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ABSTRACT

The majority of seismic design codes used today apply a "response reduction/ modification
factor" to the structure's strength and serviceability parameters in order to account for a
structure's inelastic behavior. By taking into consideration nonlinear behavior and deformation
limitations, this factor enables a designer to apply Force-Based Design (FBD), a linear elastic
process. However, when these structures were exposed to seismic forces, it was discovered that
they were damaged or collapsed, thereby raises question towards the adequacy of FBD design
methodology. Performance-based Seismic Design (PBSB) as on known today is capable to
overcome these shortcomings and provides procedures to evaluate and assess the performance
of the structural component or whole structural system for a given seismic hazard. These
procedures provide information about nonlinear incursions in structural components, but they
do not clearly scale the damage state of a structural component or whole structural system in a
numeric number. In present study we have attempted to provide an empirical relationship
between the damage state and performance level of a structural system. For this seventy-five
2D moment resisting bare frames have been designed following the guidelines of Indian
seismic codes for FBD and their performance are evaluated using performance evaluation
procedures described in PBSD. The possible integration of a damage states of these frames
with respective building performance levels is proposed using engineering demand parameters
resulted from nonlinear analysis. The approach provides a single step verification process that
uses proposed vulnerability index, which reduces the iterative efforts in quantification or
scaling of damage.

Keywords: Damage states, pushover analysis, engineering demand parameters, vulnerability
Indices

INTRODUCTION

The increase in urbanization has led towards the vertical growth of residential and commercial
structures. These structures when subjected to natural hazards such as Earthquakes, Hurricanes
and Tornados sustained structural damages and claimed major life losses. In reinforced
concrete structure (RC) ductility depends on the percentage of rebars and permissible limits in
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stress and strain for both concrete and steel, hence demands accurate modelling of structural
components at local as well as global levels. Limit state design discussed in present seismic
codes practice in India and its sub continents uses amplification factor for strength and ductility.
Such an indirect approach misleads towards the quantification of nonlinear parameters
[Zameeruddin and Sangle, 2016; Ghobarah, 2001]

In FBD approach, the reduced design force value is usually used. Some structures built
in accordance with these design rules, whose primary goal is to preserve life, do withstand
earthquakes, but it is impossible to efficiently reduce the direct and indirect economic losses
brought on by major, much alone moderate, or mild earthquakes. The damages and losses
frequently exceed the estimates of the designers, and these losses show that they will become
more severe as the economy grows and population density rises. This has led researchers to
realize that the old seismic codes have some limitations in terms of seismic concepts, meeting
the demands of society, and various other areas [Ronald and Huburger, 2005] .

As awareness of the significance of inelastic structural response to large earthquakes
grew in the 1960s and 1970s, the scientific community became more engaged in efforts to
assess the inelastic deformation capacity of components of the structure. As a result, in
order to address the shortcomings of FBD, first approaches have been developed to
complement and enhance the already-existing FBD, eventually leading to the more practical
approach that is founded on displacement consideration. One of the outcomes of these attempts
is the performance-based seismic design (PBSD) that the Federal Emergency Management
Agency (FEMA) has suggested. When a structure is designed using performance-based
principles, nonlinear static and dynamic analyses are used to determine the structure's behavior
and the acceptable degree of performance levels.

Pushover analysis (POA), a nonlinear static analysis, is used to identify and evaluate
the building's capabilities in order to have a more precise seismic evaluation, which is thought
of as a crucial step in the performance-based design procedure. PBSD makes it easier to design
and build structures with a real and accurate assessment of the probability of physical and direct
& indirect economic loss that may be experienced as a consequence of future seismic hazards
(Al-Haddad and Siddiqui, 1995; Ghobarah, 2001). Due to this approach's uniqueness, it is
regarded as one of the most reliable seismic design approaches. ATC 40 (1996), FEMA 273
(1996), FEMA 356 (2000), FEMA 440 (2005), ASCE 41 (2006), and FEMA 445 (2006) are
just a few of the reference documents that were produced as a result of the emergence of PBSD
methods.

