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Abstract

This paper presents a practical multi-level performance-based optimisation method of non-
linear viscous dampers (NVDs) for seismic retrofit of existing substandard steel frames. A
Maxwell model is adopted to simulate the behaviour of the combined damper-supporting
brace system, with a fractional power-law force—velocity relationship for the NVDs, while
a distributed-plasticity fibre-based section approach is used to model the beam-column
members thus incorporating the nonlinearity of the parent steel frame in the design pro-
cess. The optimum height-wise distribution of the damping coefficients of NVDs satisfy-
ing given performance requirements is identified via a uniform damage distribution (UDD)
design philosophy. The efficiency of the proposed multi-level performance-based design
optimisation is illustrated through nonlinear time-history analysis of 3-, 7- and 12-storey
steel frames under both artificial and natural spectrum-compatible earthquakes. Sensitivity
analysis is performed to investigate the effects of initial height-wise damping distribution,
convergence factor and uncertainty in design ground-motion prediction on the optimisa-
tion strategy. The efficiency of the final optimum design solution is also investigated by
using drift-based, velocity-based, and energy-based UDD approaches to identify the most
efficient performance index parameter for optimisation purposes. It is found that regardless
of the selected performance parameter, the optimum damping distribution identified by the
proposed methodology leads to frames exhibiting lower maximum inter-storey drift, local
damage (maximum plastic rotation) and global damage index compared to an equal-cost
uniform damping distribution. However, using drift-based UDD approach generally results
in a better seismic performance. It is shown that the proposed UDD optimisation method
can be efficiently used to satisfy multiple performance objectives at different intensity lev-
els of the earthquake excitation, in line with performance-based design recommendations
of current seismic codes. The proposed method is easy to implement for practical design
purposes and represents a simple yet efficient tool for optimum seismic retrofit of steel
frames with NVDs.
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1 Introduction

Fluid viscous dampers are among the most widely used passive energy dissipation systems
for seismic performance enhancement of new structures as well as seismic retrofit of exist-
ing substandard structures (Soong and Dargush 1997; Christopoulos and Filiatrault 2006).
Within a piston-cylinder device, the translational motion of a piston rod pushes a silicone
oil to pass from one chamber to another through small orifices (Constantinou and Symans
1992). This dashpot-like mechanism produces conversion of kinetic energy of the piston
rod into heat, thus generating energy dissipation. Initially conceived for military purposes,
these dampers were then extensively used in the earthquake engineering field since 1990s
(Soong and Spencer 2002). Some inherent advantages of these dampers for civil engineer-
ing applications are the generation of velocity-dependent forces that are, consequently,
out of phase with peak displacements, the possibility of introducing supplemental energy
dissipation in a structure without considerably modifying its stiffness properties (unlike
other devices like viscoelastic or hysteretic dampers (Apostolakis and Dargush 2010)), the
low sensitivity over a wide range of frequencies and the relatively large strokes and forces
that can be obtained (Housner et al. 1997). Previous experimental and numerical studies
demonstrated that fluid viscous dampers, when suitably sized and placed, absorb a major
portion of the input energy from an earthquake, thereby reducing structural damage under
severe earthquakes (Lee and Taylor 2001; Sorace and Terenzi 2009; Dong et al. 2016).

The seismic performance of a structure with added viscous dampers is strictly related
to the selection of an appropriate size (generally expressed in terms of damping coeffi-
cient) and placement of the devices. Therefore, the optimum design of viscous dampers
has attracted increasing attention from both researchers and practitioners in the last dec-
ades. Among the most popular approaches, heuristic methods like the sequential search
algorithm (Zhang and Soong 1992) and its subsequent simplifications (Lopez Garcia 2001)
and extensions (Wu et al. 1997; Lopez Garcia and Soong 2002; Aguirre et al. 2013), gradi-
ent-based optimisation methods like the incremental inverse problem approach (Takewaki
1997) and subsequent extensions (Takewaki et al. 1999; Fujita et al. 2010; Takewaki 2009;
Aydin et al. 2007; Ayding 2012), the fully stressed analysis/redesign procedure (Levy
and Lavan 2006), evolutionary approaches like genetic algorithms (Singh and Moreschi
2002; Movaffaghi and Friberg 2006; Lavan and Dargush 2009; Silvestri and Trombetti
2007; Apostolakis 2020), multi-step design methods (Martinez-Rodrigo and Romero 2003;
Silvestri et al. 2010; Palermo et al. 2018), direct displacement-based design procedures
(Lin et al. 2003; Sullivan et al. 2012; Moradpour and Dehestani 2019) and stochastic-
based approaches (Di Paola and Navarra 2009; Gidaris and Taflanidis 2015; Tubaldi and
Kougioumtzoglou 2015; De Domenico and Ricciardi 2019) have been utilised. Addion-
ally, nowadays metaheuristics are emerged as very efficient algorithms for tackling com-
plex optimization problems (Fattahi and Gholizadeh 2019; Hassanzadeh and Gholizadeh
2019; Ghaderi and Gholizadeh 2021). Some studies also compared different damper dis-
tributions in view of the resulting seismic performance (Hwang et al. 2013; Whittle et al.
2012; Aguirre et al. 2013; Del Gobbo et al. 2018b). A recent review paper by De Domen-
ico et al. (2019) summarised and classified most of the above-mentioned approaches. This
brief overview demonstrates the lively and increasing interest of the scientific community
towards the development of efficient and practical optimum design procedures of viscous
dampers.

Most of the above-mentioned design methodologies, including the very recent ones
(Cetin et al. 2019; Pollini 2020), assumed, for simplification purposes, a linear elastic
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behaviour of the parent frame along with a linear behaviour of the viscous dampers,
with a resisting force linearly proportional to the relative velocity at their two termi-
nals (Del Gobbo et al. 2018a). However, the actual constitutive behaviour of the vis-
cous dampers, especially for the devices available in the market, is more realistically
described by a nonlinear power law force—velocity relationship (Seleemah and Con-
stantinou 1997), with power factor a typically falling in the interval [0.1-0.5]. Using
nonlinear viscous dampers (NVDs) has certain advantages over linear viscous dampers,
mainly due to the considerable reduction of damper forces for achieving a comparable
seismic performance (Martinez-Rodrigo and Romero 2003; Pekcan et al. 1999; Lin and
Chopra 2002; Tubaldi et al. 2014; Dall’Asta et al. 2016). As an example, within a relia-
bility-based design framework, Altieri et al. (2018) demonstrated that reducing a from
1.0 (linear case) to 0.3 leads to a reduction of the sum of the damper forces by 30% for
a target failure probability of 10% in 50 years. Since high damper forces have important
implications on the overall retrofitting cost, manufacturers generally strive for achieving
such a nonlinear power law behaviour in their products, sometimes also by introducing
a relief mechanism to limit the maximum developed forces (Adachi et al. 2013). Addi-
tionally, conventional structures are expected to exceed their elastic thresholds under
severe earthquake excitations. While this is certainly true under the maximum consid-
ered earthquake (MCE) (2% probability of exceedance during the structure lifetime), for
existing substandard structures in need of seismic retrofit, the nonlinear phenomena may
be significant also under the design basis earthquake (DBE) (10% probability of exceed-
ance). Thus, the structural nonlinear behaviour cannot be neglected in a reliable perfor-
mance-based optimum design of NVDs (Attard 2007; Cimellaro et al. 2009; Akehashi
and Takewaki 2019; Idels and Lavan 2021). This is confirmed, in a broader context,
by pertinent recent references in the area of performance-based design and optimiza-
tion of energy dissipation devices (Alavi et al. 2021; Dehghani et al. 2021; Fathizadeh
et al. 2020, 2021; Mohammadi et al. 2021). Using a linear frame assumption in these
cases could lead to an underestimated structural response and, in turn, to an uncon-
servative damping distribution violating the design constraints (Pollini et al. 2018). This
highlights the need for the development of practical design methodologies of dampers
fully incorporating the inherent nonlinear behaviour of both the damping devices and
the structural frame within a performance-based design framework (Terenzi et al. 2020).

