Int J Adv Struct Eng (2016) 8:169-192
DOI 10.1007/s40091-016-0122-0

CrossMark

@

ORIGINAL RESEARCH

The influence of coupled horizontal-vertical ground excitations
on the collapse margins of modern RC-MRF's

Ehsan Noroozinejad Farsangi' - Abbas Ali Tasnimi’

Received: 11 April 2016/ Accepted: 2 May 2016/ Published online: 11 May 2016
© The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract With the increasing interest in vertical ground
motions, the focus of this study is to investigate the effect
of concurrent horizontal—vertical excitations on the seismic
response and collapse fragilities of RC buildings designed
according to modern seismic codes and located near active
faults. It must be stressed that only mid- to high-rise
buildings are of significant concern in the context of this
research. The considered structures are categorized as
intermediate and special RC-MRFs and have been
remodeled using distributed and lumped plasticity com-
putational approaches in nonlinear simulation platforms, so
that the utilized NL models can simulate all possible modes
of deterioration. For better comparison, not only was the
combined vertical and horizontal motion applied, but also a
single horizontal component was considered for direct
evaluation of the effect of the vertical ground motions
(VGMs). At the member level, axial force variation and
shear failure as the most critical brittle failure mechanisms
were studied, while on the global level, adjusted collapse
margin ratios (ACMRs) and mean annual frequency of
collapse (Acoiapse) USing a new vector-valued intensity
measure were investigated. Findings from the study indi-
cate that VGMs have significant effects on both local and
global structural performance and cannot be neglected.
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List of symbols

Aimax.i Current deformation that defines the end of
the reload cycle for deformation demand

Fi and F Deteriorated yield strength after and before
excursion i, respectively

F;g/{ Intersection of the vertical axis with the

projection of the post-capping branch
Fy Yield strength

ky and k, Constants specifying the lower and upper
bounds in the vector IM

Ky Element stiffness at A,

K, Element stiffness at A,

K> Element stiffness at A,

Kieg Degrading slope of the shear spring based
on the limit-state material

K. Elastic (initial) stiffness of the element

K. Reloading stiffness of the element

K Slope of the hardening branch

K}ieg Degrading slope for the total response in
OpenSees model

K, ; and Deteriorated unloading stiffness after and

Kyi1 before excursion i, respectively

K nioading Unloading slope of the rotational spring in
the OpenSees model

T, Dominant period of vibration for a specific
structure

Ty Horizontal period of vibration for a specific
structure

Tiow and Lower and the upper periods of the elastic

Tupp spectrum

T, Vertical period of vibration for a specific
structure
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Ver Shear force corresponding to displacement
which causes concrete cracking

Vi Shear force corresponding to the maximum
displacement

vy Shear force corresponding to the
displacement which causes steel yielding

Be» Poimv Uncertainties in capacity, demand and

and fiy modeling

Bror Total uncertainty

oci Cap deformation at the i-th cycle

5;-/7 Target displacement for each loading
direction at the i-th cycle

A Total deformation

A Deformation at cracking

As Flexural deformation

An Maximum displacement

A Shear deformation

A, Deformation at yielding

d(.) Standard normal cumulative distribution
function

Ot Transverse reinforcement ratio in beams
and columns

Acollapse Mean annual frequency of collapse

Amv (%) Mean annual frequency of the ground

motion intensity exceeding x

L Period-based ductility

% and ypv  Natural logarithm of the median capacity
and demand of the structural system

Introduction

Earthquakes in the past have indicated that enormous
damage to the building structures and human casualties
will result, in the case of severe seismic events. Hence,
vulnerability assessment and seismic loss estimation are
the primary concerns for regulatory agencies and civil
engineers. To realistically asses the structural vulnerability
and to incorporate the effects of uncertainties involved in
the load-structure system, a probabilistic framework should
be utilized. The main components of this framework are
presented in Fig. 1.

From a historical point of view, the horizontal compo-
nent amplitude of ground motions normally plays a dom-
inant role compared to the vertical counterpart. However,
acceleration records from the (1989) Loma Prieta earth-
quake and the (1994) Northridge earthquake in the USA,
the (1995) Hyogoken-Kobe earthquake in Japan, (2003)
Bam earthquake in Iran, and the (2011) Christchurch
earthquake in New Zealand, among others showed that the
magnitudes of the vertical component can be as large as, or
exceed, the horizontal component. The report from
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Elnashai et al. (1995) also highlighted cases of brittle
failure induced by direct compression, or by reduction in
shear strength and ductility due to variation in axial forces
arising from the vertical motion in the (1994) Northridge
earthquake. In such situations, most existing code specifi-
cations assume that the ratio of vertical component of the
ground motion to that of the horizontal component (V/
H) varies from 1/2 to 2/3, which must be considered
unconservative and needs to be investigated.

Recent studies (Bozorgnia and Campbell 2004; Elgamal
and He 2004) on horizontal and vertical ground motions
have indicated that such a simple approach is not valid and
appropriate for the near-fault regions anymore. The main
reasons can be categorized as follows:

e The attenuation rate for vertical ground motion is much
higher than that of the horizontal ground motion. This
rate increase in the far-field areas. Thus, structures built
in the near-fault regions experience higher vertical
excitations.

e Vertical ground motion includes more high-frequency
content than horizontal ground motion. The difference
increases with the decrease in the soil stiffness.

It should also be noted that the higher values of V/H ratio
do not necessarily imply more energy content on the desired
structure. The reason is that the two components may not
coincide in time to cause strong interaction effects.

Besides these, many of the current seismic design codes
and damage estimation tools do not include the effect of
vertical ground motions on the seismic response of struc-
tures and especially columns. However, the observed
damage on the columns (diagonal shear cracks) during
historical seismic events such as the 1994 Northridge
earthquake and the 1995 Kobe earthquake was partly
attributed to the effect of vertical motions (Broderick et al.
1994; Elnashai et al. 1995). Field and analytical evidence
by Papazoglou and Elnashai (1996) indicated that strong
vertical earthquakes can cause a significant fluctuation in
the axial force in columns, resulting in a reduction in their
shear capacity and compression failure of some of the
columns. During the 1995 Kobe earthquake in Japan, the
RC structures exhibited very high amplifications of the
vertical component of more than two times. The main
reasons were the low damping mechanism in the vertical
direction and the absence of supplement seismic energy
dissipating systems in this direction. On the other hand,
because of the high stiffness in the vertical direction, a
quasi-resonant response was observed in these structures.
High-frequency pulses from vertical motion were recog-
nized as the other reason for such a phenomena (AIJ 1995).