Pushover Analysis

Nonlinear analysis approaches play a crucial role in the recently established performance-based
seismic design procedure in determining the nature and degree of severity of damage, which
are then used to evaluate a structure's inelastic behavior and understand the structure's failure
modes during major earthquakes. Pushover analysis, which was detailed by the Applied
Technology Council (ATC-40) and FEMA-356, is a simplified static nonlinear process wherein
the structure is subjected to predetermined, monotonically increasing lateral forces until a
plastic collapse mechanism is attained. It is based on mathematical modelling that takes into
account the nonlinear behavior characteristics of each structural and non-structural component
of the structure, which are evaluated by strength and deformation capacities.
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The procedure usually follows a lumped-plasticity process, which checks the spread of
inelasticity through the generation of nonlinear plastic hinges at both ends of the structural
components during every step of the incremental loading process. Performance, capacity and
demand are the three main components which need to be determined in nonlinear static analysis
approach. Pushover analysis, which originated according to the frame's first mode response,
assumes that the fundamental mode of vibration is the primary response of the frame. Push
over curve is shown in Fig. 1.

Pushover Curve

Base Shear
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Foof Displacement

Fig. 1: Pushover curve

This analysis assesses the performance of the structure beyond its elastic limits when
subjected to ground motion and this performance assessment includes the evaluation of
structure's response parameters such as member forces, deformation, drift and inter storey drift.
These parameters are considered as a predictor of damages of the structure and named as
engineering demand parameters (EDPs). Based on the formation of plastic hinges during the
collapse mechanism, these EDPs, which indicate the deformation capabilities of a structure,
are used to define distinctive levels of damage and associated losses, that resulted from
particular ground motion, in terms of different performance levels (Zameeruddin and Sangle,
2016; Ghobarah, 2001). These performance levels, such as immediate occupancy (10), life
safety (LS), and collapse prevention (CP), were defined by FEMA 356 (FEMA 356). Fig.2
shows performance level specified by FEMA 356.
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Fig. 2: Force-deformation Relationship of a Typical Plastic Hinge
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Damage to structural component initiates with the spalling of concrete cover, later extends to
the concrete core. Cracking of concrete core is due to failure of concrete or steel. Concrete
being a brittle component fails first, then steel yields [Ghorbah A., 1999; Zameeruddin and
Sangle, 2017a]. In FBD structural component are design as primary tension members, hence
the entire failure is governing by moment-rotation characteristics of steel. Under seismic loads
inelastic excursion in steel appears which demand proper modeling of structural components.
Various EDPs that are involved in damage mechanism includes a strain, a stress, a
displacement or a rotation. Loss in any of these EDPs during inelastic phase may be term as
loss in capacity. This loss in capacity may be identified as vulnerability. The scaling of these
losses in the range of zero to one is called as vulnerability index [Suna et al., 2010; Apruba
Mondal et al., 2013]. To understand the behavior of RC structures under inertia loads or seismic
loads Pushover Analysis (POA) has been in extensive use. Due to its simple process, it has
been common in practice.

PBSD has put forth various performance evaluation techniques using POA. These
performance evaluation methods are capable to define plastic collapse mechanism of a
structure at local and global levels. In addition, various structural and non-structural
performance levels have been defined using the drift criterion. These performance levels are
the acceptable risk of damage to the structure attained at a particular drift attainment under
inertia loads or seismic loads. In its present state they are capable to identify a damage state,
but are not capable to provide numeric damage scaling. In the present study some Vulnerability
Indices (VI’s) has been proposed to integrate the performance-based evaluation process with
numeric assessment of damage using EDP’s resulted from POA.

VTI’s are a dimensionless parameter that varies between 0 and 1 in a numeric scale. Zero
represents an undamaged state of structure and 1 represent a fully damaged or collapsed state
of structure, with intermediate values giving some measure of the degree of partial damage to
the structure. In present study damage states of 75 2D-RCMRFs are evaluated using VI’s
calibrated from the EDPs resulted in POA. Figure 3, illustrates the procedure adopted for
assessing a damage to structural component or overall structure. It’s a continuation assessment
process, which starts with the identification of collapse mechanism followed by the collection
of EDPs associated with the identified damage state. Followed by preparation of correlation of
structural performance levels with the damage state. The assessment ends with the
quantification of a damage value in numeric scale.
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L Building Performance Levels or

