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This paper highlights the difference in the seismic response of 5-storey, 10-storey, and 15-storey steel moment
resisting frame (MRF) buildings of various span lengths (6 m, 7.5 m, 9 m), located on Site class C in Vancouver, B.
C., Canada, resulted under the mega-thrust subduction zone ground motions against crustal ground motions
(GMs). To emphasize on the impact of GM duration on the seismic response of buildings, seven spectrally
equivalent short and long duration record pair sets were selected from ground motion databases and employed in
analyses. Numerical models that account for P-A effects and strength and stiffness degradation of steel MRF
beams were used. Detailed nonlinear dynamic analyses were conducted to assess the collapse safety according to
FEMA P695 (2009) methodology. The results indicated high probability of buildings’ collapse under the long
duration subduction GM suite, with a 38% average reduction in the median collapse capacity. Moreover, tall
MREF buildings designed according to the current building code and steel design standard did not satisfy the
collapse safety criteria when subjected to subduction GMs characterized by significant duration t5.95 > 60 s,
while the middle-rise buildings showed borderline pass. To overcome this drawback, a novel design criterion for
I-shape MRF beams is proposed; hence, selecting MRF beam sections of Class 1 that are able to achieve aggre-
gated fatigue coefficient greater than the proposed limit value, the occurrence of low cycle fatigue of plastic

hinge region of MRF beams is delayed and the collapse safety criterium is achieved.

1. Introduction

Over the past two decades, several studies investigated the effect of
long duration versus short duration ground motions (GMs) on the
seismic response of buildings. Accordingly, GMs used in these studies are
divided into two categories in function of Trifunac and Brandy [1] sig-
nificant duration, ts.gs5, as follow: i) ts.95 < 40 s and ii) ts.95 > 60 s. In
general, GMs characterized by ts.95s < 40 s result from earthquakes of
magnitude 6-7 and GMs characterized by ts.95 > 60 s originate from
large magnitude subduction zone earthquakes of magnitude 8-9 such as
the M,,8.8 Maule earthquake in Chile, 2010, M,,9 Tohoku earthquake in
Japan, 2011, M,9.1, Sumatra earthquake in Indonesia, 2004, etc.
Referring to duration metrics, Chandramohan et al. [2] found that both
significant durations ts5.95 and ts.75 are effective, although the t5.75 was
found to be more robust. Hancock and Bommer [3] concluded that the
relationship between GM duration and building response depends on the
selected duration metrics and structural response parameters. Although
past studies reported that the effect of earthquake’s duration does not
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impact on buildings’ response [4], recent research involving detailed
finite element models highlighted the significant impact of GM duration
on nonlinear responses of buildings [5-8]. To summarize, the GM
duration has no direct effect on damage measure as the peak drift
response, but it contributes to cumulative damage, e.g. cumulative
strain that causes low cycle fatigue. Moreover, the effect of duration on
structural collapse varies as a function of building’s dynamic charac-
teristics (e.g. the first mode period) and structural properties (e.g.
ductility, the accumulated damage caused by strength and stiffness
degradation, etc.) [2]. The adoption of models able to capture degra-
dation of strength and/or stiffness under cyclic loading better empha-
sizes the sensitivity of building’s response to the number of cycles of
motion and implicitly the duration of shaking. Furthermore, structural
systems with high deformation capacity and rapid rates of cyclic dete-
rioration of ductile seismic fuses are the most sensitive to long duration
earthquakes.

A few studies devoted to assess the impact of earthquake duration on
the seismic response of steel frame buildings were recently reported
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[9-12]. Thus, the response of low-rise and middle-rise steel MRFs
buildings subjected to long duration versus short duration GMs showed
considerable reduction of collapse capacity [10]. Specifically, the
reduction of median collapse capacity was up to 40% for MRF models
with beams that exhibit significant cyclic deterioration rates. In addi-
tion, buildings located on the North Pacific coast and particularly those
on Cascadia region (e.g. Vancouver, B.C.) shall be subjected to GMs
selected from both crustal and subduction earthquake sources. Thus, for
a unitary design, similar collapse probabilities shall result under crustal
and subduction GMs [10].