Iyengar and Shinozuka (1972) investigated the effect of
self-weight and vertical accelerations on the behavior of
tall structures. The structures have been idealized as
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cantilevers and the ground motion as a random process.
The main conclusion from their study was that inclusion of
self-weight simultaneously with the vertical ground accel-
eration can increase or decrease the global peak response.
These fluctuations in structural response had been consid-
erable in most cases. On the local level, beams were
identified as the most critical elements and the effect of
vertical ground motion on them had been pronounced.
Iyengar and Sahia (1977) investigated the effect of vertical
ground motion on the response of cantilever structures
using the mode superposition method; their main conclu-
sion is that the consideration of the vertical component is
essential in analyzing towers. Anderson and Bertero (1977)
used numerical methods to evaluate the inelastic response
of a ten-story unbraced steel frame subjected to a hori-
zontal component of earthquake and to combinations of
this component with the vertical one; they deduced the
following points; the inclusion of the vertical motion on
one hand does not increase the displacements, but on the
other increases the girder ductility requirement by 50 %
and induces plastic deformations in columns. Mostaghel
(1974) and Ahmadi (1978, 1980) studied the effect of
vertical motion on columns and tall buildings which have
been idealized as cantilevers, using the mathematical the-
ory of stability of Liapunov. Their main conclusion was
that, in the inelastic region, if the maximum applied
earthquake loading would be less than the Euler buckling
load, it is guaranteed that the column will remain
stable irrespective to the type of earthquake loading, and
the inclusion of vertical ground excitation can be neglec-
ted. But this is unlikely to be the case for reinforced con-
crete columns because of the crushing of concrete in
compression and the buckling of the yielded reinforcement.

Munshi and Ghosh (1998) investigated the seismic
performance of a 12-story RC building under a
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combination of horizontal and vertical ground motions.
This analysis showed a slight increase in the maximum
deformation when the vertical ground motion was inclu-
ded. The formation patterns revealed that vertical acceler-
ations induced a slightly different hinge formation pattern
and hinge rotation magnitude, and the response of the
frame—wall system did not show sensitivity to the vertical
acceleration in this case. Antoniou (1997) studied the effect
of vertical accelerations on RC buildings by analyzing a
eight-story reinforced concrete building designed for high
ductility class in Euro code (EC8) with a design accelera-
tion of 0.3 g. This analysis showed that the vertical ground
motion can increase the compressive forces by 100 % or
even more and lead to the development of tensile forces in
columns. These fluctuations in axial forces can result in
shear failure in these elements.

Kim et al. (2011) studied the effect of various peak V/
H ground acceleration ratios and the time lag between the
arrival of the peak horizontal and vertical accelerations on
the inelastic vibration period and column response for
infrastructures. It was observed that the inclusion of ver-
tical motions notably influenced the inelastic response
vibration periods and considerably increased or decreased
the lateral displacement. It was also noticed that the arrival
time had a minimal effect on the axial force variation and
shear demand.

None of the previous studies have investigated the code-
conforming RC-MRFs utilizing fragility curves and relia-
bility methods. As the seismic vulnerability assessment of
high-rise structures is a complex task, it is important to
consider that both the lower and higher structural modes
might be excited, because of the wide range of frequency
content of the applied earthquake loads. On the other hand,
the imposed displacements to these structures can be very
significant, since the fundamental period of many high-rise
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structures are within the period range of 1-5s, which
corresponds to the peak displacement spectra of the stan-
dard earthquakes. To this end, in the current study, both
distributed fiber-based and lumped plasticity approaches
and various modes of collapse are considered in the sim-
ulation process. To show the significance of vertical ground
excitations and to get the most accurate results, a new
definition for V/H ratio and an optimum intensity measure
are proposed. Various mass distributions are considered in
the eigenvalue analysis to determine the most accurate and
computationally efficient structural model.

Seismic fragility curves as the main component of the
current study can be derived using various approaches:
observational, experimental, analytical and hybrid tech-
niques to quantify damage and estimate monetary losses
(Calvi et al. 2006). While the observational method is the
most realistic and rational one, as the entire inventory is
taken into consideration it is usually difficult to be utilized
because no or insufficient observational-based date are
available from the past events. The experimental method is
not a feasible option in many cases, because of its cost and
the time needed, since a wide range of structures should be
tested. In the current study, the third approach based on
extensive nonlinear analytical simulations is adopted. This
option is the most feasible and possible methodology
which can be used in many cases.

The main objective of this study is to calculate the
collapse margins and mean annual frequency of collapse as
the performance metrics employing displacement-based
fragility curves for multiple limit states from concrete
cracking to structural collapse in the near-fault areas. The
collapse of structures is determined on the basis of the
global failure mechanism of the structural system rather
than the failure of a structural element. To achieve this
goal, numerical models that capture the axial-shear—flex-
ural behavior of the columns are created in nonlinear
seismic simulation platforms, Zeus-NL and OpenSees
(Elnashai et al. 2004; McKenna 2014).

Selection and characterization of input ground
motions

A major stage in the process of fragility estimation is to use
appropriate ground motion (GM) records. If the ground
motion selection would be done in a way that the hazard
consistency is ensured, then the results from the corre-
sponding simulation and analysis would be rational.
According to the recommendations of FEMA P-695
(2009), 40 earthquake ground motion records at varying
hazard levels from 20 earthquake events are selected from
the PEER NGA-WEST2 (Ancheta et al. 2012, 2013;
Pacific Earthquake Engineering Research Center 2015)
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database (Table 1). This database is the most recent and
very suitable for adequate fragility analysis.

The criteria for selection of the analyses records include
medium to high vertical component, having large magni-
tude (M, > 6.0) and recorded at near-fault rupture dis-
tances (R < 25 km), with a frequency range to excite the
periods of vibration of the structure in both horizontal and
vertical directions. The response spectra of the selected
records, the median of the acceleration response spectra
and the dominant periods (7;) of the reference structures
which will be defined afterward are shown in Fig. 2.

Based on the results illustrated in Fig. 2, the vertical
component of a ground motion tends to concentrate all its
energy content in a narrow, high-frequency band, while
the frequency range for the horizontal component is much
wider. Hence, this phenomenon will amplify the structural
responses in the short period range, which usually coin-
cide with the vertical periods of RC elements/structures.
After the GMs selection, they are amplitude scaled, using
the procedure outlined in ASCE 7 (ASCE 2010) to match
the 5 % damped site-specific target spectrum (corre-
sponding to the maximum credible earthquake, MCE)
given in Fig. 3.

Representative set of structures

Four RC-MRFs ranging from 7 to 20 stories are selected to
represent medium- and high-rise buildings. The frames are
designed and detailed according to ACI building code ACI-
318 (2011) and ASCE 7 (2010) provisions. Two categories
of RC-MRFs, special and intermediate, are used in the
current study. The ordinary MRFs, because of their low
level of ductility during an earthquake, are not considered
here. The special MRF employs the strong column weak
beam (SCWB) concept and specifies elaborate detailing of
joints. Thus, the SMRF is expected to form the sway
mechanism and possesses a high degree of ductility. On the
other hand, the intermediate MRF has enough strength as
well as reasonable ductility and can be used throughout
most of the seismic-prone areas. 7- and 12-story buildings
are designed as intermediate MRFs, while 15- and 20-story
buildings are designed as special MRFs. The behavior
factors (R) are considered as 5 and 8, respectively (ASCE 7
2010).