This study aims to develop a simple yet efficient performance-based design optimisation
methodology of NVDs for seismic retrofit of existing substandard steel frames. The pro-
posed methodology is able to identify the best height-wise distribution of damping coef-
ficients to satisfy given performance requirements with low computational effort, based on
the concept of uniform damage distribution (UDD) (Moghaddam and Hajirasouliha 2008;
Hajirasouliha et al. 2012). According to this design philosophy, the damping coefficients at
different storey levels are updated using an iterative process until an almost uniform height-
wise distribution of a predefined performance index (e.g., maximum inter-storey drift) is
attained. In this manner, the energy dissipation capacity of the NVDs is fully exploited,
and therefore the structural elements will exhibit minimum damage by satisfying all the
design constraints. The application of the proposed low-cost optimisation methodology is
illustrated through design examples on 3, 7 and 12-storey steel frames under both artifi-
cial spectrum-compatible records and natural earthquakes. The efficiency of the optimum
design solutions is assessed both at the local (maximum plastic rotation) and global (over-
all damage index) level. It should be noted that while the UDD concept has been previously
adopted for optimum design of viscous dampers (Levy and Lavan 2006), that study was
limited to simplified yielding shear frames with linear dampers, which may not represent
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the actual behaviour of typical multi-storey steel frames. The main contributions of this
research can be summarized as follows:

e A modified UDD optimisation method is adopted, for the first time, for optimum
seismic design of non-linear multi-storey steel frames equipped with NVDs under a
specific design spectrum. The reliability of the method is investigated by using differ-
ent initial damping distributions, convergence factors and number of selected design
records.

e A simple method is proposed to take into account the effect of equivalent damper stiff-
ness, as a function of damping coefficient, in the optimisation process. Ignoring this
effect may lead to inaccurate designs in practical applications.

e By using drift-based, velocity-based, and energy-based optimisation approaches, the
most efficient performance index parameter is identified for optimum design of NVDs
leading to the best seismic performance.

e The proposed UDD optimisation method is further developed to satisfy multiple per-
formance objectives at different intensity levels of the earthquake excitation, in line
with performance-based design recommendations of current seismic codes (FEMA-356
2000; ASCE/SEI Standard 41-17 2017; CEN Eurocode 8 2004).

2 Modelling and assumptions
2.1 Reference steel frames

To show the efficiency of the proposed optimisation method, three substandard moment-
resisting steel frames with 3, 7 and 12 storeys are considered, as illustrated in Fig. 1. The
dead and live loads for intermediate storeys are assumed to be 5.0 and 2.5 kN /m?, while for
the roof level they are reduced to 3.5 and 1.0 kN/m?, respectively. To represent substandard
frames in high-seismic regions, the bare frames are designed for gravity loads and horizon-
tal loads calculated from the Eurocode 8 (CEN Eurocode 8 2004) design spectrum for low
seismic activity areas (peak ground acceleration (PGA) equal to 0.15 g) using ground type
C (shear wave velocity 180- 360 m/s) and behaviour factor ¢ = 2.0. By assuming regular-
ity in plan and in elevation, nonlinear time-history analyses (NTHAs) are performed with
reference to planar models of the structures as per EC8 §4.2.3 (CEN Eurocode 8 2004).
Steel S275 (nominal yield strength equal to 275 MPa) with a strain-hardening ratio equal
to 1% is considered for beams and columns. The steel sections resulting from the design are
reported in Fig. 1. Wide flange profiles of HEA type are adopted for beams, while square
hollow sections are used for columns (e.g., the nomenclature 180 x 17.5 indicates a square
section with side 180 mm and thickness 17.5 mm).

The frames are modelled using the finite element software OpenSees (McKenna
et al. 2006). Both beam and column members are modelled with a distributed-plasticity
approach, using force-based nonlinear elements (“nonlinearBeamColumn”) with five
Gauss—Lobatto integration points per element. According to the recommendations by
Kostic and Filippou (2012), beam sections (wide flange) and column sections (hollow
square tube) are discretized using 40 fibres and 52 fibres, respectively. P-Delta effects
are taken into account in the analyses. The inherent damping of the frame is modelled
using Rayleigh damping ratio equal to 5% for the first mode and for the mode associated
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Fig. 1 Details the reference steel frames equipped with nonlinear viscous dampers

with a cumulative mass participation exceeding 95% (Moghaddam and Hajirasouliha
2008). It is worth noting that, although lower damping ratios are often adopted for steel
frames (e.g. 2%), the value of 5% is chosen to match the target EC8 design spectrum
(described in Sect. 3.1) in line with other literature studies (Del Gobbo et al. 2018a, b;
D’Aniello et al. 2013; Karamanci and Lignos 2014). The Newmark constant average
acceleration scheme is used for the time integration of the equations of motion. The
frames are then strengthened with diagonal dissipative braces equipped with NVDs and
implemented in their middle bay according to the sketches in Fig. 1. Modelling details
of NVDs and their supporting braces are given in the next subsection.
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2.2 Nonlinear viscous damper-brace modelling

Viscous dampers are widely utilized in practice for the seismic retrofit of existing substandard
structures. They are typically installed through supporting braces connecting two subsequent
storeys along the building height, according to an “inter-storey installation scheme”. By isolat-
ing a damper-brace element as in Fig. 2, the constitutive behaviour of a fluid viscous damper
can be described by a Maxwell model comprising a linear spring (of stiffness coefficient k)
representing the fluid compressibility (Singh et al. 2003), and a nonlinear dashpot exhibiting a
fractional power-law force—velocity relationship (Seleemah and Constantinou 1997)

Fy=cy|ity|"sgn(ity) 1)

where ¢, is the damping coefficient; it, is the relative velocity between the two terminals
of the device projected along the axis of the damper (in this case coinciding with the inter-
storey velocity multiplied with cos 8, where 6 = arctan (H/L) is the angle of the brace
with respect to the horizontal axis); « is a velocity exponent related to the hydraulic circuit
used, which is responsible for the power-law-type nonlinearity (a ranges from 0.1 to 0.5
for devices commonly available in the market; a = 1 for ideal linear viscous damper); and
sgn(-) denotes the signum function. In Fig. 2 the Maxwell element representing the NVD is
placed in series with another spring representing the brace stiffness k.

Previous experimental studies demonstrated that the flexibility of the brace might influ-
ence the mechanical behaviour of the damper-brace system (Akcelyan et al. 2016). The ratio
between the damper force and the supporting brace stiffness plays an important role in this
case. The optimisation of the dissipative brace with NVD aims at identifying the set of param-
eters k,, k;, c, (while « is generally fixed in the design). To simplify the design process, the
stiffness properties of the damper and the supporting brace can be related to the optimum
damping coefficient of the NVD through some reasonable assumptions. Building on a pre-
vious work by Pollini et al. (2018) but following slightly different derivations, a simplified
analytical procedure is here developed. The damper and brace stiffness are represented by two
springs in series as shown in Fig. 2. Therefore, the equivalent spring stiffness k,, can be calcu-
lated as follows:

1 1 1 k= ky - kq
Lk @~ &, +k, @)

7 540=5, sindt
Cy O

Fig.2 Nonlinear viscous damper-brace system and its idealized mechanical representation
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The total elongation of the dissipative brace is the sum of the elongation of the supporting
brace u,, and that of the NVD u,

Uy = Up T Uy 3)
and its time derivative is
oy = Uy, + ity 4)

The damper-brace element is then assumed to undergo an imposed sinusoidal motion
8,4(t) = 8, sin@t, with amplitude 6,4 = &, cos 6 and frequency @ equal to the first natural
frequency of the structure. &, is the maximum inter-storey displacement experienced by the
structure at the considered storey level (it may be calculated from the analysis or set as a target
value in the design procedure of the dampers). Since the maximum total elongation of the
damper-brace system coincides with 6, o, the maximum elongation of the damper can be cal-
culated from Eq. (3)

max __ ,max __  max __ _ ,,max
Uy = Uy == 5d,0 u, (5)
and its time derivative
omax  _ emax __ -max _ = __ ,,max
g =l =y =@ 60— Wy (6)

Let F be the reaction force of the damper-brace system (unknown). Since Eq. (6) is valid at
each time step dt, one can write:
u, Flky . w, Flk, N u; k k

MEG T Ta T a T T bk TRt @)

By substituting (7) back into (4) and solving for i, the following equation is obtained:

