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ABSTRACT ARTICLE HISTORY

A new scenario-based method is proposed to determine the performance range Received 27 March 2023
of structural systems. The advantage of this method is using inter-storey drift as Accepted 26 January 2024
a damage index, while exploiting local damage indices of the main structural KEYWORDS

members without the need for detailed analytical models and computationally Global damage index; local
expensive non-linear dynamic analyses. A new damage function is proposed by damage index; incremental
linking the local (plastic hinge rotations) and global (inter-storey drifts) damage dynamic analysis; fragility
levels. The accuracy of the proposed function is evaluated and compared with analysis; performance level
the indices in ASCE41-06, ATC-13, and HAZUS for a set of steel moment-resisting

frames subjected to earthquakes of varying intensities.

1. Introduction

The damage state in a structure is usually characterized by a dimensionless index, which defines the
local or global reduction of the system’s stiffness and strength properties (Krawinkler and Nassar
1992). Since a damage index is a coefficient that proportionally reduces the mechanical features of the
structural members, the higher value it takes, the more severe the damage suffered by the structure.
According to damage mechanics, the index value is zero in the undamaged state of the structure, and
its value can increase to 1 in the event of an overall failure. In general, damage indices can be classified
into three general categories as follows:

(1) Local damage indices are related to the damage level in a single structural member.

(2) Intermediate damage indices define the damage level in a storey of a building or, more
generally, in a substructure.

(3) Global damage indices measure the damage state in the whole structure and quantify its overall
performance. These indices are obtained by mixing all the local damage index values through-
out the structure. In most cases the collapse of a storey directly affects the performance of the
entire structure, so the formerly mentioned intermediate damage indices can also be consid-
ered global damage indicators.

In the literature, various indicators have been proposed to quantify the damage and assess the
performance level of structural systems. The damage index proposed by Park et al. (1987), which is
based on the displacements and the dissipated energy, is well-known and widely used especially for RC
structures. Ghosh et al. (2011) conducted a statistical study on the Park-Ang damage index for
different ductility capacities and calibration factor (B) values. They proposed equivalent single-
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degree-of-freedom (SDOF) systems for building frame structures and considered maximum roof
displacement and inter-storey drift demands. In another relevant study, Zhang et al. (2007) developed
a damage index based on a linear combination of dissipated energy and structural deformation
demands, with different weights assigned to each part.

Banon and Veneziano (1982) experimentally calibrated a damage index based on rotation and
curvature ductility and dissipated hysteresis energy to predict the failure probability of concrete
structures. Powell and Allahabadi (1988) proposed a method to determine the damage index based
on plastic deformations. Through a comparative investigation of SDOF systems, Cosenza et al. (1993)
showed that the damage indicators proposed by (Banon and Veneziano 1982; Park, Ang, and Wen
1987; Powell and Allahabadi 1988) could be linked with setting appropriate parameters in the damage
models. In another study, Guan and Karbhari (2008) proposed a damage index based on modal
displacements and rotations through experimental and numerical studies. They showed that the
proposed damage model could resolve the deficiencies of modal curvature-based damage models.

Roufaiel and Meyer (1987) suggested “modified flexural damage ratio” and “global damage para-
meter” for component-level and system-level seismic damage assessment, respectively. The modified
flexural damage ratio is based on the changes in the stiffness, moment and curvature of the member,
whereas the Global Damage Parameter depends on the displacement responses of the entire structure.

Colombo and Negro (2005) proposed a damage index that applies to all construction materials
based on structural resistance capacity degradation. Wang et al. (2007) offered an indicator to assess
the safety of the storeys of a building based on modal shapes and frequencies and applied the indicator
to Van Nuys Building in order to compare the results with visual inspection outcomes.

Falerio et al. (2008) proposed an energy-based damage model for the concrete structural members
and provided the methodology to implement the model in finite element analysis. Rodriguez (2015)
proposed a seismic damage index for SDOF systems by comparing the energy dissipated by an
inelastic SDOF system with the energy absorbed by the same system with linear elastic response.
The proposed damage index was then used to determine the damage level of different structural
systems with different ductility capacities using their equivalent SDOF systems (Rodriguez 2018). He
et al. (2022) proposed a damage model based on the differential ratio of elastic-plastic dissipated
energy by determining the difference between the ideal elastic — plastic deformation energy and the
actual elastic — plastic deformation energy. The damage state limits were calibrated based on the story
drift ratio ranges, and the proposed model was experimentally verified for concrete structures under
static and seismic loads.

Other implicit damage indicators are proposed besides commonly used EDPs (e.g. rotation,
displacement, energy). In the Endurance Time method (Estekanchi, Arjomandi, and Vafai 2008),
the target time within which the system remains stable under an intensifying acceleration function
represents the damage index and the performance level at a specific earthquake intensity. Mohebi et al.
(2019) proposed a new damage index for steel frames based on the spectral acceleration and the
maximum inter-storey drift as general response and local damage parameters, respectively.

As nonlinear deformations are intrinsically linked to damage and other EDPs, such as ductility, it
looks more appropriate to define the damage level in relation to deformation parameters. For instance,
the relative displacement of adjacent storeys, or inter-storey drift, can be used as a basic and simple
global damage indicator. So far, attempts have been made to connect damage state to either maximum
drifts or residual drifts under an earthquake event. In some seismic codes, the maximum drift and
residual drift parameters have been introduced as a criterion to assess the performance level in lateral
force-resisting systems (ASCE 2007; HAZUS 1997). Despite the shortcomings associated with these
simple indicators, they are widely used to estimate earthquake-induced damage to buildings.

Sozen (1981) described the damage state of structures as a ratio involving the maximum inter-
storey drift. Ghobarah et al. (1999) showed that the drift values corresponding to different damage
states are significantly affected by the element types and structural systems. By defining a drift range
corresponding to different damage levels for structural systems with different ductility properties, they
also found that the existing drift limits are conservative for ductile systems while not for non-ductile
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systems (Ghobarah, Abou-Elfath, and Biddah 1999). Zaker Esteghamati et al. (2018) studied the effect
of design drift limit on the seismic performance of reinforced concrete dual high-rise buildings. They
showed that considering a larger design drift limit does not induce a significantly higher risk but
results in a more cost-effective design.

Jalayer et al. (2007) introduced the concept of employing a scalar damage measure (DM) for
conducting probabilistic seismic performance assessments and reliability analyses of reinforced con-
crete (RC) frames. The suggested index is defined as the demand-to-capacity ratio of critical structural
components leading to structural failure and accommodates the uncertainty inherent in the input
earthquake record. In a subsequent study, Jalayer et al. (2015) proposed the use of Cloud Analysis for
fragility assessments of RC frames. This method relies on a large sample of Monte Carlo simulations
and is capable of considering both record-to-record variability and uncertainties associated with
structural modeling. However, these approaches require the computation of local performance para-
meters for all structural elements, a process that can be time-consuming, particularly for large
structures with numerous structural elements.

Yang et al. (2010) investigated the inter-storey drifts of buildings under various near-fault ground
motions, and Palermo et al. (2017) conducted extensive studies to evaluate and predict the maximum
inter-storey drifts in frames equipped with viscous dampers excited by seismic loads.

