrices that localise the interfaces’
degrees of freedom on the forces and velocity vectors, respectively. The
equations of motion can be solved by implementing a predictor-corrector
procedure for the two separated subdomains. The state rate vector pre-
dictor of the free solution is determined as reported in Equation 2.15,
where D (Equation 2.16) is a matrix operator based on the generalised
mass matrix M and the Jacobian of the restoring force ∇Y0R.

Ẏfree
n+1 = D−1

(
Ffree
n+1 − R

(
Ỹfree
n+1

))
(2.15)

D = M + γ∆tαf/αm ∇Y0R (2.16)

If the considered system is linear, the operator can be rewritten as in
Equation 2.17.

D = M + γ∆tαf/αm K (2.17)

The Lagrange multipliers are calculated at each time step to com-
pute the link solution, Equation 2.18. In particular, they are determined
by means of the so-called Steklov-Poincarè operator, reported in Equa-
tion 2.20.
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Ẏlink
n+1 = M−1LΛn+1 (2.18)

Λn+1 = −H−1
(

GNYN,free
n+1 + GPYP,free

n+1

)
(2.19)

H =
(
GNDNLN + GPDPLP

)
(2.20)

In order to minimize the computational burden by avoiding the in-
version of the matrix at each time step, the operator D is calculated once
at the beginning of the simulation for both PS and the NS, DP and DN

respectively. While the mass and the stiffness matrices necessary to cal-
culate DN are the ones of the numerical model and therefore known, DP

is computed using a numerically estimated stiffness matrix. To study the
stability and accuracy of the algorithm in a more realistic framework, the
parameter η was introduced, as suggested by Lamarche et al. [64]. This
parameter represents the ratio between the elastic stiffness kP and the
numerically estimated one kP0 , Equation 2.21.

η =
kP

kP0
(2.21)

Hence, in the algorithmic implementation, the numerically estimated
stiffness is employed to compute the operator splitting DP , whilst the
restoring force R is physically read from the laboratory PC and therefore
accounts for the actual stiffness kP .
In order to validate the use of the PG-α method in the laboratory frame-
work, stability and accuracy were investigated, implementing the param-
eter η defined in Equation 2.21 as reported in Equation 2.22.

DP = MP + γ∆tαf/αm ηKP
0 (2.22)

2.2.2 Algorithmic analysis of a single degree of freedom sys-
tem

The stability and accuracy analyses were initially carried out on a ingle-
degree-of-freedom (SDoF) system, as it provides a simple and easy to
interpret representation of the problem, which can be easily generalised
to multi-degree of freedom problems. However, to confirm the SDoF
results, a two-degrees-of-freedom case study was also analysed, the re-
sults of which are reported in Section 2.2.3. The case study is depicted in
Figure 2.3. Two uniaxial springs, representative of the numerical and the
physical stiffness, are connected with a single mass split into a physical
and a numerical contribution. In particular, the ratio between the masses
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has been defined as a variable named b1, as suggested by Bonelli et al.
[68].

Figure 2.3: SDoF: Case study.

Moreover, the following quantities are defined:

mtot = mN +mP (2.23a)

ktot = kN + kP (2.23b)
mN

mP
= b1 (2.23c)

kN

kP
=

1

b1
(2.23d)

f = 1/2π
√

ktot/mtot = 1Hz (2.23e)

cN = 0; cP = 0 (2.23f)

As reported in Equation 2.23e, the case study is defined so that the
unitary frequency of the structure is ensured. To investigate the worst
scenario, no damping c is considered for both subdomains since any
damping would be favourable for the stability analysis.

On these premises, a generic time-step of the algorithm has been im-
plemented in the software Mathematica [69] with the aim of computing
the amplification matrix for studying the stability and investigating the
accuracy, both in terms of local and global truncation error. To compute
the truncation errors, the following problem has been taken as a refer-
ence:

ω2u+ ü = 0 (2.24a)

u0 = 1, u̇0 = 0 initial condition (2.24b)

The stability and accuracy, with four different spectral radius values
ρ∞, i.e. 0.0, 0.5, 0.9 and 1, were studied by choosing the parameters b1
and η, respectively of 0.1, 1 and 10, and 0.25, 0.50, 0.75, 1.00, 1.25, 1.50
and 1.75. For each combination of these values, stability and accuracy
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analyses were performed.
By computing the amplification matrix for the PG-α method applied to
an SDoF system, a rank eight matrix was found. The non-null eigenval-
ues obtained for the investigated parameters are reported with respect to
the dimensionless frequency Ω in Figure 2.4. It can be observed that the
PG-α algorithm is stable, i.e. |λ| ≤ 1, for any value of b1 and for η ≤ 1,
which means for an actual stiffness kP lower than the numerically es-
timated one kP0 . On the contrary, if η is greater than 1, the algorithm
becomes unstable. The only exception lies in the case of an algorithm
designed with an infinity spectral radius ρ∞ lower than 1 and b1 equal to
10, which represents the case of a numerical mass higher than the physi-
cal one. This result implies that a more stable algorithm is obtained when
a significantly higher mass on the numerical subdomain and algorithmic
damping on the higher modes are considered since lower values of ρ∞
allow for damping the higher modes.

(a)
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(b)

(c)
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(d)

(e)
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(f)

Figure 2.4: SDoF: Stability analysis of the partitioned algorithm: (a-b) b1 =
0.1, (c-d) b1 = 1.0, (e-f) b1 = 10.

Concerning the accuracy analysis, the global truncation error (GTE)
is evaluated at a generic time t of the analysis as the difference between
the algorithmic solution Y and the exact one u, Equation 2.25. In this
case, it was chosen to take a time t equal to one second.

GTE = |Yt − ut| (2.25)

Instead, the local truncation error (LTE) reported in Equation 2.26
is computed at the first time step for each algorithmic quantity, i.e., dis-
placement, velocity, and acceleration. The order of the algorithm’s accu-
racy is the minimum polynomial degree of the three LTE.

LTE = |Y1 − u1| ∝ ∆tp (2.26)

The GTE values reported in Figure 2.5 demonstrate that the algo-
rithm is second-order accurate, as for the monolithic case, only if η is
equal to 1, regardless of the value of b1. As the value of η becomes dif-
ferent from 1, the accuracy decreases to the first order. In Figure 2.5,
graphs regarding values of η greater than one are omitted since the algo-
rithm is unstable on such occasions.
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(a)

(b)

(c)
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(d)

(e)

Figure 2.5: SDoF: Global Truncation Error on the displacement: (a-b) b1 =
0.1, (c-d) b1 = 1.0 and (e-f) b1 = 10.
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The local truncation errors in terms of displacement LTEd, veloc-
ity LTEv and acceleration LTEa are reported respectively in Equa-
tions 2.27 to 2.29. It can be noticed that the order of accuracy strictly
depends on the initial conditions. Indeed, using a value of initial accel-
eration a0 not in equilibrium with the initial condition on displacement
and velocity, the minimum grade of the polynomial is one (see Equa-
tions 2.27 to 2.29). However, considering an equilibrated initial accel-
eration, it can be proven that the order of accuracy becomes equal to
two.

LTEd =

(
−2d0π

2 +
−a0 + 8d0π

2 − 2a0ρ∞ + a0ρ
2
∞

(−3 + ρ∞)2(1 + ρ∞)2

)
∆t2

+

(
−2π2v0

3
+

16

(1 + b1)η(−3 + ρ∞)3(1 + ρ∞)3
·(

−2π2v0 − π2v0η − 3b1π
2v0η

−2π2v0ηρ∞ − 2b1π
2v0ηρ∞

+π2v0ηρ
2
∞ + b1π

2v0ηρ
2
∞
))

∆t3

+

(
2d0π

4

3
− 32

(1 + b1) η(−3 + ρ∞)4(1 + ρ∞)4
·(

−a0π
2 + 8d0π

4

−a0b1π
2η + 8b1d0π

4η − 2a0η
2ρ∞ − 2a0b1π

2ηρ∞

+a0π
2ρ2∞ + a0b1π

2ηρ2∞
))

∆t4

+ o
(
∆t5

)
(2.27)
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LTEv =

(
−4d0π

2 − −a0 + 8d0π
2 − 2a0ρ∞ + a0ρ

2
∞

(−3 + ρ∞)(1 + ρ∞)

)
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1

(1 + b1)η(−3 + ρ∞)2(1 + ρ∞)2
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−2π2v0 − π2v0η − 3b1π
2v0η − 2π2v0ηρ∞

−2b1π
2v0ηρ∞ + π2v0ηρ

2
∞ + b1η

2v0ηρ
2
∞
))

∆t2

+

(
8d0π

4

3
+

16

(1 + b1)η(−3 + ρ∞)3(1 + ρ∞)3
·(

−a0π
2 + 8d0π

4 − a0b1π
2η + 8b1d0π

4η

−2a0π
2ρ∞ − 2a0b1π

2ηρ∞ + a0π
2ρ2∞ + a0b1π

2ηρ2∞
))

∆t3

+

(
2π4v0
3

+
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(1 + b1)2η2(−3 + ρ∞)4(1 + ρ∞)4
·

(
−2π4v0 − π4v0η − 5b1π

4v0η − b1π
4v0η

2 − 3b21π
4v0η

2

−2π4v0ηρ∞ − 2b1π
4v0ηρ∞ − 2b1π

4v0η
2ρ∞

−2b21π
4v0η

2ρ∞ + π4v0ηρ
2
∞ + b1π

4v0η

ρ2∞ + b1π
4v0η

2ρ2∞ + b21π
4v0η

2ρ2∞
))

∆t4

+ o
(
∆t5

)
(2.28)
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LTEa =

(
−4π2v0 +

4

(1 + b1)η(−3 + ρ∞)(1 + ρ∞)
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−2π2v0 − π2v0η − 3b1π
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2v0ηρ
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∞
))
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+
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8d0π
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∆t4

+ o
(
∆t5

)
(2.29)

In the case of η equal to 1, the minimum order of the polynomials
is equal to three when ρ∞ = 1, as reported in Equations 2.30 to 2.32,
whilst in all the other cases is equal to two.

LTEd =
π2

3
v0∆t3 − 4

3
π4d0∆t4 + o(∆t5) (2.30)

LTEv = −4

3
π4d0∆t3 − 4

3
π4v0∆t4 + o(∆t5) (2.31)
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LTEa = −4

3
π4v0∆t3 +

16

3
π6d0∆t4 + o(∆t5) (2.32)

2.2.3 Algorithmic analysis of two degrees of freedom system

The second case study analysed is the two degrees of freedom (2DoFs)
system reported in Figure 2.6. In this case, the ratio between the masses
has been defined as a variable named r, as suggested by Bonelli et al.
[68] and reported in Equation 2.33b.

Figure 2.6: 2DoFs: Case study.

m = mN +mP (2.33a)
mN/mP = r (2.33b)

f1 = 1/2π
√

k/m = 1Hz; f2 =
√
3Hz; f3 =

√
3Hz (2.33c)

cN = 0; cP = 0 (2.33d)

The same procedure followed for the single degree of freedom was
carried out. Thus, a generic time-step of the algorithm has been im-
plemented in the software Mathematica for computing the amplification
matrix A. The stability and accuracy were investigated. The algorithm
exhibited the same behaviour found for the single degree of freedom, as
shown in Figures 2.7 and 2.8. Indeed, the stability analysis highlighted
that the algorithm is unstable for values of η greater than one, and the
algorithm is second-order accurate if η is equal to 1.
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(a)

(b)
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(c)

(d)
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(e)

(f)

Figure 2.7: 2DoF: Stability analysis of the partitioned algorithm: (a-b) r = 0.1,
(c-d) r = 1.0, (e-f) r = 10.
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(a)

(b)

(c)
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(d)

(e)

Figure 2.8: 2DoF: Global Truncation Error on the displacement: (a-b) r = 0.1,
(c-d) r = 1.0 and (e-f) r = 10.
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2.3 Conclusions

This Chapter thoroughly describes an extensive investigation performed
by means of stability and accuracy analyses studied for the generic PG-α
algorithm.
The study proved that the algorithm is second-order accurate, but by
considering possible differences between the initially estimated and the
actual stiffness of the physical subdomain, represented by a factor η, the
order of accuracy decreases to one. Nonetheless, an order of accuracy
of one is sufficient for an algorithm that allows for solving first-order
equations, such as the PG-α algorithm, which rewrites the equation of
motion in a state space form. Regarding the algorithmic stability, it was
proven that the PG-α algorithm is stable until η is lower than one, which
implies that the numerically estimated stiffness is greater than the actual
one. This result is in line with the typical situation in hybrid simulations,
in which the stiffness of the physical subdomain is computed using a
finite element software and therefore is higher than the actual physical
stiffness, owing, for instance, to the presence of gaps and the post-elastic
deformability.
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Chapter 3

Numerical analyses on
prototype buildings

In this Chapter, the numerical modelling of the components and the pre-
liminary analyses of the prototype buildings under investigation, are de-
scribed. More emphasis has been given to the description of the DRLF
system and the frames equipped with these devices, in line with the main
focus of this thesis. Nevertheless, for the sake of completeness, the DR-
BrC and DRBeS components have been briefly described since tests on
frames equipped with these components were also carried out by the au-
thor within the framework of the PhD. Interested readers can find addi-
tional details on modelling and testing of these components in the articles
[52] and [53] and in Andreotti’s PhD thesis [70].

3.1 Description of the components

3.1.1 Dissipative Replaceable Link Frame system

The Dissipative Replaceable Link Frame system, depicted in Figure 3.1,
is conceived to be used in the perimeter frames of steel or steel-concrete
buildings. It is composed of two rigid neighbouring columns connected
by multiple beams so that the whole system works as a Vierendeel beam.
The beam links work mainly in bending or in shear, depending on their
length, and the columns are subjected to a strong axial force compo-
nent [71]. The beam is weakened at the ends to force the formation
of the plastic hinges at those locations. For this system, replaceability
is guaranteed by means of bolted connections between the devices and
the columns. Moreover, the beam links are not part of the gravity load-
carrying system.
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In the tests performed at the University of Trento, IPE sections were
employed as beam links and weakened by reducing the gross section
following Eurocode 8-3 provisions [72], see Figure 3.2. To guarantee a
uniform dissipative behaviour along the structure’s height, three different
sections were employed in the prototype model of the building, namely
IPE 160, IPE 140 and IPE 100. Smaller sections were located at higher
storeys where the bending moment on the RBSs induced by earthquake
is lower, to ensure a simultaneous plasticization of the sections. This
was achieved by minimizing the difference between the overstrength of
sections Ω, as defined in Eurocode 8-1. The geometrical characteristics
are reported in Table 3.1.
The design of the elements was based on the INNOSEIS recommenda-
tions, among others:

• the capacity design shear force VEd of the beam links was there-
fore calculated as that resulting from applying the resistant bend-
ing moment of the reduced section, according to Equation 3.1.

VEd =
2Mpl,RBS,Rd

lRBS
(3.1)

• to avoid accounting for the shear influence in the computation of
the bending plastic resistance of the reduced beam section (RBS),
the design shear force should not exceed 0.5 the plastic shear resis-
tance. Combining this with the previous equation for determining
the design shear, the length of the beam link should verify the fol-
lowing criteria, Equation 3.2.

lRBS <
2Mpl,RBS,Rd

Vb,pl,Rd
=

4Wpl,RBS

Av/
√
3

(3.2)

• beam-to-column connections and non-dissipative elements were
designed to resist the capacity design action effects.

The behaviour of the beams was not governed by lateral-torsional (LT)
buckling, as verified according to Eurocode 3 recommendation. There-
fore, LT buckling was not explicitly accounted for in the model.

3.1.2 Dissipative Replaceable Bracing Connection

The Dissipative Replaceable Brace Connection is a dissipative compo-
nent to be used in a concentrically braced frame to connect the frame to
the diagonals, designed to avoid buckling in compression. The device
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(a)

(b)

Figure 3.1: DRLF: System configuration.