Span lengths are identical in both directions equal to
6 m, and story heights are 3.5 m. Damping is set to be 5 %
in the first three modes and is considered as of Rayleigh
mass and stiffness proportional type, based on the recom-
mendations of Zareian and Medina (2010). The reference
structures are shown in Fig. 4 and the beam and column
dimensions and longitudinal and transverse steel ratios are
listed in Table 2.
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Table 1 Input ground motions used for the nonlinear response history analyses (NL-RHA)

No. Earthquake name Date Station name Moment magnitude,  Epicentral distance, (PGA)y, (PGA)v,

M, (km) g g
1 Wenchuan, China 2008 Wenchuanwolong 7.90 19.54 0.77 0.96
2 Chi-Chi, Taiwan 1999 TCU078 7.62 4.96 0.38 0.17
3 Chi-Chi, Taiwan 1999 TCUO089 7.62 14.16 0.75 0.34
4 Chi-Chi, Taiwan 1999 TCUO079 7.62 15.42 0.59 0.42
5 Kocaeli, Turkey 1999  Izmit 7.51 5.31 0.19 0.14
6 Kocaeli, Turkey 1999 Yarimca 7.51 19.30 0.29 0.24
7 Tabas, Iran 1978 Dayhook 7.35 20.63 0.33 0.19
8 Landers, USA 1992 Joshua Tree 7.28 13.67 0.27 0.18
9 Landers, USA 1992 Morongo Valley Fire Station ~ 7.28 21.34 0.19 0.16
10 Duzce, Turkey 1999 Duzce 7.14 1.61 0.43 0.35
11 Duzce, Turkey 1999 Lamont 1058 7.14 24.05 0.68 0.19
12 Duzce, Turkey 1999 IRIGM 487 7.14 24.31 1.00 0.33
13 Golbaft, Iran 1981  Golbaft 7.00 13.00 0.28 0.24
14 Darfield, New Zealand 2010 GDLC 7.00 442 0.73 1.25
15 Darfield, New Zealand 2010 HORC 7.00 10.91 0.47 0.81
16  Loma Prieta, USA 1989 Corralitos 6.93 7.17 0.50 0.46
17 Loma Prieta, USA 1989 BRAN 6.93 18.46 0.59 0.90
18 Loma Prieta, USA 1989 Capitola 6.93 20.35 0.44 0.14
19  Kobe, Japan 1995  Nishi-Akashi 6.90 8.70 0.47 0.39
20  Kobe, Japan 1995 IWTH26 6.90 13.12 0.67 0.28
21  Kobe, Japan 1995 Takatori 6.90 19.25 0.32 0.57
22 Nahanni, Canada 1985  Site 2 6.76 6.52 0.40 0.67
23 Nahanni, Canada 1985 Site 1 6.76 6.80 1.16 2.28
24 Northridge, USA 1994 Rinaldi Receiving 6.69 5.41 1.64 1.05
25  Northridge, USA 1994  Arleta-Nordhoff Fire Sta 6.69 8.48 0.75 0.32
26  Northridge, USA 1994 LA Dam 6.69 20.36 1.39 1.23
27  Niigata, Japan 2004 NIGO19 6.63 4.36 1.26 0.80
28  Niigata, Japan 2004 NIG020 6.63 21.52 1.48 0.57
29  Bam, Iran 2003 Bam 6.60 12.59 0.74 0.97
30 Zarand, Iran 2005 Zarand 6.40 16.00 0.31 0.30
31  Imp. Valley, USA 1979 Bonds Corner 6.53 6.19 0.69 0.53
32 Imp. Valley, USA 1979 Calexico Fire Station 6.53 19.44 0.31 0.25
33 Imp. Valley, US 1979 Chihuahua 6.53 24.82 0.17 0.21
34 Christchurch, New 2011 Heathcote Valley Primary 6.20 1.11 1.39 2.18
Zealand School
35  Christchurch, New 2011 LPCC 6.20 4.89 0.65 1.90
Zealand

36  Morgan Hill, USA 1984 Halls Valley 6.19 16.67 0.35 0.21
37  Morgan Hill, USA 1984 Zack Brothers Ranch 6.19 24.55 0.94 0.39
38  Talesh, Iran 1978 Talesh 6.00 15.00 0.23 0.13
39  Parkfield, USA 2004 Parkfield-Stone Corral 1E 6.00 7.17 0.72 0.33
40  Parkfield, USA 2004 Parkfield-Stone Corral 2E 6.00 9.28 0.83 0.72

Structural modeling approaches

In general, most of the current models provided by other
researchers cannot be utilized to predict the accurate
behavior of the RC elements in the presence of vertical

excitations. The main reason is that such models do not
account for important response features, such as the
interaction between shear, flexure and axial forces. One of
the main failure modes of RC columns due to vertical
excitations as mentioned previously is the shear failure in
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Fig. 2 Horizontal and vertical response spectra of the selected ground motions

these members. To include this type of failure in the ana-
Iytical models, some modification should be incorporated
in the modeling approaches. To this end, two nonlinear
simulation platforms; ZEUS-NL (Elnashai et al. 2004) and
OpenSees (McKenna 2014), are used to simulate the seis-
mic response of the reference structures. Fixed-base mod-
els are used in the analysis stage; as a result, soil-structure
foundation interaction is neglected. A leaning column to
account for the P-A effect from loads on the gravity system
is also considered in both platforms.

In ZEUS-NL, the columns are modeled with distributed
nonlinear fiber sections (flexural response) and an NL zero-
length shear spring (shear response) at the end of each
column. The idealization adopted in the first approach

w @ Springer

effectively models reinforcing steel, and unconfined and
confined concrete (Mander et al. 1988). This approach
allows monitoring the stress—strain response at each fiber
over several Gauss sections through the integration of the
nonlinear stress—strain response of different fibers in which
the section is subdivided, as shown in Fig. 5 (shorter fiber-
based elements at the end of the column and longer fiber-
based elements away from the end of the column are used
to capture inelastic flexural response in plastic hinge
zones). This modeling approach reduces the modeling
uncertainty. Material properties used from the large data-
base of ZEUS-NL for including the damage plasticity in
both concrete and reinforcements. “st//” material model is
chosen for reinforcement steel, which is a bilinear elasto-
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Fig. 4 Schematic presentation of the case studies

plastic ideal model with kinematic strain hardening;
“con2” material model is chosen for the concrete, which is
a uniaxial concrete model that includes the confinement
provided by hoops or ties.