By proposing the limit values of the maximum drift corresponding to different performance levels,
Mohsenian and Mortezaei (2019) provided a damage function to estimate the damage level for two
different height ranges of box-type reinforced concrete systems. Dai et al. (2017) assessed the seismic
damage of a four-story reinforced concrete building through empirical equations of the residual drift
results. They found that using residual drift values results in a high uncertainty degree in damage
estimation. Mibang and Choudhury (2021) also presented a methodology to evaluate the global
damage index for frame shear wall buildings using a combination of EDPs, including inter-storey
drift ratio, joint rotation, and optimum roof displacement. They calibrated a linear function that was
only compared with another global damage index (Park-Ang).

The critical study of the methods discussed above reveals that the majority of the proposed damage
indices are directly derived from the dissipated energy in the structural system. While these indices are
generally suitable for assessing the extent of damage, their practical application in structural analysis
has been limited due to computational challenges and the requirement of specialized software and/or
detailed non-linear models. To address this issue, drift-based damage index has been introduced in
most seismic design codes. Although this index is well-known in the engineering community, its
application in performance-based analysis and design still lacks clarity.

Despite its simplicity and widespread applicability of the maximum drift in damage estimation, the
latest editions of some of the widely used seismic standards (e.g. ASCE 2017) have excluded this
measure as a global damage index. Instead, the new seismic codes generally recommend using local
damage indicators such as plastic rotations for the seismic performance assessment of various
structural systems. While these methods can significantly enhance the accuracy and reliability of
seismic analyses, they require multiple checks to assess the status of each structural (or non-structural)
element to determine the overall damage level of the structure. This can limit the practical applications
of the local damage assessment for performance-based analysis and design purposes, especially in the
preliminary design phase.

The above discussions emphasize the importance of developing simple yet reliable functions to
estimate local and global damage in the structural system by utilizing a practical response measure,
such as maximum inter-story drift. To adopt the proposed method for the performance-based design
and assessment of structures, it is also necessary to establish response limits corresponding to different
performance levels (e.g. Immediate Occupancy (I0), Life Safety (LS), and Collapse Prevention (CP))
using a reliability-based approach. The present study aims to address these issues by focusing on
multi-storey steel moment-resisting frames.

The first section covers the current literature in this area. In the second section, the problem
statement is provided along with the proposed methodology. The third section elaborates on the
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studied models, providing detailed explanations regarding the initial design of the selected frames and
their nonlinear modeling. The fourth section describes the adopted approach for computations,
wherein the frames are analyzed using incremental dynamic analysis and seismic reliability assess-
ment. In this section, appropriate maximum inter-story drift values are estimated for different
performance levels. The fifth section proposes a linear function, based on the previously determined
limit values, which offers a straightforward means to estimate the system’s damage by relying on the
maximum inter-story drift response. The sixth section validates the established maximum limit values
of inter-story drifts (obtained in Section 4), as well as the developed damage function (derived in
Section 5), across various performance levels. The seventh section examines the level of confidence in
the maximum inter-story drift limits presented in several widely used seismic codes. Finally, key
findings of this study are presented in detail in the last section.

2. Methodology

Most conventional force-based seismic design codes (e.g. ASCE 2010; Eurocode 2005; Standard
No. 2800 2014) introduce parameters such as behavior factor (R) and displacement amplification
factor (C4) permitting the utilization of linear models in the initial stages of structural design. This
approach has streamlined the structural design process and eliminated the necessity of developing and
analyzing nonlinear models.

In this approach, the structural stiffness is mainly controlled by satisfying the requirement of
maximum inter-story drift limits. As shown in the schematic Fig. 1, the model is initially analyzed
within the linear behavior range, and the vertical distribution of the maximum inter-story drift
response (Drift,) is then obtained. Since these results do not account for the effects of nonlinear
behavior of members and are not realistic, they are multiplied by the displacement amplification factor
(Cd). By knowing the actual vertical distribution of the maximum inter-story drift response (Drift,,)
and comparing it with the allowable limit values (Drift,), the adequacy of the design and the measure
of stiffness in the system are evaluated. Utilizing a nonlinear model, the actual response of the
maximum inter-story drift (Drift,,) is directly obtained from the structural analysis. In this case,
comparing the results with the allowable values corresponding to different performance levels
determines the structural performance level.

(a) (b)

B 2| Drifi, =C,. Drift
E tan(y,y=Drif; 3’ "‘i S :
Elastic model § =(4i-Ai) /by § Drifty | Drift,
& oy NS
Storey:i
Y ' A,

C _— ! YiV

g Time(s) A

<

v rrs EZA rorr A(cm) Drift(%)

Figure 1. Linear analysis of a hypothetical frame: (a) Determining floor displacement responses and introduction of maximum inter-
story drift parameter, and (b) Comparison between the actual inter-story drift response with allowable limit values.



JOURNAL OF EARTHQUAKE ENGINEERING 2859

Cq and Drift, are comprehensively described in the seismic design codes, where appropriate
quantitative values are provided for each parameter. However, the efficacy and adequacy of these
parameters, as well as the level of confidence in their limit values, remain uncertain. On the other
hand, they are generally presented for a specific level of performance and earthquake intensity level,
e.g. Life Safety (LS) under Design Basis Earthquake (DBE). Performing a linear analysis and compar-
ing the actual maximum inter-story drift response with appropriate limit values presents
a straightforward scenario that avoids the complexities associated with nonlinear modeling and the
computational costs of capturing and controlling local member responses. This scenario is also highly
practical for nonlinear analyses and relies on considering the maximum inter-story drift as a global
damage indicator in the system and assigning desirable limit values for it.

In the present study, allowable inter-story drift limit values are extracted for different performance
levels, including Immediate Occupancy (I0), Life Safety (LS), and Collapse Prevention (CP), in steel
moment frame systems. It should be noted that the computation process is conducted within a framework
of reliability and is based on local damage indicators of the members, specifically the rotation of plastic
hinges in beams and columns. Figure 2 provides a schematic overview of the workflow. To account for
inherent uncertainties associated with earthquakes and potential failure modes in the system, the frames are
subjected to incremental dynamic analyses using a set of ground motion records. For each performance
level and record, the maximum inter-story drift is determined when the local response (rotation of plastic
hinges in elements) reaches a certain specified limit value (e.g. 6o). Consequently, for each performance
level, the number of obtained inter-story drift values is equal to the number of the utilized records. By
knowing the probabilistic distribution of the drift response and considering rational safety factors (S.F),
a desirable level of drift (Drift,) is chosen for the system at each performance level.

With the establishment of allowable limit values for different performance levels (i.e. Drift,
= Drift;o, Drift;s, and Driftcp), a function can be proposed for assessing the extent of damage (local
and global) in the system, while the results can be also used to evaluate the adequacy of the existing
limit values outlined in the seismic design codes. Furthermore, these values are essential for determin-
ing displacement amplification factors (C4) and ensuring compliance with the corresponding coeffi-
cients specified in the codes.