. . kd . . utot
Uy = Uy — 7—Ug = Uy = <—k (8)
1+ —")
kb

ky
Consequently, the maximum velocity at the two ends of the damper can be expressed as
follows:

s max
cmax ot

YT E) (e ©

The ratio ];—d appearing in Eq. (9) can be expressed in terms of the equivalent stiffness in Eq.
b

@

@540

kq keq
k_b B kb - keq (10)
Combining Egs. (9) and (10) leads to:
max = @00
d = k, an
(+7%)
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In a design process, the axial stiffness of the brace k, can be easily calculated as follows:
ky = —— 12)

where E| is the Young’s modulus of steel, L, = \/L? + H? is the brace length and A, is
the area of the brace cross-section, assumed large enough to avoid yielding. Note that the
assumption of a linear spring k,, for the brace in the mechanical model of Fig. 2 is justified
only if the brace does not yield. Therefore, the equivalent stiffness of the damper-brace sys-
tem k,,, can be obtained as the maximum force of the damper-brace system F,,,, divided by
the total deformability of the damper-brace system:

_ Fmac Cd|u?ax (13)

up + ity Uy

Introducing the ratio p = k,,/c,, the previous relation can be re-written as follows:

o
s max

i

k, 1
=—=p 07" = (e p)° (14)

U Ca

The value u,, in (13)—(14) can be considered as a known term in the design proce-
dure, based on some reasonable assumptions. Following the assumptions in Pollini et al.
(2018) and applying them to a brace length L, =5.94 m and steel grade S275 (rele-
vant to the frames considered in this study and shown in Fig. 1) the calculation leads to
Uy, = 10.8 mm. Therefore, by introducing (12) and (14) in Eq. (11) a nonlinear (implicit)
equation in terms of p is obtained.

a

p=—" |0 S40/| 1+ g7 > ky=rcy (15)
Ugoy Ii—b —Ccyp
b

Based on these derivations, the equivalent stiffness of the damper-brace system can be
easily calculated based on the target maximum inter-storey drift using the nonlinear Eq.
(15).

The derived formulation shows similarity to the procedure proposed by Pollini et al.
(2018) with two minor differences: (1) Unlike the Pollini et al. (2018) method, the formula-
tion of the present paper does not need any iterative harmonic time-history analysis, which
can considerably reduce the computational costs; (2) The value of p obtained by Eq. (15)
depends upon both ¢, and @, whereas the ratio p obtained by Pollini et al. (2018) ignores
the influence of c,. For illustration purposes, the ratio p is plotted in Fig. 3 for two inter-
storey drift ratios 6,/H and a fundamental period of the frame equal to 1 s. It is shown that
the ratio p is strongly influenced by the velocity exponent & and moderately influenced by
the damping coefficient c,. Also, it is found that p slightly increases with increasing the
displacement demand of the frame.

In the NTHAs performed in OpenSees (McKenna et al. 2006), NVDs are modelled
through “twoNodeLink” elements with a “ViscousDamper” material that implements a
Maxwell model (linear spring and nonlinear dashpot in series). The $K parameter of the
ViscousDamper material is set as k,, = p - ¢,, with p being calculated according to Eq.
(15), thus incorporating both damper stiffness and brace stiffness. The damper forces are
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Fig.3 Value of the ratio p for two inter-storey drift ratios

obtained by using the element recorder localForce in the twoNodeLink elements. In this
paper, damper limit states [typically associated with the exceedance of a maximum stroke
limit by the piston during severe earthquakes (Miyamoto et al. 2010)] are not considered
in the model. This simplification is also supported by the fact that dampers currently avail-
able in the market can be manufactured to have extended strokes, up to + 900 mm (Taylor
Devices inc. 2020), so that dampers’ limit states are generally avoided, even under very
large drifts.

3 Performance-based optimisation for a code-based design spectrum
3.1 Design spectrum and selected excitation records

To calculate the seismic design loads for practical engineering purposes, a code-based
response spectrum, representing the seismic hazard of the selected region, is considered.
Therefore, in this study a method is proposed for optimum design of multi-storey steel
frames equipped with NVDs under a specific design spectrum. Here, it is assumed that the
site of interest is located in a high seismicity region represented by the EC8 elastic design
response spectrum with PGA =0.4 g and ground type C. To illustrate the design methodol-
ogy and to assess the seismic performance of the structures equipped with NVDs, fifteen
natural records are considered as listed in Table 1. These records are selected from the
Pacific Earthquake Engineering Research Center (PEER) ground motion database (2020)
(records 1-8) and from the SIMBAD database (Smerzini et al. 2014) within the software
REXEL v. 3.5 (Iervolino et al. 2010) (records 9-15). These records are selected such that
their mean response spectrum is close to the EC8 design spectrum in a wide range of natu-
ral periods covering the fundamental periods of the three steel frames as shown in Fig. 4.
To ensure spectrum compatibility to a target spectrum, natural records are generally
scaled in amplitude. Nevertheless, in this work the selected records are unscaled (as-
recorded) ground motion acceleration time histories, meaning that no scaling factors are
preliminarily applied. Although no scaling procedure is adopted, the spectrum compatibil-
ity conditions were checked for the selected (unscaled records) as recommended in seismic
codes (e.g., ASCE/SEI Standard 41-17 2017; CEN Eurocode 8 2004). As can be seen in
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Table 1 Selected natural ground motion records

No. Earthquake Mw Abbr  Station ID/component PGA (g) PGV (cm/s) PGD (cm)
1 1992 Cape Mendocino 6.9 CAP  CAPEMEND/PET000 0.590 48.4 21.74
2 1999 Duzce 7.2 DUZ DUZCE/DZC270 0.535 83.5 51.59
3 1979 Imperial Valley 6.5 IMP IMPVALL/HE04140  0.485 37.4 20.23
4 1989 Loma Prieta 6.9 LOM LOMAP/G03000 0.555 35.7 8.21
5 1994 Northridge 6.7 NOR NORTHR/NWH360  0.590 97.2 38.05
6 1987 Superstition Hills 6.7 SUP SUPERST/BICC000  0.358 46.4 17.50
7 1990 Manjil Abbar 74 ABB MANIJIL/ABBAR-T  0.496 52.1 20.77
8 1999 Kocaeli 7.5 KOC KOCAELI/DZC270 0.356 46.3 17.66
9 2000 Tottori Prefecture 6.6 TOT  TTR009/y 0.611 36.3 13.00
10 1995 Kobe Hyogo 6.9 KOB JMAly 0.832 91.1 20.36
11 2005 NW Off Kyushu 6.6 KYU FKO006/y 0.279 57.7 16.75
12 1989 Loma Prieta 6.9 LOM2 LGPC/x 0.531 51.5 55.21
13 2007 Niigata Prefecture 6.6 NII NIGO018/x 0.506 83.8 34.26
14 1994 Northridge 6.7 NOR2 ST_24279/x 0.583 74.9 17.70
15 2000 South Iceland 6.4 SOU  ST_109%y 0.706 105.1 26.36
3 T T T T T I T T
T3 =1.08s CAP KOB
251 ———e DUZ - - - -KYU | |
’ ———-IMP ———- LOM2
Ty = 1.87s LOM NII
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Fig. 4 ECS response spectrum and acceleration spectra of natural (top) and artificial (bottom) records
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Fig. 5, in the range of periods 0.27 — 1.5T (where T is the fundamental period of the struc-
ture) it is verified that the spectrum ordinates are comprised within a + 10% tolerance with
respect to the target design spectrum (considering the period of the three-story frame 7’ as
the lower bound and the period of the twelve-story frame T, as the upper bound). Based
on the generally good agreement observed (with little discrepancies only near the end of
the spectrum plateaux), the selected records can be reasonably considered as spectrum-
compatible records for practical design and seismic performance assessment purposes.
Additionally, a set of six artificial records fully compatible with the EC8 response
spectrum are generated through the TARSCTHS software, which is the acronym for
“Target acceleration spectra compatible time histories” and was developed at the State
University of New York at Buffalo (Papageorgiou et al. 2002). The code TARSCTHS
is the implementation of the method described in Deodatis (1996) and uses non-sta-
tionary stochastic vector processes to generate artificial records compatible with a tar-
get response spectrum. The iterative scheme is applied in frequency domain where the
phase angles of the desired motion are randomly generated ground motion scaling in
time domain. Although the response spectra of all the six generated artificial records
compare very well with the selected target spectrum (as depicted in Fig. 4), each of the
records has its own random specifications. Similar to the natural records, the spectrum
compatibility conditions are verified for the selected artificial records in the range of
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periods 0.2T — 1.5T, as shown in Fig. 5. In the remainder of the paper, the design of
NVDs is carried out under either the six artificial records or just one of the six simu-
lated artificial records (SIMO1) in order to ascertain whether, and to what extent, the lat-
ter approach can be adopted for simplification purposes. Finally, it is worth noting that
these records (and the corresponding ECS8 target spectrum) represent the DBE level. In
the multi-level performance-based design methodology, the MCE records are obtained
by scaling these artificial records to PGA =0.56 g (scaling factor 1.4).