Using the procedure presented in FEMA P-695 [13], Tircaetal. [11]
reported that the 12-storey moderately ductile concentrically braced
frame (MD-CBF) building, located on Site Class C in Victoria, B.C.,
Canada, did not satisfy the collapse safety criteria under subduction GMs
selected from the main-shock M,,9 Tohoku earthquake in Japan as
proxy, but showed sufficient margin safety under crustal records.
Recently, Li et al. [12] investigated the response of CBF buildings in
deep basins during subduction-zone earthquake and reported similar
findings.

All aforementioned studies conveyed that increasing the strength
and stiffness of seismic force resisting systems (SFRS) of buildings
located in subduction-zone earthquake-prone regions will ensure similar
collapse probabilities as those subjected to crustal records, but novel
design criteria are required. In this view, Bravo-Haro and Elghazouli
[10] suggested that simple modification factors for forces and/or target
design spectra could be implemented in building codes to account for
the influence of ground motion duration, but no design methodology
was provided. To overcome this drawback, in this paper, a novel design
criterion for MRF’s beams with I-shape sections is proposed. Thus,
selecting beams’ sections that possess enhanced rotation capacity and
suitable aggregated fatigue coefficient, the failure caused by low cycle
fatigue is delayed and, in consequence, the collapse capacity of buildings
improves.

The aim of this paper is threefold: i) to assess the influence of GM
duration on the seismic response of steel MRF buildings of various span
lengths and heights, ii) to develop a design criterion for I-shape beams of
steel MRF buildings located in subduction-zone earthquake-prone re-
gions in order to provide the same level of confidence for collapse safety
as achieved under crustal records and, iii) to prove the efficiency of
novel design methodology applied to tall MRF buildings subjected to
long duration GMs.

2. Design methodology

As from the above, neither the current design codes [14-16] nor the
performance-based design methodology [17] do account on the GM
duration effects. Subsequently, large magnitude earthquakes (>Mw7.5)
may trigger premature failure of steel buildings; hence, GMs suitable to
hazard intensity and potential earthquake sources are required to
perform numerical analyses [18].

Assuming that similar collapse probabilities should result under both
contributors to seismic hazard (e.g. the crustal and subduction records)
and knowing that the probability of collapse is higher under subduction
than crustal records, herein, a novel design criterion for I-shape beams of
MRFs that aims to increase the building’s margin of safety, expressed by
Eq. (1) from [13], is proposed.

ACMRZ>ACMR W

In Eq. (1), ACMR is the adjusted collapse margin ratio (ACMR =
CMR x SSF) and ACMR;y, is the minimum permissible ACMR corre-
sponding to 10% probability of collapse. The collapse margin ratio,
CMR, is significantly influenced by the frequency content (spectral
shape) of ground motions, while the spectral shape factor (SSF) is
selected from a table from [13]. The SSF parameter is a function of the
first mode period of studied building and of the period-based ductility
factor, pr, here calculated from cyclic pushover analysis [19]. The CMR
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is defined as the ratio of ECT(Tl) to Sa(T1)p.1., where ECT(Tl) is the me-
dian collapse capacity and S,(T1)p.1. is the 2%/50 years design spectral
acceleration ordinate at the first mode period, Ty, of the building. To

calculate the median collapse capacity,§CT(T1), a nonlinear structural
model, able to simulate the nonlinear response from yielding to the
onset of collapse, is required. The ACMR; o, value is selected from tables
provided in [13] and is a function of total system collapse uncertainty,
Brot-

To conduct comparative collapse analyses, the incremental dynamic
analysis (IDA) [20] is employed. Herein, the 5% damped spectral ac-
celeration at the first mode period of building, S,(T1, 5%) is the intensity
measure and the peak interstorey drift among floors is the engineering
demand parameter (EDP) representing the damage measure.

Three performance Limit States defined as: (i) Seismic Reparability
limit state (SR-LS), associated with peak residual interstorey drift of
0.5% times the interstorey height hg [21], (ii) Beam Hinging limit state
(BH-LS), when 0.04 rad. rotation is reached, and (iii) Collapse Preven-
tion limit state (CP-LS) are considered and discussed hereafter. Thus, the
probability that a ground motion with an intensity measure IM = x will
exceed the given performance level, PL, is calculated as:

)|

Br

where @ is the standard normal cumulative distribution function, mg is
the median of the fragility function (i.e. the IM level with 50% proba-
bility of exceeding the given PL), and fg is the logarithmic standard
deviation. It is worth noting that mg and pr parameters, obtained from
dynamic analyses, measure only the record-to-record uncertainty.
Additional sources of uncertainty in estimating capacity are the
epistemic uncertainties [13] which include the design requirements
uncertainty (Bpr), the test data uncertainty (frp), and the modelling
uncertainty (Bvpr). Herein, fpg is related to the completeness and
robustness of design requirements, prp to the completeness and
robustness of the test data used to define the system, and Pypy, to the
accuracy of analysis model and its capability of capturing structural
collapse through direct simulation or non-simulated component checks.
The epistemic uncertainties are included in the fragility curves by
replacing pgr from Eq. (2) with pror, which is the total system collapse
uncertainty parameter expressed as:

P(PLIM =x) = ®

(2)

Bror = \/ﬁi + ﬁ%}k + B%D + BIZ\/IDL 3

To summarize, in regard to CP-LS, the collapse fragility curves are
derived from the collapse data resulted from IDA curves and are defined
by fitting a lognormal distribution function through the data points
which relates the ground motion intensity to the probability of ex-
ceedance of the considered performance level. The lognormal fragility

curve is defined by the median collapse intensity,§CT(T1) corresponding
to 50% probability of exceedance and logarithmic standard deviation
Bror. Adapted from [13], Fig. 1 shows the flowchart for performance
assessment of MRF buildings designed according with the current
building code of Canada [14] and Steel design standard [22]. The figure
also includes the novel approach used to re-design the structural system
if Eq. (1) is not satisfied.

The failure of MRF building is defined at the first occurrence of one of
the following conditions: i) the I-shape MRF beam exhibits 20% strength
loss or its plastic hinge rotation equates the rotation capacity computed
as a function of the rotation at yield 8y as per [23]; ii) MRF column
experiences plastic hinge rotation equal to the limit value given in [23];
and iii) building reaches 8% hs interstorey drift (ISD), which triggers
failure of connections of gravity-load carrying system as per [24]. The
analyses carried out in this research showed that under subduction GMs,
the CP-LS of MRF buildings is associated with MRF’s beams failure
caused by 20% strength loss due to low cycle fatigue, while exhibiting
peak of mean ISD lower than 5% h.
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Re-design system
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Fig. 1. Flowchart for performance assessment of MRF buildings adapted from [13] and a general approach for designing buildings in subduction-zone earthquake-

prone regions.

As presented in [25], the I-shape MRF beams exhibit strength
degradation due to low cycle fatigue, which is simulated by wrapping a
low cycle fatigue material to the parental steel material (Steel02 in
OpenSees [26]) assigned to section’s fibers within the plastic hinge re-
gion. More specifically, the fatigue ductility exponent is m = -0.5,
whereas the fatigue coefficient has a linear variation with a minimum
value gy — €0 min assigned to fibers located at the ends of both left and
right half flanges and a maximum value (egmin + Agg) assigned to
flanges’ fibers located at the intersection of half flanges with the I-sha-
ped web as illustrated in Fig. 1. Herein, the term (eo,min + Ago) is labelled
the aggregated fatigue coefficient. While the egmin is related to the
initiation of local buckling, the term Agg is related to the fatigue
degradation rate of flange fibers and is calculated as:

Lm
L,

byty
Agy = 0.217 — 0.770- + 0.452 de’ +0.902 &)

where, d is the section’s depth, by, ty and A are the width, thickness, and
slenderness of I-shape flange, Ly, is the half wave length of the buckled
flange and Ly is the shear length considered equal to half of the span
length as reported in [25]. It is worth mentioning that the fatigue model
proposed for I-shape MRF beams in [25] was developed in OpenSees
environment [26] and calibrated against several experimental test
results.

To enhance collapse safety, herein, it is proposed to select I-shape
MRF beam sections able to demonstrate increase rotation capacity and a
suitable aggregated fatigue coefficient assigned to flanges of I-shape
section. The proposed design criterion is expressed by Eq. (5) and the
Ago(iim) Vvalue is calibrated hereafter using OpenSees.