1: Perform IDA and check the state of the > 3: Develop a reliability curve for the attained

plastic hinges in all members (0) values
1 g "
0=0,, N(Drift; n.5%)
2 \
Inelastic model ~ —— %
)
=4
s O 04
2= A e . 0 Drift /
g < T
w2
2: Obtain the max drift values for each 4: Propose a limit state drift (Drifta)
Record while 6=60 considering a logical safety factor
Drift values while 6=0, @ T b
7] rrs] Za [ 2
————————————— & E
. = S.F
2
<
< ° Tj
o - R
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0= - ) 0
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Figure 2. The procedure of obtaining limit values of inter-story drift for a global performance level corresponding to local response 6,
in members.
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3. Specifications of the Studied Models

To assess the efficiency of the proposed methodology, steel intermediate moment-resisting frames
(medium ductility) have been considered in this study (see Fig. 3). All the frames have a similar
horizontal plan, with a span length of 5m and a storey height of 3.2 m. To account for the building
height effects, three different buildings with a different number of floors (1) have been studied, where
n is equal to 5, 10, and 15. The dead load (Qp) and the live load (Q;) with a magnitude of 31.5 kKN/m
and 10 kN/m have been applied to the floors respectively, except for the roof level where its live load is
set as 7.5 kN/m. While using 2D models in general disregards the torsional effects on the displacement
responses of structures, it was not considered to be a major limitation in the context of this study as the
selected structures exhibit symmetry in both plan and elevation, reducing the potential effects of
torsion.

The structures are assumed to be residential buildings located in a very high seismic-prone zone
(Peak Ground Acceleration = 0.35 g; according to Iran’s Standard No 2800 (2014)). The site soil is
assumed to be type C (very dense soil and soft rock with a shear wave velocity between 360 m/s and
760 m/s) according to the standard classification by ASCE (2010). The studied frames have been
designed according to the Institute of National Building Regulations (DCSS 2013) using the ETABS
software (CSI 2015). Hollow Structural Sections (HSS) have been used for the columns, while I-shaped
sections have been used for the beams. Since the selected structures are symmetric in plan, HSS
columns are used as they exhibit symmetric behaviour about their local axes and can provide uniform
flexural and shear capacities in both directions. However, previous studies demonstrated that
W sections can also provide a viable solution for columns as they exhibit no more than a 10%
deterioration in strength when subjected to axial loads below 75% of their nominal yield strength,
even under significant inter-story drift ratios expected during a strong earthquake event (Newell and

Qp and Q Elevation — 2

m Storey:n

/—> Selected frame
@ O ©
Storey:i
- = Yyl . E
B Oln {1+
= Storey:2 X y
=
v
z
(= F—— 11
Storey:1 T [ [
=
v
AL 4590 ] L] |
. @ ] ] r R
| l
X = e e =1
- g4 . 7r. =z Sm Sm Sm

Figure 3. The geometry and loading conditions of the studied frames.
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Uang 2008). The specifications of the cross-sections used for the beam and column elements are
shown in Fig. 4 and are all listed in Table 1. The geometry, element sections, and loading conditions
are symmetrical with respect to the vertical axis (z) for all the frames. The effect of rigid diaphragms
has been considered at the floor levels.

The utilized material in the analysis is mild steel (A36) with a yield strength of 250 MPa, a Poisson’s
ratio of 0.26, and a Modulus of Elasticity of 200 GPa (ASTM 2019). The expected yield strength of steel
materials (F,.) has been considered to be 1.15 times the nominal yield strength (F,) (ASCE 2017), such
that F,,, = 1.15 F,, and F, =250 MPa.

The results of eigenvalue analyses on the studied frames are reported in Table 2, where the effective
mass factors (M) and the vibration periods (T) for the first three vibrational modes are shown.

It should be noted that the proposed probabilistic assessment method is general and can be easily
applied to other structural systems. While the frames used in this study are designed based on the
regulations currently used in Iran, the selected design assumptions are not expected to influence the
overall application of the proposed framework.

The PERFORM-3D software (CSI 2017) has been used for the nonlinear analysis of the frames, and
the modeling details are described in the following.

The effects of gravity load Qg in the linear and nonlinear ranges and for gravity and lateral load
combination have been taken into account using the following equation (ASCE 2017):

Qs = Qp +0.25Q; 1)

where Qp and Q; respectively denote the dead and live loads.
The generalized load-displacement relationship for beam and column elements has been adopted,
as depicted in Fig. 5. Parameters a, b, and ¢ in the plot have been set according to ASCE (2017), which

Qp and Q.

2 S N Y
B, |[C» B,C
BS (/13 BSCIZ
B, Csp, C
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B, B, B, Cn B Cn
B, || B,Ss B, ||Cn B,
B, G p. Cs B, Ciop,Cu
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Figure 4. Details of the cross-sections used for structural elements of the studied frames.
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Table 1. Specifications of the cross-sections used for beam and column elements (values

in mm).
Columns Beams
Section Section

ID (width x thickness) ID (width x thickness)

GCo HSS (350 x 15) Bo Web(350 x 10)-Flanges(180 x 20)
G HSS (300 x 15) B, Web(350 x 10)-Flanges(200 x 20)
G, HSS (400 x 20) B, Web(300 x 10)-Flanges(200 x 20)
G HSS (500 x 20) B3 Web(270 x 10)-Flanges(150 x 20)
Cy HSS (400 x 15) B4 Web(240 x 10)-Flanges(150 x 20)
Cs HSS (250 x 15) Bs Web(300 x 15)-Flanges(180 x 15)
Ce HSS (300 x 20) Bs Web(350 x 10)-Flanges(250 x 25)
(e HSS (200 x 20) B, Web(350 x 10)-Flanges(200 x 25)
Cg HSS (650 x 25) Bg Web(270 x 10)-Flanges(180 x 20)
(@ HSS (550 x 25) Bo Web(350 x 10)-Flanges(300 x 20)
Cio HSS (450 x 20) B1o Web(200 x 10)-Flanges(150 x 20)
Cqy HSS (350 x 20) - -

Ci, HSS (240 x 15) - -

Ci3 HSS (270 x 15) - -

Table 2. Effective mass and period of vibrations of the first three modes of the studied frames.

5-storey 10-Storey 15-Storey
Mode No. T(sec) M(%) T(sec) M(%) T(sec) M(%)
1 1.07 76.9 1.78 734 243 70.4
2 0.38 14.1 0.75 13.1 0.97 13.0
3 0.19 4.8 0.42 54 0.55 52
5 b
o le >
@ a

tg(0)=0.03tg(B)

© — Chord rotation

Figure 5. Generalized load-displacement response adopted for the steel members.

includes the modelling guidelines and acceptance criteria for the nonlinear analysis of steel compo-
nents. Accordingly, the slope of the initial hardening stage of steel (tg(«)) is set to be 3% of the slope of
the elastic branch (tg(3)) (ASCE 2017).