Input parameters Combinations of S I Perf Level
Engineering Demand EDPs tructural Performance Levels
Parameters resulted from (BPL/SPL)
POA such as base shear, Operational Level (OP)
displacements,  spectral Immediate Occupancy Level (I0)
acceleration, stiffness and Life Safety Range (LSR)
energy dissipated Collapse Collapse Prevention Level (CP)

Mechanism / Plastic Collapse (C)

hinge formation

Calibration of Vulnerability
index
EDPs + BPL/SPL = VI

Numerical Scaling Vulnerability index and
Correlation with associated BPL/SPL

Fig. 3: Proposed Procedure of Vulnerability Index Assessment

PBSD has provided various performance evaluation procedures using POA. The output
of POA describes the formation of plastic hinges and their transfer from one performance levels
to other, stated as a collapse mechanism. The PBSD has defined various drift and rotation-
based criterion for identification of attainment of a particular performance level, but do not
provide numeric damage value, hence a vulnerability damage index is proposed herewith is
used to answer a numeric damage value. The VI’s attempts to correlate the damage state with
identified performance levels using the associated EDPs resulting from POA. The EDPs used
to form a VI’s are base shear, displacements, stiffnesses and counts of plastic hinges formation
in columns and beams.

The various assumptions made to identify a collapse mechanism and the associated
plastic hinge formation are; (a) The first hinge formation at OP level either in beam or column
is considered as elastic yield, (b) The first hinge formation in beam or column in 10, LS, CP
are considered as attainment of elasto-plastic yield and (c) The first hinge formation in beam
or column in C or E levels are considered as attainment of plastic yield. The proposed VI’s are;

(i) Drift-based Vulnerability Index

The proposed vulnerability index is accounting the drift flow from elastic to plastic range at

every discrete performance level. Mathematically expressed as;
dj—dop

Vigrife = (1)

dmax—dop
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Where in dyp is the drift at the attainment of operational level, d; is the drift of identified

performance levels and d,;,,, is the maximum overall drift attained by the system
(ii) Strength-based Vulnerability Index

The proposed vulnerability index is capable to quantify the loss in strength from elastic to

plastic range at every discrete performance level. Mathematically expressed as;
__ Vi-Vop ..
VIStrength ~ Vinax—Vorp (11)

Where in Vjp is the base shear at the attainment of operational level, V; is the base shear of

identified performance levels and V4, is the maximum base shear
(iii) Stiffness-based Vulnerability Index

The proposed vulnerability index is able to evaluate the loss in stiffness from elastic to plastic
range at every at every discrete performance level. Mathematically expressed as;
Kop—Kj

VIStiffness -
(iii)

Where in Kyp is the base shear at the attainment of operational level, K; is the base shear of

Kop—Ku

identified performance levels and K, is the maximum base shear
(iv) Collapse mechanism-based Vulnerability Index

The proposed vulnerability index is able to assess the overall damage state on the basis of
plastic hinge mechanism. The count of plastic hinges formed in beams and columns are used
to evaluate the damage values for transit of plastic hinge from elastic to plastic range at every
discrete performance level

Vipw = 15t (iv)

Where in PH; is the count of plastic hinges formed in beams and columns in an identified

performance level, PH; is the count of plastic hinges assigned in beams and columns

Example RCMRFs

In this work, we assessed the seismic performance of reinforced concrete moment resisting
frames (RCMRFs), which are representative of the basic building style used in India. For this
analysis, 75 two dimensional RCMRFs with different numbers of storeys and bays that are put
through displacement-controlled nonlinear static procedure (NLSP) are wused. The
aforementioned RCMRFs depict a typical office block in seismic zone V on soil of medium
type, according to IS 1893 (2002). These RCMRFs consist of low, medium, and high-rise
structures. Low-rise and high-rise buildings are defined as having a height that is less than or
greater than to three times the length of their span of building, respectively. Buildings that fall
in the middle are referred to as medium-rise buildings (Stafford and Coull, 1991).
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According to the standards outlined in the succeeding generation of PBSE processes,
the frame's response was assessed. The example structures' analytical modelling was done
using SAP 2000V 17.0 (Wilson and Habibullah, 2000). While the storey width of RCMRFs
varies from the first bay to the fifth bay, the story heights range from one to fifteen stories.
Based on the number of bays, all 75 frames are grouped into five different groups. Group 1
includes 15 frames with one bay and different stories (1-15), Group 2 include 15 frames with
two bays and different stories (1-15), Group 3 include 15 frames with three bays and different
stories (1-15), Group 4 include 15 frames with four bays and different stories (1-15) and Group
5 include 15 frames with five bays and different stories (1-15). Table 1 lists the properties of
these RCMRFs, and Fig. 5 shows how they are often laid out in practice.