To simulate the shear response of the columns Lee and
Elnashai (2001, 2002) developed two shear models: hys-
teretic shear model under constant axial force (Lee and
Elnashai 2001) and hysteretic shear model under axial
force variation (Lee and Elnashai 2002). In case of ver-
tical excitations, as the axial force is not constant, the first
shear model cannot capture the effect of axial force

variation on the seismic response. Figure 6a shows the
envelope curve of the hysteretic shear model under con-
stant axial force, which is defined by a quadrilinear
symmetric relationship comprising cracking, yielding and
ultimate conditions. The response parameters on the curve
are determined by the modified compression field theory
(MCFT) developed by Vecchio and Collins (1986). To
address the effect of varying axial force on the envelope
curve, the basic formulation can be extended and the
curves extracted for multiple levels of axial force, as
shown in Fig. 6b.
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Table 2 Frame element sizes and reinforcements details

Member specifications Reference structures and stories range

20S4B 1554B 12S3B 7S3B
1-5 6-10 11-15 16-20 1-5 6-10 11-15 1-4 5-8 9-12 1-4 5-7
Beam
b (cm) 60 50 45 35 55 45 35 50 40 35 45 35
h (cm) 90 70 60 45 75 60 45 60 50 45 50 45
o1 (%) 2.2 2.2 1.8 1.8 2.0 1.9 1.7 2.0 2.0 1.9 2.2 2.0
¢ (%) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Exterior column
b (cm) 100 80 65 50 85 65 50 65 55 45 50 40
h (cm) 100 80 65 50 85 65 50 65 55 45 50 40
o1 (%) 2.1 1.9 1.9 1.8 2.0 1.8 1.8 2.1 1.8 1.7 1.9 1.8
Py (%) 2.0° 1.4 1.4 1.4 2.0° 1.4 1.4 2.0° 1.4 1.4 2.0° 1.4
1.4 1.4 1.4 1.4
Interior column
b (cm) 120 90 75 60 95 75 55 75 60 50 60 45
h (cm) 120 90 75 60 95 75 55 75 60 50 60 45
o1 (%) 1.8 1.7 1.5 1.5 1.8 1.5 1.5 1.7 1.7 1.6 1.9 1.7
Py (%) 2.0% 1.6 1.6 1.6 2.0% 1.6 1.6 2.0* 1.6 1.6 2.0% 1.6
1.6 1.6 1.6 1.6
# First-story columns only
/ Vertical \
Excitation I Horizontal
Excitation
Confined Unconfined /
concrete conerete  piber Based
Elements \
i \
Longitudinal _|yg NL-Shear
@brcemem [ | [ ]

Spring/

Fig. 5 First modeling approach used in ZEUS-NL

A fully concentrated plasticity (Krawinkler et al. 2004)
approach is utilized in OpenSees to consider both the
flexural and shear behavior of the columns in terms of
vertical excitations. To this end, all the beams, columns
and joints are modeled with NL springs. Beams and joints
are modeled with rotational springs and the columns are
modeled using rotational springs along with a zero-length
shear spring located at one end of the column to consider
the effect of shear failure as shown in Fig. 7. The plastic
hinge behavior of the beam and column elements are cal-
ibrated through the large set of experimental data by
Haselton and Deierlein (2007) and Haselton et al. (2008).

w @ Springer

The hysteretic uniaxial material model monitors the
shear/flexural behavior of the columns. In this model, shear
deformations are simulated using a shear spring, while the
flexural deformations are monitored using beam/column
elements. As illustrated in Fig. 8, the solid line indicates
the total response of the RC column. This line captures the
degrading shear behavior, when the shear strength would
be less than the shear corresponding to the plastic hinges
development. A dashed line is presented in Fig. 8, which
shows the case in which the shear strength is higher than
the shear corresponding to the plastic hinges development
and the model does not capture any shear degradation.
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Fig. 8 Schematic representation of shear springs in series model using hysteretic limit-state material model

Watanabe and Ichinose (1992), Aschheim and Moehle
(1992), Priestley et al. (1994) and Sezen (2002) have
shown that the shear strength in RC elements decays with
increased plastic deformations. Hence, the dashed line
provided in Fig. 8 cannot be realistic and accurate, if the
column yields in flexure close to its estimated shear

strength. The main deficiency of the hysteretic uniaxial
model is that it determines the point of shear failure based
only on the column shear, while it should be determined
based on both force and deformation.

To resolve this problem, the shear load versus deforma-
tion model for the shear spring was developed using the
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existing OpenSees limit-state material model and shear limit
curve developed by Elwood (2004). As shown in Fig. 8, the
shear limit curve is activated and shear failure is initiated
once the column shear demand exceeds the column shear
capacity. In this case, the limit-state material model simu-
lates and captures the RC column response to detect the
possibility of shear failure. To this end, the shear limit curve
is defined according to both the column shear and the total
displacement or drift ratio (Fig. 8). In case the columns are
vulnerable to shear failure after flexural yielding, then the
drift capacity model proposed by Elwood and Moehle (2005)
can be utilized to define the accurate limit curve. Other shear
failure criterion such as plastic rotation at the two ends of the
column is also proposed by LeBorgne (2012).

The beams’ and columns’ moment—rotation behavior is
simulated utilizing an NL hinge model including strength
and stiffness deterioration developed by Ibarra et al. (2005)
and has been used in PEER/ATC (2010) as well. As the
reference structures are code conforming and have ductile
behavior, the peak-oriented model is utilized. This model
combines a post-peak negative stiffness branch of the
backbone curve to capture in-cycle strain softening and a
cyclic model to capture the strength and stiffness deterio-
ration based on the cumulative hysteretic energy dissipated
(Fig. 9). The individual modes of deterioration are descri-
bed briefly below:

Basic strength degradation This mode of deterioration is
defined in a way to show a reduction in the yield strength.
This mode also includes the strain hardening slope degra-
dation. Based on the formulation, the values for positive
and negative directions are defined independently (Fig. 9a).

Post-capping strength degradation 1t is defined by
translating the post-capping branch toward the origin;
however, the branch slope will keep constant and it will
move inward to reduce the reference strength. The process
will be done each time the X axis is crossed (Fig. 9b).

Unloading stiffness degradation This mode of deterio-
ration indicates the reduction in both positive and negative
unloading stiffness. The unloading stiffness (K, ;) in each
cycle depends on the unloading stiffness in the previous
excursion (K, ;1) (Fig. 9c).

Accelerated reloading stiffness degradation This mode
of deterioration escalates the target displacement according
to the loading trend in both positive and negative directions
(Fig. 9d).

For ductile RC frames, beam—column joints are often
modeled with rigid joint zones. However, Shin and LaFave
(2004) argued that the joint regions are not fully rigid and
may experience some shear deformations that can contribute
to global deformation. Therefore, the analytical model must
predict the inelastic behavior of ductile beam—column joints.
In the current study, the pinching material model is utilized
for the joint rotational springs. The modeling parameters of
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the pinching material for ductile exterior and interior beam—
column joints have been calibrated by Jeon (2013) and used
in the modeling procedure (Fig. 10).

Eigenvalue analysis

The detailed analytical models were subjected to eigen-
value analyses to determine the fundamental period of the
structures (Chopra 1995). Zero or small errors for the
horizontal modes imply that distributing the lumped-mass
mesh over beams constitutes no differences, but for the
case of vertical excitation the results show a lot of dis-
crepancies. The vertical and horizontal periods for several
lumped-mass models and a distributed one are calculated
and compared (Fig. 11; Table 3). It is then assumed that if
a simplified lumped-mass model gives very similar natural
mode shapes and vibration periods compared to the dis-
tributed one, this simplified model is reliable to simulate
vertical motions and can be used in the NL-RHA.