Qc represents the flexural strength of the compact members at yielding. For beam elements, it is
given by:

Qce = ZFye (2)
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while for column elements, it is instead given by:

1P| \..( 1Pl
=ZF, (1 -1 )if( -] <0.2
Qck ye( 25, i b, <0 (3)
P P
Qcr = SZFye <1 - u) if(u > 0.2) (4)
8 Pye ye

where Z is the plastic modulus of the cross-section of the element; F,. denotes the expected yield
strength of the material; P is the axial force in the member at the beginning of the dynamic analysis; P,
is the axial yield capacity of the member, computed as P, = A.F,., A, being the gross area of the cross-
section.

To carry out the analyses in PERFORM-3D (CSI 2017), linear behaviour has been considered
along the length of the elements, with nonlinearity incorporated as concentrated “moment-rotation
” hinges at the two ends of each member where plastic hinges are potentially formed. The design
and detailing of connections and panel zones in moment frame structures are typically performed
such that the seismic fuses exhibit desired performance by preventing premature failure modes in
connection zones. For this purpose, the design forces in these elements are estimated either by
assuming the formation of plastic hinges at the fuses or through analyzing the structure under an
intensified earthquake (e.g. three times larger than the design earthquake as suggested by Standard
No. 2800 (2014)). As a result, nonlinear behavior is not usually expected in these elements. Thus,
in the present study, the effect of connections and panel zones has been disregarded in the
nonlinear modeling of the moment frames. The beam-column connections and the connections
of columns at the base level in the frame models are all considered to be rigid. For nonlinear
dynamic analyses, 5% damping ratio is considered using the conventional Rayleigh damping
model in this study. While this approach may result in unrealistic damping forces in inelastic
structures and lead to an underestimation of peak displacement demands (Zareian and Medina
2010), it is widely accepted that accurate predictions can be achieved by incorporating the
appropriate hysteretic load-displacement response of structural elements (Smyrou, Priestley, and
Carr 2011).

4. Drift Limits Corresponding to Different Performance Levels

To account for the uncertainties related to future earthquake events, Incremental Dynamic Analysis
(IDA) and fragility analysis have been adopted in this study (Ang and Tang 2007; Mohsenian et al.
2020; Vamvatsikos and Cornell 2002). First, IDA was performed on the frames using possible ground
motion records as input. A set of 20 pairs of ground motion (GM) records have been selected from the
PEER database (Web Site: https://ngawest2.berkeley.edu). All the selected records correspond to far-
field ground motions of strong earthquakes with high local magnitudes (i.e. Ms > 6.6), recorded on soil
type C of ASCE (2017) (soil shear wave velocity of 360 m/s < Vs <760 m/s), and at low to moderate
distances from the earthquake epicenter (less than 42 km). The horizontal component with higher
spectral acceleration values in the range of the vibration frequencies of the selected frames has been
selected as the main component of each GM for further analysis. The selected ground motions and
some characteristics of their main components are listed in Table 3. A similar set of earthquake records
have been used in previous studies (e.g. Mohsenian, Filizadeh, and Hajirasouliha 2023), and it is
shown that their average response has a very good agreement with the selected target design spectrum
provided by the Iran’s Standard No. 2800 (2014).

Peak Ground Acceleration (PGA) has been adopted as the Intensity Measure (IM), while maximum
drift of the storeys has been used as the Demand Measure (DM) (Vamvatsikos and Cornell 2004). It
should be noted that the results obtained by the proposed framework are independent of the employed
intensity parameter, so any other relevant parameter instead of PGA can be used as IM. The output of
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Table 3. Main components of the selected earthquake events used in the incremental dynamic analysis.

Record Earthquake& Year Station R%kkm)  Component M,  PGA(qg)
R, Cape Mendocino, 1992 Eureka — Myrtle & West 41.97 90 7.1 0.18
R, Cape Mendocino, 1992 Fortuna — Fortuna Blvd 19.95 0 7.1 0.12
R3 Cape Mendocino, 1992 Loleta Fire Station 25.91 270 7.1 0.26
Rs Chi-Chi_ Taiwan, 1999 TCU042 26.31 E 7.6 0.25
Rs Chi-Chi_ Taiwan, 1999 TCU070 19.0 E 7.6 0.25
Re Chi-Chi_ Taiwan, 1999 TCU106 15.0 E 7.6 0.16
R, Chi-Chi_ Taiwan, 1999 CHY046 24.1 w 7.6 0.19
Rs Chi-Chi_ Taiwan, 1999 CHY041 19.8 N 7.6 0.64
Ro Chi-Chi_ Taiwan, 1999 CHYO010 20.0 w 7.6 0.23
R1o Chi-Chi_ Taiwan, 1999 CHY034 15.0 N 7.6 0.30
R1; Chuetsu-oki_ Japan, 2007 Joetsu Ogataku 17.93 NS 6.8 0.32
Rq2 Darfield_New Zealand, 2010  Heathcote Valley Primary School 24,5 E 7.0 0.63
Ri3 Iwate_ Japan, 2008 Tamati Ono 28.9 NS 6.9 0.28
Ria Iwate_ Japan, 2008 Yuzawa Town 25.56 NS 6.9 0.24
Ris Landers, 1992 Barstow 34.86 20 74 0.13
Rie Loma Prieta, 1989 Coyote Lake Dam-Southwest Abutment ~ 20.34 285 6.9 0.48
Ry7 Northridge, 1994 Hollywood - Willoughby Ave 23.07 180 6.7 0.25
Rig Northridge, 1994 Lake Hughes #4B - Camp Mend 31.69 90 6.7 0.10
Rio Northridge, 1994 Big Tujunga, Angeles Nat F 19.74 352 6.7 0.24
Rao San Fernando, 1971 Pasadena — CIT Athenaeum 25.47 90 6.6 0.1

Closest Distance to Fault Rupture.

the analysis is represented by a relationship between the structural responses and the intensity of the
records; results regarding all the studied frames are shown in Fig. 6. In these plots and our entire
analysis, the structural response is measured through the maximum inter-storey drift, defined as the
ratio between the relative lateral displacement of the adjacent floors and the storey height. The specific
limit states labeled in the figure are all explained in detail in the following.

The outcomes of IDA have been exploited to determine the drift limits corresponding to different
performance levels (considering local damage criteria for beam and column elements). First, the
cumulative distribution function of the maximum drift values associated with each performance level
has been obtained for all the studied frames (Baker and Cornell 2005; Mohsenian et al. 2021;
Mohsenian, Hajirasouliha, and Filizadeh 2023). Then, the values corresponding to p-§, w, and p+6
of the cumulative density function (f) have been determined via Rosenblueth’s method (Nowak and
Collins 2012), where p and § are respectively mean and standard deviation. Finally, these values have
been averaged for the studied structural frames (see Fig. 7 and Table 4). The comprehensive and
detailed description of this process is presented in Appendix A.

The range of the drift values bounded by u-8 and p+8 of the cumulative density function has been
considered as the performance range. Such ranges of drift values are specified for each performance
level and shown in Fig. 8(a). Within each performance range and based on the desired margin of
safety, a limit value for the maximum inter-storey drift can be proposed as representative. The
procedure to determine such limit values for each performance level is presented in detail in the
following.