Figure 3.2: Geometry of flange reduction for RBS [72].
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IPE 160 IPE 140 IPE 100

a 49 44 33
b 120 105 75
s 109 96 71
g 16 15 11
r 118 102 69

Table 3.1: DRLF: RBSs geometric characteristics [mm], as depicted in Fig-
ure 3.2.

is constituted by a pin with a chamfered rectangular cross-section, con-
nected through two external and two internal plates [46] to a rectangular
steel box, as illustrated in Figure 3.3. The pin is the only dissipative com-
ponent of the system and is designed to achieve plasticisation, while the
other elements remain in the elastic range. During the INNOSEIS exper-
imental campaign, a pinching effect was detected. The pinching effect
was caused by the clearance between the hole and the eyebar plates, as
well as the ovalization of the hole and the out-of-plane flexural behaviour
of the supporting eyebar plates. Therefore, in the DISSIPABLE project,
an improved solution for the devices was conceived and tested, see Fig-
ure 3.3. Enhancements were aimed at both facilitating the replacement
and decreasing the pinching effect. Hence an easy-to-demount steel box
supporting the pin was conceived. Moreover, as a possible strategy to
reduce the ovalization of the holes, the use of high-strength steel (HSS)
for realizing the supporting boxes of the DRBrC components was con-
sidered.

Figure 3.3: DRBrC: Component configuration.

Concerning the mechanical behaviour, the axial force of the bracing
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is transferred to the pin through the plates composing the boxes. The
pin behaviour is, therefore, analogous to a four points bending beam.
Referring to Figure 3.4, three different loading conditions can be iden-
tified for the pin: (a) when the external load is applied at first, the pin
is simply supported since the external plates act as pinned connections
and bending actions are concentrated in the middle of the dissipative el-
ement. In the second stage (b), the bending moment increases until the
plastic moment resistance of the pin is achieved, with hinges develop-
ing in correspondence with the internal plates. In the last loading step
(c) plasticity propagates and plastic hinges appear at the ends of the pin.
This mechanical behaviour was simulated with the three linear mono-
tonic curves described in the following Section 3.2.

Figure 3.4: DRBrC: Stages of loading of the pin and corresponding static model
[71].

3.1.3 Dissipative Replaceable Beam Splice

The DRBeS component, shown in Figure 3.5, is intended to be used in
composite steel-concrete moment-resisting frames. The design process
is conceived aiming to concentrate plastic deformations in steel plates,
localising the plastic hinges close to the beam-to-column joint. This is
achieved by interrupting the steel profile and the concrete slab and restor-
ing the continuity with fuse plates on the web and the flange of the steel
profile, with the latter designed to dissipate energy [52]. To avoid the
cracking of the concrete slab during a seismic event, two layers of re-
inforcement bars, continuous through the concrete slab gap, are intro-
duced. The reinforcement area is oversized to guarantee the highest de-
formations on the replaceable plates. Therefore, the neutral axis is forced
to lie between the two reinforcement bar layers [49].

Regarding the mechanical behaviour, asymmetry of the moment-
rotation diagram in terms of moments was found due to the strength loss
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Figure 3.5: DRBeS: Component configuration.

caused by buckling of the fuse plates when subject to hogging bending
moment.

3.2 Numerical modelling of the components

The DISSIPABLE component previously described were modelled in
the finite element software OpenSees [73]. In this section, the OpenSees
tools employed are reported, and the numerical model of each Dissipa-
tive Replaceable Component (DRC) is comprehensively described.

3.2.1 OpenSees tools

Elements

In order to model the DRCs in OpenSees, the "twoNodeLink" element
was exploited. This element is used to link two nodes through three
parallel springs, one for each degree of freedom, see Figure 3.6. The
element can have a non-zero length, in which case the transverse and
rotational degrees of freedom are coupled. The behaviour of this ele-
ment is characterised by the three uniaxial constitutive models defined
along the three degrees of freedom. For instance, if an elastic behaviour
is considered, the stiffnesses for only the three degrees of freedom are
needed.

Concerning the non-dissipative elements, "elasticBeamColumn" el-
ements were exploited after verifying the elastic behaviour. The param-
eters which define the element are listed here:

• A, the cross-sectional area of element;
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Figure 3.6: Two Node Link element [73].

• E, Young’s Modulus;

• Iz , second moment of area about the local z-axis.

Materials

The dynamic non-linear behaviour of the DRCs was modelled in OpenSees
by exploiting two different materials.
Concerning the DRLF system, the Bouc-Wen [74] model was imple-
mented for modelling the evolution of the RBSs non-linear behaviour
through time, as its reliability in hybrid simulation has been extensively
validated [55, 75, 76]. In the model, developed by Wen as an extension
of the Bouc model [77], the restoring force reads:

r (t) = αku(t) + (1− α) kz(t) (3.3)

where α is the ratio between the post-yielding and initial elastic stiff-
ness, k is the initial elastic stiffness and z(t) is the hysteretic displace-
ment whose constitutive law is given as the solution of the following
non-linear differential equation.

ż =

[
Au− ν

(
β |u̇| |ż|n−1 + γu̇ |z|n

)]
η

(3.4)

In the former, A, β, γ and n are parameters that control the shape of
the hysteresis whilst η and ν govern stiffness and strength degradation
phenomena, respectively. In the context of the algorithm implementa-
tion, the hysteretic displacement was selected as the additional state vec-
tor whilst the differential equation Equation 3.4 represents the non-linear

43



3.2. NUMERICAL MODELLING OF THE COMPONENTS

function g (u̇, z) that was implemented in the laboratory PC.

Regarding the DRBeS and DRBrC non-linear behaviour, the Pinch-
ing4 uniaxial material was exploited. It represents a "pinched" load-
deformation response and exhibits degradation under cyclic loading. More-
over, it allows considering non-symmetric behaviour under cyclic load.
The monotonic material curve is defined using sixteen parameters that
identify four points for both positive and negative branches. The shape
of the hysteretic loop is specified with six non-dimensional parameters.
The other parameters to be defined are the ones regarding the degrada-
tion of both stiffness and strength, either in the unloading and reloading
branches, see Figure 3.7.

Figure 3.7: Pinching4 material [73].

3.2.2 Component modelling

DRLF system

The DRLF component was numerically modelled in the FE software
OpenSees. A single beam link was modelled by subdividing the beam
into five parts with different characteristics, as shown in Figure 3.8. The
RBSs were modelled with the twoNodeLink element, whilst the remain-
ing parts were elastic beam elements with the mechanical properties of
the gross section. At both ends of the beam, a rigid link was inserted
for a length equal to half the column section height to avoid consider-
ing additional flexibility. Indeed, the rigid link reproduced the moment-
resisting connection between the beams and the column, whose stiffness
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was classified as rigid, according to Eurocode 3 part 1-8 [78]. Moreover,
this allowed modelling DRLF beam links with the actual physical length
[71].

Figure 3.8: DRLF: Beam link numerical model.

The Bouc–Wen model was chosen for the rotational degree of free-
dom of the twoNodeLink element as it was affected by non-linearity.
The parameters were determined by means of the tool Multical [79] by
minimizing the difference between the numerical and calibrated cycles
both in terms of energy dissipation and monotonic envelope. Two differ-
ent modelling strategies for the DRLF system were implemented for two
different structures, namely DRLF-MS building and DRLF-HSS build-
ing which will be explained in detail in the following paragraphs, Sec-
tions 3.3.1 and 3.3.2. Concerning the DRLF - MS building, the numer-
ical curves were obtained from the model of the RBSs developed in the
finite element software ABAQUS [80]. In this respect, the numerical
model of the RBSs implemented for the tests is shown in Figure 3.9.
The parameters adopted for the three sections are reported in Table 3.2.

45



3.2. NUMERICAL MODELLING OF THE COMPONENTS

(a) (b)

(c)

Figure 3.9: DRLF: RBSs numerical modelling.

Conversely, for the DRLF - HSS building, the model parameters for
the IPE160 were calibrated on the results of tests conducted on the DRLF
- MS building and reported in Section 4.2.3. To reduce the computational
burden, equivalent shear springs were implemented, as depicted in Fig-
ure 3.10. The non-linear parameters were calibrated on the results of a
numerical cyclic test performed on the single beams, to reproduce the
behaviour of the whole link beam, Table 3.3.
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Parameter IPE160 IPE140 IPE100

α(−) 0.023 0.013 0.008
k0(Nm/rad) 3.74 · 106 3.26 · 106 1.79 · 106

n(−) 4.58 2.33 3.99
γ(−) 1.01 · 109 7.44 · 104 8.51 · 108
β(−) 4.91 · 109 7.50 · 104 1.21 · 109
A0(−) 1 1 1
δA(−) 0 0 0
δν(−) 0 0 0
δη(−) 0 0 0

Table 3.2: DRLF-MS: Bouc-Wen parameters of rotational springs.

Figure 3.10: DRLF-HSS: Condensed beam link numerical model.

Parameter IPE160 IPE140 IPE100

α(−) 0.044 0.025 0.050
k0(Nm/rad) 2.08 · 107 1.34 · 107 4.28 · 106

n(−) 8.20 3.24 2.79
γ(−) 1.78 · 1020 5.47 · 106 1.92 · 106
β(−) 1.97 · 1020 5.47 · 106 1.92 · 106
A0(−) 1 1 1
δA(−) 0 0 0
δν(−) 0 0 0
δη(−) 0 0 0

Table 3.3: DRLF-HSS: Bouc-Wen parameters of the shear springs.
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DRBrC Component

The non-linear behaviour of the DRBrC was modelled in the software
OpenSees with a twoNodeLink element where the axial material adopted
was the Pinching4 material. The parameters describing the monotonic
backbone curve and the hysteretic loop shape of the DRBrC were cali-
brated based on cyclic experimental curves obtained by IST Lisbon [81].
In Figure 3.11, one of the curves resulting from the Lisbon experimen-
tal campaign is superimposed with the calibrated hysteretic curves. The
reported experimental curve was selected since it provides the behaviour
of a component with the same pin dimensions as the one employed in
the experimental campaign in Trento. This curve was obtained from a
constant amplitude cyclic test and was particularly suited for calibrating
the non-linear parameters. Subsequently, the parameters found were val-
idated with experimental curves obtained with an ECCS test protocol,
which were used to verify the behaviour of the devices for structures lo-
cated in high seismic areas. The calibration procedure of the OpenSees
constitutive models was performed by means of the software Multical.
The parameters defining the monotonic behaviour of the component are
listed in Table 3.4.

Figure 3.11: DRBrC: Comparison between the experimental results and the
calibrated hysteretic behaviour.
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Parameter
Pin

dimensions
Pin

dimensions
Pin

dimensions
45x35 [mm] 45x25 [mm] 45x20 [mm]

ePd1 [mm] 2.79 2.45 2.09
ePd2 [mm] 19.83 17.9 15.15
ePd3 [mm] 21.12 18.77 16.02
ePd4 [mm] 22.54 19.79 16.91

ePf1 [N] 1.23 · 105 8.89 · 104 5.62 · 104
ePf2 [N] 3.36 · 105 2.34 · 105 1.53 · 105
ePf3 [N] 3.47 · 105 2.40 · 105 1.58 · 105
ePf4 [N] 3.38 · 105 2.34 · 105 1.53 · 105

eNd1 [mm] −2.79 −2.45 −2.09
eNd2 [mm] −19.83 −17.9 −15.15
eNd3 [mm] −21.12 −18.77 −16.02
eNd4 [mm] −22.54 −19.79 −16.91

eNf1 [N] −1.23 · 105 −8.89 · 104 −5.62 · 104
eNf2 [N] −3.36 · 105 −2.34 · 105 −1.53 · 105
eNf3 [N] −3.47 · 105 −2.40 · 105 −1.58 · 105
eNf4 [N] −3.38 · 105 −2.34 · 105 −1.53 · 105

Table 3.4: DRBrC: Pinching4 parameters defining monotonic behaviour.
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DRBeS Component

The DRBeS behaviour was modelled in the software OpenSees by means
of the Pinching4 material, due to the asymmetric behaviour in the moment-
rotation relation and the strong pinching effect. Experimental curves
obtained by previous experimental campaigns [71, 82] representing the
cyclic loading of an actual component were exploited to reproduce the
hysteretic behaviour in terms of moment-rotation. As for other devices,
also for the DRBeS component the material parameters were calibrated
through Multical. The calibrated numerical behaviour is shown in Fig-
ure 3.12. Three different geometric configurations of the device were
employed in the building equipped with DRBeS component. The plate
dimensions are listed in Table 3.5 whilst the Pinching4 parameters are
reported in Table 3.6.

Figure 3.12: DRBeS: Comparison between the experimental results and the
calibrated hysteretic behaviour.

Type Flange plate Web plate [mm]

A 120 x 10 100 x 6
B 100 x 10 100 x 6
C 100 x 8 100 x 6

Table 3.5: DRBeS: Width and thickness dimensions of flange and web plates
[mm].
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Parameter Type A Type B Type C

ePd1 [rad] 7.58 · 10−3 8.89 · 10−3 6.27 · 10−3

ePd2 [rad] 2.20 · 10−2 2.58 · 10−2 1.82 · 10−2

ePd3 [rad] 3.39 · 10−2 3.98 · 10−2 2.81 · 10−2

ePd4 [rad] 6.47 · 10−2 7.58 · 10−2 5.35 · 10−2

ePf1 [Nmm] 1.35 · 105 1.48 · 105 1.21 · 105
ePf2 [Nmm] 2.40 · 105 2.64 · 105 2.16 · 105
ePf3 [Nmm] 2.62 · 105 2.88 · 105 2.35 · 105
ePf4 [Nmm] 2.14 · 105 2.36 · 105 1.92 · 105

eNd1 [rad] −5.19 · 10−3 −7.02 · 10−3 −4.38 · 10−3

eNd2 [rad] −3.33 · 10−2 −4.24 · 10−2 −1.84 · 10−2

eNd3 [rad] −3.37 · 10−2 −4.29 · 10−2 −1.86 · 10−2

eNd4 [rad] −6.02 · 10−2 −7.66 · 10−2 −3.33 · 10−2

eNf1 [Nmm] −9.22 · 104 −1.17 · 105 −8.45 · 104
eNf2 [Nmm] −1.59 · 105 −2.02 · 105 −1.46 · 105
eNf3 [Nmm] −1.32 · 105 −1.68 · 105 −1.21 · 105
eNf4 [Nmm] −1.32 · 105 −1.68 · 105 −1.21 · 105

Table 3.6: DRBeS: Pinching4 parameters defining monotonic behaviour.

3.3 Numerical modelling of the building prototypes

In this Section, the building prototypes and the substructuring procedure
to define the tested frame are thoroughly described. In particular, four
different three-dimensional models were developed in the finite element
software SAP2000 [83], each composed of two spans in the transversal
X-direction, three spans in the longitudinal Y-direction and six storeys.
The design was carried out by means of Eurocode 8-1 design spectrum,
with peak ground acceleration equal to 0.36g, which corresponds to the
significant damage limit state and soil type A while the building design
life was taken equal to 50 years. For defining the bi-dimensional frame
to be tested, the first frames in the X-direction of the building were con-
sidered. The reduction of the model from a 3D building to a 2D frame
was carried out under the hypothesis of the same distribution between
base-shear and masses among the different frames. Therefore, by using
three distinct accelerograms, the base shear of the 3D building was cal-
culated and compared to the single frame.
To determine the substructured configuration, the laboratory constraints
were considered. Indeed, a maximum of two actuators could be com-
manded simultaneously and only the horizontal degree of freedom could
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be efficiently controlled in the laboratory. On these premises, aiming to
obtain results that were consistent with the analyses performed on the 2D
frame, preliminary analyses were conducted, simulating the presence of
the actuators by means of continuity constraints between the numerical
and experimental substructures. After an iterative procedure, the best
position where to subdivide the structure has been identified for each
structure.
Global imperfections were not included in the model as it was estab-
lished in the design phase that the structure was not susceptible to second-
order effects. Regarding local imperfections, the possible buckling phe-
nomena of structural elements subjected to significant compressive stresses,
e.g. columns, under the seismic load combination did not govern the
response of the structure. Indeed, preliminary analyses confirmed the
negligible impact of local imperfections on the results. For instance, to
induce dissipation in the components, the bracings were designed to be-
have in the elastic range without any buckling involved. Therefore, in
view of the complexity of the hybrid simulation tests, it was preferred to
keep the numerical models as simple as possible and the local imperfec-
tions were consequently not included. Finally, an S355 steel grade was
chosen for all the non-dissipative members, whilst DRCs were made of
S235.

3.3.1 DRLF - MS building

The prototype building under investigation was composed of two spans
in the transversal X-direction, three spans in the longitudinal Y-direction
and six storeys. In the Y-direction, the horizontal carrying load capacity
relied on two external braced frames, equipped with Dissipative Replace-
able Bracing Connection. In the X-direction instead, two parallel DRLF
systems were employed and coupled employing bracing elements at the
top floor to reduce the building deformability.