The RCMRFs has a bay width of 3 m and a story height of 3 m. The RCMRFs are
designed in accordance with the standards outlined in IS 456:2000 (Rev), and the provisions
of IS 13920:1996 are used for detailing the RCMRFs' seismic ductility. According the
guidelines of IS 1893:2002 (part 1), the frame was subjected to different pattern of lateral loads.
Pushl1 represents trivial lateral load pattern as per IS 1893:2002, Push 2 represents the uniform
lateral load pattern and Push 3 represents the elastic first mode lateral load pattern. Fig. 4 shows
lateral distribution of load on example RCMRFs. P—A geometric nonlinearity effects were
considered for each load combination used in this study. The design base shear for a building
is derived as:

ZISa

2Rg
Where Z stands as a zone factor (Z = 0.36 for zone V), I stands as a structure’s importance
factor (I =1 for these buildings), R stands as a response reduction factor (R = 5.0) for ductile
or moment resisting frames (RCMRF), S, stands as a spectral acceleration, and W stands as a
structure’s seismic weight. Fig. 3 shows lateral distribution of load on RCMRFs.

Vd = w

fh |-

f, R

£
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v, = v, =V,

(a) IS 1893:2002 load pattern (b) Uniform load pattern (c) Elastic mode-1 pattern
(Load case: Push 1) (Load case: Push 2) (Load case: Push 3)

Fig. 4: Shows lateral distribution of load on RCMRFs.

Table 1 Characteristics of the studied example RCMRFs
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Col B
Group MRFs Stories o cam

Width (mm) Depth (mm) Width (mm) Depth (mm)

S3B1 1-3 630 680 300 450
S6B1 3-6 600 600 300 450
1 S9B1 7-9 530 530 300 380
SI2BI  10-12 450 450 300 380
SISBI  13-15 300 300 300 300
S3B2 1-3 680 680 300 450
S6B2 3-6 600 600 300 450
2 S9B2 7-9 530 530 300 380
SI2B2  10-12 450 450 300 380
SI5B2  13-15 300 300 300 300
S3B3 1-3 680 630 300 450
S6B3 3-6 600 600 300 450
3 S9B3 7-9 530 530 300 380
SI2B3  10-12 450 450 300 380
SISB3  13-15 300 300 300 300
S3B4 1-3 680 680 300 450
S6B4 3-6 600 600 300 450
4 S9B4 7-9 530 530 300 380
SI2B4  10-12 450 450 300 380
SI15B4  13-15 300 300 300 300
S3B5 1-3 680 630 300 450
S6B5 3-6 600 600 300 450
5 S9B5 7-9 530 530 300 380
SI2BS  10-12 450 450 300 380
SISB5S  13-15 300 300 300 300

—
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Fig. 5: Geometry and typical layout of studied RCMRFs.

For present example RCMRFs, seismic loads were calculated in accordance with IS 1893 -
2016 while dead and live loads were calculated in accordance with IS 875 - 1987 (Parts 1 and
2). A mean dead load of 18 KN/m (including finishes) and a mean live load of 4.5 KN/m, were
assigned for each floor of example RCMRFs. The M25 grade concrete used in the RCMRFs
has a 28-day characteristic cube strength of 25 MPa, and the Fe415 grade reinforcing steel used
in the RCMRFs has a 500 MPa characteristic yield strength. Table 2 lists the material
characteristics that were taken into account during design.