For the drift values smaller than those related to IO, the system is expected to be in the near-elastic
range and the structural members are all fully serviceable. This range is thus equivalent to the
Operational (OP) level, for which the system undergoes at most very light damage. The range between
IO and LS can be termed Damage Control (DC). Within this range, the damage is expected to be
limited such that the system may be serviceable again after some minor repairs. Any damage linked to
either IO or DC performance level can be classified as Light Damage. The range between LS and CP
can be termed Limited Safety (LiS); although some extent of damage can be identified in the system
experiencing this range, it is supposed to cause minimal casualties. Both LS and LiS ranges can be
categorized as Moderate Damage states. At the CP performance level, the system experiences extensive
damage and casualties, which are indeed representative of Severe damage. The range beyond the CP
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Figure 6. Results of the incremental dynamic analysis for the (a) 5- (b) 10- and (c) 15-storey frames, in terms of PGA vs drift for all the
considered ground motion records. Symbols in the plots refer to the attainment of specified limit states.
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Figure 7. The cumulative distribution functions for the three studied frames: (a) Immediate occupancy, (b) Life safety, and (c)
Collapse prevention performance levels, with the probability range between p-6 and p+6 highlighted.
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Table 4. Drift values corresponding to p-6, p and p+8, for each performance level (values are in %).

Immediate Occupancy Life Safety Collapse Prevention
Frame p-6 u p+6 p-6 u u+6 p-6 1l u+6
5-Storey 091 1.06 1.17 2.22 2.58 2.98 3.68 4.25 4.92
10-Storey 1.03 1.21 141 2.46 2.75 3.08 3.68 4.40 5.27
15-Storey 1.20 135 1.53 2.65 2.98 333 4.05 4.65 5.35
Average 1.05 1.21 137 2.44 2.77 3.13 3.80 443 5.18

can be linked to a complete collapse, and the system gets destroyed (D). It should be noted that other
ranges around and in between those considered performance levels can represent other performance
levels and damage states (see Fig. 8(b)).

In the present study, only IO, LS, and CP performance levels have been investigated. Referring to
Fig. 9, in the proposed ranges every drift value corresponds to an exceedance probability value that can
be derived from the fitted probability distribution function. For example, as shown in Fig. 9(a), when
the rotation demand in the plastic hinges reaches the limit corresponding to IO performance level for
the first time, regardless of the frame height, the maximum drift is almost surely greater than 0.5% and
smaller than 2%. As mentioned earlier, for each range, a certain value of the drift can be selected as the
limit state corresponding to a specific performance level; by selecting limit values close to the lower
bound of the range, the structures will be associated with higher reliability.

The calculations of the probability distributions are thus entirely based on the values of local
damage indices, by which the rotation in a plastic hinge reaches the values corresponding to a specific
limit state. Therefore, limit values with a maximum probability of 50% in each range can be a target;
this approach proves reliable, especially for structures of higher importance and for higher damage
levels, with a dependence on the desired safety margin. However, for damage levels like IO, the limit
values can be chosen from the values with higher probabilities, provided that the performance levels
do not cross each other.

For the studied steel moment-resisting frames, the drift limit values corresponding to the
IO, LS and CP performance levels are then proposed to be 1.2%, 2.5% and 4.5% (see
Fig. 8(a)). According to Fig. 9(a), at the IO performance level, the probability of experiencing
drift values smaller than 1.2% is 90% for 15-storey frame, 46.9% for 10-storey frame and
16.7% for the 5-storey frame. As shown in Fig. 9(b), at the LS performance level the
probability of experiencing drift values smaller than 2.5% is instead 41.3% for the 15-storey
frame, 18.7% for 10-storey frame and 11.6% for the 5-storey frame. Finally, at the CP

(a) (b)
Immediate Occupancy:1.2%

Life Safety: 2.5%

Damage State
Very Light
Light

1 Moderate

Collapse Prevention:4.5%

LiS

|
@
o

A 4
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0 0.01 0.02 003 004 005 006 O 0.02 0.03 0.04 0.05 0.06
Drift Drift

Figure 8. Inter-storey drift (a) Performance ranges and limit values determined for the three considered performance levels, and (b)
Qualitative and quantitative descriptions of all the damage states and performance levels of the system.
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Figure 9. The cumulative distribution functions for the three studied frames, explicitly showing the performance ranges and the
proposed limit values corresponding to (a) 10, (b) LS, and (c) CP levels.

performance level and according to Fig. 9(c), the probability of experiencing drift values
smaller than 4.5% is 57.81% for the 15-storey frame, 50.5% for 10-storey frame and 35.5%
for the 5-storey frame.

The proposed limit values are therefore expected to be able to estimate the corresponding
performance levels of the system under different seismic intensities, with higher accuracy compared
to the values proposed in seismic codes. This is investigated in the following section.

It should be noted that the above inter-storey drift limits are independent of the adopted analytical
model and the analyses method, and do not require the assessment of local element responses.
Therefore, for practical applications, simplified structural models in conjunction with any code
suggested analyses method (e.g. push-over analyses) can be used as long as the maximum inter-
storey drift can be estimated with a reasonable level of accuracy.

5. Proposed Damage Function

Grounding on the proposed limit values and the IDA results, a damage index based on the maximum
inter-storey drift is here discussed and presented to estimate the performance level and the damage
state of a steel moment-resisting frame subjected to earthquakes of different intensity levels. It is worth
mentioning that “damage index” and “damage variable” are not interchangeable terms in the following
discussion. A damage variable is assumed to display an initial value, dealt with as a kind of threshold
and a critical value. If the damage variable is smaller or equal to the threshold value, the damage index
DI is considered to be equal to 0, and the structure is assumed to be (practically) undamaged. If the
damage variable attains its critical value instead, the index DI becomes equal to 1, and a structural
failure is supposed to be approached. For all the values of the damage variable in between the threshold
and the critical ones, a function can be defined to link the damage index and damage variable. In this
range, the simplest relationship is the linear one adopted herein:
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D,, — D,

DI(Dy,) = D, D,
u

(5)

where D,, is the maximum inter-storey drift by into account the non-linear behavior of the structure;
D; is the damage threshold value; and D, is the critical value of the maximum inter-storey drift.
Depending on the definition of the critical damage level, D,, can take different values. In the present
study it has been considered equal to 4.5%, which corresponds to the rotation in the plastic hinges
leading to CP performance level in the structural members.

It can be noted that Eq. (5) is based on the concept of Demand to Capacity Ratio (DCR), which
forms the foundation of conventional design processes and has been widely employed to assess the
seismic performance of various structural systems (e.g. De Domenico and Hajirasouliha 2021; Jalayer,
Franchin, and Pinto 2007). However, the damage function proposed in this study aims to establish
a simplified relationship between the damage index and damage variables, utilizing an appropriate
damage threshold, D,. In this study, D; is defined as the maximum inter-storey drift that corresponds
to the onset of the nonlinear behaviour of the structure.