Compared to L-Mass 1, L-Mass 2 is much more accu-
rate. However, there are clearly differences in the vertical
periods. L-Mass 3 and L-Mass 4 show both significantly
similar periods in the horizontal and vertical directions.
Even though L-Mass 3 has a coarse lumped-mass approach
compared to the distributed mass model, the eigenvalues of
this model imply very similar tendencies to the exact
solution. As a result, because of the small differences in
L-Mass 3 compared to L-Mass 4 results, L-Mass 3 is the
most simplified lumped-mass model to cover realistic
vertical motion with minimum computational effort and is
implemented in the NL-RHA of the studied structures to
provide fragility curves.

V/H ratio (conventional and proposed approaches)

The current and most common design practice is to take the
V/H spectral ratio as 2/3 as proposed by Newmark et al.
(1973) and is also used by FEMA (Bozorgnia and Camp-
bell 2004). However, this approach is inaccurate for near-
source moderate and large earthquakes (Friedland et al.
1997; Bozorgnia et al. 1999; Bozorgnia and Campbell
2004; Button et al. 2002). To clarify this issue, a large set
of earthquake records were extracted from NGA-WEST2
(Ancheta et al. 2012, 2013; Pacific Earthquake Engineering
Research Center 2015) dataset to compare the peak vertical
to horizontal ground acceleration (V/H ratio) at different
ground motion magnitudes and distances. Figure 12 shows
the detailed comparison. For a better illustration, a linear
trend line is fitted to all data points.

The results indicate that the 2/3 rule is unreasonable and
confirms that the V/H ratio may show significant variations,
which depend on the source and site characteristics and
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Fig. 10 Constitutive pinching material model proposed by Lowes
and Altoontash (2003)

seismic radiation pattern. The shortage of the conventional
V/H calculation methods is that they do not differentiate
the horizontal and vertical frequency content and cannot
include the influence of dynamic properties of the consid-
ered structure. To this end, a new approach is proposed by
the authors, which calculates the V/H based on the domi-
nant vertical and horizontal spectral acceleration of the

studied structures. NGA-WEST2 (Ancheta et al. 2012,
2013; Pacific Earthquake Engineering Research Center
2015) dataset composed of more than 20,000 records is
used to provide reliable calculations. Based on the eigen-
value analyses, the horizontal and vertical dominant peri-
ods of the case studies were evaluated and used to calculate
the vertical to horizontal ratio for each structure exclu-
sively. The benefit of the new approach compared to the
conventional methods is that for each structure with a
specific structural system, the V/H will be calculated based
on its dynamic properties and would be unique. The results
for the new approach are presented in Fig. 13. Red lines
indicate the central 50 % (median), while lower and upper
boundary lines show the 10 and 90 % quantile of the data.
Two vertical lines extend from the central box, indicating
that the data remaining outside the central box extends
maximally to 1.5 times the height of the central box, but
not past the range of the data. The reaming data points
plotted by red markers are the outliers. The given results
show that there is a correlation between the structure’s
height and V/H ratio, and the high-rise RC-MRFs experi-
ence higher levels of seismic vertical excitations. However,
it does not prove that these structures may be more
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Fig. 11 Various lumped-mass
models considered in the

eigenvalue analysis

Table 3 Vertical and horizontal periods of the case studies consid-
ering various mass models

Reference Mass model Horizontal Vertical
structures period (s), Ty, period (s), Ty
7 Story L-Mass 1 0.79 0.36
L-Mass 2 0.79 0.17
L-Mass 3 0.77 0.13
L-Mass 4 0.76 0.12
Distributed mass 0.74 0.11
12 Story L-Mass 1 1.38 0.41
L-Mass 2 1.35 0.22
L-Mass 3 1.35 0.18
L-Mass 4 1.34 0.17
Distributed mass 1.32 0.15
15 Story L-Mass 1 1.81 0.53
L-Mass 2 1.81 0.29
L-Mass 3 1.79 0.22
L-Mass 4 1.78 0.19
Distributed mass 1.78 0.18
20 Story L-Mass 1 2.53 0.67
L-Mass 2 2.51 0.38
L-Mass 3 2.50 0.29
L-Mass 4 2.49 0.27
Distributed mass 2.45 0.24

vulnerable when subjected to multi-component excitations.
A detailed investigation is given in the following sections.

Performance criteria

In this study, interstory drift ratio (IDR) is considered as
the engineering demand parameter (EDP). This is partic-
ularly a suitable choice for RC-MRFs, since it relates the
global response of the structure to joint rotations where
most of the inelastic behavior in the moment-resisting
frames is concentrated.

At the first stage, limit states are considered corre-
sponding to different performance levels as specified in
FEMA 356 (2000). The IDR values of 1, 2 and 4 % are
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used for IO, LS and CP performance levels, respectively. In
the next stage, these performance levels are calibrated and
verified for each reference structure, based on its structural
capacity through nonlinear pushover analysis. The IDR
limit for each individual structure from pushover analysis
combining of the first four natural modal shapes, weighted
by modal mass participation factors, is used for the lateral
load distribution pattern. IDR values corresponding to the
first concrete cracking/steel yielding, concrete strain cor-
responding to maximum confined concrete stress and
maximum confined concrete strain are considered as IO,
LS and CP performance levels, respectively. Table 4 lists
the median capacity values against each performance level
for all buildings. The results show good agreement of the
NL-pushover capacities with FEMA-356 performance
levels.

Besides the limit states mentioned above, the collapse
limit state can be defined on the basis of a different
approach. The onset of ‘collapse’ for a ground motion
record is identified as the point where maximum IDR
response increases ‘drastically’ when the spectral acceler-
ation of the record is increased by a ‘small’ amount
(Vamvatsikos and Cornell 2002). To this end, in the next
stages, incremental dynamic analysis (IDA) is performed
on the reference MRFs and the collapse is defined as the
point of dynamic instability when IDR increases without
bounds for a small increase in the ground motion intensity
for each structure individually.

Proposing an optimum intensity measure
for fragility analysis

The ground motions are characterized by intensity mea-
sures (IMs), and their choice plays a crucial role in the
seismic fragility estimation. An optimal IM is the one that
has good efficiency, sufficiency, practicality, hazard com-
putability and predictability among other characteristics
(Mackie and Stojadinovic 2001; Luco and Cornell 2007;
Giovenale et al. 2004; Padgett et al. 2008). Efficiency
means the ability to accurately predict the response of a
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structure subjected to earthquakes (i.e., small dispersion of
structural response subjected to earthquake ground motions
for a given IM). A sufficient IM is defined as one that
renders structural responses subjected to earthquake ground
motions for a given IM conditionally, independent of other
ground motion properties (i.e., no other ground motion
information is needed to characterize the structural
response). Previous studies have shown that PGA is not an

150 200

250 300 350 400 450 500

Distance(km)

accurate and ideal IM for evaluating the geotechnical
phenomenon, as it cannot consider the ground motion
duration (Kramer et al. 2008). It is found that the fragility
curves based on vector-valued IM are better able to rep-
resent the damage potential of earthquake (Baker 2015).
Thus, an optimized vector-valued intensity measure, which
includes the geometric mean of spectral accelerations over
a range of period, is considered in the current study. The
parameters in the vector-valued intensity measure should
be chosen to convey the most possible information between
the ground motion hazard and the structural response
stages of analysis. This requires identifying parameters that
most affect the structure under consideration.