3.2 Uniform damage distribution design philosophy

The design methodology used in this study is based on the concept of uniform dam-
age distribution (UDD). During severe earthquakes it is expected that the deformation
demand of a frame structure is not uniform. Hence, if the damping coefficients of NVDs
are increased in those storey levels experiencing higher level of damage and, conversely,
are decreased in those storey levels undergoing less deformation demand, a status of
uniform deformation demand is eventually achieved. According to this design philoso-
phy, the energy dissipation capacity of the NVDs is fully exploited because underused
dampers are reduced in size (or eliminated at all) to accomplish certain performance
requirements at the minimum cost.

In this paper, the deformation demand is related to the inter-storey drift ratio A = 6/H
because of its widely accepted physical role to quantify damage in both structural and non-
structural components. However, any other (local or global) damage index can be easily
used in the proposed method as will be explained in the following sections. The deforma-
tion demand is computed through NTHAs performed in OpenSees and interfaced with an
external subroutine, written in MATLAB environment (MATLAB R 2018a), that controls
the iterative updating of the damper parameters. Throughout the remainder of the paper
it is assumed that the velocity exponent of the dampers is equal to a = 0.3 at all the sto-
rey levels (Altieri et al. 2018), and the optimisation is focused on the determination of the
damping coefficients only. In particular, the following sequential formula is implemented

in the MATLAB script:
Ar o\
ot =i x (Am— ) (16)
target

where AT and A, are the maximum inter-storey drift ratio at the ith storey computed
at the nth iteration and the target inter-storey drift ratio, respectively; y is a scalar parameter
that influences the convergence rate and, in turn, the computational cost of the procedure;
and ¢} ; and CZ;I represent the damping coefficients of the NVDs installed at the i storey
at two subsequent iterations n and n + 1. Using Eq. (16) in an iterative process will eventu-
ally lead to a uniform profile of inter-storey drifts that is as close as possible to the target
value A, at every storey level. Therefore, the sequential updating is carried on until the
difference between the coefficient of variation (CoV) values of inter-storey drifts at two
subsequent iterations is lower than a certain threshold.

The value of A, significantly affects the final design parameters of the NVDs, and
in this paper this value is assumed equal to 1.5% and 2.0% for DBE and MCE, according
to FEMA recommendations for life safety (LS) and collapse prevention (CP) performance
levels in braced steel frames (FEMA-356 2000), respectively.
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3.3 Effect of initial damping distribution

For any optimisation method, it is important to assess to which extent the choice of the
initial damping distribution (within a range considered “reasonable” from an engineering
point of view) affects the final design solution, in the sense of potentially leading to a local
optimum solution. The effect of the initial damping distribution is investigated here by con-
sidering three uniform damping distributions as initial choice in the iterative procedure.
The first distribution is defined by damping coefficients ¢, ; = c 9, where ¢, is the mini-
mum value for which all the inter-storey drifts are lower than (or at least equal t0) A, -
In other words, ¢ , is the minimum damping coefficient of a uniform damping distribu-
tion that can reach the target performance level. The other two initial uniform distributions
are ¢;; = 0.3 X cgpand ¢;; = 3 X ¢y, thus including an under-estimated distribution and an
over-estimated distribution compared to the minimum damping distribution. For simplic-
ity, the results are related to one arbitrary artificial record (SIM01), but similar conclusions
can be drawn under any other artificial or natural record.

In Fig. 6 the total damping coefficient Zﬁv ¢y (with N the number of storeys) is plot-
ted with increasing number of iterations for the 7-storey and 12-storey steel frames. It is
noted that the sum of damping coefficients is obviously different in the first few steps of the

8 x 108 %108
cgi = 0.3 X cqo 9 cgi = 0.3 X cqo
Tt - = =cii=Ca i - = =ci=Ca |
—e—Cg; = 3 X Cqo 8t —e—C4; =3 X Cqo 1
<7t
wn
~ 6 |
T-storey frame & 12-storey frame
~ 5 L i
Z.
S
=9l i
A 3
9l i
1L
0 " L L L L L L L L 0 P i L L L i L L L
12 4 6 8 10 12 14 16 18 20 12 4 6 8 10 12 14 16 18 20
iteration n. iteration n.
7 12
11
6 10
9
— 5 —_
5 : s
2 < 7
o 4 B
& L 6
3 3
% 3 £ 5
4
2 B — 03 car | 3 B .. = 03 % cn |
- Cqi = Cdo 2 - Cd,i = Cdo
1 I cii =3 X cao 1 i =3 x cao
0 1 2 3 4 0 1 2 3
cai [N/(m/s)?] x10° cai [N/(m/s)?] x10°
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procedure, as there are significant discrepancies between the damping coefficients using
different initial design assumptions as described above. Nevertheless, as the iterations pro-
ceed, the damping coefficients are adjusted (either increased or decreased) to converge
toward the same final distribution. This is clearly noted in the bottom part of Fig. 6 show-
ing the optimum damping distribution obtained after just 20 iterations (with a convergence
factor y = 2.0), which indicates that the final solution is reasonably independent from the
initial distribution of damping coefficients in the optimisation methodology. Indeed, apart
from minor differences noted at the lower storey levels related to the relatively low number
of iterations performed, practically the same final damping distribution is obtained for the
three initial design assumptions. Obviously, using an appropriate initial damping distribu-
tion (along with a reasonable value of the convergence factor y) can speed up the conver-
gence rate of the procedure towards the final solution. In the next subsection, the influence
of the convergence factor is discussed.

3.4 Effect of convergence factor

The computational cost of the proposed optimisation procedure is strongly affected by the
convergence factor y. Small values of y always lead to a converged solution but may imply
a high number of iterations to reach convergence. On the other hand, while large values of
y aims at speeding up the convergence rate, very large values of y may be counterproduc-
tive because they may generate significant fluctuations. Therefore, it is necessary to iden-
tify a reasonable interval of variation of y for ensuring computational efficiency without
implying fluctuations as the iterations proceed. Comprehensive sensitivity analyses were
carried out on the three considered steel frames under several earthquakes (both natural
and artificial). Here, a limited set of results pertinent to the 7-storey and 12-storey frames
under one arbitrary artificial record (SIMO1) are illustrated for the sake of brevity. In par-
ticular, in Fig. 7-top the CoV of the maximum drift ratio A, (calculated as standard devi-
ation divided by average of A, across the storey levels) is plotted during the optimisation
process for y values equal to 0.2, 0.5, 1.0, 2.0, 4.0, and 5.0, starting from a uniform damp-
ing distribution ¢,;; = ¢4, as defined in the previous subsection. The same calculations are
repeated for ¢;; = 0.3 X ¢,9 and ¢, ; = 3 X ¢, and qualitatively similar results are obtained,
so the same considerations apply. It is observed that for values of y lower than 0.2 the
convergence can be very slow, whereas as y increases from low values up to y = 2.0, the
speed of convergence increases without any significant fluctuation. Note that the CoV of
A, generally decreases monotonically as the iterations proceed. Additionally, for larger
values of y the proposed methodology may not convergence to the optimum design solu-
tion as confirmed by the trend of the CoV of A_,, for y = 4.0 in the 12-storey frame and for
y = 5.0 for both the 7- and 12-storey frames.

The height-wise distribution of A_,, at selected iterations for y = 2.0 (Fig. 7-middle)
reveals that as the iterations proceed, the damping coefficients are decreased at some storey
levels (e.g. for the dampers at the top storey) in order to eventually reach a profile of uni-
form maximum drift ratios approaching the target drift ratio A, = 1.5%. The final solu-
tion at convergence is indeed associated with the lowest possible value of the CoV of A ..,
in line with the UDD design philosophy. Note that the choice of y = 2.0 makes it possible
to obtain a reasonable drift profile close to the final solution after just 5 iterations.