The inter-storey drift required for forming the first plastic hinge has been estimated to be around
0.5%, obtained by the dynamic analyses as explained in Section 4. By considering the lower bound
limits on the ranges obtained for the IO and LS performance levels, several performance zones can be
defined as follows (see Fig. 10):

e D, <D, (DI=0): The system behaves linearly (elastically), and no damage is developed.

e Zone 1 (0 < DI<0.15): Limited damage affects the system, but the performance level is still
higher than the IO one. In this zone, rotations corresponding to the yield point are the upper
limit that the members are expected to experience.

e Zone 2 (0.15 < DI<0.5): The yield point is exceeded in some beams, and the corresponding
rotations in the plastic hinges attain the values corresponding to the IO performance level. In this
zone, the structure has a performance level always higher than the LS one.

e Zone 3 (0.5 < DI<1.0): Several structural elements are affected by rotations beyond the IO
performance level. The rotations in some elements reach the value corresponding to the LS
performance level, but they are always smaller than the values required to attain the CP
performance level.

e Zone 4 (DI > 1.0): The rotation in some plastic hinges reaches the value corresponding to the CP
performance level.
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Figure 10. Proposed damage index for the steel moment-resisting frame systems.
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As explained before, the proposed damage index model is independent of the adopted analytical model
and the analyses method as it does not require the assessment of local element responses.

6. Validation of the Proposed Drift Limits and Damage Function

In order to validate the proposed inter-storey drift limit values and assess the accuracy of the damage
function, 4-, 8- and 12-storey steel moment-resisting frames have been considered, as shown in Fig. 11.
The height of each storey is 3.2 m, and the length of the spans is 5m. The design process and the
modeling assumptions for these frames, both in the linear and nonlinear ranges, are the same as
described in Section 3. The specifications of the beam and column cross-sections are listed in Table 5.
It should be noted that the validation frames are different compared to those used in the previous
section.

Bﬁ Bh
B, Cip, Cy
B, C, B, C,
B, [|S B,S
B, B, B, || B,
B, ||S B, S B, | <85
B G Bs - By C; Bxc2
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Figure 11. Selected frames for the validation process.

Table 5. Specifications of the cross-sections used for beam and column elements of the frames used in the validation process (values
in mm).

Columns Beams
Section Section

ID (width x thickness) ID (width x thickness)

Co HSS (200 x 12) By Web(270x8)-Flanges(150%x12)
G HSS (240 x 12) B, Web(240 x 8)-Flanges(150 x 12)
(@ HSS (250 x 15) B, Web(200 x 8)-Flanges(150 x 12)
G HSS (200 x 15) B; Web(300 X 8)-Flanges(150 x 15)
Cy HSS (180 x 15) B, Web(270 x 8)-Flanges(150 x 15)
Cs HSS (270 x 15) Bs Web(240 x 8)-Flanges(150 x 15)
Ce HSS (300 x 15) Bg Web(200 x 8)-Flanges(150 x 15)
(& HSS (240 x 15) B, Web(300 X 8)-Flanges(180 x 15)
Cg HSS (350 x 15) Bg Web(270 x 8)-Flanges(180 x 15)
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The frames have been excited by an artificial ground motion record, shown in Fig. 12, which has
been purposely scaled to different PGA values in order to represent different intensity levels. This
record has been generated by modifying the existing earthquake ground motions using wavelet
transforms (Hancock et al. 2006). Since the PGA of the main artificial record corresponds to the
selected design level acceleration (=0.35g) and its response spectrum compares very well with the
selected site-specific spectrum (Standard No. 2800 2014), it has been considered as the Design Basis
Earthquake (DBE) in this study. Four different values of the factor have been then used to scale the
record: 0.5, 1.0, 1.5, and 2.0. It should be noted that the present validation process can be carried out by
using any arbitrary ground motion record with any intensity measure. Since an incremental dynamic
analysis has been adopted to define the limit drifts and the damage function, the results are expected to
be independent of the selected record and its intensity.

Via the nonlinear analysis of these frames, the maximum inter-storey drifts of the structures have
been determined under the different earthquake intensity levels; their values are reported in Fig. 13.
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Figure 12. The generated artificial ground motion record: (a) Time-Acceleration; and (b) Comparison of the records response
spectrum with the site-specific spectrum.
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Figure 13. Distribution of the maximum drifts along the height of the frames, and the proposed drift limits for different performance levels.
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Once the maximum drift demands are known, the damage index can be obtained from the damage
function, as discussed in Section 5. The damage index has been computed for all the storeys of the
considered frames, and the results are shown in Fig. 14. Given that the inter-storey drift is a global
measure of the response, and our proposed damage index has been computed based on the drift
demand, its maximum value among all the storeys is next adopted for further assessments.

By comparing the drift demands with the proposed limit states, the performance level of the frames
under each earthquake intensity can be determined. As shown in Fig. 13, all the frames have
a performance level higher than IO under a frequent earthquake with a PGA of 0.17 g (0.5DBE).
Under the same earthquake intensity, the maximum value of the damage index in each frame is
smaller than 0.15, being respectively equal to 0.14, 0.12, and 0.11 for the 4-, 8-, and 12-storey frames. It
is therefore expected that, for this earthquake intensity, the plastic hinge rotation demands of all the
structural elements are smaller than those corresponding to the IO level. As depicted in Fig. 15, the
distribution of the plastic hinges and their state for all the frame elements under this intensity complies
with the predicted drift limits and the damage indices.

The investigation of the maximum drift of the frames under the DBE with a PGA =0.35g has
shown that all the drift values satisfy the LS performance level criterion. The relevant maximum
damage index has proven to be smaller than 0.5, being equal to 0.45, 0.5, and 0.41 for 4-, 8- and 12-
storey frames. For this earthquake intensity, the maximum rotations of the plastic hinges remain
below the values corresponding to the LS level. As shown in Fig. 16, for this pattern of the plastic
hinges the maximum rotation demand corresponds to rotations related to the IO level. The accuracy of
the estimated drift limits and damage indices can be considered good also in this case.

By increasing the earthquake level to 1.5DBE, representing Maximum Credible Earthquake (MCE)
with a PGA =0.55 g, the performance level of the frames exceeds the threshold of the CP level (see
Fig. 13). According to Fig. 14, the maximum damage index of the frames under this intensity level
grows up to 0.73, 0.78, and 0.81 for 4-, 8-, and 12-storey frames. The maximum demands of plastic
hinge rotation now exceed the LS performance level; this confirms the predicted state using the
proposed drift values and damage function, as shown in Fig. 17.
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Figure 14. Damage indices computed on the basis of the maximum drifts of the frames under each seismic intensity level.
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Figure 15. Distribution of plastic hinges, and relevant performance levels based on the local damage index under the frequent
earthquake corresponding to 0.5DBE.
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Figure 16. Distribution of plastic hinges, and relevant performance levels based on the local damage index under the design
earthquake corresponding to 1.0DBE.
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Figure 17. Distribution of plastic hinges, and relevant performance levels based on the local damage index under the MCE
earthquake corresponding to 1.5DBE.