Table 2 Material Characteristics of RCMRFs

Material property of MRFs Concrete Grade, M 25 Steel Grade, Fe 415

Weight per unit volume (KN/m?) 25 76.97

—
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Mass per unit volume (Kg/m?) 2.548 7.849
Modulus of elasticity (KN/m?) 25E+ 06 2E + 08
Characteristic strength (KN/m?) 25000 45000 (yield)
Minimum tensile strength
(KN/m?) - 485,800
Expected yield strength
(KN/m?) - 465,500
Expected tensile strength(KN/m?) - 533,500

The example RCMRFs' structural design for demand estimation is not the only viable option.
various designers may choose various answers to the same demand. The sizes of the RC
members were chosen by according to a standard procedure used by engineers. For a planar
frame, the cross section of the columns remained uniform in cross section up to three stories
before it started to reduce, and the cross section of the beams did the same thing up to six stories
before it started to reduce. Strong column-weak beam behavior is ensured by the RCMRF
section design.

Modelling parameters and numerical acceptability standards along with the specifics of
the lateral load profile and modal analysis are described in Table 3 and 4. A stress-strain
relationship relating to FEMA 356-integrated software was utilized to construct a moment-
rotation curve of a default plastic hinge. By placing concentrated M3 and P-M3 plastic hinges
at both the ends of the beam and column, they were modelled as nonlinear frame components
which has been shown in Fig. 6. The pushover curve derived from performance evaluation of
an example RCMREF is illustrated in Fig. 7 (Ghobarah, 2000), along with the acceptance
requirements for the maximum rotation capacity, denoted as immediate occupancy (10), life
safety (LS), and collapse prevention (CP).

A . b .
3 | : M3 Hinge M3 Hinge
s | ' : TZTe @ LI Y
=] b a E . 0% IZ 9
i c E o« Beam % K
: i a =~ an)
B; i o) g
T CP ! =3 =}
LS | 5 =
10 ! 5 O
D E
c = o
B zL o
A —Lp B« OE %D
Deformation o T
(a) Deformation control (flexure failure) (b) Location of hinges

Fig. 6: Idealized inelastic force—deformation relationship
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Fig. 7: Capacity curve representing pushover and associated damage states (Ghobarah,
2000).

Table 3: Modelling parameters and numerical acceptability standards for RC beams

Conditions Modeling Parameters Acceptance Criteria
Plastic Residual  Plastic rotation angle (radians)
rotation strength Performance level
p—p' Trans. |4 angle ratio 10 Component type
Ppa Reinf. p 4 \/E (radians) Primary Secondary
A B c LS CP LS CP
<0.0 C <3 0.025 0.05 0.2 0.010 0.020 0.025 0.02 0.05
=05 C >3 0.020 0.03 0.2 0.005 0.010 0.02 0.02 0.03

Table 4: Modelling parameters and numerical acceptability standards for RC columns

Conditions Modeling Parameters Acceptance Criteria
Plastic Residual Plastic rotation angle (radians)
rotation angle  strength Performance level
P Trans. 4 (radians) ratio 10 Component type
Ay fc Reinf p g \/E Primary Secondary
A B c LS CP LS CP
<0.1 C <3 0.02 0.03 0.2 0.005 0.015 0.02 0.02 0.03
>0.40 C >3 0.015 0.025 0.2 0.003 0.012 0.015 0.0 0.025
18

Performance Assessment

In this study, we performed displacement-controlled NLSP on the example RCMRFs by using
SAP 2000 V 17.0 (Wilson and Habibullah, 2000). The target displacement used for each
RCMRF was 4% of the height of the frame (ATC 40, 1996). The analysis was conducted in
two stages for the following: (i) gravity loads and (ii) predominant lateral loads.
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In Stage I, gravity loads were applied as the distributed element loads on the basis of the yield
line theory and concentrated loads from secondary beams. Gravity analysis was performed for
full gravity load in a single step (i.e., force-control). The state of the structure in this analysis
was saved and was subsequently recalled in Stage II.

In Stage I, lateral loads were applied monotonically in a step by- step nonlinear static analysis.
Because the lateral force profile in pushover analysis influences the structural response, a set
of lateral load patterns was used.

Results and discussions

PBSE procedures documented in PBSD is based on the damage state of a structure at local and
global levels, that is structural performance levels and building performance levels. In its
present form they are described in discrete performance level such as OP, 10, LS, CP and C.
These performance levels are described in terms of attainment of permissible drift value. Such
classifications are not directly understood by stakeholders Viz.; Contractor, Owner,
Businessman and Government as they are having lack of seismic engineering knowledge.
Hence, it’s become necessary to communicate these performance levels in a language which is
understandable by stakeholders. Table 5 provides the reconstructed performance levels names
in its simple form. The present study intends to integrate a damage state with building
performance levels, for this EDPs found from POA are used to identify the damage state and
VTI’s has been defined. The introduced VI’s includes (a) Drift -based VI, (b) Strength-based VI,
(c) Stiffness-based VI and (d) Collapse mechanism-based V1.