The results indicate that some storeys do not need dampers to comply with the selected
performance requirement (e.g. the first storey in the 7-storey frame and the first three sto-
reys in the 12-storey frame). This is consistent with the height-wise damping distribution
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shown in Fig. 6-bottom. The value of A, in these storeys is in fact lower than A, even
by placing no damper. On the contrary, by inspection of the height-wise distribution of
A . at selected iterations for y = 5.0 (Fig. 7-bottom) it is clearly seen that the procedure is
not able to reach convergence with this higher value of the convergence factor. Indeed, the
maximum drift ratios initially fluctuate around the target value and may also move away
from it as the iterations proceed (e.g. in the 7-storey frame). These results confirm that
values y > 4.0 are not recommended as they may lead to fluctuations and may hinder the
convergence of the procedure.
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These obtained results are critically analysed in relationship to previous indications
from the literature. Levy and Lavan (2006) suggested a value y = 1/5 = 0.2 for nonlin-
ear shear yielding frames equipped with viscous dampers, which seems to be quite low
in relationship to the results obtained in this paper. Hajirasouliha and Pilakoutas (2012)
proposed a convergence factor between 0.1 and 0.2 for optimum strength distribution of
shear building structures to achieve a UDD; Mohammad et al. (2019) recommended a con-
vergence factor of 1.2 for steel frames equipped with buckling restrained brace dampers;
Nabid et al. (2018) proposed a factor of 0.2-0.5 for reinforced concrete (RC) frames with
friction dampers. Based on this sensitivity analysis, it seems that a reasonable factor for
non-linear steel frames equipped with NVDs to achieve convergence without fluctuations
is, in general, between 1.0 and 2.0. Therefore, all the following numerical analyses in this
study will be performed using y equal to 2.0.

It is worth noting that the proposed approach requires only a few iterations/nonlinear
analyses (generally 10-15) to achieve convergence and to identify the optimal design solu-
tion. This is a major advantage compared to evolutionary algorithms, which are certainly
more accurate in exploring the entire search space but also more computationally expen-
sive due to the large number of iterations involved. In previous studies (Mohammadi et al.
2019; Nabid et al. 2020) it was demonstrated that the proposed UDD approach leads to
optimum design solutions of comparable accuracy to genetic algorithms using thousands
of iterations, thus showing high computational efficiency and simplicity.

3.5 Sensitivity to the selected earthquake record

The seismic design of structures is influenced by the inherent uncertainty in the selected
earthquake ground-motion. Consequently, the optimum damping distribution may also
change from one record to another based on the characteristics of the design earthquake.
However, this effect is generally reduced (but not eliminated) when code-based spectrum-
compatible earthquakes are utilised. An obvious design criterion to capture the record-to-
record variability would be to consider the mean damping distribution obtained for a set
of earthquakes. To investigate the effects of the chosen design earthquake on the resulting
optimum damping distribution, four alternatives are compared and their performance in
terms of maximum drift ratios is analysed. As a first choice, the uniform damping dis-
tribution is considered as a benchmark solution because of practicality reasons. The sec-
ond distribution is obtained by applying the optimisation methodology to a single artificial
spectrum-compatible record (arbitrarily selected, e.g. SIMO1) and optimising the damp-
ing coefficients under this record individually (SIMO1 distribution). The third distribu-
tion is obtained as mean of the six optimum damping distributions relevant to each of the
six artificial records (mean artificial optimum). In a similar manner, the fourth distribu-
tion is obtained as mean of the fifteen optimum damping distributions relevant to each of
the fifteen natural records (mean natural optimum). For comparison purposes, the four
damping distributions are defined such that they share the same total damping coefficient

2c,; = Zigrer- In other words, the damping coefficients found via Eq. (16) are scaled, at
each iteration, according to the following formula:
z
o] =
[ dii scaled i Z?/CZ";I (17)
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In this way, the sum of the damping coefficients at all storeys remains unchanged at each
iteration and for every distribution considered. Since the suite of the six artificial records is
the one that approaches the EC8 design spectrum more closely, the value X,
to be the total damping coefficient of the mean artificial optimum distribution.

It is shown in Fig. 8 that for the 3- and 7-storey frame the damping distribution obtained
by considering just one artificial record (SIMOI1 distribution) is quite similar to that
obtained under a set of spectrum-compatible records (mean artificial and mean natural
optimum distribution). It is implicit that optimising the damping distribution based on just
one earthquake would be much more convenient than using a set of records, in terms of
both computational effort and simplification purposes. The corresponding height-wise pro-
files of A, shown in the bottom part of Fig. 8 (average results under six artificial records)
confirm that the use of a single artificial spectrum-compatible record generally leads to
acceptable results for short-to-medium rise structures in the proposed performance-based
design methodology. For these two frames, the optimum distributions (regardless of the
class of earthquake records considered) generally lead to lower maximum drift ratios than
the equal-cost uniform damping distribution. On the other hand, for taller buildings (e.g.
the 12-storey frame) the number of design variables increases and the response may be
affected by higher-mode effects that are triggered to a different extent depending on the
excitation record. Consequently, using a single record may lead to slightly inaccurate results
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for a design spectrum-based methodology. This implies that for the optimum design of tall
buildings equipped with NVDs, the use of a set of records is generally recommended.

It is worth noting that the mean spectrum of the six artificial records and of the fifteen
natural records both exhibit a good agreement with the EC8 design spectrum. It is shown
in Fig. 8 that for all the three frames the mean artificial and mean natural optimum distribu-
tions are reasonably comparable, which confirms that there is generally a unique optimum
design solution under a specific design spectrum.

4 Efficiency of the optimum solution under natural records
4.1 Local and global damage index

The efficiency of the optimum design solution is analysed by NTHAs of the steel frames
under the selected fifteen natural records in Table 1 whose mean pseudo-acceleration
response spectrum is close to the EC8 design spectrum as illustrated in Fig. 4. The seismic
performance is assessed through the calculation of local and global damage indices. The
local damage is quantified by the value of the maximum plastic rotation 9;“3" attained in the
beam and column elements of the steel frame. Note that 0[‘;“‘" is recognized as a key perfor-
mance parameter of structural steel components in current seismic regulations like ASCE/
SEI 41-17 (2017). The global damage is quantified by a general damage index proposed by

Powell and Allahabadi (1988):
5. —6,\"
D = ¢ t
-(:73) a

where 6, 6, and 6, are the calculated, threshold and ultimate values of the generic damage
parameter 6, respectively, and m is an exponent controlling the relationship between the
damage index and the damage parameter. In this study, the inter-storey inelastic deforma-
tion is assumed as the basic damage parameter. The factor m is assumed to be 1.5, which
is consistent with a low-cycle fatigue approach as suggested by Krawinkler and Zohrei
(1983). The cumulative damage index at the ith storey D, ranges from 0 (undamaged) to
1 (severely damaged). In this study, the threshold damage parameter is represented by the
nominal yield deformation of the ith storey 6,; (Nabid et al. 2018; Moghaddam et al. 2005).
The global damage of the structure is compilted as weighted average of cumulative dam-
age indexes in (18) at the various storey levels, with weights represented by the dissipated
energy at the ith storey W, that is

N
_ Z,’:] Di : Wpi
g N
Zi:l Wpi

with N the total number of storeys. Assuming that the dissipated energy corresponding to
each storey level is proportional to the damage in that storey level, the global damage for-
mula in (19) is simplified as follows (Nabid et al. 2018; Moghaddam et al. 2005):

D 19)

Dy= 20)
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The nominal yield deformation of the ith storey 6,; is calculated through a pushover
analysis of the bare frame (without NVDs) under constant gravity loads and assuming a
monotonically increasing lateral load applied at the ith storey only, while keeping all the
nodes below the ith storey fixed. This load pattern minimises the uncertainties related to
the assumption of a pre-determined load pattern (e.g. uniform or triangular) as it is spe-
cifically focused on the inter-storey force and deformation of the ith storey. The lateral
load is increased in displacement-controlled mode until a maximum drift ratio equal to
Smax/H = 5% (corresponding to collapse prevention performance level for steel moment
resisting frames (FEMA-356 2000)) is achieved. For the identification of the 6,; value,
an equivalent bilinear elastoplastic relationship with hardening under an equal-energy
assumption is adopted according to current seismic regulations (FEMA-356 2000; CEN
Eurocode 8 2004). An illustrative example of the calculation procedure of 6., for three arbi-
trary storey levels of the 7-storey steel frame is illustrated in Fig. 9.