By further increasing the earthquake intensity to 2.0DBE, with a PGA =0.70 g, the max-
imum inter-storey drift of the 4-story frame has resulted below the CP performance level, with
a maximum damage index equal to 0.92. In this case, the maximum demands of plastic hinge
rotation are expected to be smaller than the limit corresponding to the CP performance level.
According to the drift criterion, the other two frames have instead attained the CP perfor-
mance level, and their damage index is estimated as 1.1 for the 8-storey frame, and 1.2 for the
12-storey frame. For the two latter frames, it is thus expected that some structural elements
experience rotations in the plastic hinges corresponding to the CP level. The predicted drift
values and the proposed damage function are confirmed by the distribution of plastic hinges
in the frames, as reported in Fig. 18.

In addition to estimating the situation of each plastic hinge in the system, the proposed damage
function can predict the location of damage along the height of the frames with high accuracy. Hence,
not only is the proposed damage function able to define the global damage, but it can also be used to
estimate the intermediate (substructure) damage levels. This can be ascertained by comparing Figs.
(15-18) with Fig. 14.

7. Comparison of the Proposed Limit Values with the Values Recommended in Seismic
Codes

In this section, the proposed ranges and drift limit values for each performance level are compared
with the performance limit values and damage states suggested by well-known and commonly used
standards, such as ASCE (2007), ATC (1985), HAZUS (1997) and Eurocode 8 ([2005], 2022).

It should be noted that while some of the above-mentioned design guidelines may be outdated, they
are still widely used by researchers and structural engineers due to their simplicity. On the other hand,
these design guidelines provide inter-storey drift limits corresponding to different performance
targets, and therefore, can be used to assess the limits proposed in this study.
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Figure 18. Distribution of plastic hinges, and relevant performance levels based on the local damage index under an earthquake
corresponding to 2.0DBE.

7.1. ASCE41-06 standard

In ASCE (2007), the maximum drift limits suggested for steel moment-resisting frames at the IO, LS,
and CP performance levels are 0.7%, 2.5% and 5%, respectively. As reported in Fig. 19(a), the ranges
for LS and CP proposed in this study comply with the limits recommended by this standard.
Regarding the CP level, the recommended drift limit is out of range and does prove conservative.
Figure 9(a) also shows that, when the first rotation corresponding to the IO performance level is
experienced, the maximum drift is certainly larger than 0.7%, regardless of the frame height. However,
there seems to be an acceptable agreement between the limit values proposed in this study and those
recommended by ASCE (2007).

7.2. ATC-13

In ATC (1985), regardless of the frame height, specific inter-storey drift ranges are proposed for
different damage states; these ranges are all gathered in Table 6. According to Fig. 19(b), when the
ranges recommended by ATC (1985) (top side of the chart) are compared with the performance
ranges obtained in the present study (bottom side), it turns out that the IO performance range is
a subset of the Moderate damage state. Since the reduction of the stiffness and resistance of the system
are insignificant for the IO performance level, and the structure is expected to be serviceable after an
earthquake event, it looks like the damage state consistent with this performance level is the Light
damage one.

LS and CP performance ranges are both subsets of the Major damage state. At the LS performance
level, the structure undergoes some damage, but its severity is not enough to cause casualties; on the
contrary, at the CP performance level the structure experiences extensive damage, resulting in some
casualties. Considering the system performance expectations at the mentioned levels, locating these
two performance levels in one damage state range does not seem reasonable. Thus, the descriptions
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Figure 19. Proposed drift ranges for different performance levels, and comparison of the limit values with the values recommended
in (a) ASCE41-06, (b) ATC-13.

Table 6. Drift values corresponding to different damage states in the system, according to ATC

(1985).

Performance Level Damage State Inter-storey Drift, A (%)
1 None (N) A<0.2

2 Slight (S) 02<A<05

3 Light (L) 05<A<07

4 Moderate (M) 07<A<15

5 Heavy (H) 15<A<25

6 Major (Ma) 25<A<5.0

7 Destroyed (D) 50<A

and the ranges for system damage provided in ATC (1985) are not considered appropriate; using them
for structural performance assessment under different intensity levels is accordingly not
recommended.

7.3. HAZUS

In HAZUS (1997), specific limit states are provided for different damage levels, depending on the
structure height, seismic design level, and the quality of construction. In this standard, frames with up
to 3 floors are considered low-rise, frames with 4 to 7 floors are considered mid-rise, and frames with
greater than eight floors are considered high-rise.

Table 7 shows the drift values corresponding to the damage states defined for low-rise frames with
medium ductility. According to the recommendations in HAZUS (1997), the limit values for mid- and
high-rise frames can be computed by multiplying the values for the low-rise frames by 2/3 and 1/2,
respectively. In Fig. 20(a,b) the drift limit values recommended by HAZUS (1997) are compared with
the ranges and values proposed in this study for different performance levels. According to the current
study results, the drift limits and damage states proposed in HAZUS (1997) look misleading in some
cases and cannot provide useful information related to the performance of the steel-moment resisting
frames. Therefore, the use of the limit values suggested in HAZUS (1997) is not recommended for the
seismic performance assessment of structures.

It should be noted that the presented results are limited to the adopted models and assumptions.
While this study has specifically focused on the impact of varying the height of the frames, irregula-
rities (in plan and height) and changes in frequency content and the properties of earthquake records
can be also influential factors in the structural response. By employing a probabilistic approach and
providing results in the form of performance intervals, it is expected that even with variations in model
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Table 7. Drift values corresponding to different damage states in systems with medium ductility,
according to HAZUS (1997).

Performance Level Damage State Inter-storey Drift (%)
1 Slight(S) 0.6

2 Moderate(M) 1

3 Extensive(E) 24

4 Complete(C) 6
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Figure 20. Proposed drift ranges for different performance levels, and comparison of the limit values with the values recommended
in HAZUS: (a) 4-Storey frame, and (b) 8- and 12- storey frames.

characteristics and input excitations, the proposed intervals still encompass desirable values for the
global damage index. Nevertheless, evaluating the sensitivity of the results to irregularities, as well as
directionality pulses and near-fault effects, can provide a suitable basis for future studies.

In this study “maximum inter-story drift” during seismic loading has been investigated as a global
damage index. This indicator has proven to be effective for evaluating the structural performance
under an earthquake event during the analysis/design phase of the structure. However, for post-
earthquake evaluations, the residual drift values should also be controlled. Providing corresponding
quantitative values for the damage index of “residual drift” at different performance levels can serve as
another area for further investigations.

The proposed damage function is established and calibrated based on the maximum inter-story
drift experienced by structures during earthquake events. However, such functions can be adjusted for
excitations other than earthquakes (e.g. noise and impact loads) and by considering parameters other
than the maximum drift (such as frequency or dissipated energy). This provides an opportune avenue
for further research. The adopted approach in this study is valid for various lateral load-resisting
systems. Although the local responses may vary depending on the type of lateral load-resisting
elements in the system, the process remains the same. Nevertheless, conducting a similar investigation
for other commonly used lateral load-resisting systems can also provide a suitable basis for future
research.