Group of 75 2-D RCMRFs representing the general trend of construction in India and
its sub-continents were modelled and analyzed. These groups represent low-rise, medium-rise
and high-rise structures. Table 7 - 11 provides the values of proposed VI’s for all such groups
of RCMRFs. In POA incremental lateral loads are applied up to a targeted displacement. The
distribution of these lateral loads along the height of structures plays an important role in
collapse mechanism. In literature it has been suggested to use two set of lateral loads to obtain
upper and lower bound values. That’s way in present work we have adopted different push load
cases. From the performance evaluation of all example RCMRFs it has been found that Push 1
load case gives lower bound values, Push 2 load case provides upper bound values and Push 3
results in median values [Hirekhan A., Zameeruddin M., Charpe P.S., 2023].

The non-linear modeling of RCMRFs depends on the position of plastic hinges assigned
at columns and beams. In literature it has been suggested that for deformation-controlled (pure
flexure) plastic hinges shall be at mid span of structural members. Whereas in force-controlled
(pure shear) plastic hinges shall be at the ends of the structural members. In present study we
have assigned plastic hinges at 10% and 90 % of the span to trace shear-flexure effects
[Zameeruddin M., Sangle K.K., 2017a; Zameeruddin M., Sangle K.K., 2017b].
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In PBSE procedures defined in CSM and DCM performance of structures is evaluated
at performance point in terms of base shear and displacement values wherein no account of
collapse mechanism in terms of formation of plastic hinges is taken care off. When the PBSE
procedures were compared with each other significant difference was identified [Hirekhan A.,
Zameeruddin M., Charpe P.S.,2023]. With an intention to have complete check over the
inelastic incursion different VI’s as put forth.

The proposed drift-based VI traces the changes in ductility at every incremental step of
POA, thus overcome the limitation of POA. Table 7 -11 provides the proposed VI values for
all example RCMRFs. The envelope of response curve plotted between drift-based VI values
and permissible drift limits provides a collapse zone. The trend lines for every response curve
is capable to provide the damage values at any instantaneous displacement. Thus, it may be
used for collapse zone identification for optimization of design of structural components. The
increase in drift-based VI values is associated with the damages to structural components, that’s
why they may be related to associated repair.

The proposed strength-based VI provides the loss of strength at every incremental step
of POA. This also overcomes the limitation of PBSE procedure to account for fall in strength
in contrast to use the base shear at performance point. This help to utilize the reserve strength
at other limit states, thereby structural design optimization can be done. Strength-based VI may
be related to downtime of the structure as strengthening of structural member is needed to be
done.

The proposed stiffness-based VI shows the fall in stiffness value at every incremental
step. In present seismic code it has been referred as redundancy factor. The proposed stiffness-
based VI may be used to trace the loss in stiffness at various performance levels and associated
damages to frames and bays, thus it may be referred for assessment of casualties.

The collapse-mechanism based VI traces the fall of plastic hinges from one
performance level to other and is associated with loss in strength and stiffness at every
incremental step hence they may be related to repairs, downtime and casualties. The aim of the
study was to integrate the proposed VI with PBSE. The present work forms a rational approach
but for complete justification a set of groups of RCMRFs are needed to be analyzed, this has
been kept as scope for further studies.

Table 5: Permissible drift limits at various performance levels and associated damage states
(FEMA 356, 2000; ATC 40, 1996)

Performance level Description Drift limits
Operational Level (OP) Structure does not undergo any damage <0.7%
Immediate occupancy Structural elements are partially damaged 1%
Level (10)
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Life safety Level (LS) Structural and non-structural elements of 2%
remarkable damage

Collapse prevention Level | Structure is about to collapse 3%

(CP)

Collapse Level (C) Collapse 4%

In POA, collapse mechanism is represented through the formation of plastic hinges in columns
& beams. The proposed vulnerability index has been defined in terms of attainment of various
limit state of structural components associated with plastic hinge characteristics. The fall of
plastic hinges from one performance level to other is tracked through the collapse mechanism.
Formation of first plastic hinge considered as attainment of Operational level. Consecutive fall
of plastic hinges in different limits of drift are identified to attain performance level is OP, 10,
LS. CP. Table 6 shows possible way of integrating damage state with performance levels.