4.2 Seismic performance assessment

Figure 10 compares the local damage index (in terms of maximum plastic rotation 0[';“""‘),
global damage index, maximum base shear and maximum absolute floor acceleration of
the 3-, 7- and 12-storey steel frames equipped with three different distributions of NVDs,
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Fig.9 Determination of nominal yield deformation via pushover analysis
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Fig. 10 Seismic performance assessment, average results (plus standard deviation) under fifteen natural
records

namely uniform, SIMO1 distribution and mean artificial optimum, the latter simply called
“optimum”. The three distributions have the same cost in terms of sum of damping coef-
ficients, so the differences of the seismic performance are uniquely ascribed to the different
placement of the dampers. The histograms report the average value of the response quantity
under the selected fifteen natural records in a normalized fashion, i.e. divided by the cor-
responding response parameter in the bare frame (without NVDs), and the superimposed
error bars indicate the corresponding standard deviation. In general, by using NVDs sig-
nificant reductions in both the local and global damage indices are achieved, up to 70% and
90%, respectively. Among the three damper distributions, it is noted that the SIMO1 distri-
bution (i.e. optimisation under a single artificial spectrum-compatible record) is associated
with a comparable seismic performance to the optimum distribution for low to medium-
rise structures (3- and 7-storey frames). Instead, for the 12-storey frame the damage reduc-
tion of the SIMO1 distribution is slightly lower than the optimum distribution and, consid-
ering the standard deviation, of comparable order of the uniform distribution. As already
observed in subsection O for artificial records, these results confirm the conclusion that a
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set of records is recommended for high-rise buildings, while a single record can be practi-
cally adopted in low to medium-rise buildings for simplification purposes.

The large standard deviation observed in the damage histograms is consistent with the
wide range of frequency contents and amplitudes of the fifteen individual (unscaled) natu-
ral records (see Fig. 4). It should be mentioned that similar trends of damage are obtained
under artificial records (here not shown for brevity) but with a considerably lower stand-
ard deviation than natural records. The results, on average, suggest that the optimum UDD
solution is more efficient in reducing the structural damage of the frames compared to an
equal-cost uniform distribution, with up to 40% reductions in terms of local and global
damage indices. On the other hand, the response in terms of base shear and floor absolute
acceleration is rather comparable with negligible differences among the three damping dis-
tributions, which is reasonable considering the same total damping coefficient.

It is worth noting that in this study the optimum damping distribution is identified by
using the artificial records and then the seismic performance is assessed under the set of
independent natural records. While the two classes of records share, on average, a similar
mean response spectrum (close to the EC8 design spectrum), they have different random
acceleration vibration characteristics. In Fig. 11, the height-wise average profiles of A,
under the set of fifteen natural records are shown. It is noted that the proposed optimisation
methodology based on the concept of UDD leads to less concentrated drifts than an equal-
cost uniform damping distribution. Indeed, the drift profiles tend to be close to the value of
Ajyrger at all the storey levels (except the first storey in the 7-storey frame and the first three
storeys in the 12-storey frame that do not need dampers at all). The drift target was more
closely approached under the artificial records, whereas in the case of natural records there
was a wider range of variability due to the frequency contents of each earthquake. Nev-
ertheless, there are only small discrepancies in the value of A, compared t0 A, (less
than +10 % of differences), which is reasonable considering the nonlinearity of the frame
behaviour, the inherent uncertainties associated with the natural records and the fact that
an independent set of records (different from the artificial records used for the design) is
considered. These discrepancies are generally covered by appropriate safety factors in the
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Fig. 11 Maximum drift profiles, average results under fifteen natural records
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seismic design process. The overall trend observed for natural records is consistent with
that previously observed for artificial records. As an example, it is shown that using one
record (SIMO1 distribution) is an acceptable simplification to obtain a reasonable damp-
ing distribution for the 7-storey frame but it may be unsatisfactory when a high number of
storeys is involved as in the case of the 12-storey frame. In these cases, using a group of
records is recommended.

It is shown in Fig. 10 that the addition of dampers slightly increased the base shear com-
pared to the bare frame, in the order to 10-15% for the considered distributions. It should
be noted that the presence of NVDs may also increase the axial force in the columns, which
may require supplemental strengthening of foundations and columns in view of capacity
design principles (Karavasilis 2016). Generally, the most critical columns are those located
near the supporting braces where the dampers are installed. To investigate this effect, the
axial force-bending moment interaction diagrams of the middle-bay columns (near the sup-
porting braces) for two representative storey levels of the 7-storey frame are illustrated in
Fig. 12. According to §6.2.9 Eurocode 3 (CEN Eurocode 3 2005), for class 1 sections the
design plastic moment resistance, reduced due to the axial force Ngg, is:

2
_ Ngg
Myra =Myira |1 - <N_> 2n
pLRd
where M), rq is the design resistance for pure bending and N, gq is the design resistance
for uniform compression (calculated with an appropriate reduction factor depending on the
non-dimensional slenderness to account for buckling). The interaction diagram given by
Eq. (21) is plotted in Fig. 12 along with the characteristic points (average maximum value
of the axial force-bending moment combination from the NTHAs under the fifteen natural
records) relevant to the bare frame and the frame equipped with NVDs according to both
uniform and optimum distributions.

As expected, the results in Fig. 12 confirm that the 7-storey bare frame was under-
designed with respect to the considered earthquake intensity level (PGA=0.4 g), and thus
the maximum combination of axial force-bending moment experienced by the column
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Fig. 12 Axial force-bending moment interaction diagram of steel columns adjacent to the supporting brace
at the 2nd and 4th storey of the 7-storey steel frame, average peak results under fifteen natural records
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cross-section exceeded the corresponding design resistance combination. Although the
overall seismic performance of the frames with NVDs improves in terms of both global
and local damage indices, it should be noted that there is no guarantee that the frames with
supplemental dampers satisfy all the cross-section ultimate limit states verifications unless
these conditions are explicitly considered in the performance-based optimisation method-
ology. It can be seen that, in general, the addition of dampers slightly increases the axial
force in the columns (here in the order of 10-15%, similar to the base shear results shown
above) but also concurrently reduces the bending moment compared to the bare frame
due to a reduced inter-storey shear deformation. For the representative cases analysed in
Fig. 12, it is noted that the uniform distribution leads to higher values of axial force and
bending moment than the optimum distribution. Therefore, the optimum distribution is
associated with a higher safety margin compared to the uniform distribution in relationship
to the interaction diagram. Similar results were observed for the other structures considered
in this study.

Although in general the seismic performance depends on a range of design parameters
such as number of storeys, amplitude and frequency content of the earthquake excitation,
mechanical and geometrical characteristics of the parent structure, topology of damper
installation, which are only partly investigated in these examples, the outcomes of this
investigation demonstrate the proposed optimisation method leads to more efficient design
solution (with a lower and less concentrated structural damage) than a conventional equal-
cost uniform damping distribution.