7.4. EUROCODE 8

In general, Eurocode 8 is a force-based design code that establishes inter-storey drift limits to control
different limit states, including damage limitation (DL), significant damage (SD) and near collapse
(NC). In the current version of the Eurocode 8 (2005), the maximum inter-storey drift limit depends
on the type of non-structural elements and their interference with other structural elements, aiming to
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satisfy DL under earthquakes with a 20% probability of exceedance in 50 years. The design inter-storey
drift corresponding to SD limit state (d,) can be calculated as follows (Eurocode 8 2005):

dy =d,,pL/v (6)

where d, prepresents the design inter-storey drift ratio corresponding to DL limit state, which is equal
to 1% if non-structural elements are fixed in a way that does not impede structural deformations. The
reduction factor v is introduced to consider the variability in the return period associated with the
damage limit requirement, with a recommended value of 0.5 for structures classified under impor-
tance classes I and II. In this scenario, d, is calculated to be 2%. In the new version of the Eurocode 8
(2021), the drift limit to satisty the Significant Damage (SD) limit state under the design seismic loads
is also 2%, aligning with the provisions of the current version of the code (Tartaglia, D’Aniello, and
Landolfo 2022).

Through a probabilistic approach, Gutiérrez-Urzda et al. (2021) compared the capacity limits
proposed by Eurocode 8 (2005) with those of ASCE (2007). They highlighted significant drawbacks
in Eurocode 8 (2005) when estimating engineering demand parameters for steel moment-resisting
frames. Figure 21 compares the drift ranges obtained in this study with the limit values suggested by
Eurocode 8 (2005, 2021) corresponding to the Significant Damage (SD) limit state. It can be seen that
the maximum inter-storey drift limit proposed by Eurocode falls within the values for Immediate
Occupancy (IO) and Life Safety (LS) performance levels recommended in this study. This implies that
the maximum inter-storey drift limit proposed by Eurocode 8 is conservative and is expected to meet
the LS performance level criteria under the design earthquake.

8. Discussion and Conclusion

In the present study, a low computational cost reliability-based approach is proposed to assess the
seismic performance range of steel moment-resisting frames based on maximum inter-storey drift
ratios. While the proposed damage index can take into account the local damage indices defined at the
structural element level, it does not require complex analytical models and/or computationally
expensive analyses techniques. To set appropriate performance ranges, different drift limits were
proposed as global performance indicators corresponding to Immediate Occupancy (I10), Life Safety
(LS), and Collapse Prevention (CP) performance levels, by providing a link between maximum plastic
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Figure 21. Proposed drift ranges for different performance levels compared to the limit value recommended by Eurocode 8 (2005, 2021)
corresponding to significant damage (SD) limit state.
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hinge rotations at critical members and maximum inter-storey drifts. It was shown that the proposed
damage index could accurately evaluate the overall damage exhibited by a set of steel moment-
resisting frames with different number of storeys subjected to a group of earthquakes of varying
intensities. Subsequently, the proposed limit drift values corresponding to different performance levels
were compared with those recommended in existing seismic codes. The main outcomes of the current
study can be listed as follows:

(1) It is shown that the regulations in the existing design codes properly ensure the safety of
structures under the design hazard level, and the moment-resisting frames accordingly designed
satisfy the LS performance level under the design basis earthquake (475-year return period).

(2) By considering the plastic hinge rotation as a local damage indicator for structural elements
subjected to earthquake, when one hinge first experiences a rotation corresponding to IO, LS
and CP performance levels, the inter-storey drift limits handled as global damage index are
respectively 1.2%, 2.5% and 4.5% for steel moment-resisting frames.

(3) The proposed damage function based on maximum inter-storey drift was shown to provide
rather accurate estimates of the damage level in the whole structural system, despite its
simplicity. The results also revealed the capability of the proposed damage function to estimate
the location of damage in the buildings.

(4) The proposed performance ranges and the limit values obtained in this study are significantly
different from the damage states and the corresponding limit values recommended in ATC-13
and HAZUS. The use of the values suggested in those standards could be misleading and lead to
unsafe design solutions.

(5) The proposed performance ranges cover the limit values recommended in ASCE41-06 corre-
sponding to the LS and CP performance levels. However, the ASCE41-06 limits recommended
for the IO performance level are shown to be conservative.

(6) The maximum inter-storey drift limit proposed by Eurocode 8 (2005, 2021) corresponding to
the Significant Damage (SD) limit state seems to be conservative and is expected to satisfy the
LS performance level in steel moment-resisting frames.
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Appendix
Appendix A

This section outlines the process of extracting the probability distribution function of the system response. Additionally,
it is explained how in general the desired limit values can be selected. The probability distribution function of inter-story
drift at a fixed damage level provides the non-exceedance probability from a desired response value. The following steps
detail the extraction of probability distribution curves for the response and the associated interpretation:

(1) Each model undergoes an incremental dynamic analysis (IDA) (see Fig. 6) using a set of records that match the
selected site response (20 records introduced in Table 3). In each step of the analysis, the global response of the
maximum inter-story drift is determined. Simultaneously, the local responses of the members are evaluated. For
each record, once the local response of the members reaches a predefined limit state (e.g. 6,) for the first time, the
corresponding maximum inter-story drift serves as the desired global damage index. It is evident that the result of
this step is independent of the intensity parameter utilized in IDA. The resulting data set (Ai) will have the same
number of members as the records (Fig. Al(a)).

(2) The statistical set obtained in step 1 (Ai) represents the global damage index associated with a specific local
performance level in the frame. According to Fig. A1(b), assuming a log-normal distribution (Mohsenian, Gharaei-
Moghaddam, and Arabshahi 2022), the mean (p) and standard deviation (8) of the statistical set are calculated. Using
Eq. (6) a probability density function in then computed with an unknown parameter for the inter-story drift ({D)).

1 1/D—u\’

fD) =~ 2ﬂexp( ;(55) ) ©
(3) Determination of probabilities is performed using the EDP-Based method (EDP stands for Engineering
Demand Parameter). Accordingly, based on Fig. Al1(b) and the mathematical expression in Eq. (7), if Dy
represents an arbitrary global response, the area under the probability density function curve from -oo to
D, represents the probability of not achieving that response when the local performance level of the
components is 6,. In technical literature, this probability value (Ro) is known as the non-exceedance
probability, and its difference from unity (1) represents the probability of exceeding or fragility (1-Ro)
(Mohsenian, Filizadeh, and Hajirasouliha 2023). By varying the values of Dy, the probability distribution of
the response at this performance level is extracted. Figure A2(a) depicts the probability distribution of the
response along with the concepts of reliability and fragility. As observed in this figure, the probability

values are independent of the intensity parameter used in IDA.

R =P[(D < Dy)|(0 = 6)] = I”_f(D).dD @)

(4) In the final step, for each performance level, the global response values of inter-story drift corresponding to
the probability values of 16%, 50%, and 84% (equivalent to u-§, p, and p+d) in the probability density
function are derived. The average of these obtained values serves as the basis for proposing the performance
range (see Table 4).
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Figure A1. IDA results: (a) The statistical set (Ai) corresponding to the attainment of a local damage level (80), and (b) the probability
density function associated with the statistical set (Ai) and non-exceedance probability associated with the response of Dy.
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Figure A2. The probability distribution of the global response of maximum inter-story drift when the maximum local response is 6y:
(a)reliability curve, and (b) corresponding values to 16%, 50%, and 84%.
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