The adopted IM is a suitable choice, especially for the
high-rise RC-MRFs where the effect of higher modes is
significant. Given that S,(77) has been verified as an
effective predictor of structural response for a wide class of
structures, it will be used as the first element of the vector,
while the effect of higher modes (HM) is considered as the
second parameter (Egs. 1 and 2).

IM(vector) = S,(T) + HM,

‘\(V[Sa(lel) X ... X Sa(kuTl)}
Sa(Tl)

(1)
, (2)

HM =

Table 4 Performance levels
according to FEMA-356 and

Reference structures Immediate occupancy (10)

Life safety (LS)

Collapse prevention (CP)

NL-pushover analysis in terms FEMA-356 Pushover FEMA-356 Pushover FEMA-356  Pushover
of IDR (%)
7S3B 1 0.87 2 2.03 4 3.42
12S3B 1 0.93 2 2.27 4 3.78
15S4B 1 1.12 2 2.29 4 4.08
20S4B 1 1.27 2 2.38 4 4.25
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where the constant k; is chosen to vary between Tj.,/T
and 1, and k, between 1 and T,,,/T, where Ty, and Typp
are, respectively, the lower and the upper period of the
elastic spectrum. It is worth mentioning that k; and k,
values can be optimized for each structure separately based
on its dynamic characteristics using a trial and error
procedure.

An efficient IM reduces the amount of variation in the
estimated demand for a given IM value (Giovenale et al.
2004; Padgett et al. 2008). Employing an efficient IM
yields less dispersion about the estimated median in the
results of the NL-RHA. The comparison of results in terms
of standard deviation for conventional scalar and vector
IMs are illustrated in Fig. 14. In the comparison, S,(T;) is
considered as the most conventional scalar IM, while
[Sa(Ty), Si(T»)/S.(T7)] is considered as a conventional
vector IM.

As can be seen from Fig. 14, S,(T) can be an efficient
predictor for structures with short period, but not for the
structures with medium to large periods. On the other hand,
the vector IM can predict the results in an efficient way for
both short and large period structures; however, the results
have more standard deviations compared to the proposed
IM. In all cases, IM (New) has been more efficient and
sufficient, as it is always associated with small values of
dispersion. The maximum dispersion values are 20, 31 and
50 % for IM (New), IM (Vector) and S,(T), respectively.

Probabilistic demand models

To formulate and correlate the earthquake intensity mea-
sure (IM) to the building-specific demand measure (DM), a
probabilistic seismic demand model (PSDM) should be
developed. Selecting an appropriate pair of IM and DM is a
difficult task, as the PSDM results are practically sufficient
and efficient (Gardoni et al. 2002, 2003). In the current
study, response history analyses (RHAs) are used to

quantify the seismic demand of the reference structures.
The maximum interstory drift ratio (Max IDR) is consid-
ered as a suitable DM, since it is closely related to damage
states of the RC-MRFs. The final results are illustrated in
terms of IDR-IM in Fig. 15, under 40 sets of ground
motions chosen in the previous sections.

NL-incremental dynamic analyses and seismic
fragility estimate

In the fragility estimation process, a suitable analysis
procedure should be implemented. Based on the recom-
mendations provided by Vamvatsikos and Cornell (2002)
and FEMA P-695 (2009), incremental dynamic analysis
(IDA) is recognized as one of the best and most common
procedure, where a suite of earthquake records is scaled
repeatedly to find the intensity measure in which the
structural collapse will occur. In this study to isolate the
effect of each component, horizontal and vertical ground
motions were applied separately and simultaneously.

Using the IDA approach, information about variability
in ground motions can be directly incorporated into the
collapse performance assessment. However, this process
only captures the record-to-record variability and does not
account for how well the nonlinear simulation model
represents the collapse performance of the reference
structures; hence, model uncertainties should also be
accounted in the collapse simulation, which will be dis-
cussed later.

Effect of vertical excitations on the structural
responses (local level)

Seismic performance evaluation of RC structures subjected
to (medium to strong) multi-component ground motions
has some complexities. One of these difficulties is the
increment in axial force variation in RC columns, which
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Fig. 15 Probabilistic seismic demand models for the reference structures

can be superimposed in the overturning forces. Since there
is a direct relation between flexural, shear and axial forces,
the fluctuation in axial force increases the possibility of
shear failure. This is mainly due to the significant variation
in strength and stiffness in the columns caused by vertical
excitation. NL-RHA was performed using the selected
natural horizontal ground motions applied with and without
the vertical component.

Seismic loading may be applied upward as well as
downward, thus subjecting structural members to unac-
counted-for action, if the naturally existing vertical ground
excitations are neglected in the design procedures. Among
the structural members, columns are the most vulnerable and
may be adversely affected, if high compressive forces are
developed or if axial forces change to tension. Sample results
of the effect of vertical ground motions on the first-story
column of the 7S3B reference model are shown in Fig. 16.

Table 5 provides the ratio of the vertical seismic force
(maximum axial force in the column) to axial gravity load
on the column with and without vertical ground motion for
the reference structures for three V/H ratios in the first-
story interior columns. From the obtained results, it is
observed that the effect of vertical ground motion on the
ratio of axial force to gravity load increases significantly
for all the models in the range of 4.19 and 108.59 % with
increase of the V/H ratio.

Another complexity which occurs in the presence of
high vertical forces is the increment in ductility demand
and reduction in ductile capacity; which may result in
extensive damages. The shear capacity may be signifi-
cantly affected by the variation in column axial forces,
which may cause loss or reduction of the axial load
contribution to shear strength. As shown in Fig. 17, the
shear capacity of an interior first-story column in 7S3B

Y
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Fig. 16 Column axial force variation in the presence of vertical ground motion (V/H ratio = 1.5)

Table 5 Averaged ratio of vertical seismic force to gravity load force

for all the structures

Reference  V/ Horizontal ~Combined Increment due to
structure H ratio only (H+V) vertical excitations
(%)
7S3B 1.0 1.53 1.92 25.49
1.5 1.62 2.45 51.23
2.0 1.28 2.67 108.59
12S3B 1.0 1.92 2.18 13.54
1.5 1.68 1.92 14.29
2.0 2.15 2.24 4.19
15S4B 1.0 1.78 2.10 17.98
1.5 1.93 2.19 13.47
2.0 1.67 2.78 66.47
20S4B 1.0 1.78 2.27 27.53
1.5 1.95 2.34 20.00
2.0 2.52 2.95 17.06

frame was calculated using ACI-318 (2011) and ASCE-41
(2013) formulas and compared to shear demand with and
without vertical ground motion. The priority of ASCE-41
(2013) formula over the ACI-318 (2011) formula is that it
is based on the displacement ductility demand, which is
more realistic. It is very evident that in the case of VGM,
the shear demand exceeds the shear capacity. Hence, the

w @ Springer

possibility of shear failure would be increased before the
structure reaches the global collapse state. It is worth
mentioning that similar results are observed for all the
studied MRFs.