5 Optimisation based on alternative performance parameters
5.1 Velocity-based optimisation

The expression (16) underlying the proposed UDD design philosophy is general and can
be applied to any other relevant response parameter. Although a uniform height-wise dis-
tribution of maximum drift seems a reasonable design target addressing both structural
and non-structural damage, for comparison purposes it is of interest to explore alterna-
tive variants of the UDD methodology based on other response quantities. As an example,
maximum damper forces Fy ., can be considered as a measure to assess the efficiency of
a damper distribution as well as to estimate the upfront damper cost in the seismic retro-
fit process. Fitting a curve of some commercial viscous dampers available in the market,
Gidaris and Taflanidis (2015) proposed the following approximate formula to estimate the
upfront damper cost at storey level j:

Upfront Damper Cost[$] = 96.88 X (Fymec [kN1)**"

(22)

Despite the approximate nature of Eq. (22), this simplified formula is used here for com-
parison purposes only. Some studies (e.g., Hwang et al. 2013; Del Gobbo et al. 2018b) sug-
gested to assess the damper placement efficiency by computing the ratio between the maxi-
mum damper force Fj; ., and the corresponding damping coefficients ¢, ; at each storey level.
This ratio represents a measure of the engagement of the damper in terms of energy dissipa-
tion. If linear viscous dampers were used (« = 1), this ratio would be equal to the peak relative
velocity at the two terminals of the device, which is in turn related to the peak inter-storey
velocity (apart from minor vertical movements). For NVDs (a < 1 as in this paper), however,
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this ratio is proportional (not equal) to the peak relative velocity. Based on these motivations,
to obtain a more uniform height-wise distribution of peak inter-storey velocity, the damping
coefficients of the NVDs can be redistributed according to the following formula:

V! !
n+l _ n max,i
Cai =Ci*\ (23)
max,ave
where v* . and V" represent the maximum inter-storey velocity at the ith storey com-
max, max,ave

puted at the nth iteration and the average peak inter-storey velocity at all storeys at the
same iteration, respectively. In addition to the previous motivations justifying the appropri-
ateness of a velocity-based optimisation to promote a uniform engagement of the damper
in terms of energy dissipation, it should be noted that for some specific industrial facilities
and equipment, the mitigation of the maximum velocity response of the structure could
be more important than maximum displacement. Similar to the drift-based procedure, the
sequential updating is carried on until the difference between the CoV values of inter-sto-
rey velocity at two subsequent iterations is lower than a certain threshold.

5.2 Energy-based optimisation

The primary aim of the dampers is to absorb and dissipate a major portion of the input energy
from an earthquake. In line with other studies from the literature (De Domenico and Ricciardi
2019; Sorace and Terenzi 2008), the efficiency of a damper optimisation methodology can
be assessed based on energy dissipation criteria. An energy based UDD methodology was
recently adopted by Nabid et al. (2020) for the optimisation of friction dampers in RC struc-
tures. In the quoted study, the slip forces of friction dampers were redistributed with the aim to
obtain a more uniform height-wise distribution of energy dissipation capacity under a design
earthquake. Based on a similar concept, the damping coefficients of the NVDs can be redis-
tributed according to the following formula:

E" N\
cn+1 _ cn % d,i 24
ai = “di "\ mn (24
d,ave

where E ; represents the energy dissipated by the viscous damper at the ith storey com-
puted at the nth iteration, and Eg’ave is the average energy dissipation by all dampers in the
structure at the same iteration. Expression (24) aims at increasing the size of the dampers
that dissipate more and reducing the size of the dampers that are less efficient in terms of
energy dissipation. The energy balance equations of a structure equipped with NVDs can

be expressed in the following form (Uang and Bertero 1990):

E +E:+E,+E,+E, =E,
N——" (25)

E

a

where E, is the kinetic energy, E; is the damping energy of the structure (due to inher-
ent damping, like Rayleigh damping), E, is the energy dissipated by the NVDs, E, is the
absorbed energy, which is composed of recoverable elastic strain E; and irrecoverable hys-
teretic energy E,,, and E; is the input energy. An efficient distribution of dampers from an
energy-based perspective aims at maximizing E, for a given input energy E;, thus implying
a reduction of both hysteretic energy F, and damping energy E, (the vibrational energy
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E, + E, is nonzero only in the transient phase and is completely recovered at the end of the
seismic excitation). Based on these concepts, the following energy dissipation index (EDI)
can be adopted to quantify the efficiency of the dampers in dissipating the largest possible
amount of input energy (De Domenico et al. 2019):

EDI = Eq
" E,+E:+E, (26)

with 0 < EDI < 1. Due to their cumulative nature, the terms in Eq. (26) are evaluated at the
end of the earthquake excitation. The larger the EDI, the more effective the damper distri-
bution in terms of energy dissipation. Considering the concept of UDD, the application of
Eq. (24) is expected to lead to an increase in the EDI value representing more efficiently in
terms of energy dissipation. Since the target of the optimisation is to obtain the maximum
possible energy dissipation in the dampers (relative to the input energy), the EDI value is
monitored at each iteration and the sequential procedure given by Eq. (24) stops as soon as
EDI reaches its peak value. Similar to the drift-based and the velocity-based procedures,
only a few iterations are generally sufficient to obtain the maximum EDI value.

5.3 Results and discussion

Figure 13 shows the height-wise distribution of the damping coefficients and the related
seismic performance of the 7-storey frame equipped with NVDs designed according to the
drift-based (Eq. 16), velocity-based (Eq. 23), energy-based (Eq. 24) UDD methodology, as
well as according to a uniform distribution pattern. For comparison purposes, in the UDD
methodology the constrained expression (17) is applied so that all the four damping distri-
butions have the same sum of damping coefficients. It can be observed that the height-wise
distribution of the peak damper forces F, ., is considerably different for the four distribu-
tions, with differences up to 250%. The efficiency ratio F . /c, is also plotted in Fig. 13
(bottom-left), along with the corresponding CoV of the values along the building height.
This parameter can demonstrate the efficiency of the dampers at different storey levels. It
is clearly noted that velocity-based and energy-based distributions produce more uniform
trends of the efficiency ratio, with lower CoV (5.9% and 5.2%) than drift-based and uni-
form distributions (8.1% and 8.7%). This is consistent with the nature of the UDD design
philosophy that, in the velocity-based and energy-based cases, attempts to make the energy
dissipation engagement of all the NVDs more uniform.

As reasonably expected, the CoV of drifts is significantly lower for the drift-based UDD
methodology that is aimed at producing a uniform drift profile. In particular, the CoV of
the drifts is clearly reduced (more than halved, from 29.4 to 12.0%) in the drift-based distri-
bution compared to the uniform distribution having the same sum of damping coefficients.
Figure 13 also plots the trend of the maximum floor acceleration, which is an important
parameter for the seismic protection of non-structural components and acceleration-sensi-
tive equipment (Mohsenian et al. 2019). Although the differences in terms of acc,,, are not
particularly marked, a better trend is observed for the energy-based distribution, while the
drift distribution leads to relatively higher top-floor acceleration.

To comparatively assess the seismic performance of the four analysed damper distri-
butions from energy-balance perspectives, in Fig. 14 the different energy contributions
defined in Eq. (25) are plotted under the SIMO1 record. As expected, the energy-based
distribution leads to the highest value of the EDI, whereby the energy dissipated by the
NVDs is increased in comparison to the absorbed energy of the structure. The drift-based
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Fig. 13 Comparison of damping distributions and seismic performance for alternative design parameters in
the UDD optimisation methodology, average results under six artificial records for the 7-storey steel frame

distribution also leads to a good energy dissipation behaviour (comparable to the energy-
based), whereas a lower value of the EDI is obtained for the uniform distribution. This is
because dampers that are distributed uniformly are not fully efficient in terms of energy
dissipation. It is worth noting that the input energy is reasonably comparable in the four
systems, but the way in which this energy is distributed is different depending on the
damper distributions. It is interesting to discuss two cases, namely energy-based and uni-
form distribution. For the energy-based distribution a large amount of input energy is dis-
sipated by the NVDs, while the absorbed energy is relatively low. In contrast, in the uni-
form distribution the energy dissipated by the dampers is lower and, hence, the absorbed
energy (and the energy dissipated by the inherent damping mechanisms in the structure) is
increased accordingly. This produces a higher damage in the beam and column members of
the steel frame. This different energy dissipation behaviour of the two discussed distribu-
tions is confirmed by the force—displacement loops of the dampers at various storey levels
plotted in Fig. 15. It is clearly seen that the area of the hysteretic loops is higher in the
energy-based distribution, which directly affects the E, value in Fig. 14 and, in turn, the
EDI.