Table 6: Proposed relationship between VI’s and performance levels

Performance level Description VI’s Damage States
Numeric
Scale
Operational Level (OP) Structure does not undergo any 0 Ready for use
damage
Immediate occupancy Structural elements are partially | 0.10-0.25 | Needed Repairs
Level (10) damaged and Maintenance
Life safety Level (LS) Structural and non-structural 0.26 - 0.74 | Not Ready to
elements of remarkable damage Use/Downtime
Collapse prevention Level | Structure is about to collapse 0.75-0.90 Causalities
(CP)
Collapse Level (C) Collapse 091-1.0 Major
Causalities

An effort has been made to trace the EDPs responsible for performance of structural
system in different limit state, in reference to attainment of various drift limits.

Table 7: VI’s of Group I (One Bay) RCMRFs at discrete performance levels

Strength-Based

Stiffness-Based

Collapse-Based

Drift-Based VI VI VI VI

Fra | P P

me | L s: Pus | Pus | Pus | Pus | Pus | Pus | Pus | Pus | Pus | Pus | Pus
1 h2 | h3 | hl1 | h2 | h3 | hl | h2 | h3 | hl | h2 | h3

( ]
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C|1.0]1.00]|1.00 |1.00 | 1.00| 1.00 | 0.98 | 1.00 | 1.00 | 0.35 | 0.29 | 0.30
P| 00| O 0 0 0 0 6 0 0 9 5 8
1.0 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 0.35 | 0.37 | 0.35
C| 00| O 0 0 0 0 0 0 0 9 2 9
O [ 0.0 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
P00 | O 0 0 0 0 0 0 0 0 0 0
I |0.0]0.000.01]0.18|0.10 | 0.17 | 0.00 | 0.00 | 0.00 | 0.02 | 0.02 | 0.02
Of16| 8 5 6 9 2 0 0 0 4 4 4
S14 | L | 03 ]0.37|0.38|0.74|0.87 [0.73]0.82|0.82|0.82|0.29 | 0.29 | 0.29
B1 | S| 83 6 4 5 8 1 8 8 5 8 8 8
C|1.0]1.00]1.00 |1.00 |1.00|1.00|0.99 | 1.00 | 098 |0.34|0.29|0.35
P| 00| O 0 0 0 0 2 0 5 5 8 7
1.0 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 0.34 | 0.34 | 0.35
C|00]| O 0 0 0 0 0 0 0 5 5 7
O [ 0.0 [ 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
P| 00| O 0 0 0 0 0 0 0 0 0 0
I {0.00.01|0.02]0.24]0.16 | 0.23 | 0.00 | 0.00 | 0.00 | 0.01 | 0.01 | 0.02
O |23 3 2 3 7 1 0 0 0 1 1 2
S15 | L | 04 ]0.40|0.39|0.77|0.83 [ 0.75]0.82 | 0.83 | 0.81 | 0.30 | 0.27 | 0.28
B1 | S|20| 7 0 9 9 7 7 9 9 0 8 9
C|1.0]1.00]|1.001.00 | 1.00|1.00{0.98 | 1.00|0.99|0.33]|0.27|0.32
P00 | O 0 0 0 0 2 0 1 3 8 2
1.0 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 0.33 | 0.33 | 0.32
C|00]| O 0 0 0 0 0 0 0 3 3 2
Table 8: VI’s of Group II (Two Bay) RCMREFs at discrete performance levels
Strength-Based | Stiffness-Based Collapse-Based
Drift-Based VI \%! \%! VI
Fra | P
me | L | Pus | Pus Pu | Pu Pus | Pus | Pus | Pus | Pus | Pus | Pus | Pus
h1 | h2 s;‘ slh h2 | h3 | h1 | h2 | h3 | h1 | h2 | h3
O {0.00 { 0.00 | 0.0 | 0.0 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00
P| O 0 00 | 00 | O 0 0 0 0 0 0 0
I]0.010.01]0.0]|03]0.33)|0.32]0.00]0.00]|0.00]|0.10 | 0.10 | 0.10
O| 4 4 14 | 33 7 7 0 0 0 0 0 0
SIB| L |[032(032]|03]09]091|091]|0.88/0.88]|0.88/|0.70|0.70 | 0.70
2 |S| 9 9 (2910 1 0 0 0 0 0 0 0
C|1.00|1.00]| 1.0 1.0 |1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 0.70 | 0.70 | 0.70
P| O 0 00 | 00 | O 0 0 0 0 0 0 0
1.00 | 1.00 | 1.0 | 1.0 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 0.70 | 0.70 | 0.70
cC| 0 0 00 | 00 | O 0 0 0 0 0 0 0
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Table 9: VI’s of Group III (Three Bay) RCMRFs at discrete performance levels
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10: VI’s of Group IV (Four Bay) RCMRFs at discrete performance levels
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Table 11: VI’s of Group V (Five Bay) RCMRFs at discrete performance levels
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The VI’s provides the damage state of the structure and follows the collapse mechanism yielded
in various limit states. These VI’s when compared with permissible drift limits provides the
upper and lower bound response of structure during a seismic event. The grouping of example
frames with increasing number of storeys and bays provides a damage envelope for category
of building under selected case. These responses are useful to visualize the extend of damage
and quantification of various collapse zone. Figure 8 (i) — (Ixi) shows the damage spectrum