As depicted in Figure 3.13, the columns were pinned in the longitudi-
nal direction, where braced frames were employed, whilst fixed column
bases were considered in the transversal direction where the lateral load
was withstood by DRLF system. Since a rigid diaphragm constraint was
adopted, it was possible to consider lumped masses on each floor. The
masses were located at the centre of gravity and no eccentricity was con-
sidered since 2D tests were planned. The initial modelling of the 3D
building was developed in SAP2000, and the structure was designed by
means of liner dynamic analysis, according to Eurocode 8-1 [84] and
Eurocode 8-3 [72], as suggested by Pinkawa et al. [85].
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Figure 3.13: DRLF-MS: SAP2000 Model.

The non-linear model was developed in OpenSees, and consistency
with the SAP2000 analyses was checked comparing the modal proper-
ties, see Tables 3.7 and 3.8. For modelling beams and columns, as well as
the bracing system, ElasticBeamElements were employed. The assump-
tion of elastic behaviour under increasing intensity of seismic events was
verified afterwards by means of detailed numerical analyses. Moreover,
as aforementioned the DRLF system was modelled concentrating the
non-linear behaviour on the RBSs of the beam links.

OpenSees SAP2000Mode Periods [s] Periods [s]
Error

1 1.52 1.49 2%
2 1.01 1.00 1%
3 0.87 0.84 1%

Table 3.7: DRLF-MS: 3D SAP2000 and OpenSees Model Periods.

To investigate the inelastic behaviour, push-over and time history
analyses were performed, the latter by means of accelerograms at sig-
nificant damage and near collapse limit states. Figure 3.14 shows the
hysteretic behaviour of RBSs installed in the building subjected to one
SD accelerogram. For brevity, only four moment-rotation diagrams at
each floor level of the first frame are presented. The structure experi-
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Mode Participant
mass along X

Participant
mass along Y

Participant
mass along Z

1 79% 0% 0%
2 0% 71% 0%
3 0% 0% 73%

Table 3.8: DRLF-MS: Partecipant masses.

enced large and uniformly distributed hysteretic behaviour, with the only
exception of the 6th floor where the components remained almost elastic
due to the additional stiffness provided by the braces. As a consequence,
rigid translation of the top floor is predominant during seismic activity.
This behaviour results in a low seismic demand on the devices, since
the beam links are activated by the columns’ inflection, i.e. Vierendeel
mechanism.

Figure 3.14: DRLF-MS: Hysteretic behaviour of RBSs at SD limit state.

To define the bi-dimensional frame to be tested, the base shear of the
single frame was calculated considering three distinct accelerograms. In
Table 3.9 the shear undergone by each frame is reported as a percentage
of the total shear of the structure. The negative values, present for the in-
ternal frames, were given by the continuity of the gravity frame column,
which provides the internal frames with a slight resistance to horizontal
actions. To consider this effect, a lumped column [86] was introduced
in the bi-dimensional model. The modulus of inertia of this column was
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calculated, floor by floor, as the sum of the modulus of inertia of all the
columns of the gravity frame closer to the DRLF frame. 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 model of the studied frame is depicted in
Figure 3.15.

1° frame 2° frame 3° frame 4° frame

1° accelerogram 50.50% −1.20% −1.00% 51.70%
2° accelerogram 52.60% −2.70% −2.60% 52.70%
3° accelerogram 53.20% −4.90% −5.50% 57.20%

Mean 52.10% −2.90% −3.10% 54.00%

Table 3.9: DRLF-MS: Single frame base shear variation with respect to the 3D
building model.

The procedure to define the substructured configuration led to di-
viding the structure at the midpoint of the second-floor columns, which
corresponds to the inflection point, as shown in Figure 3.16. Horizon-
tal internal constraints were introduced at the substructuring point to re-
produce the laboratory set-up, implying that the displacement applied
at the top of the physical subdomain columns is the same as the base
of the numerical subdomain, i.e. continuity condition between the two
subdomains. In addition, vertical restraints were imposed at the base
of the numerical subdomain to avoid an ill-conditioned problem, i.e.,
a floating domain. The influence of these simplifications on the struc-
tural behaviour was investigated by comparing the response of the two
structures, namely 2D frame and substructured frame, in terms of modal,
pushover and time-histories analyses, as shown hereafter.
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Figure 3.15: DRLF-MS: 2D frame.

Figure 3.16: DRLF-MS: Substructured frame.

A summary of the comparison between the modal proprieties of the
3D building, the 2D frame and the Substructured Frame (SF), referring
respectively to the structures in Figures 3.13, 3.15 and 3.16. is provided
in Tables 3.10 to 3.12. In Tables 3.11 and 3.12, the comparisons between
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the vibration mode shapes are investigated by using the modal assurance
criterion (MAC) [87]. As shown, the two models had the same initial
elastic behaviour, as demonstrated by the small discrepancy, lower than
the 15%, between the models’ periods. Moreover, since the numbers on
the diagonal of the MAC matrix are close to 1, it can be stated that the
vibration modes matched.

3D Periods 2D Periods SF Periods Error ErrorMode
[s] [s] [s] 3D-2D 2D-SF

1 1.52 1.55 1.39 2% 11%
2 0.38 0.39 0.40 1% 1%
3 0.19 0.19 0.19 1% 0%

Table 3.10: DRLF-MS: Modal comparison between 3D building, 2D frame and
Substructure.

2D Frame

Mode 1 2 3

3D
B

ui
ld

in
g 1 1.00 0 0

4 0 0.99 0

8 0 0 1.00

Table 3.11: DRLF-MS: MAC matrix between 3D Building and 2D Frame.

Substructured Frame

Mode 1 2 3

1 1.00 0 0

2 0 1.00 0

2D
Fr

am
e

3 0 0 0.99

Table 3.12: DRLF-MS: MAC matrix between 2D Frame and Substructured
Frame.

As shown in Figure 3.17, pushover analyses highlighted that the non-
linear behaviour of the 2D frame and the substructured one are congruent
after the yielding of the devices whilst the initial stiffness turns out to be
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different, due to the introduction of the discontinuity and the vertical re-
straint on the numerical substructure. Time history analyses were there-
fore performed to investigate the behaviour of the substructure further.
As reported in Figure 3.18, in these analyses the maximum error, eval-
uated as normalized root mean square error (NRMSE) on the bending
moment of the devices is limited for both the transition between three-
dimensional and bi-dimensional and between 2D and the substructured
frame.

Figure 3.17: DRLF-MS: Push-over comparison.

(a) (b)

Figure 3.18: DRLF-MS: Maximum NRMSE on the bending moment of the RBSs
between (a) 3D-2D and (b) 2D-Substructure.

Aiming to lower the computational burden, the DRLF model was re-
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duced to a simplified one. The condensation was performed under the
assumption of shear-type deformation of the structure which led to con-
sidering a system with only seven horizontal degrees of freedom. These
DoFs represented the displacements at each floor level and the one at the
substructuring level. Lumped masses, connected by means of non-linear
shear springs, were located on each DoF. In order to calibrate the non-
linear spring parameters, a displacement control analysis was performed
on the substructures frame by imposing a cyclic displacement at the top
floor of the reference model.

Figure 3.19: DRLF-MS: Model reduction.

3.3.2 DRLF - HSS Building

The prototype building was characterized by a two-span moment resist-
ing frame and a three-span concentrically braced frame scheme in the
two main directions, respectively, equipped with two parallel DRLF sys-
tems and DRBrC components. With the purpose of reducing the system
deformability, high-strength steel beams alternately fixed to the columns,
see Figure 3.20a, were employed in the transversal direction, as sug-
gested in [85, 88, 89]. The investigation examined the use of high-
strength steel for these components due to the high seismic strength de-
mand of the coupling beams, which is required to link two DRLF sys-
tems. Additionally, once the beam links undergo plastic deformation,
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the contribution of the coupling beams to the overall stiffness increases,
further increasing the demands on the beams.
As for the DRLF-MS building, the design was performed at SD limit
state by means of linear dynamic analysis on a finite element model de-
veloped in SAP2000.

The dissipative components were designed according to Eurocode 8-
3 whilst the non-dissipative elements were checked referring to Eurocode
8-1 and INNOSEIS provisions. To investigate the non-linear behaviour,
a reference 3D model was developed in OpenSees. Beams and columns
were modelled by means of elasticBeamElements whilst the link beams
were modelled, as previously described, concentrating the non-linear be-
haviour in the RBSs of the beams. To exploit hybrid simulation, the sub-
structuring technique was employed. Following the same procedure of
DRLF-MS, the final substructured configuration found was the one de-
picted in Figure 3.20b. The comparison in terms of modal characteristics
between the three level of modelling is reported in Tables 3.13 to 3.15,
whilst the non-linear behaviour was compared with a push-over analy-
sis, see Figure 3.21. Both comparisons highlighted a good agreement
between models.

3D Periods 2D Periods SF Periods Error ErrorMode
[s] [s] [s] 3D-2D 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 3.13: DRLF-HSS: Modal comparison between 3D building, 2D frame
and Substructure.

2D Frame

Mode 1 2 3

3D
B

ui
ld

in
g 1 1.00 0 0

4 0 1.00 0

8 0 0 1.00

Table 3.14: DRLF-HSS: MAC matrix between 3D Building and 2D Frame.
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(a) 2D Frame

(b) Substructured Frame

Figure 3.20: DRLF-HSS: Bi-dimensional frame: (a) designed profile and (b)
substructured.
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Substructured Frame

Mode 1 2 3

1 1.00 0 0

2 0 0.99 0

2D
Fr

am
e

3 0 0 1.00

Table 3.15: DRLF-HSS: MAC matrix between 2D Frame and Substructured
Frame.

Figure 3.21: DRLF-HSS: Push-over comparison.

As described in Section 3.2.2, the link beams were firstly condensed
into shear springs. Subsequently, to further decrease the computational
burden, the shear springs of each floor were condensed into one, as de-
picted in Figure 3.22. The results in terms of push-over curves and time-
history analyses at the NC limit state on the three structures are illustrated
in Figures 3.23 and 3.24.
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(a) (b)

Figure 3.22: DRLF-HSS: Reduced models: (a) condensed beam links model
and (b) condensed model.

Figure 3.23: DRLF-HSS: Push-over comparison between reference and re-
duced models.

63



3.3. NUMERICAL MODELLING OF THE BUILDING PROTOTYPES

Figure 3.24: DRLF-HSS: Near collapse peak displacement comparison be-
tween reference and reduced models.

3.3.3 DRBrC building

The prototype building was characterized by a two-span concentrically
braced frame (CBF) equipped with DRBrC and a three-span moment-
resisting frame equipped with DRBeS components. The floor was de-
signed as a concrete deck connected through shear studs to the beams
of the MRFs, to develop the composite action in the transversal direc-
tion. The building was designed according to INNOSEIS provisions, for
the dissipative replaceable components, and to the European standards
for all the non-dissipative members. In the OpenSees model, elastic
beam-column elements were adopted for the beams, columns and braces.
In contrast, the DRBrC components were modelled exploiting twoN-
odeLinks elements in which the axial material assigned was the Pinch-
ing4 material. As for the previous prototypes of buildings, for validating
the different steps of modelling, i.e. 3D building, 2D frame and 2D sub-
structured frame, comparisons in terms of modal analyses, reported in
Table 3.16, and push-over analysis were performed. As depicted in Fig-
ure 3.25c, the 2D frame was divided for substructuring at the first-floor
level since the bending moment in continuous columns of CBFs is neg-
ligible.
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(a) 3D Building. (b) 2D Frame.

(c) Substructured Frame.

Figure 3.25: DRBrC: (a) 3D model, (b) 2D frame and (b) substructured frame.
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3D Periods 2D Periods SF Periods Error ErrorMode
[s] [s] [s] 3D-2D 2D-SF

1 0.99 0.99 0.90 0% 9%
2 0.32 0.33 0.33 3% 0%
3 0.20 0.20 0.20 0% 0%

Table 3.16: DRBrC: Modal comparison between 3D building, 2D frame and
Substructure.

3.3.4 DRBeS building

The prototype building is composed of six storey and two-span moment-
resisting frame equipped with DRBeS components and a three-span con-
centrically braced frame equipped with DRBrC. At the moment resisting
frame direction, composite beams were employed where the beams were
made of an IPE270 steel section and a concrete slab 150 mm thick with
a C25/30 strength class. The steel sheeting adopted was a 55 mm high
corrugated. To obtain the composite action, Nelson studs were exploited,
ensuring a full shear connection between the steel profile and the com-
posite slab. The transverse reinforcements of the composite slab, with
a diameter of ϕ = 16 mm, as well as the shear studs, whose diameter
was found equal to ϕ = 5/8 in were designed according to Eurocode
4 [90]. Finally, as it can be noticed from Figures 3.26b and 3.26c, no
lumped column was needed in this specific case since DRBeS devices
were mounted on each longitudinal frame.

3D Periods 2D Periods SF Periods Error ErrorMode
[s] [s] [s] 3D-2D 2D-SF

1 1.42 1.38 1.32 10% 3%
2 0.44 0.44 0.42 0% 5%
3 0.24 0.25 0.25 4% 0%

Table 3.17: DRBeS: Modal comparison between 3D building, 2D frame and
Substructure.
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(a) 3D Building. (b) 2D Frame.

(c) Substructured Frame.

Figure 3.26: DRBeS: (a) 3D model, (b) 2D frame and (b) substructured frame.
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3.3.5 Implementation for experimental environment

Since the hybrid test technique implies physically testing only a part
of the prototype structure, the numerical model of the remainder of the
structure was required. The latter can experience non-linear behaviour,
and thus, accurate modelling of such non-linearities is needed. More-
over, it was impossible to extract from OpenSees mass, stiffness and
damping matrices of the structures which were required to perform hy-
brid tests.

In this respect, a finite element software specifically conceived for
hybrid testing was developed by the University of Aarhus and the Univer-
sity of Trento in the MATLAB [91] environment in order to exploit the
Simulink package to control the actuators. The existing library already
presents elastic and non-linear beam elements. To accurately reproduce
the cyclic behaviour of the DRCs, the implementation of twoNodeLink
elements similar to the one available in OpenSees was deemed neces-
sary.
This element, called by analogy two-node link, is defined with three
springs, each of which acts along a different degree of freedom. Since the
element has a non-zero length, coupling between the transversal and the
rotational degrees of freedom is needed to achieve the equilibrium of the
element. The element was implemented in the two-dimension environ-
ment by defining a stiffness matrix of size 6x6, indicated in Equation 3.5.

K =

KA 0 0 −KA 0 0

0 KS KS
l

2
0 −KS KS

l

2

0 KS
l

2
KM +KS

l2

4
0 −KS

l

2
−KM +KS

l2

4
−KA 0 0 KA 0 0

0 −KS −KS
l

2
0 KS −KS

l

2

0 KS
l

2
−KM +KS

l2

4
0 −KS

l

2
KM +KS

l2

4


(3.5)

In addition, an explicit implementation of the Bouc-Wen hysteretic
displacement was needed for the finite element software in MATLAB en-
vironment, see Equation 3.6. In order to use the two-node link element,
tangent stiffness should also be evaluated as reported in Equation 3.7
where the hysteretic tangent stiffness kbw is computed in Equation 3.8.
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zi+1 = zi +
1− ν |zi|n [β sign (zi dui) + γ]

η
dui (3.6)

ki+1 = α k0 + kbw(i+1) (3.7)

kbw(i+1) = (1− α) k0
1− ν

∣∣zi+1

∣∣n [β sign
(
zi+1 dui

)
+ γ
]

η
(3.8)

Finally, the four structures were implemented in the in-house finite
element software to obtain mass, stiffness and damping matrices. The
new models were compared with the OpenSees once through modal and
push-over analyses to ensure consistency.

3.4 Ground motion selection

The seismic response of the frame was investigated through a series of
hybrid tests with increasing return periods of the seismic actions, which
correspond to three different limit states, namely damage limitation, sig-
nificant damage and near collapse. Table 3.18 summarizes the main char-
acteristics of the accelerograms.

Limit state ag
[g]

TR

[years]

DL 0.200 60
SD 0.360 475
NC 0.504 1600

Table 3.18: Limit State characteristics.

The test programme was conducted as follows:

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

• Test at SD limit state. After the test, the elastic and inelastic be-
haviour of structural members and the dissipative components re-
spectively were checked.