Seismic fragility estimation (global level)

For the case of earthquake excitations, a closed-form
solution is not usually available, since there are a large
number of random variables and different probability
density functions associated with these events. To resolve
this problem, the reliability of the structures under these
complex phenomena can be represented using a proba-
bilistic methodology incorporating fragility curves. These
curves define the probability of exceeding a specific dam-
age state subjected to a hazard by a suitable IM.

In this study, following the structural reliability theory
by Ditlevsen and Madsen (1996), the fragility functions are
formulated as in Eq. (3):

F(IM; ) = P[{g(C,IM; ) <O0}[IM]. (3)

Based on the inherent randomness and uncertainty in the
capacity (C), the seismic demand (D) and the limit states, a
closed-form approximation using a log-normal distribution
was proposed by Wen et al. (2004). This fragility formu-
lation is given as:
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where @(.) denotes the standard normal CDF, and yc and
ypimv are the natural logarithm of the median capacity
and demand of the system, respectively, while fc, fpmm
and [y represent the uncertainty in estimating the
capacity, demand and structural modeling. Fragility
estimates for the studied MRFs are obtained using the
IDA results for the optimized HM values and are pre-
sented in Figs. 18 and 19. Both modeling approaches are
included in the fragility estimation and the results show
that two approaches match very well and less than 10 %
dissimilarity was observed in all performance levels. For
a better demonstration of the collapse mode under con-
current horizontal-vertical excitations, the collapse fra-
gility surfaces are plotted in a 3D space as well
(Fig. 20).

10 15 20 25

Time(second)

Based on Figs. 18 and 19, when the vertical component
is coupled with the horizontal excitations, the fragility
results can be changed extensively. The maximum
increase in the structure’s fragility appeared in the CP and
Collapse damage modes. Figure 20 shows the developed
fragility surface based on a vector-valued IM and can be
visualized as fragility curves by projecting the surface
onto the planes. These figures demonstrate the wide
variation between fragility curves based on scalar-valued
intensity measure.

It can be seen in Fig. 20 that there is a discrepancy of up
to 30 % between the curves calculated for various HM
values. The main advantage of these fragility surfaces is
that the variability of structural fragility due to a second
parameter can be accounted for in contrast to when fragility
curves are used. This means that which records should be
used depends on the seismic hazard at the site when scalar-
valued IM [S,(T;)] is used to evaluate the structural
fragility.
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Fig. 18 Fragility curves for intermediate RC-MRFs at the optimal HM

Ignoring the effect of HM will bias the final results. For
example, if the seismic hazard disaggregation suggests that
extreme motions are associated with records having a mean
value of HP of about 0.75, but records are selected with a
mean value of about 0.50, then the S,(7;)-based result will
underestimate the seismic fragility. In other words, the
evaluation of structural fragility by means of vector-valued
IMs reduces the complexity of record selection procedure
based on the seismic environment (i.e., magnitude, dis-
tance, site conditions, etc.).

Collapse performance evaluation

Prior to the development of incremental dynamic anal-
ysis (IDA) and its use in the FEMA P-695 methodology
(2009), accurate modeling of buildings near collapse, in
the negative post-peak response range, was not a high
priority of research. In recent FEMA guidelines (e.g.,
FEMA P-440A 2009; FEMA P-695 2009), sideway
collapse (where collapse is defined based on unrestrained
lateral deformations with an increase in ground motion
intensity) is typically assumed to be the governing col-
lapse mechanism.
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In the current study, important metrics for quantifying
collapse resistance of structures are defined in the previous
section and illustrated in Fig. 21, including the median
collapse capacity and the conditional probability of col-
lapse at an intensity level of interest, the code-defined
maximum considered earthquake (MCE). As the differ-
ences in two modeling approaches were negligible, results
from the ZEUS-NL models which had higher accuracies
are utilized in this section.

The MCE intensities are obtained from the response
spectrum of MCE ground motions (Fig. 3) at the funda-
mental period (7). The ratio between the median collapse
intensity and the MCE intensity is defined as the collapse
margin ratio (CMR), which is the primary parameter used
to characterize the collapse safety of the structure (Eq. 5):

Sa (T1 )@P[Co]lapse]:SO%
Sa (Tl )@MCE

Comparing the intermediate and special MRFs located
in the same hazard region, Fig. 21 indicates that the 20-
and 15-story buildings have better collapse behavior
compared to the 7- and 12-story buildings. The reason for
this behavior is due to the higher ductility level in SMRFs.

CMR =

(5)
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Fig. 19 Fragility curves for special RC-MRFs at the optimal HM

As discussed in Haselton et al. (2008) and FEMA-P695
(2009), the collapse capacity of structures and the calcu-
lated CMR could be strongly influenced by the frequency
content (spectral shape) of the ground motions. Thus, in
FEMA-P695, a spectral shape factor (SSF) is proposed to
modify the CMR values. To this end, adjusted CMR
(ACMR) value for each structure is assessed (Eq. 6):

ACMR = SSFxCMR. (6)

The SSF value for each structure is extracted based on
the fundamental period (7)), period-based ductility (ur)
and the seismic design category from FEMA P-695 docu-
mentation. For seismic performance evaluation of the
studied structures under concurrent horizontal-vertical
excitations, on the basis of the 5 % probability of collapse
under MCE and the composite uncertainty (fror = 0.5) in
collapse capacity, the acceptable ACMR for all building
models takes the value of 2.28 according to FEMA-P695
recommendation. The final acceptance criteria for the ref-
erence structures are reported in Table 6. The results show
the CMR, SSF and ACMR values for each archetypical
design. Later on, the acceptable ACMRs are compared
with the calculated values to see whether the structures
could either pass or fail the criterion.

Focusing on the four reference structures, Table 6
shows that SMRFs have acceptable ACMR, while a
disturbing trend becomes evident for the IMRF

Sa(T1)

buildings. The results show that in terms of coupled
horizontal-vertical excitation, both 7S3B and 12S3B
buildings have unacceptable ACMR, and surprisingly
7S3B would also fail for the horizontal excitation case
while the 12-story frame passed the criteria marginally.
As a result, the IMRFs do not attain the collapse per-
formance required by FEMA P-695 methodology, and
additional design requirement adjustments would be
needed to improve the overall performance. It means
that even the code-conforming design structures with
acceptable level of ductility can be vulnerable to seismic
excitations.