group of RCMRFs in respect to defines VI’s.
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Fig. 8: Shows the damage spectrum group of RCMRFs in respect to defines VI’s

Conclusions

Many studies have been conducted in the past to comprehend performance evaluation methods.
It is widely known that these evaluation methods can optimize nonlinear behavior by aligning
applied demands (lateral loads) with structural capacity (internal resistance), but they are
unable to convey the numerical scale of damage. Additionally, when compared to one another,
the numerical techniques used were found to be inconsistent. Since damage cannot be
quantified, the state of knowledge has been limited to evaluating nonlinear responses. Tall
buildings have become more prevalent in urban areas due to vertical expansion, and expert
seismic designers are now concerned about the damage to these tall structures. The
achievement of acceptable limit states addresses the findings of various performance evaluation
methodologies. For various acceptable limit states, performance levels describe the state of
structural component damage. Due diligence is not given because these performance levels are
defined in terms of attaining drift limitations, which stakeholders do not grasp.

Any structure's drift is a measurement of its ductility defined by the strain, curvature,
and rotation of its structural component. Minor fractures initially emerge during seismic stress,
which is followed by significant cracks or collapse as the ductility requirement rises. To track
these ductility demands, drift-based VI have been proposed in the current study. The
accomplishment of various performance levels during inelastic demand is defined using the

—
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drift-based VI's numerical scale. It is primarily a measurement of structural component
cracking or spalling and can be used to estimate repairs and maintenance costs.

Loss of strength is a measurement of the decline in the structural element's resistive
strength. When a structure's structural and non-structural components begin to deteriorate,
large fissures can form when it is subjected to seismic load. The Strength-based VI that has
been presented is a numerical scale that measures damage that a structure's system can
withstand and may be connected to lost functionality (down-time).

Loss of rigidity signals the beginning of the deterioration of structural elements or the
whole structure. Loss of stiffness is a sign that the building is about to give way and will no
longer be safe for habitation. The proposed Stiffness-based VI can quantify this loss
statistically and may be connected to the number of casualties.

A mechanism's subsequent transition of plastic hinges from one performance level to
another shows a cumulative loss in ductility, strength, and stiffness. The suggested collapse-
based VI can quantify these damages, including the need for repairs, downtime, and casualties.

For all 75 example RCMRFs, the proposed damage indices have been evaluated. The
evaluation of VI's for a collection of RCMRFs offers a logical way to calculate the associated
damage on a scale from zero to one. This relationship can be used to determine damage in any
displacement situation. The suggested VI's are a possible technique for integrating the process
of performance evaluation with that of damage assessment. The unique damage quantification
approach that has been offered enables stakeholders to comprehend how well a building
performs in terms of repairs, downtime, and causalities.
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