• The beam links were replaced with new ones. The self-centring
capacity of the prototype building was verified, and the residual
inter-storey drift was measured.
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• Test at NC limit state. After the test, the inelastic behaviour of
structural members and dissipative components, respectively, were
checked.

A set of seven triaxial accelerograms was analysed for each limit
state, to choose the most suited to conduct the test. The criteria of con-
sistent structural performance and minimizing the errors between mono-
lithic, i.e. the full frames with no substructuring, and substructured
frames were considered. Moreover, spectral compatibility, in accordance
with the provisions of the new Eurocode 8-1 draft [84], was checked, i.e.:

• the compatibility is checked among the period ranges [0.2T1x −
1.5T1x] and [0.2T1y−1.5T1y], being T1x and T1y the fundamental
periods of the 3D building along the two main directions.

• in these ranges, the average of the 5% damped GM response spec-
tra shall fall between 0.75 and 1.3 times the target spectrum, con-
sidered as the elastic spectrum defined by Eurocode 8-1;

• in the same ranges, the average value of the ratio between the av-
erage of the GMs and the target spectrum shall be greater than
0.95;

• in the same ranges, the 5% damped GM response spectrum of each
accelerogram shall not fall below 50% of the target spectrum;

where GM is defined as in Equation 3.9 in which Se,X and Se,Y are,
respectively, the X and Y spectral acceleration components of the ground
motion.

GM =
√

Se,X · Se,Y (3.9)

Furthermore, errors between the response of the monolithic frame
and the substructured frame for each of the selected accelerograms were
considered to quantify the discrepancies. The following were computed
for each record:

• percentage error on the total hysteretic energy dissipated by the
structure;

• statistical indicators on bending moment history on reduced beam
sections.

The aforementioned error indicators are computed as indicated in Equa-
tions 3.10 to 3.12.
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Energy Error =
|Ei − Ej |

Ej
(3.10)

NRMSE =
∥xi − xj∥2/

√
N

xj,max − xj,min
(3.11)

NEnErr =

∣∣∣∣∥xi∥2 − ∥xj∥2
∥xj∥2

∣∣∣∣ (3.12)

The energy error in Equation 3.10 is a percentage difference between
two scalar quantities, i.e., the hysteretic energy dissipated by the devices.
The parameters reported in Equations 3.11 and 3.12, both expressed in
terms of percentage, compare two datasets, i and j, in which the j dataset
is taken as a reference. The normalised root mean square error (NRMSE)
is sensitive to frequency while the normalised energy error (NEnErr) to
amplitude [92].

3.4.1 DRLF Frames

To evaluate the structural performance, the maximum rotation achieved
by RBSs was considered, see Figure 3.27 for MS frame and Figure 3.28
for HSS frame. For each limit state, consistency was checked, e.g., all
the RBSs attained a maximum rotation lower than the yielding rotation
for the DL limit state, Figures 3.27a and 3.28a. Moreover, a uniform
dissipative behaviour in addition to a maximum rotation of the sections
compatible with the considered limit state was achieved for both the SD
and the NC limit states, see Figures 3.27b and 3.28b and Figures 3.27c
and 3.28c. It should also be highlighted that for for the frame with mild
steel beams, (MS), the increase in stiffness given by the bracing system
caused small rotations of the last floor RBSs.
The mean errors among all the devices for the selected accelerogram are
listed in Tables 3.19 and 3.20.

Lastly, for each limit state, the spectral compatibility was satisfied as
illustrated in Figures 3.29 and 3.30. From both Figures 3.29c and 3.30c,
it can be noted that the selected ground motion for NC limit state was a
pulse-like record and did not respect the imposed limits within the sig-
nificant range of periods. However, Eurocode 8-1 draft allows for the
use of such accelerograms, hence it was employed to obtain structural
damage substantially different from the one at the SD limit state.
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(a) (b)

(c)

Figure 3.27: DRLF-MS: Maximum RBSs rotation for chosen accelerograms at
(a) DL, (b) SD and (c) NC limit state.

Parameters [%] DL SD NC

Energy
Error

/ 57.28 29.09

NRMSE
Bending Moment

13.55 11.38 4.37

NEnErr
Bending Moment

25.78 15.27 30.46

Table 3.19: DRLF-MS: Parameters error between monolithic and substructured
frame responses.
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(a) (b)

(c)

Figure 3.28: DRLF-HSS: Maximum RBSs rotation for chosen accelerograms at
(a) DL, (b) SD and (c) NC limit state.

Parameters [%] DL SD NC

Energy
Error

/ 47.64 27.42

NRMSE
Bending Moment

7.43 13.40 8.17

NEnErr
Bending Moment

5.37 9.52 16.85

Table 3.20: DRLF-HSS: Parameters error between monolithic and substruc-
tured frame responses.
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(a) DRLF-MS: DL accelerogram – rsn763-s.

(b) DRLF-MS: SD accelerogram – rsn4483-e.
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(c) DRLF-MS: NC accelerogram - rsn3548-N.

Figure 3.29: DRLF-MS: Selected accelerograms and spectro-compatibility.
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(a) DRLF-HSS: DL accelerogram – rsn1091-90s.

(b) DRLF-HSS: SD accelerogram – 3amz19-e.
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(c) DRLF-HSS: NC accelerogram - rsn3548-E.

Figure 3.30: DRLF-HSS: Selected accelerograms and spectro-compatibility.
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3.4.2 DRBrC Frame

The selected accelerograms for hybrid tests on DRBrC structures are
depicted in Figure 3.31. The discrepancy between the 2D monolithic
frame and the 2D substructured frame in this specific case was quantified
by means of Equations 3.10 to 3.12 considering:

• the total base shear history;

• the axial force history in the DRBrC components on the first floor;

• the horizontal displacement history of the first. floor

Concerning the criteria of the consistent structural performance, the max-
imum axial loads obtained for each DRBrC connection at the first floor
were considered, see Table 3.21. This was compared with the yield load,
i.e. Py = 123.3 kN for evaluating the structural performance at each
limit state. At DL limit state, the yield limit is slightly exceeded, 7.6%,
while for both SD and NC limit states, the axial forces are such to induce
significant plastic deformations.

(a) DRBrC: DL accelerogram – euula-ns.

(b) DRBrC: SD accelerogram – rsn763-067.
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(c) DRBrC: NC accelerogram - rsn3548-E.

Figure 3.31: DRBrC: Selected accelerograms.

Axial Forces DL SD NC

1st Device 132.41 234.75 339.28
2nd Device 132.34 234.83 339.35
3rd Device 132.66 234.79 339.32
4th Device 132.37 234.79 339.33

Table 3.21: DRBrC: Maximum estimated axial force in kN on the 1st floor.

3.4.3 DRBeS Frame

For the DRBeS structure, the selected accelerograms are reported in Fig-
ure 3.32. In this case, the differences between the 2D frame and the
substructured one were computed with the respect to:

• the total base shear history;

• the bending moment history on the connections on the first floor;

• the horizontal displacement history of the first floor.

(a) DRBeS: DL accelerogram – euula-ns.
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(b) DRBeS: SD accelerogram – rsn763-067.

(c) DRBeS: NC accelerogram - rsn3548-E.

Figure 3.32: DRBeS: Selected accelerograms.

3.5 Conclusions

In this Chapter, the investigated devices were thoroughly described con-
cerning their geometrical and mechanical characteristics. Moreover, the
numerical models exploited for performing preliminary analyses on the
prototype buildings were comprehensively illustrated.
In addition, the numerical models of the prototype buildings were shown
together with the results of the preliminary analyses. As shown from
modal, pushover and time history analysis, the 2D frame well represents
the global behaviour of the 3D building. Since only two actuators could
be activated simultaneously, the substructuring method was exploited,
allowing for reducing the number of degrees of freedom to control. To
study the substructured configuration, a hinge and a vertical constraint
had to be inserted in the actuator position. The analysis results showed
that the identified substructures well represent the behaviour of the bi-
dimensional frames.
Finally, the procedure for choosing the most suited accelerograms for
performing hybrid simulations was described.
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Chapter 4

Hybrid simulation tests
results

This Chapter describes the results of the experimental campaign at the
University of Trento carried out on five specimens equipped with three
types of DRCs. The prototype buildings investigated were extensively
described in Chapter 3. As for the previous Chapter, more importance
has been given to the results of frames equipped with DRLF systems.
However, outcomes of tests on DRBrC and DRBeS frames were also
briefly presented, while additional information can be found in the arti-
cles [52] and [53] and in Andreotti’s PhD thesis [70].

4.1 General considerations

As mentioned in Chapter 2, in this work, the PG-α algorithm was im-
plemented to solve the equation of motion. Since the pseudo-dynamic
method was used, different values of time scale factor λ, Equation 2.1,
were chosen for the three different limit states. In particular, 50 was se-
lected for the test at DL limit state, whilst 100 was for SD and NC tests.
To impose the same displacement at the top of each column, beams with
high axial stiffness were placed at the level of the top actuator. Further-
more, since applying a relevant axial force on the devices would have
affected their response, two rigid axial beams were laterally placed at
the floor level, as depicted in Figure 4.1. This allowed also to replicate
a rigid diaphragm. In addition, a truss system was adopted to brace the
frame and prevent any out-of-plane instability.
The computational model of the physical substructure was condensed to
single or two degrees of freedom, respectively, for DRBrC frames and
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all other structures, depending on the number of actuators used to per-
form the tests. The degrees of freedom corresponded to the horizontal
displacements controlled by the actuators.

(a)

(b)

Figure 4.1: Experimental test set-up: (a) lateral and (b) front view.

4.2 DRFL - MS Frame

In this Section, the outcomes of the tests conducted on DRLF mild steel
frame are thoroughly presented. In particular, the test setup is first de-
scribed, and subsequently, the results of the tests at the three different
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limit states are illustrated.

4.2.1 Hybrid test configuration

As mentioned in Section 3.3.1, the selected substructured configuration
involved using two actuators in the test set-up. The physical substructure
of the frame, depicted in Figure 4.2, was composed of five columns in
which the left one was not part of the DRLF systems whilst the others,
coupled with the link beams, constituted the two shear walls that carry
the horizontal loads.

Figure 4.2: DRLF-MS: Experimental test set-up.

Figure 4.3 depicts the instrument configuration: eleven sections were
instrumented by means of both strain gauges and displacement transduc-
ers. The former were positioned outside the dissipative zone, in an elastic
region near the RBS, to estimate the bending moment. In this respect,
the upper and the lower edge of the section were instrumented to measure
the strain. Indeed, the curvature could be calculated by assuming plane
sections as the ratio between the total deformation of the section, i.e.,
the difference between the strains measured at the top εtop and the ones
measured at the bottom εbot, and the height of the cross-section Hsec.

χ =
εtop − εbot

Hsec
(4.1)

An estimate of the bending moment on each instrumented section
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could be obtained using the Euler-Bernoulli beam theory. In the follow-
ing formula, Ibeam is the modulus of inertia of the gross section, and Es

is Young’s steel modulus.

M = Es Ibeam χ (4.2)

By assuming the prevalence of the seismic actions with respect to the
gravity loads on the devices, it was possible to assume a linear bending
moment diagram and thus obtain the bending moment at RBSs by linear
interpolation from the bending moments in the elastic range. Moreover,
the rotation of the reduced beam sections was calculated from the mea-
surements of the displacement transducers:

φ =
∆top −∆bot

Hsec
(4.3)

where ∆top and ∆bot are, respectively, the top and the bottom relative
displacements of the RBSs. Finally, two inclinometers were applied on
the first column to calculate the base bending moment and to evaluate
whether the column remained in the elastic range.

(a) (b)
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(c)

Figure 4.3: DRLF-MS: Configuration of instrumentation system (a) strain
gauges, (b) displacement transducers and (c) inclinometers locations.

Figure 4.4: DRLF-MS: Pictures of the instrumentation system.

4.2.2 Description of the results

Damage Limitation limit state

At the Damage Limitation limit state, the elastic behaviour of the struc-
ture was verified for both the primary elements and the dissipative com-
ponents. Indeed, the instrumentation on the beam’s sections highlighted
that the maximum bending moment attained during the test was the 37.5%
of the yielding limit, as depicted from Figure 4.5.

Since the first column of the frame did not belong to the DRLF sys-
tem, it was the one that suffered the highest bending moment at its base.
Moreover, it was also part of the primary elements that could not be re-
placed after an earthquake. For these reasons, the bending moment at the
base of the column was computed from the inclinometers’ measures. As
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(a) (b)

Figure 4.5: DRLF-MS: DL - Bending moment of the RBSs on the first floor at
the (a) first beam link (b) second beam link.

depicted in Figure 4.6, the maximum bending moment did not exceed
the yielding limit, confirming that it remained in the elastic range.

Figure 4.6: DRLF-MS: DL - Bending moment at the base of the first column.

Significant Damage limit state

For the Significant Damage limit state, the structure suffered plastic de-
formation localized on the RBSs of the beam links. The results in terms
of displacement of the two actuators are reported in Figure 4.7. The
maximum displacement attained at the floor level was 19.79 mm, corre-
sponding to a peak interstorey drift ratio (PIDR) of 0.57%, whereas the
residual displacement after the test was equal to 1.33 mm. This value
corresponds to the 0.04% of PIDR, which demonstrates the re-centring
capability of the structure and, as an important consequence, the easy
replacement of the beam link. Indeed, the physical beam links were ac-
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tually replaced after the SD limit state test. Owing to residual drifts,
local usage of jacks was needed to obtain sufficient spacing to substi-
tute the elements. The repair/substitution phase was completed by three
technicians in a working time of 18h (6 hours/men). The bending mo-
ment time-history of the first column, depicted in Figure 4.8, shows that
the yield limit was not exceeded even for the SD limit state, confirming
that the column remained elastic, which is a favourable outcome of the
project. Indeed, the structure was designed for the SD limit state. This
result confirms the DISSIPABLE components’ capability to protect the
frame’s irreplaceable parts, i.e., beams and columns.
The local behaviour of selected RBSs is reported in terms of bending mo-
ment time histories: it can be noticed that most of the sections yielded
at SD limit state, see Figures 4.9a to 4.9c, nevertheless, some RBSs re-
mained elastic, Figure 4.9d. Finally, since an out-of-plane rotation of the
RBSs was detected, an additional transducer was employed to quantify
this phenomenon for the Near Collapse limit state test.

(a) (b)

Figure 4.7: DRLF-MS: SD - Actuator’s displacements: (a) MOOG1 (b)
MOOG3.

Near Collapse limit state

A marked non-linearity for the Near Collapse limit state characterized
the structural behaviour. As demonstrated by the moment-rotation dia-
gram reported in Figure 4.10, the RBSs underwent a significant plastic
deformation, with a 5 mrad residual rotation. Moreover, strength degra-
dation can be noticed by the cycles. This could be due to the interaction
between the bending moment along the strong axis My and the bend-
ing moment along the weak axis Mz . As Figure 4.11 shows, the dis-
placements at the top flange of RBS n°10 are different on the two edges,
demonstrating the presence of an out-of-plane rotation. The history over
time of the bending moments My and Mz is reported in Figure 4.12
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Figure 4.8: DRLF-MS: SD - Bending moment at the base of the first column.

(a) (b)

(c) (d)

Figure 4.9: DRLF-MS: SD - Bending moment on selected RBSs.
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where the resisting plastic bending moments along the two axes were
computed without considering the interaction. It can be noticed that the
maximum value of both My and Mz exceeded the plastic resistance, even
without considering the reduction of resistance due to the interaction. In
Figure 4.13, the evolution of the (Mz ,N ,My) state for the hybrid test at
NC limit state, is compared with the interaction domain, as defined in
Eurocode 3 [93].

(a) (b)

Figure 4.10: DRLF-MS: NC - Bending moment on RBS (a) n°2 and (b) n°5.

Figure 4.11: DRLF-MS: NC - Out-
of-plane displacement recorded.

Figure 4.12: DRLF-MS: NC -
Bending moment along the two
principal axes.

Concerning the displacement of the two actuators, reported in Fig-
ure 4.14, the maximum displacement achieved at the floor level was
31.61 mm, corresponding to PIDR of 0.90%. From Figure 4.15, which
shows the bending moment history at the base of the first column, it can
be appreciated that the bending moment did not exceed the plastic limit
for the NC limit state test. This emphasizes the protection the devices
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Figure 4.13: DRLF-MS: NC - N-Mz-My Interaction domain according to Eu-
rocode 3.

provide to the structure in case of higher earthquake intensity than the
design one.