Comparison of the calculated ACMRs in terms of
(H) and (H + V) excitations demonstrates that generally in
all models, the safety margin against collapse reduces by
including the vertical component of earthquake and the
reductions are very remarkable and pronounced. Fortu-
nately, the SMRF models could pass the collapse perfor-
mance criteria for both types of excitation. It shows that
their elements, being controlled by many detailing and
capacity design requirements of the building code, limit
possible failure modes.

Mean annual frequency (MAF) of collapse

Ground motion hazard curves for a typical highly seis-
mic and populated region in the Middle-East is
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Fig. 20 Collapse fragility surface based on vector IM [S,(T;), HM]

illustrated in Fig. 22 at the periods of 0.2, 1 and 3 s, and
the required data at the fundamental period of structures
are interpolated from these values. The buildings are
assumed to be located at a site in Tehran, for which the
hazard curve has been defined through probabilistic
seismic hazard analysis (PSHA) by Gholipour et al.
(2008). Another collapse metric, called the mean annual
frequency (MAF) of collapse, is defined by integrating
the seismic hazard curve and the fragility results. This
metric describes how likely it is for collapses to occur,
considering both the structural collapse capacity and the
ground-shaking hazard in the studied region (Krawinkler
et al. 2004; Liel 2008).

The mean annual frequency of collapse (Acolapse) 18
computed using Eq. (7) (Haselton and Deierlein 2007):

;VC()llapse = /P[SaCOIIapse SdelIM(x)'v (7)

where P[Sacoiiapse < X] is the probability that x exceeds the
collapse capacity (i.e., the probability that the building
collapses when the ground motion intensity is x), and Apy
(x) is the mean annual frequency of the ground motion

intensity exceeding x (i.e., a point on the seismic hazard

* @ Springer

2

12S3B

curve). There are many ways to approximate Eq. (7). A
closed-form solution is used to fit an exponential function
to the hazard curve. To avoid error induced by fitting an
exponential function, the PCHIP (piecewise cubic hermite
interpolating polynomial) procedure is used to interpolate
between the points (MathWorks 2015). In the next stage,
the interpolated curves are implemented to complete the
numerical integration required to evaluate Eq. (7)
(Fig. 23).

Based on the extracted results in Fig. 23, the Aconapse(-
max) 10 the intermediate MRFs are 2.1 x 1075 and
1.86 x 10~* collapse/year for the horizontal and combined
H + V, respectively. However, these values are relatively
smaller for the special MRFs under both types of excita-
tions. The maximum values for the SMRFs are 2.3 x 107°
and 4.5 x 1077 collapse/year for the horizontal and com-
bined H + V, respectively. It is worth mentioning that
these results correspond to collapse return periods of
2475 years. Based on MAF calculation, SMRFs are in a
higher confidence bounds of safety compared to the inter-
mediate moment frames, while the effect of vertical ground
motion is very significant for both groups and cannot be
neglected.
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Fig. 21 Collapse fragility curves for intermediate and special RC-MRFs, illustrating key metrics for collapse performance
Table 6 Summary of final collapse margins and comparison to acceptance criteria
Reference structure SSF Sa(T1) @emcE Loading type Sa(T1) @50%Col. CMR ACMR Acceptance ACMR Performance
7S3B 1.31 1.24 H 1.31 1.06 1.38 2.28 Fail
H+V 0.88 0.71 0.93 2.28 Fail
12S3B 135  0.73 H 1.25 1.71 2.31 2.28 Marginal pass
H+V 0.81 1.11 1.50 2.28 Fail
15S4B 1.61 0.50 H 1.85 3.70 5.96 2.28 Pass
H+V 1.43 2.86 4.60 2.28 Pass
20S4B 1.61 0.37 H 1.91 5.16 8.31 2.28 Pass
H+V 1.76 4.76 7.66 2.28 Pass

Conclusions and recommendations

In this study, the effect of vertical excitations on the seis-
mic performance of intermediate and special RC-MRFs has
been evaluated. It is important to emphasize that the main
objective of this study was not to quantify numerical design
values. The objective was rather to focus on the importance
or otherwise of including vertical ground motion in design
of RC buildings and its impact on the member and the
structure levels. Hence, a large number of NL dynamic

analyses were performed using fiber-based and concen-
trated plasticity approaches. The computational models
were utilized in ZEUS-NL and OpenSees platforms to
compare the results. The VGM was shown to be significant
and should be included in the analysis when the proposed
structure is located within 25 km of a seismic source.
The most important findings are summarized as follows:

e The vertical component of an earthquake tends to
concentrate all its energy content in a narrow band,
unlike the horizontal counterpart. This energy
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concentration can be very destructive for the (mid- and
high)-rise RC-MRFs with vertical periods in the range
of vertical components periods. Extracted ACMR
values and fragility curves proved that the intermediate
RC-MREFs are very vulnerable and need major revision
in their design stage, while the SMRFs can well resist
both horizontal and vertical seismic excitations.

Based on the frequency content of the vertical ground
motion, it can be concluded that structural failure
modes from past earthquakes might be attributed to
underestimating the effect of vertical acceleration in the
design procedures, and there is an urgent need for the
adoption of more realistic vertical spectra in future
version of seismic design codes.

Although the effect of axial force on shear capacity of
the structural elements is an accepted fact and is proved
in the current study, current seismic codes do not have a
consensus on this effect, and different code equations
might lead to different shear capacity estimations. Both
the ACI-318 and ASCE-41 equations captured the shear
strength degradation due to axial force. ASCE equation
predictions could be considered as accurate, because

7S3B & 12S3B
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S
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Fig. 23 MAF of collapse curves for intermediate and special MRFs
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the strength reduction caused by ductility demand could
be more significant than that by tension.

As the V/H ratio increases, more fluctuations can be
observed in the columns axial force. This phenomenon
leads to a significant reduction in the shear capacity in
the range of (15-30) %. This reduction in shear
capacity of the vertical members increases the potential
for shear failure.

Geometric nonlinearities, in terms of the deformed
configuration of the system, do not come into play in
either 10 or LS damaged states of the system. However,
P-A effects due to higher interstory drifts of combined
H + V excitations do influence the response of the
building in the region near collapse and must be taken
into account.

A new vector IM is proposed in the current study to
predict accurate fragility results. One of the main
advantages of the proposed IM is its hazard compat-
ibility, in which a GM prediction model can be easily
developed for the second parameter (HM), implement-
ing the existing attenuation models with an arbitrary set
of periods. In case a probabilistic seismic hazard
analysis (PSHA) would be required, the calculations
can be performed using Ln (HM) as IM in the same
way as any single spectral acceleration value.

The results presented in this study indicate that
coupling horizontal and vertical ground excitations
increases the ductility demand. Therefore, it is highly
suggested that the conventional response spectrum (RS)
be replaced with a multi-component RS in the next
version of seismic design codes. Doing this will
consider the effect of vertical ground excitations on
the enhanced seismic demand and will provide a better
understanding to structural designers.

Taking into account the above observations, the authors

would like to recommend for the next version of seismic
codes to make sure that the structures locate within 25 km
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from the active faults be designed to the combined effect of
horizontal and vertical ground motions.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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