The average value of EDI under six artificial records along with the average of other rel-
evant parameters including global damage D,, maximum plastic rotation 91‘7“3", first-mode
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supplemental damping ratio of NVDs &, [calculated through the energy method proposed
by Ramirez et al. (2001)] and upfront damper cost are listed in Table 2. In general, the
three UDD alternatives are better than the uniform distribution with minor differences
depending on the performance parameter considered. The energy dissipation efficiency
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Table2 Performance parameters for different damper distributions (average results under six artificial
records)

Parameter Drift-based Energy-based Velocity-based Uniform
distribu-
tion

EDI 0.683 0.685 0.636 0.554

D, [%] 2.277 3.789 4.421 4.932

o @ 0.247 0.321 0.330 0.379

En %] 16.65 15.78 16.31 13.99

Upfront damper cost 12.551 13.310 12.607 13.386

[10° - §]

@Normalized with respect to bare frame maximum plastic rotation

is comparable in the drift-based and energy-based distributions, and relatively lower for
the velocity-based distribution. The drift-based distribution is characterized by the lowest
global damage, the lowest maximum plastic rotation, and the highest damping ratio. Also,
the drift-based and velocity-based distributions are associated with the lowest upfront
damper cost. Overall, these results confirm the adequacy of using drift for optimum design
of viscous dampers.

6 Multi-level UDD optimisation method

Current seismic codes (FEMA-356 2000; ASCE/SEI Standard 41-17 2017; CEN Eurocode
8 2004) prescribe different performance objectives depending on the probability of occur-
rence (return period) of the earthquake excitation. Indeed, different structural performance
levels, related to the value of a specific response parameter like maximum inter-storey drift
or maximum plastic rotation, are considered for different levels of the seismic input. Moti-
vated by the results discussed in the previous section, drift is assumed as the main perfor-
mance parameter. The optimisation procedure discussed in the previous sections for a sin-
gle performance objective is extended here to deal with multiple performance objectives. A
simple and conservative manner to achieve this task is to consider a generalized variant of
the sequential formula (16) that is modified as follows:

n,l n,I1 n,K 4
n+l _ n Amax,i . Amax,i . . Amax,i 27
Cy, —cd’ixmax : A\ an N V3 27
target target target

where A”mfx ,; and Agrge[ denote the maximum and target inter-storey drift ratio for
the ith storey, nth iteration, and related to Kth performance objective, respectively, with
K =L1I, ... covering different performance levels.

The efficiency of the proposed multi-level performance-based optimisation methodol-
ogy is demonstrated by applying the procedure to the same steel reference frames ana-
lysed above but considering two performance objectives, namely: /=LS performance
level under DBE (10% probability of exceedance during the structure lifetime) and II=CP
performance level under MCE (2% probability of exceedance). This approach is common

for most ordinary buildings. In this paper, DBE is defined by the EC8 design response
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spectrum with PGA = 0.4 g, while it is assumed that MCE is obtained by scaling the PGA
of the DBE with a factor 1.4 (PGA = 0.56 g). The target drift ratio is assumed equal to
A{mget =1.5% and Aglrget = 2.0% for DBE and MCE, respectively, according to FEMA
recommendations for LS and CP performance levels in braced steel frames (FEMA-356
2000), respectively.

Figure 16 compares the height-wise distribution of A ,, for the optimisation method-
ology applied in its single-level and multi-level variants. It is shown that the multi-level
design procedure satisfies both performance objectives for all the three frames. In contrast,
the single-level design procedure violates the performance objective under MCE for the
3- and 7-storey frames in a pronounced way, and for the 12-storey frame in a less marked
manner. As observed in Fig. 16, it is not easy to anticipate which intensity level of the seis-
mic excitation (DBE or MCE) is more critical in the design. The adoption of the sequen-
tial formula (27) in the design process is able to incorporate different performance objec-
tives simultaneously, and overcomes conventional trial and error procedures that typically
involve design optimisation under a certain level of the earthquake and subsequent verifica-
tion under other levels.

The efficiency of the proposed multi-level optimisation methodology is also investigated
via incremental dynamic analysis (IDA) under the set of six artificial spectrum-compatible
records for different earthquake intensity levels. Figure 17 illustrates the global damage
index of the three steel frames without dampers (bare frames) and with three different dis-
tributions of NVDs, namely uniform (equal-cost) distribution, single-level optimum and
multi-level optimum. The PGA levels range from 0.05 to 0.8 g, thus covering low and
moderate serviceability earthquakes up to very exceptional events with extremely high
intensity. The results in Fig. 17 show that the global damage associated with the multi-level
optimum distribution of NVDs is always less than both uniform and single-level optimum
distribution at all PGA levels. It is noted that the global damage associated with the single-
level design is relatively high for the 3-storey frame, and the seismic performance at high
intensity levels (say PGA > 0.6 g) is even worse than the equal-cost uniform distribution.
This is because the design under the DBE level leads to a low value of damping coeffi-
cient at the first storey. However, this first storey is relatively weak and suffers from high
localised damage for increasing earthquake intensity levels. Since the uniform distribution
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Fig. 16 Height-wise distribution of A ,, for single-level and multi-level optimisation methodology, average
results under six artificial records corresponding to DBE and MCE
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Fig. 17 Incremental dynamic analysis (IDA), global damage of the bare frame compared to frames
equipped with NVDs designed according to different methodologies, average results under six artificial
records

provides a higher damping coefficient at the first storey compared to the single-level opti-
mum design (cf. for instance Fig. 8), the associated global damage is lower. However, in
general, the efficiency of the uniform damping distribution is reduced at higher intensity
levels compared to the single-level and multi-level optimum solutions (this is evident in
both the 7- and 12-storey frame). This is reasonable since using the same damping coef-
ficient at all storey levels generally leads to a non-uniform distribution of lateral displace-
ment demand and, consequently, to a localised damage concentrated at weaker storeys
(soft-storey behaviour), especially marked under high-intensity earthquakes. This soft-sto-
rey behaviour is effectively mitigated by the proposed UDD multi-level optimum design
methodology.

7 Conclusions

In this paper, a practical multi-level performance-based optimisation method of nonlinear
viscous dampers (NVDs) for seismic retrofit of existing substandard steel frames is pre-
sented. A fractional power-law force—velocity relationship is used for the dampers, while
the supporting brace stiffness and the damper axial stiffness are incorporated via a Max-
well model, and the nonlinearity of the structure is modelled through a distributed-plastic-
ity fibre-based section approach. The method is based on the uniform damage distribution
(UDD) design philosophy applied within an iterative scheme, and its efficiency is illus-
trated through examples on 3-, 7- and 12-storey substandard steel frames under both arti-
ficial and natural earthquakes that are compatible with the EC8 design response spectrum.
The main findings of this research work can be summarised as follows:

e The proposed method is easy to implement for nonlinear structures, requires few itera-
tions to converge and is not affected by the initial design solution. It has been demon-
strated that the convergence factors currently adopted in the literature are rather con-
servative and may be slightly increased to reduce the computational effort by speeding
up the convergence rate without implying any fluctuation in the design solution.

e For a design spectrum-based methodology, the proposed optimum design procedure
can be further simplified by using a single artificial spectrum-compatible record, which
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leads to acceptable results for short-to-medium rise structures. However, for taller
buildings the use of a set of spectrum-compatible records is generally recommended.

e The optimum UDD solution (corresponding to a reasonable added damping ratio of
around 15%) produces, on average, up to 30% and 40% reductions in terms of maxi-
mum plastic rotation and global damage index compared to the equal-cost uniform dis-
tribution. It is shown that by using a relatively low added damping ratio, the efficiency
of the solution in mitigating the structural damage avoids overstressing the columns
adjacent to the supporting braces, which is an important design requirement in view of
capacity design principles.

e The efficiency of alternative performance parameters is comparatively investigated, by
using drift-based, velocity-based, and energy-based UDD optimisation approaches. The
analysis of a wide range of response indicators (including global damage D,, maximum
plastic rotation 87, first-mode supplemental damping ratio &;, and upfront damper
cost) confirms the adequacy of using drift as main performance parameter for optimum
design of viscous dampers.

e In line with performance-based design recommendations of current seismic codes, the
proposed multi-level UDD optimisation is able to satisfy multiple performance objec-
tives at different intensity levels of the earthquake excitation, a goal that may not be
effectively achieved by a single-level design procedure. The proposed method is easy
to implement for practical design purposes, prevents localised damage at higher earth-
quake intensity levels, and overcomes conventional trial and error procedures that typi-
cally involve design optimisation under a certain level of the earthquake and subse-
quent verification under other levels.

e [t should be noted that the proposed multi-level UDD optimisation method is general
and can be easily adopted for optimum performance-based design of other energy dis-
sipation systems. For future investigations, the method can be also further developed to
satisfy multi-criteria optimization targets (e.g., minimising both maximum inter-storey
drift and floor acceleration) using appropriate weighting factors.
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