(a) (b)

Figure 4.14: DRLF-MS: NC - Actuator’s displacements: (a) MOOG1 (b)
MOOG3.
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Figure 4.15: DRLF-MS: NC - Bending moment at the base of the first column.

4.2.3 Experimental-based calibration of the non-linear spring
models

In the preliminary phase of the work, aiming to choose the ground mo-
tion records and to perform the test, a non-linear finite element (FE)
model of the structure was developed. Thereafter, the results of the ex-
perimental tests previously described have been employed to have a more
accurate calibration of the non-linear springs that models the response
of the RBSs. The calibration was carried out through the tool Multical
which allowed for finding the best combination of parameters matching
the experimental response. Moreover, in the tool, the user can choose
the set of parameters to be calibrated, e.g., for the Bouc-Wen model, the
elastic stiffness, the α, β, γ parameters etc. It was chosen to manually
estimate the elastic stiffness and the hardening ratio whilst the non-linear
Bouc-Wen constants were found using Multical. The stiffness parame-
ters for the calibration were based on three reliable RBS hysteretic loops
at the Near Collapse limit state. For each loop, an elastic and a hardening
stiffness were evaluated for both the positive and the negative branches.
The stiffness values were determined considering the linear part of the
cycles, as depicted in Figure 4.16. The model was calibrated employing
the mean values of elastic and hardening stiffness, reported in Table 4.1.
The additional parameters of the Bouc-Wen model were calibrated on
RBS hysteretic loops at near collapse and are reported in Table 4.2.
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(a) (b)

Figure 4.16: DRLF-MS: (a) elastic and (b) hardening stiffness calibration on
near collapse cycles.

Parameter Value

Elastic Stiffness Kel [Nm/rad] 1.01 · 107
Hardening Stiffness Kha [Nm/rad] 2.48 · 105

Hardening ratio [%] 2.45

Table 4.1: DRLF-MS: Estimated stiffness parameters.

92



Giulia Giuliani - Experimental and numerical analysis of steel frames equipped with
repairable dissipative seismic components

Parameter IPE160 Parameter IPE160

α [%] 2.45 A0(−) 1
k0 [N/rad] 1.01 · 107 δA(−) 0
η(−) 5 δν(−) 0
γ(−) 7.07 · 1012 δη(−) 0
β(−) 7.07 · 1012

Table 4.2: DRLF-MS: Calibrated Bouc-Wen parameters.

Following the calibration, time-history analyses on the updated model
were carried out using the same set of ground motion records employed
for the hybrid simulation. The match between the results of the finite el-
ement model and the experimental test rose, achieving good agreement.
Indeed, as can be observed in Tables 4.3 and 4.4 in which the errors in
terms of global seismic response are listed, the inaccuracy did not ex-
ceed 20% in terms of NRMSE and 25% for the difference on the peak
response. The exception lies in the MOOG3 values: the lower accuracy,
in this specific case, may be attributed to the position of the actuator.
Since it was located at the interface node, it was more affected by errors
due to the substructuring. Moreover, it can be noticed that the discrep-
ancies decrease as the earthquake intensity increases (DL, SD and NC),
mainly because errors are calculated with respect to the experimental val-
ues. Thus, the same experimental error in absolute terms (kN or mm)
implies lower errors when higher forces or displacements are measured.
The model parameters were updated to obtain a high-fidelity model. In
addition, the calibrated numerical models of the monotonic and hys-
teretic behaviour of the reduced sections were employed in the following
experimental campaign, which took place at the laboratory of the Uni-
versity of Trento and concerned a moment-resisting frame equipped with
DRLF systems coupled with high-strength steel beams.
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DL SD NC
NRMSE NRMSE NRMSE

[%] [%] [%]

D
IS

P Top Floor 18.21 11.00 4.15
MOOG1 14.66 11.29 11.97
MOOG3 15.46 11.96 12.29

SH
E

A
R Base 16.42 12.42 6.74

MOOG1 18.51 12.73 6.73
MOOG3 21.94 21.04 19.97

Table 4.3: DRLF-MS: NRMSE between the test and the calibrated model re-
sults.
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D
L

SD
N

C

Test
Sim

ul.
E

rror
Test

Sim
ul.

E
rror

Test
Sim

ul.
E

rror

DISPLACEMENT [mm]

Top Floor

M
ax

68.64
65.92

4%
162.85

162
1%

304.49
282.81

7%

M
in

-32.06
-40.23

25%
-200.14

-169.48
15%

-412.75
-390.88

5%

MOOG1
M

ax
5.77

5.44
6%

14.77
11.02

25%
31.61

29.74
6%

M
in

-6.16
-5.46

11%
-19.79

-19.07
4%

-20.7
-22.96

11%

MOOG3

M
ax

11.63
9.11

22%
27.79

19.05
31%

61.55
57.76

6%

M
in

-10.09
-9.42

7%
-40.47

-36.12
11%

-41.46
-44.41

7%

SHEAR [kN]

Base

M
ax

164.61
205.68

25%
436.57

365.68
16%

587.39
519.28

12%

M
in

-183.21
-224.64

23%
-411.36

-414.22
1%

-496.95
-443.86

11%

MOOG1

M
ax

141.97
152.83

8%
374.11

341.74
9%

507.14
492.11

3%

M
in

-129.33
-190.05

47%
-387.64

-385.76
0%

-459.64
-441.94

4%

MOOG3

M
ax

86.75
189.89

119%
167.25

384.82
130%

177.44
442.91

150%

M
in

-105.11
-153.04

46%
-214.94

-341.06
59%

-248.08
-492.95

99%

Table 4.4: DRLF-MS: Errors between the peak response of test and the cali-
brated model
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4.3 DRFL - HSS Frame

In this Section, the outcomes of the tests conducted on DRLF HSS frame
are thoroughly presented. In particular, the test setup is first described,
and subsequently, the results of the tests at the three different limit states
are illustrated.

4.3.1 Hybrid test configuration

As previously described, the test set-up involved the employment of
two actuators, namely MOOG1 and MOOG3, located respectively at the
floor level and in the mid-height of the first floor, Figure 4.17.

Figure 4.17: DRLF-HSS: Experimental test set-up.

The instrumentation configuration is schematically illustrated in Fig-
ure 4.18. Two link beams were fully instrumented through displacement
transducers, and strain gauges in an elastic region near the RBS. The for-
mer were installed to estimate the bending moment, while the latter were
to compute the rotation of the reduced beam section. The instrumenta-
tion location is depicted in Figure 4.19: to get an accurate measurement
of the out-of-plane deformation, on each beam link section strain gauges
were located at the upper and the lower edge and the left and right edge
of the section. The displacement transducers were installed at a distance
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lbar equal to 300 mm diagonally to amplify the displacements read by
the instruments. Moreover, the HSS beams were instrumented by strain
gauges and inclinometers placed respectively in an elastic region to esti-
mate the bending moment at the beam-to-column joint and on the beams,
three on the first one and two on the second, to estimate the rotations.

(a)

(b)

Figure 4.18: DRLF-HSS: Configuration of instrumentation system on (a) link
beams and (b) HSS beam.
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Figure 4.19: DRLF-HSS: Strain gauges location and displacement transducer
location.

In this respect, both the in and out-of-plane curvatures were calcu-
lated by assuming plane sections are reported in Equation 4.4 where all
the subscripts refer to Figure 4.19.

χy =
(εt,l + εt,r) /2− (εb,l + εb,r) /2

Hsec

χz =
(εt,l + εb,l) /2− (εt,r + εb,r) /2

Bsec

(4.4)

An estimation of the bending moment on each instrumented section,
located in the elastic range, could be then obtained by means of the fol-
lowing formulae, in which I∗,beam are the modulus of inertia of the gross
section and Es is Young’s steel modulus.

My = Es Iy,beam χy

Mz = Es Iz,beam χz
(4.5)

The bending moment along both the strong and the weak axis at the
RBS could be derived by linear interpolation from the bending moments

98



Giulia Giuliani - Experimental and numerical analysis of steel frames equipped with
repairable dissipative seismic components

obtained in the elastic range of the beam. The rotation of the RBSs was
calculated as follows:

φy =
(∆t,l +∆t,r) /2− (∆b,l +∆b,r) /2

Hsec + 2
(
lbar

√
2/2
)

φz =
(∆t,l +∆b,l) /2− (∆t,r +∆b,r) /2

Bsec + 2
(
lbar

√
2/2
) (4.6)

4.3.2 Description of the results

Damage limitation limit state

At DL limit state, the elastic response of the structures was verified. The
bending moment time-histories of the three RBSs depicted in Figure 4.20
highlight the elastic behaviour: the maximum value attained was lower
than the elastic resisting moment. The latter corresponds to the onset
of yielding at the extreme fibre from an elastic stress distribution, that
was estimated equal to 19.34 kNm, based on the reduced cross-section
properties. Unfortunately, one of the RBS n°2 strain gauges got damaged
during the erection process of the frame and could not be replaced, so
that no accurate information can be obtained for this section.

Figure 4.20: DRLF-HSS: DL - Bending moment of RBSs.

The elastic behaviour is also confirmed by looking at the maximum
displacement, depicted in Figure 4.21, achieved among the floors, which
corresponds to a peak interstorey drift ratio of 0.35%, as reported in Ta-
ble 4.5. This value is significantly lower than the conventional limit for
DL limit state of 0.7%, as suggested by FEMA356 [94]. Moreover, the
table highlights a residual maximum interstorey drift of 0.01%. In Fig-
ure 4.22, the time-histories on the displacement and the force at the ac-
tuators level are reported.
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Figure 4.21: DRLF-
HSS: DL - Maximum
displacement of the six
floors.

Floor Maximum Minimum Residual

1st 0.17 -0.13 0.00
Sub.

0.35 -0.28 0.01point
2nd 0.18 -0.13 0.01
3rd 0.32 -0.34 0.00
4th 0.19 -0.25 0.00
5th 0.22 -0.21 0.00
6th 0.22 -0.21 0.00

Table 4.5: DRLF-HSS: DL – Peak interstorey
drift ratio [%].

(a)

(b)

Figure 4.22: DRLF-HSS: DL - Time histories of the (a) displacements and (b)
forces of the two actuators.
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Significant Damage limit state

For the Significant Damage limit state, the structure suffered plastic de-
formation localized on the RBSs of the beam links. The inelastic be-
haviour is underlined in Figure 4.23, which shows the bending moment
history of the RBSs. Indeed, during the test, the bending moment in the
devices exceeded the plastic bending moment. Figure 4.24 shows the
hysteretic cycles of the RBSs, confirming the yielding of the reduced
section of the beam links.

Figure 4.23: DRLF-HSS: SD - Strong axis bending moment of RBSs.

Figure 4.24: DRLF-HSS: SD - Moment-rotation diagrams of RBSs.

In Figure 4.25, the displacement and force histories of the actuators
are reported, and the maximum values attained during the test are re-
ported in Table 4.7.
By computing the PIDR, it has been found that the maximum value at-
tained during the test for the physical substructure was 1.50% while for
the numerical was 1.95%, as reported in Table 4.6. Moreover, the fig-
ure highlights a residual interstorey drift of 0.01%, which ensures the
components’ replaceability after an earthquake of medium intensity.
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(a)

(b)

Figure 4.25: DRLF-HSS: SD - Time histories of the (a) displacements and (b)
forces of the two actuators.

Floor Maximum Minimum Residual

1st 0.57 -0.76 0.01
Sub. point 1.09 -1.50 0.01

2nd 0.92 -1.06 0.01
3rd 1.68 -1.95 0.01
4th 0.77 -0.84 0.01
5th 0.68 -0.73 0.01
6th 0.68 -0.73 0.01

Table 4.6: DRLF-HSS: SD - Peak interstorey drift ratio [%].

Near Collapse limit state

At the Near Collapse limit state, the specimen exhibited a strong non-
linear behaviour characterized by the plasticization of the RBSs, as de-
picted in Figures 4.26 and 4.27.
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MOOG 1 MOOG 3

Displacement Push 19.98 40.39
[mm] Pull -26.68 -54.64
Force Push 172.68 476.38
[kN] Pull -226.18 -577.3

Table 4.7: DRLF-HSS: SD - Maximum displacements and forces attained dur-
ing the test by the actuators.

In the Figures, the bending moment time-history and the moment-rotation
diagrams of RBSs are reported, and the exceedance of the plastic resist-
ing moment can be highlighted. The RBSs showed a large dissipative
hysteretic behaviour, with a maximum rotation greater than 10 mrad.
Moreover, the residual plastic deformation of the sections can be under-
lined in both figures. Nevertheless, besides the RBSs plasticization, the
structure remained in the elastic field, as proven in Figure 4.28 where
the time histories of the bending moment on the HSS fixed section are
reported. As depicted, the maximum bending moment attained during
the tests is significantly smaller than the plastic bending moment.

Figure 4.26: DRLF-HSS: NC - Strong axis bending moment of RBSs.
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Figure 4.27: DRLF-HSS: NC - Moment-rotation diagrams of RBSs.

Figure 4.28: DRLF-HSS: NC - Bending moments at HSS fixed joints.
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The plastic behaviour is also confirmed by looking at the residual
PIDR reported in Table 4.8, which demonstrated the residual plastic de-
formation of the structure.

Figure 4.29: DRLF-
HSS: NC - Maximum
displacement of the six
floors.

Floor Maximum Minimum Residual

1st 0.99 -1.42 0.03
Sub.

2.45 -3.50 0.03point
2nd 1.48 -2.32 0.03
3rd 2.73 -4.14 0.03
4th 1.20 -1.68 0.03
5th 1.06 -1.37 0.03
6th 1.06 -1.37 0.03

Table 4.8: DRLF-HSS: NC - Peak interstorey
drift ratio [%].

In Figure 4.30, the top floor displacement versus the base shear is
reported for each test. As it can be noticed, the structure remained in the
elastic field concerning the DL limit state, whilst slight plasticization can
be appreciated from Figure 4.30b for SD limit state. Finally, Figure 4.30c
remarks that the structure fully entered in the plastic region for NC limit
state.

4.3.3 Comparison with the OpenSees reference model

In the tests performed on DRLF-HSS, the plastic hinges of the reduced
beam sections were modelled by implementing the Bouc-Wen parame-
ters calibrated based on the results of the previous tests on DRLF-MS.
Due to this, a good agreement between the hybrid tests results and the
OpenSees reference model was found, as demonstrated by the errors re-
ported in Table 4.9 in terms of normalized root mean square for each
limit state. It can be highlighted that all the errors are lower than 15%.

As for DRLF-MS, the RBSs suffered an out-of-plane deformation
which caused a slightly different cyclic behaviour compared with the
theoretical monotonic Figures 4.31 and 4.32.
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(a) (b)

(c)

Figure 4.30: DRLF-HSS: Top Floor displacement vs Base Shear graphs at: (a)
DL, (b) SD and (c) NC limit states.

DL SD NC

Top floor disp 5.5 6.4 4.8
Base shear 7.7 5.5 5.4

MOOG1 disp 9.8 8.9 6.3
MOOG1 force 4.0 5.4 3.8
MOOG3 disp 11 10.3 5.8
MOOG3 force 7.7 5.5 5.1

Table 4.9: NRMSE between OpenSees reference model and the hybrid tests
global quantities [%].
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Figure 4.31: DRLF-HSS: SD - Moment-rotation diagram comparison between
hybrid test and theoretical monotonic behaviour.

Figure 4.32: DRLF-HSS: NC - Moment-rotation diagram comparison between
hybrid test and theoretical monotonic behaviour.
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4.4 DRBrC Frame

4.4.1 Hybrid test configuration

As previously mentioned, the experimental set-up conceived to perform
hybrid simulation on the DRBrC frame entailed the use of one actuator
located at the first-floor level since the behaviour of the DRBrC depends
on the axial forces in the braces, see Figure 4.33. Regarding the instru-
mentation, displacements and strains of the DRBrCs were measured by
means, respectively, of displacement transducers on the lateral sides of
each DRBrC, and strain gauges. From the latter, the axial force acting
on the devices was derived, enabling to plot force-displacement diagrams
and verifying the local behaviour. Moreover, a couple of strain gauges
were also installed on the horizontal beam to compute the axial force.
Since the column bases were an unreplaceable part of the structure and
could not be regarded as perfect hinges, strain gauges were applied at the
columns bases to predict any possible bending actions.

Figure 4.33: DRBrC: Experimental test set-up.

4.4.2 Description of the main results

This paragraph briefly describes the results on the frame equipped with
both mild steel and HSS plates of DRBrC. Thanks to the tests carried
out, it was possible to characterise the seismic behaviour of the struc-
tures. The tests were conducted at different seismic intensity levels, as
described in Section 3.4, enabling the characterization of both the struc-

108



Giulia Giuliani - Experimental and numerical analysis of steel frames equipped with
repairable dissipative seismic components

ture’s elastic and the inelastic field. Moreover, the possibility of repair-
ing the frame by replacing the dissipative components was demonstrated.
The main outcomes of the overall test campaign are listed here:

• preliminary tests detected the presence of an initial branch with
zero stiffness due to a non-negligible clearance, about 1 mm, be-
tween the pin and the eyebar plate hole. This clearance was in-
cluded in the numerical part of the frame for consistency between
PS and NS;

• regarding the structural behaviour at DL limit state, the structure
elastically reacted to the stress imposed. In particular, the irre-
placeable part remained in the elastic field while DRBrC exhibited
small hysteretic dissipation due to the local bearing of the pin, see
Figure 4.34;

• at both SD and NC limit state, the DRBrC components highlighted
a favourable hysteretic behaviour with large loops owing to the
pin inelastic behaviour. The non-dissipative parts of the frame,
i.e. braces, columns and beams, did not experience inelastic be-
haviour, as shown in Figure 4.35 for the column base, which proves
the good performance of the DRBrC components in protecting the
irreplaceable parts of the frame.

• Finally, small residual displacements were observed at each limit
state that enhanced the self-centring capabilities and repairability.
Indeed, the connections could be replaced after the SD hybrid test
without particular effort.

By comparing the test results on DRBrC with mild steel and HSS
plates, no significant improvements or differences were found in the
seismic performance, as shown in Figure 4.36. Indeed, the maximum
displacements were not large enough to show the beneficial effects of a
higher steel grade.
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Figure 4.34: DRBrC: DL - Experimental axial force-displacement diagrams.

Figure 4.35: DRBrC: NC - Base columns bending moment.
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Figure 4.36: DRBrC: NC - MS vs HSS force-displacement diagrams.

4.5 DRBeS Frame

4.5.1 Hybrid test configuration

The experimental set-up conceived for DRBeS frame is depicted in Fig-
ure 4.37. As shown, the physical part consists of the first floor and a
half of the structure. The point of inflexion, i.e. where the column bend-
ing moment is zero, at least for the gravity load, was localised in the
columns to control only the horizontal degrees of freedom. As with the
DRLF tests, two actuators were thus used. Regarding the instrumen-
tation, Figure 4.38 illustrates the position of strain gauges in an elas-
tic region near the device, and displacement transducers, for computing
the component’s rotation. Moreover, inclinometers were installed on the
columns to measure the absolute rotations in two sections and estimate
the bending moment at the base. This permitted to verify whether there
had been any plasticisation during the tests. Finally, strain gauges were
applied to the reinforcement bars to detect any possible yielding since
they were part of the unreplaceable parts.

4.5.2 Description of the main results

The main results of the experimental campaign are reported here:
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Figure 4.37: DRBeS: Experimental test set-up.

(a)

(b)

Figure 4.38: DRBeS: Some instrumentation photos.
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• the structural behaviour at the DL limit state was fully elastic, as
testified by Figure 4.39 where the moment-rotation diagram of de-
vices is depicted.

• Figure 4.40 depicts the moment-rotation diagram of devices. As
shown, DRBeS exhibited favourable inelastic behaviour without
appreciable stiffness and strength loss. Moreover, large cycles en-
tail a huge energy dissipation, which is a favourable outcome since
the components were designed for this limit state. In addition, no
damage in the non-replaceable parts of the frame.

• At the NC limit state, the base columns were slightly yielded, see
Figure 4.41, as well as some cracking, occurred in the concrete
slab. However, since the structure was designed for SD limit state,
the overall behaviour was still satisfactory, with small residual
inter-storey drifts and a favourable re-centring capability. More-
over, the DRBeS were highly damaged with evident plate buckling
due to hogging bending moments.

Figure 4.39: DRBeS: DL - Moment-rotation diagrams.
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Figure 4.40: DRBeS: SD - Moment-rotation diagrams.

Figure 4.41: DRBeS: NC - Base columns bending moment.
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4.6 Conclusions

The pseudodynamic hybrid tests performed on frames equipped with
DISSIPABLE devices provided comprehensive and detailed information
on their non-linear behaviour under natural earthquake accelerograms. It
was possible to analyse the entire frames, including the five floors above,
in the numerical substructure while keeping the physical substructure at
full scale. In detail:

• the hybrid test results were compatible with the reference model
for a frame with DRLF systems coupled with top bracing systems,
even though the model was condensed on seven degrees of free-
dom. The RBSs remained in the elastic field at the DL limit state
while they exhibited inelastic behaviour at the SD limit state. The
RBSs experienced significant inelastic behaviour and out-of-plane
rotation at the NC limit state. According to the design, except for
the reduced beam sections, the remainder of the structure behaved
elastically for all the limit states, i.e. DL, SD and NC. Further-
more, the replaceability of the link beams was checked between
the SD and NC limit state tests by changing the beams and the
substitution occurred without any particular problems.

• For the frame equipped with two parallel DRLF systems coupled
with HSS beams, the behaviour of the structure was in agreement
with what was observed for the mild-steel one in terms of dissipa-
tion of the devices at the different limit states. Differences were
noted regarding the maximum forces reached by the actuators due
to the greater structure stiffness given by fixed HSS beams. In ad-
dition, the out-of-plane displacement of the RBSs was less in this
case.

• For tests on frames equipped with DRBrC component, the DL
limit state test depicted a substantially elastic behaviour of the
connections, with a small hysteretic dissipation due to local bear-
ing between the pin and the internal side of the eyebar plate hole.
The SD and NC limit state tests highlighted a remarkable hys-
teretic behaviour of the component due to the pin plastic behaviour
both in bending and shear. The non-dissipative parts of the frame,
i.e. braces, columns and beams, did not experience damage at any
limit state test, which testifies an optimal performance of the DR-
BrC components in protecting the irreplaceable parts of the frame
even for ground motion intensities (NC) larger than the design one
(SD). This is a significant outcome in terms of repairability. More-
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over, the connections could be replaced after the SD hybrid test
without particular effort. Finally, no significant improvements or
differences in the structural performance of HSS DRBrC compo-
nents concerning DRBrC mild steel components are found. The
differences in the axial force-displacement behaviour of mild and
HSS DRBrCs shown are mainly attributed to the different gap val-
ues, which is an aleatory parameter.

• For DRBeS at the DL limit state, both the non-dissipative elements
of the structures and the DISSIPABLE components behaved elas-
tically, whilst, at the SD limit state, energy dissipation in the plates
was detected. Dismounting the damaged plates and replacing the
new ones showed no particular difficulties. Since the structure
was designed for the SD limit state, some damage in the non-
dissipative parts was observed. In particular, cracking in the con-
crete slab and some yielding in the column bases were detected.
However, the overall behaviour was satisfactory with small resid-
ual inter-storey drifts, and a favourable re-centring capability was
highlighted.
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Chapter 5

Optimization of the
Partitioned G-α Algorithm

In this Chapter, the stability and accuracy analyses for the optimization
of the PG-α algorithm are thoroughly presented. In order to study the
real procedure implemented to perform DISSIPABLE tests, a Simulink
[95] model (S-model) was developed. In particular, every laboratory
source of error was accounted for and quantified by deriving it from the
results of tests described in Chapter 4. Moreover, the algorithmic force
correction was implemented in the same way as defined in the laboratory
tests. Finally, the test results were compared to their respective OpenSees
outcomes to validate the implemented procedure.

5.1 Algorithmic analysis implementing laboratory
characteristics of real experimental tests

5.1.1 Proposed algorithmic correction

In order to perform the experimental tests, the laboratory test set-up de-
picted in Figure 5.1 was conceived. Lateral beams were placed at the
floor level to reproduce the rigid diaphragm modelled in the finite ele-
ment software. Those beams allowed for imposing the same displace-
ment at each column avoiding the application of a significant axial force
to the beams and the connections. In addition, beams with high axial
stiffness were placed at the level of the higher actuator to impose the
same displacement at the top of each column, as can be noticed from
Figure 5.1.
The connection between the axially rigid beams and the structural ele-
ments was performed by means of hinges to avoid to increase the stiff-
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ness of the original frame. The hinges were composed of three plates,
through which a pin was inserted, as depicted in Figure 5.2. To decrease
the gap between the pin and plates, the former was welded to the external
plates, see Figure 5.2a. However, as illustrated in Figure 5.2b, the gap
between the internal plates and the pin could not be avoided because of
the physical impossibility of welding that area. Moreover, the connection
between the axially rigid frame and the specimen was also constituted by
hinges which underwent elastic deformations when loaded, as proven by
preliminary tests conducted to measure the deformation of every element
of the set-up.

To consider the source of error introduced by the issues mentioned
above, auxiliary transducers were installed on the right side of the spec-
imens to measure the displacements of the right column, see Figure 5.1.
The Gefran external transducers were placed on an external fixed frame
to obtain an absolute displacement measure.

Figure 5.1: Laboratory test Set-Up.

(a)
(b)

Figure 5.2: Hinge detail: (a) pin welding and (b) gap between the internal plate
and the pin.
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In the numerical algorithm, the issues mentioned above were tack-
led by introducing an algorithmic correction on the forces read from the
controller to account for the discrepancies between the displacement im-
posed by the actuators and the displacement on the opposite side of the
frame. The implemented correction takes its starting point from what
was proposed by Bursi and Shing [96] reported in Equation 5.1, where
the second term of the sum is the algorithmic force correction. In the
correction proposed, this term is proportional to the difference between
the algorithmic displacement and the mean displacement of the three
columns, see Equation 5.2.

RP
n+1 = RFBK

n+1 + K0

(
YP
n+1 − YP

FBK

)
(5.1)

RP
n+1 = RFBK

n+1 + K0

(
YP
n+1 −

(
YP
FBK + YP

GEF

)
2

)
(5.2)

In the previous formulae, RP
n+1 is the algorithmic force acting on the

physical subdomain, RFBK
n+1 is the actuator force feedback, K0 is the nu-

merically estimated stiffness matrix, YP
n+1 is the displacement computed

by the algorithm, YP
FBK and YP

GEF are respectively the displacement
feedbacks from the actuator and the auxiliary Gefran transducers.
In order to study the reliability of the algorithmic correction adopted,
stability and accuracy were investigated for the original PG-α method,
implementing the algorithmic correction in Equation 5.2 and the param-
eter η previously defined in Equation 2.21.

5.1.2 Numerical model of the experimental set-up

To verify the stability and accuracy of the PG-α algorithm implemented
to run the DISSIPABLE laboratory tests, a Simulink model (S-model)
was developed, as depicted in Figure 5.3. In the S-model, the control
system’s effect and the errors introduced by the instrumentation read-
ings were considered. In particular, the actuator was modelled by means
of the z-transform transfer function, assimilating it to a single degree of
freedom dynamic system. Laboratory errors were induced by consider-
ing, on the one hand, white noise added to each experimental measure-
ment to simulate the effect of instrumentation. In addition, two further
sources of error were accounted for in the external transducer readings,
i.e. the delay and reduction with respect to the displacement imposed by
the actuator. The force feedback correction illustrated in Equation 5.2
was implemented to consider the specimen’s deformability and the im-
pact of the gaps. The restoring force feedback was computed as indicated
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in Equation 5.3.

RFBK
n+1 = K · YP

FBK + YP
GEF

2
(5.3)

From Equations 5.2 and 5.3, it can be deduced that when the numeri-
cally estimated stiffness used to compute the algorithmic correction K0

is equal to the actual stiffness K, the algorithmic force is equal to the
one of the original PG-α algorithm Equation 5.4.

RP
n+1 = K · YP

n+1 (5.4)

5.1.3 Derivation of the source of error based on experimental
tests

The data collected from tests on the five specimens at three limit states
were analysed to thoroughly investigate the influence of adopting the
proposed algorithmic correction. For three out of five tests, two actuators
and two external transducers were employed, resulting in 24 signals to be
analysed for each measure, i.e., actuators force feedback, displacement
command, actuator displacement transducers and external transducers.
To accurately replicate the laboratory tests, the instrumentation noise was
modelled by means of white noise, whose variance was determined by
applying a bandpass filter to isolate the noise with respect to the signal
for each type of measure, as reported for one signal in Figure 5.4. In
Figure 5.5, the variance values of all the signals of the same type are
reported, while in Table 5.1, the mean noise variances are listed. These
quantities are consistent with the precision of the instrumentation.

σ2 3 σ
Datasheet
accuracy

Displacement Feedback
(Temposonic Transducer)

7.97 · 10−10

[m2]
8.4 · 10−5

[m]
2 · 10−6

[m]

External Transducer
(Gefran Transducers)

1.27 · 10−9

[m2]
1.07 · 10−4

[m]
5 · 10−4

[m]

Force
Feedback

1.66 · 106
[N2]

3.87 · 103
[N ]

3 · 102
[N ]

Table 5.1: Mean variance summary

Additionally to the white noise, the delay between the displacement
transducer measures and the algorithmic command was introduced in
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Figure 5.3: Simulink Model.
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Figure 5.4: Signal filtering.

(a) (b)

(c)

Figure 5.5: Noise variance of instrumentation measurements.
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the S-model. Moreover, the reduction between the actuator command
and the Gefran measurement was introduced. Both phenomena can be
detected by Figure 5.6. Accounting for these sources of error allowed
the laboratory framework to be adequately represented and to model the
results. The delay was computed for all the signals, and a mean value of
2 algorithmic steps was identified. The reduction factor was computed
considering each signal’s first five positive and five negative peaks, ob-
taining a mean value of 0.82.

Figure 5.6: DRBrC DL test.

5.2 Algorithm analysis results

Given the previously described model, the stability and the accuracy of
the PG-α algorithm, along with the algorithmic correction and measure-
ment errors, have been investigated for a single degree of freedom case
study. The mass and stiffness values were computed by dynamically con-
densing, see Equation 5.5, the physical and the numerical mass matrix, as
well as the total mass and stiffness on the first period of the DRLF-HSS
test.

Tcond = ΦT
1 ·T · Φ1 (5.5)

where T is a generic matrix an Φ1 the first mode shape vector.
Moreover, the factor b1 was computed as defined in Equation 2.23c and
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the numerical and physical stiffness were derived starting from the total
one by inverting Equation 2.23d. In particular, according to the prelimi-
nary results on the SDoF reported in Section 2.2.2, a unique value of b1
was considered since it is irrelevant to the stability and accuracy of the
algorithm.

Parameters Value

mtot 8.42 · 104kg
mN 6.62 · 104kg
mP 1.80 · 104kg
ktot 2.13 · 106N/m
kN 4.55 · 105N/m
kP 1.68 · 106N/m
b1 0.27

Table 5.2: S-Model: Model parameters

As done for the previous case studies, four values of infinity spectral
radius ρ∞ were investigated for three values of η, i.e. 0.5, 0.75 and 1.00.
For each combination of ρ∞ and η, the amplification matrix A was com-
puted by imposing a unitary value alternatively for all the problem vari-
ables, e.g., numerical and physical displacement, numerical and physical
velocity, etc. It can be noticed from the results depicted in Figure 5.7 that
the algorithm is always stable regardless of the value of η and ρ∞ since
the absolute value of the eigenvalues of the amplification matrix, λ, are
always lower than the stability threshold. This result agrees with what
is reported in Section 2.2.2. Hence, with the algorithmic correction, the
order of accuracy is in general lowered to 1, but the algorithm is still
always stable.
Regarding the accuracy analysis, whose results are reported in Figure 5.8
in terms of GTE on the displacement, it can be highlighted that by intro-
ducing the laboratory errors, the order of accuracy is one, even in the
case of η equal to one, differently from what is reported in Section 2.2.2.
Moreover, for values of the ratio η lower than the unit, the global trunca-
tion error has an asymptotic trend for small values of ∆t, indicating that
reducind the time step does not enhance the algorithm’s accuracy.
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(a)
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(b)
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(c)

Figure 5.7: S-Model: Stability analysis: (a) η = 0.50, (b) η = 0.75 and (c) η =
1.00.
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(a)

(b)

(c)

Figure 5.8: S-Model: Global Truncation Error on the displacement: (a) η =
0.50, (b) η = 0.75 and (c) η = 1.00.
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5.3 Experimental results

In this Section, the main results of the laboratory test are reported to
prove the effectiveness of the algorithmic correction proposed. Fig-
ures 5.9 and 5.10 depict the displacements imposed by the controller
and the one determined on the reference model, built in the finite ele-
ment software OpenSees, for DRLF-HSS tests at different limit states.
It can be noticed that the discrepancies are significantly small, as also
confirmed by Table 5.3, where the distance between the two values is
computed in terms of NRMSE expressed in terms of percentage, Equa-
tion 3.11. Similar consideration can be done by observing the compari-
son in terms of base shear, reported in Figure 5.11.

RMSE =
∥xi − xj∥2√

N
(5.6)

In Table 5.4, the RMSE, defined in Equation 5.6, between the correction
and the algorithmic force is reported and normalised with respect to the
maximum algorithmic force. It can be noticed that the amount of cor-
rected force decreases as the intensity of the earthquake increases, with
a maximum value of 26.9% and a mean value of 13.4%. This reflects the
fact that the correction forces serve mainly to account for the initial gaps,
whose effects are compensated already at low intensities. Therefore, the
correction forces do not significantly increase when the intensity of the
earthquake further increases.

Damage
Limitation

[%]

Significant
Damage

[%]

Near
Collapse

[%]

Displacement
Lower

Actuator
5.6 6.4 5.7

Upper
Actuator

5.7 5.7 4.9

Base
Shear 5.8 6.4 7.5

Table 5.3: NRMSE between the Hybrid Simulation and OpenSees reference
model of DRLF-HSS tests.
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(a) (b)

(c)

Figure 5.9: Displacement comparison at upper actuator level between
OpenSees reference model and hybrid simulation at: (a) DL, (b) SD and (c)
NC limit states of DRLF-HSS tests.
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(a) (b)

(c)

Figure 5.10: Displacement comparison at lower actuator level between
OpenSees reference model and hybrid simulation at: (a) DL, (b) SD and (c)
NC limit states of DRLF-HSS tests.
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(a) (b)

(c)

Figure 5.11: Force comparison between OpenSees reference model and hybrid
simulation at: (a) DL, (b) SD and (c) NC limit states of DRLF-HSS tests.
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Damage
Limitation

[%]

Significant
Damage

[%]

Near
Collapse

[%]

DRBeS
Lower

Actuator
14.6 14.6 5.9

Upper
Actuator

26.9 26.9 2.1

DRLF-MS
Lower

Actuator
11.6 11.8 9.5

Upper
Actuator

15.1 17.0 14.3

DRLF-HSS
Lower

Actuator
11.8 19.5 10.9

Upper
Actuator

7.4 14.0 13.3

DRBrC-MS Lower
Actuator

19.3 9.3 9.5

DRBrC-HSS Lower
Actuator

18.2 9.1 9.7

Table 5.4: RMSE of the correction over the maximum applied force of all the
performed tests.
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5.4 Conclusions

This Chapter describes the validation of a novel algorithmic correction
suited for the PG-α algorithm in hybrid simulation. Via an extensive in-
vestigation, stability and accuracy were studied for the PG-α algorithm
along with the proposed correction, considering realistic sources of error,
e.g. delay and noise in the signal, calibrated on real experimental tests.
For this purpose, a Simulink model was developed and analysed.
Firstly, the laboratory data were analysed to calibrate the parameters of
the Simulink model. Subsequently, stability and accuracy analyses were
performed, proving that the algorithm is stable for values of η lower than
one and first-order accurate independently from the value of η. In par-
ticular, when η is lower than the unit, the global truncation error has an
asymptotic trend for small values of ∆t. In order to confirm the effec-
tiveness of the proposed correction in real experimental tests, the results
of an experimental campaign carried out at the University of Trento, in
which the algorithmic correction was employed, were illustrated. These
results showed that the hybrid simulation displacements and forces were
in excellent agreement with those of the numerical reference model pre-
viously developed. Moreover, the percentage of correction was always
lower than the 30% of the force feedback and decreased as the intensity
of the earthquake increased, i.e. for limit states with increasing severity.
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Chapter 6

Probabilistic seismic demand
model

In this Chapter, incremental dynamic analyses were exploited to inves-
tigate the influence of equipping steel frames with DRLF system. In
particular, the DISSIPABLE frame behaviour was compared with a state-
of-the-art moment-resisting frame designed according to the capacity de-
sign philosophy. The frame has the same geometry as the DISSIPABLE
structure so that differences in the behaviour can be highlighted under the
same design conditions. In addition, experimentally calibrated fragility
curves were derived through IDAs.

6.1 Numerical modelling of the case studies

The frames were designed and modelled respectively with the finite el-
ement software SAP2000 and OpenSees. With the purpose of having a
high-fidelity model for the DRLF frame, the benchmark model was cal-
ibrated on the results of laboratory full-scale tests previously described.
Moreover, the non-linear behaviour of the device was modelled by means
of analytical formulations to determine meaningful fragility curves for
structural designers.

6.1.1 State of the art model

The moment resisting frame in the study was designed according to the
provisions of Eurocode 8. The design process involved performing lin-
ear dynamic analysis using the SAP2000 finite element software. The
frame considered was a six-storey frame with two spans, as illustrated
in Figure 6.1. It is important to note that the frame’s geometry was in-
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tentionally chosen to match that of the DISSIPABLE structure, resulting
in different dynamic characteristics, as shown in Table 6.1. To capture
the non-linear behaviour of the structure, fibre elements were employed
to model both the columns and composite beams. The choice of fibre
elements was made based on preliminary analyses conducted accord-
ing to Pecce and Rossi [97], which indicated that significant buckling
effects did not develop in the steel beams. Instead of concentrated plas-
ticity models, the spread of plasticity was described using fibre elements.
Rayleigh damping was applied to the first and third modes of the frame,
with a damping ratio of 5% as recommended by Chopra [98] for bolted
steel structures. However, for the DRLF structure, the damping ratio was
set to 2% since the presence of dissipative components in the structure
is expected to result in lower viscous damping compared to a structure
designed using the capacity design approach.

Figure 6.1: SoA: Frame model.

To establish the threshold for limit states in relation to beam hinge
rotations, the calculation of the yielding rotation of the beams was con-
ducted. Assuming a shear-type deformation of the structure, the rota-
tional capacity was determined as reported in Equation 6.1. In this equa-
tion, θy represents the yielding rotation, Mpl,beam is the plastic bend-
ing resistance, Lbeam denotes the beam length, E represents the elastic
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Mode Periods [s]

1 1.08
2 0.36
3 0.21

Table 6.1: SoA: Vibration periods.

modulus and Ibeam stands for the moment of inertia of the beam. The
resulting rotational capacities for the beams were computed using these
parameters and are detailed in Table 6.2.

θy =
Mpl,beam

kφ,beam
= Mpl

Lbeam

6 E Ibeam
(6.1)

Positive Negative

Mpl,beam

[kNm]
233.00 188.5

Ibeam
[mm4]

1.17 · 105 7.08 · 104

θy
[rad]

6.75 · 10−3 9.03 · 10−3

Table 6.2: SoA: Rotational capacity.

6.1.2 DRLF model

The IDAs for the DRLF system were performed on a six-storey frame
with two spans, as for the frame experimentally tested, and depicted in
Figure 6.2. For this frame, the non-linearity was concentrated at the
RBSs and, differently from pseudo-dynamic tests, for the hysteretic be-
haviour a piece-wise model, namely "modified Ibarra-Krawinkler dete-
rioration model with bilinear hysteretic response" [99–102], was imple-
mented to reproduce the non-linear behaviour. The parameters which
define the numerical model can be analytically determined starting from
the mechanical characteristics of the RBSs following INNOSEIS pro-
vision. In particular, Table 6.3 indications were used to compute the
monotonic curve.
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Figure 6.2: DRLF: Frame model.

M/Mpl,RBS
θ/θpl,RBS

-E −0.6 −45
-D −0.6 −40
-C −αpl −40
-B −1 −1
A 0 0
B 1 1
C αpl 40
D 0.6 40
E 0.6 45

Table 6.3: RBS: Non-
linear hinge parame-
ters.

Figure 6.3: RBS: Monotonic shape.

In detail, point C ordinate was obtained considering for the strain
hardening αpl, the formula proposed by AISC341-10 [103], Equation 6.2.

αpl =
fy + fu
2fy

(6.2)
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To calculate the plastic rotation of the RBS, the formulation proposed
by Dougka et al. was adopted whilst the plastic moment was calculated
according to Eurocode 8-3, Equation 6.3.

θpl,RBS =
Wpl,RBS fy LRBS

6 E J IRBS

Mpl,RBS = Zpl,RBS fyb

(6.3)

Those parameters were found to be in accordance with the results
of the experimental campaign, see Figures 6.4 to 6.6, where the re-
sults of the hybrid simulation are superimposed with the outcome of the
OpenSees reference model where the RBSs were modelled once with
Bouc-Wen and once with IMK models.

Figure 6.4: DL - Comparison between hybrid test and OpenSees reference mod-
els.

139



6.1. NUMERICAL MODELLING OF THE CASE STUDIES

Figure 6.5: SD - Comparison between hybrid test and OpenSees reference mod-
els.
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Figure 6.6: NC - Comparison between hybrid test and OpenSees reference mod-
els.
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In the OpenSees model used to perform IDAs, beams and braces
were modelled with elastic elements, since buckling, as well as plastic-
ity, did not occur, whilst fibre elements were employed for the columns,
to account for plasticity and to detect the column-base yielding. The
modal characteristics of the structure are listed in Table 6.4 whilst the
IMK model values are reported in Table 6.5 whose quantities refers to
Figure 6.7.

Mode Periods [s]

1 1.38
2 0.35
3 0.19

Table 6.4: DRLF: Vibration periods.

IPE 160 IPE 140 IPE 100

k0 [Nm/rad] 8.79 · 106 5.42 · 106 1.57 · 106
as,pos [−] 0.0069 0.0069 0.0069
as,neg [−] −0.0069 −0.0069 −0.0069

My,pos [Nm] 24343.64 17242.44 7730.91
My,neg [Nm] −24343.64 −17242.44 −7730.91
θp,pos [rad] 0.1080 0.1240 0.1919
θp,neg [rad] −0.1080 −0.1240 −0.1919
θpc,pos [rad] 0.02 0.02 0.02
θpc,neg [rad] −0.02 −0.02 −0.02
Mr,pos [Nm] 0.6 0.6 0.6
Mr,neg [Nm] −0.6 −0.6 −0.6
θu,pos [rad] 0.1247 0.1431 0.2215
θu,neg [rad] −0.1247 −0.1431 −0.2215

Table 6.5: RBS: IMK parameters
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Figure 6.7: IMK material [101].

6.2 Fragility methods and ground motion selection

6.2.1 Formulation of fragility models

The numerical simulations were conducted using the incremental dy-
namic analysis [104] technique on FE models built in OpenSees. A suite
of representative ground motion records was used and then scaled to var-
ious intensity levels. To reduce the computational burden, the maxi-
mum intensity level was determined based on reaching either a maxi-
mum inter-storey drift ratio of 5% or a predefined maximum value of
intensity. The former corresponds to the collapse limit state according
to FEMA356 guidelines for moment resisting frames [94]. At the same
time, the latter was determined through preliminary analyses to ensure
an adequate number of ground motions leading to structural collapse. To
prevent numerical divergence at low-intensity levels, the time step inter-
val (∆t) for each ground motion record was reduced up to a minimum
value of 0.0005s.
An IDA curve was derived for each ground motion, relating an intensity
measure (IM) to an engineering demand parameter (EDP). The selected
intensity measure, as discussed by Vamvatsikos and Cornell [104], was
the spectral acceleration at the first mode of vibration period (SaT1) in
the direction of the frame.
Following IDAs, fragility functions were estimated for different levels
of EDP, corresponding to specific limit states. These fragility func-
tions are essential for conducting seismic risk assessments. The proce-
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dure employed to construct the fragility functions followed the approach
described by Baker [105], which assumes that an IM causing the ex-
ceedance of a limit state, identified as C, follows a lognormal cumulative
distribution function, see Equation 6.4.

P (C|IM = x) = Φ

(
ln (x/θ)

β

)
(6.4)

where Φ() is the standard normal cumulative distribution function
(CDF), θ is the median of the fragility function, and β is the standard
deviation of ln(IM). After performing IDA for a set of n accelerograms,
a set of IMs associated with the onset of collapse is obtained. In the case
that all the records lead to structural collapse within the maximum IM
value, estimations of θ and β are obtained from this set of IM, assuming
it to be lognormally distributed, see Equations 6.5 and 6.6.

ln θ̂ =
1

n

n∑
i=1

ln IMi (6.5)

β̂ =

√√√√ 1

n− 1

n∑
i=1

(
ln

IMi

θ̂

)2

(6.6)

Nevertheless, when the analyses were conducted up to a predefined
value of IM, only m (where m ≤ n) ground motions resulted in the ex-
ceedance of the limit state. There is insufficient data for the remaining n-
m records to estimate fragility functions using the previously mentioned
equations directly. In such cases, the maximum likelihood method is
employed to extrapolate the parameters of the fragility functions. The
likelihood function for the entire dataset is obtained by assuming that all
n values of IM for each ground motion are independent of each other.
Therefore, considering both the likelihood function of the m ground mo-
tions that lead to collapse and the likelihood function of the n - m ground
motions that do not result in collapse at the maximum IM value, the like-
lihood function for the entire dataset can be defined as follows:

Likelihood =

(
m∏
i=1

Φ

(
ln IMi/θ

β

))(
1− Φ

(
ln IMmax/θ

β

))n−m

(6.7)
the function variables are the fragility function parameters θ and β. Such
a function gives an estimation of how likely an arbitrary couple of values
(θ, β) well represent the set IMi given as input. In general, the estima-
tions of θ and β can be obtained by maximizing the likelihood function.
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Maximizing the logarithm of the likelihood function results to be a math-
ematically equivalent procedure, given the monotonicity of the logarithm
function, yet numerically easier. Therefore, the estimation of the param-
eters is obtained by finding the couple of parameters that maximize the
logarithm of the likelihood function:

{
θ̂, β̂
}
= arg max

θ,β

m∑
j=1

{
lnΦ

(
ln IMi/θ

β

)}

+ (n−m) ln

(
1− Φ

(
ln IMmax/θ

β

)) (6.8)

Finally, an estimation of the cumulative distribution function of the
IM for which a certain threshold of collapse is exceeded, i.e. the fragility
curve, can be represented by a lognormal distribution whose parameters
are θ̂ and β̂.

6.2.2 Selection of ground motions

A set of 20 accelerograms was employed for the IDAs, selected from
the NGA-West2 PEER database [106] and the European database ESM
of ORFEUS [107]. The selection included near- and far-field accelero-
grams, with a Joyner-Boore distance (Rjb) of less than 30 km. Addition-
ally, pulse-like records were chosen to ensure a comprehensive represen-
tation of various ground motion characteristics. A Consequence class of
CC2 and a site category A, as defined in Eurocode 8 part 1-1, were se-
lected for the analysis. These choices were made to ensure consistency
with the response spectrum used in the design of the structures. The ac-
celeration spectrum, considering a damping ratio of 2%, is depicted in
Figure 6.8.
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N°
Database
Record
Number

Component Event Year Mw

1 A.487
East

Duzce
Turkey

1999 7.32 A.498

3 E.SRC0 East
Friuli

3rd shock
Italy

1976 6

4
EU.ULA

East
North-western

Balkan
Peninsula

1979 6.9
5 North

6 IT.MRM East
Cosenza

Italy
2012 5.2

7 IV.EVRN East
Sicily
Italy

2018 4.9

8 IV.T1212 North
Central

Italy
2016 6.5

9 KO.GMLD North
Dodecanese

Islands
Greece

2020 7

10 TK.4101 East
Izmit

Turkey
1999 7.6

11 RSN 763 North
Loma Prieta
California

1989 6.9312 RSN 809 North
13 RSN 810 East
14 RSN 989 North Northridge

1st shock
California

1994 6.6915 RSN 1011 East
16 RSN 1091 East
17 RSN 1161 East Kocaeli

Turkey
1999 7.5118 RSN 1165 North

19 RSN 4483 East
L’Aquila

Italy
2009 6.3

20 RSN 5618 North
Iwate
Japan

2008 6.9

Table 6.6: Selected time histories.
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Figure 6.8: Response spectra of the selected records (ξ = 2%).

6.3 Seismic performance

6.3.1 Definition of the limit states

In order to assess the behaviour of the structures, two significant EDP
were identified: in terms of global quantities, the Peak Interstorey Drift
Ratio (PIDR) was considered whilst, concerning local quantities, the de-
formation of the dissipative elements, i.e.:

• the rotation of the RBSs for DRLF frame;

• the rotation of the plastic hinges, for MRF.

was taken into account.

To define the exceedance of limit states, the following threshold were
considered for PIDR in accordance with FEMA356 provisions for mo-
ment resisting frames:

• 0.7%, that is conventionally defined as the DL limit state threshold.

• 2.5%, that is conventionally defined as the SD limit state threshold.

• 5.0%, that is conventionally defined as the NC limit state thresh-
old.
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The provisions of Eurocode 8-3 were considered for the local pa-
rameters. Specifically, for the RBSs sections, the threshold values in
Table 6.7 were considered. For the plastic hinges of the SoA frame, the
criteria indicated in Table 6.8 were used as references for different limit
states.

DL SD NC

0.010 0.025 0.040

Table 6.7: Required rotation capacity of RBSs [72].

Class of
cross section DL SD NC

1 1.0 θy 6.0 θy 8.0 θy
2 0.25 θy 2.0 θy 3.0 θy

Table 6.8: Plastic rotation capacity at the end of beams [72].

In addition, the median value of EDP for which the first column base
section reaches the yielding of the outer fibres was also considered. The
value is inherently different for each structure.
The performance levels are defined as exceeding the threshold mentioned
above, which represents the so-called EDP-based rule [104] i.e. the EDP
is the damage indicator whose value determines in which limit state the
structural model is. Hence, these values were also considered to evaluate
the fragility curves.

6.3.2 Probabilistic seismic demand analysis through IDAs

The results of IDAs are reported with respect to the first period spectral
acceleration, as depicted in Figures 6.9 and 6.10: in the former, the peak
interstorey drift ratio was taken as EDP whilst in the latter the maximum
rotation of the dissipative zones was considered.
From Figures 6.9 and 6.10, it may be noted that the maximum IM value
chosen for the SoA structure is 3g; otherwise, for the DRLF frame is
equal to 2g. Different maximum IM values were chosen due to the
higher stiffness of the moment-resisting frame, which needs stronger in-
puts to provide the same displacement value. Indeed, using a maximum
IM value of 2g also for the SoA frame, the number of accelerograms
leading to the collapse of the structure would not have been sufficient to
derive a reliable fragility curve.
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From Figure 6.9a can be highlighted that, since the EDP-based rule is
used, given a unique value of EDP threshold, multiple limit-state points
on an IDA curve can be identified. This was handled conservatively,
considering the lowest value of IM. In Figure 6.9b the IDAs curves of
DRLF frame were reported. It can be highlighted that, for SaT1 ≤ 0.2g,
the structure is in the elastic range and the data have low variability. In-
stead, the higher dispersion of the results for SaT1 > 0.2g is due to the
characteristics of the system. Indeed, compared with the SoA frame, the
DRLF system presents the highest number of devices and owing to the
progressive plasticisation of such devices, the dynamic characteristics
of the frame change during a seismic event. Moreover, since each ac-
celerogram may excite different vibration modes, the order in which the
devices plasticise may vary as well, leading from time to time to a dif-
ferent structural response. As shown in Figure 6.9a, certain IDA curves
display a distinctive pattern of high response at a specific level of inten-
sity, with a lower response at higher seismic intensities. This is because
when the accelerogram is scaled up, the vulnerable response cycles at
the beginning of the response time history can cause damage and modify
the structure’s characteristics for the subsequent, stronger cycles [108].

(a)
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(b)

Figure 6.9: IDA curves with global EDP of: a) SoA and b) DRLF Frame.

(a)
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(b)

Figure 6.10: IDA curves with local EDP of: a) SoA and b) DRLF Frame.

The results of the IDAs were further processed to generate capac-
ity curves, which involve plotting the maximum top floor displacement
against the maximum base shear for each intensity measure (see Fig-
ure 6.11). These curves were then compared with the results obtained
from static non-linear analysis to assess the similarities and differences
between static and dynamic properties. In particular, pushover analyses
were conducted using a lateral load distribution defined by:

Fi = mi ·Φi (6.9)

Here, mi represents the mass of the i-th node, and Φi denotes the
normalized mode of vibration corresponding to the highest value of the
effective modal mass, as defined in Eurocode 8 part 1-1.
Figure 6.11a illustrates the capacity curves of the SoA frame in com-
parison with the non-linear static curve. It can be observed that the
initial elastic stiffness estimated through the pushover analysis aligns
with the dynamic stiffness, while the IDAs exhibit a different non-linear
behaviour that allows for higher base shear values. Additionally, Fig-
ure 6.11b highlights that the dynamic capacity curves for the DRLF
frame differ from the pushover curve, as the non-linear dynamic analyses
consider the contribution of high modes, which is neglected in pushover
analysis.

151



6.3. SEISMIC PERFORMANCE

(a)

(b)

Figure 6.11: Capacity curves of: a) SoA and b) DRLF Frame.

6.3.3 Fragility functions

In this paragraph, the fragility curves for the previously illustrated frames
are shown. Firstly, from all figures, it can be deduced that the probabil-
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ity determined analytically, according to the procedure illustrated above,
well reproduces the data distribution for both limit states. In addition, the
maximum IM value used in the analyses is shown for all the structures,
i.e. 2g for the DRLF structures and 3g for the SoA building.
Considering the SoA frame, it can be pointed out that the choice of a
local or global EDP does not affect the probability of collapse of the
structure. Indeed, as can be seen from figures Figures 6.12b and 6.13b,
the collapse probability associated with the various limit states calcu-
lated considering the peak interstorey drift ratio is comparable to that
computed with the maximum rotation of the plastic hinges. This demon-
strates the accuracy of interstorey drift limits in identifying limit states.
Differently, for the DRLF structure, there are similar results between the
two EDPs only for the damage limit state and the limit state identified by
the yielding of the column base. This could be due to the high stiffness
that the DRLF system retains after the first yielding of the devices. As
a favourable output of considering a local EDP, the collapse probability
associated with column yielding is higher than that associated with the
significant damage limit state, which demonstrates the capability of the
structure to avoid elements’ plasticisation before the design limit state.
This result aligns with the experimental campaign and the preliminary
numerical analyses where no column yielding was individuated before
the SD limit state.

(a)
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(b)

Figure 6.12: Fragility Curves for global EDP (PIDR) of: a) SoA and b) DRLF
Frame.

(a)
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(b)

Figure 6.13: Fragility Curves for local EDP (Maximum Rotation) of: a) SoA
and b) DRLF Frame.

6.4 Discussion of the results

Hereafter the comparison between the results obtained from the analyses
of the structures is described. By comparing the dynamic characteristics,
despite the two structures having the same geometry, the first period of
the SoA structure is 22% lower than that of the DRLF frame, as can be
seen from Tables 6.1 and 6.4. Furthermore, the structures were designed
under the same gravity and seismic loads, therefore a lower first period
implies the SoA frame being stiffer than the others. In Figure 6.14 the
comparisons in terms of fragility curves at the four limit states previously
identified are reported. Concerning Figure 6.14b which describes the
probability of exceedance of the Peak Interstorey Drift Ratio for which
the first yielding of the column base occurs, the State-of-the-Art frame
and the DRLF frame show a comparable probability of collapse. In con-
trast, for the other limit states it can be seen from the Figures 6.14a, 6.14c
and 6.14d that the SoA frame always has a lower probability of collapse
than the frame equipped with the DRLF system. Nevertheless, this is not
an unfavourable outcome since the presence of the devices guarantees
their replaceability and, therefore, the reparability of the structure after
seismic events, including at the collapse limit state.
Moreover, it should be highlighted that in the DRLF Frame the concen-
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tration of plasticity in the devices allowed for an optimised design with
smaller sections for beam and column. Conversely, the SoA structure
was designed with conservative assumptions, in order to have a flexible
design that can withstand different actions and could be later optimised.
In future developments, the SoA structure will be redesigned with opti-
mised sections, to obtain a more meaningful comparison. Nevertheless,
it should be highlighted that in a more holistic framework, accounting
for the costs or the environmental impact of the structure, the SoA frame
could be the worst solution though providing a lower probability of col-
lapse.

(a)
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(b)

(c)
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(d)

Figure 6.14: Fragility curves comparison at significant Peak Interstorey Drift
Ratio: a) DL, b) Yielding Column, c) SD and d) NC limit state.

In Figures 6.15 and 6.16, the overlapping of the IDA and capacity
curves for the structures are reported, respectively. In both cases, the per-
centiles 50, 16 and 84 were employed for the comparison as suggested
by Vamvatsikos and Cornell since they represent the median value and
the median times e to the ± the dispersion, mean · e±σ.
The comparison of both Figures 6.15 and 6.16 reveals some noteworthy
differences in the behaviour of the DRLF system with respect to the SoA
model. In Figure 6.15, it is evident that the DRLF frames initially exhib-
ited a lower stiffness compared to the SoA frames. This can be attributed
to the introduction of dissipative devices within the frame, which en-
hances structural deformability. However, as the intensity level increases
and the frames experience yielding, the DRLF system preserves higher
stiffness due to the elevated number of devices present. In contrast, the
SoA model, which lacks in dissipative devices, experiences a more sig-
nificant reduction in stiffness following yielding.
Additionally, the DRLF system showed a high deformation capacity,
comparable to that of the SoA model, as depicted in Figure 6.16, empha-
sizing its effectiveness in adjusting significant structural deformations
while preserving structural integrity.
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Figure 6.15: IDA curves comparison between SoA Frame ad DRLF Frames.

Figure 6.16: Capacity curves comparison between SoA Frame ad DRLF
Frames.
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Chapter 7

Conclusions and future
perspectives

7.1 Conclusions

This thesis goes through the experimental campaign carried out at the
University of Trento within the framework of the European DISSIPABLE
project funded by RFCS. In particular, the first chapter is devoted to the
preliminary studies performed on the G-α algorithm implemented to per-
form hybrid simulation. As a result, it was proved that the algorithm is
stable and first-order accurate, considering possible differences between
the initial numerically estimated and the physical subdomain’s actual
stiffness. However, since the G-α algorithm allows for solving first-order
equations, this order of accuracy is sufficient. In addition, stability stud-
ies proved that the algorithm is stable until the numerically estimated
stiffness is greater than the actual one. This outcome aligns with the
usual scenario observed in hybrid simulations, where the stiffness of the
physical subdomain is calculated using finite element software, resulting
in a higher stiffness than the actual physical stiffness. This difference
can be attributed to factors such as gaps and post-elastic deformability.

In order to perform experimental tests, numerical analyses conducted
on the prototype buildings were needed. In particular, the experimental
configurations were identified through a substructuring process. That
was required due to the limitation of only having two actuators, so the
frame was identified to reduce the number of controlled degrees of free-
dom. To do that, modal, pushover, and time history analyses were per-
formed, demonstrating that the 2D frame effectively captured the overall
behaviour of the 3D building. To study the substructured configuration,
a hinge and a vertical constraint were inserted at the actuator position.
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The analysis results indicated that the identified substructures accurately
represented the behaviour of the two-dimensional frames.

The pseudodynamic hybrid tests provided detailed insights into their
non-linear behaviour when subjected to natural earthquake accelerograms.
The tests allowed for the analysis of entire frames, including the up-
per five floors, within the numerical substructure while maintaining the
physical substructure at full scale. The tests proved that DISSIPABLE
components remained elastic at the DL limit state, exhibited inelastic
behaviour at the SD limit state, and experienced significant inelastic be-
haviour at the NC limit state. The remaining structure behaved elasti-
cally for all limit states, proving the device’s effectiveness in protecting
the structures’ irreplaceable parts. Moreover, the replacement of the de-
vice between the SD and NC tests occurred without issues, confirming
the easy reparability of the frames. Finally, very small residual displace-
ments were observed, which enhanced the self-centring capabilities and
quicker repairability.

Based on the results of the experimental campaign, it was possi-
ble to perform an a posteriori validation of the algorithm adopted. The
Simulink model developed for this purpose took into account realistic
sources of error, e.g. delay and noise in the signal, calibrated on real ex-
perimental tests along with the proposed correction. The laboratory data
were analysed to calibrate the parameters implemented on the Simulink
model. Stability and accuracy analyses were performed, proving the al-
gorithm is stable when the numerically estimated stiffness is greater than
the actual one. Moreover, it is first-order accurate, independent of the
numerically estimated and actual stiffness differences. The effective-
ness of the proposed correction was proved by comparing the results of
the experimental campaign to those of the reference models, obtaining
excellent agreement between the hybrid simulation displacements and
forces.

Finally, the results of the experimental campaign were used to cali-
brate numerical models for which fragility curves were derived and com-
pared with those of a state-of-the-art model. The comparison showed
that the SoA frame has a lower probability of collapse for most limit
states, except for that associated with the first yielding of the column
base, where both frames show comparable probabilities. Nevertheless,
the DRLF frame allows for optimized design with smaller sections, while
conservative assumptions were made for the SoA structure. The com-
parison of IDA capacity curves highlighted the DRLF system exhibiting
high deformation capacity similar to the SoA model, emphasising its ef-
fectiveness in adjusting significant structural deformations while main-
taining structural integrity.

162



Giulia Giuliani - Experimental and numerical analysis of steel frames equipped with
repairable dissipative seismic components

7.2 Future Perspectives

The hybrid simulations conducted have demonstrated the favourable per-
formance of the DISSIPABLE replaceable components. The results of
the experimental campaign provide substantial evidence that supports the
viability and effectiveness of utilizing the devices in structural designs,
enhancing the seismic resilience of structures. As a result, integrating
these components into current design practices may allow for improving
structural safety, reducing repair costs, and extending the service life of
buildings and infrastructure.

A concluding workshop was arranged to promote the DISSIPABLE
project. Additionally, meetings with relevant stakeholders such as de-
sign companies, engineers, and steel producers should be scheduled to
aid in the use of the devices in actual structures. Additionally, meetings
with relevant stakeholders such as design companies, engineers, and steel
producers should be scheduled to promote the use of the investigated
components in the design practice. The latter objective will be accom-
plished by engaging in extensive dialogue with legislative committees
and promoting the potential integration of device design guidelines into
the forthcoming version of design codes.

In order to thoroughly explore and understand the behaviour of the
device within a realistic framework, it is crucial to conduct comprehen-
sive analyses focusing on the components under fire conditions. Such
analyses should provide valuable insights into how the device works,
withstands, and interacts with fire, enabling researchers to evaluate its
safety measures, identify potential vulnerabilities, and develop strategies
for enhanced fire resistance and mitigation.

The DISSIPABLE components could also be used as retrofit mea-
sures for existing structures. Investigating the feasibility and effective-
ness of incorporating dissipative components into the retrofitting pro-
cess holds great potential for enhancing existing buildings’ structural re-
silience and performance. Implementing dissipative devices as retrofit
measures involves analyzing their compatibility with existing structural
systems and evaluating their impact on the overall performance. This
application could extend the lifespan of buildings, minimize potential
risks, and provide sustainable solutions for improving the resilience of
our built environment in the face of evolving challenges.
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Giulia Giuliani.

The Thesis discusses the experimental campaign conducted on steel frames 
equipped with easily repairable seismic dissipative devices. The work has 
been developed in the framework of the European project DISSIPABLE 
founded by RFCS. The tested frames were equipped with three innovative 
components: dissipative replaceable link frames (DRLF), dissipative 
replaceable beam splices (DRBeS), and dissipative replaceable braced 
connections (DRBrC). The tests were conducted at different levels of seismic 
intensity, and hybrid simulation and substructuring techniques were used to 
reduce costs while providing accurate results. The laboratory tests 
demonstrated that the dissipative replaceable components effectively 
protected the critical parts of the frames, dissipating energy and remaining 
elastic at the design limit state. The damaged components were easily 
replaced, and the results matched the predictions of numerical models. 
Additionally, a novel algorithmic correction was implemented in the 
simulation process and validated. High-fidelity models of the structures were 
developed and calibrated based on the experimental results, allowing for the 
derivation of experimentally calibrated fragility curves. The comparison 
between frames equipped with the seismic dissipative components and a 
reference model showed that the former can be repaired more quickly and 
are more cost-effective at the same probability of failure.
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