()

Aeg2A€(1im)

3. Case studies
3.1. Building matrix and design

The prototypes are steel frame office buildings located in Vancouver,
B.C., Canada, on Site Class C (very dense soil). All case studies have the
same floor area, various heights associated with the 5-storey, 10-storey,
and 15-storey buildings, and three variants of MRF’s span length (L1):
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6.0 m, 7.5 m and 9.0 m, respectively. These buildings are regular in plan
and elevation. The height of ground floor is 4.0 m and that of typical
floor is 3.6 m. The selected steel moment resisting frames have moderate
ductility (MD-MRF); hence, according to [14], the ductility-related (Rq)
and overstrength-related (Ro) force modification factors are Rq = 3.5
and Ry = 1.5, respectively. In the N-S direction, all buildings are braced
by four MD-MRFs of two bays each and in the E-W direction by two
perimeter MD-MRFs of four bays each. The prototype buildings with L,
= 6.0 m, 7.5 m, and 9.0 m were labelled B #1, B #2, and B #3,
respectively. Although the floor area is the same for all buildings, the
floor plan labelled type “A”, that is assigned to B #1 building and
illustrated in Fig. 2a, is slightly different than type “B” assigned to B #2
and B #3 buildings, showed in Fig. 2b. For each building, the Ly and L3
values are provided in Table 1. Considering seismic input along the E-W
direction and the symmetry of MRF A and MRF E with respect to the
center of mass, the numerical model replicates half of building’s floor
area braced by MRF A. Thus, Fig. 3 shows the numerical model of 5-sto-
rey B #1 building. Details related to numerical models are presented
hereafter. For all buildings, the MRFs columns are fixed at the base and
all beam and column members are made of I-shape and wide-flange
sections, respectively, manufactured in accordance with CSA standard
G40-21 grade 350W and labeled W-shape [22]. For steel grade 350 W
the yield strength and tensile strength are Fy = 350 MPa and F, = 450
MPa, respectively. Beams and columns of gravity-load carrying system
are made of W-shape sections; all gravity columns have pinned-base and
are continuous over two storeys, while all beams are pinned at both
ends.

Recent studies have shown that minor to moderate yielding of the
panel zone in properly detailed fully restrained beam-to-column joints of
MRFs leads to suitable seismic performance [27]. Meanwhile, assuring
strong panel zone (e.g. the panel zone with double plate detailing), al-
lows the development of plastic moment in girder [28]. In this study,
MRFs with strong panel zones (double plates are designed and welded to
each column web within the panel zone) are considered.

For Vancouver Site Class C, the design spectrum ordinates S(T,) at
0.2, 0.5, 1.0, 2.0, 5.0 and 10.0 s are 0.84, 0.75, 0.425, 0.257, 0.080 and
0.029g, where g is the gravitational acceleration [14]. It is worth
mentioning that design spectrum is associated with 2% probability of
exceedance in 50 years or 2475 years return period.
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Fig. 2. Plan floor of MRF buildings: (a) type “A” for B #1 (L; = 6.0 m) and (b) type “B” for B #2 (L; = 7.5 m) and B #3 (L; = 9.0 m).

Table 1
Geometry and seismic design characteristics of prototype buildings (E-W).
Building St.  Plan H, Ly Ly Ly W(kN)  1.5T, Vbuilding Increase of V; @ U, Ti(s) Ta(s) Ts(s)
D type (m) (m) (m) (m) ® (kN Notional L. Torsion
(%) (%)
B #1-05 5 A 18.4 6.0 4.5 7.5 25,296 1.13 1940 7.0 % 13.7 % 1.27 1.65 0.55 0.27
B #2-05 5 B 18.4 7.5 7.5 6.0 25,296 1.13 1940 7.0 % 11.5% 1.28 1.70 0.56 0.28
B #3-05 5 B 18.4 9.0 4.5 4.5 25,296 1.13 1940 7.0 % 9.7 % 1.27 1.67 0.52 0.26
B #1-10 10 A 36.4 6.0 4.5 7.5 51,112 1.89 2683 10.3 % 13.7 % 1.34 2.67 0.96 0.54
B #2-10 10 B 36.4 7.5 7.5 6.0 51,112 1.89 2683 10.3 % 11.5% 1.35 2.76 0.99 0.57
B #3-10 10 B 36.4 9.0 4.5 4.5 51,112 1.89 2683 10.3 % 9.7 % 1.35 2.82 0.98 0.55
B #1-15 15 A 54.4 6.0 4.5 7.5 76,929 2.55 3766 11.1 % 13.7 % 1.30 3.19 1.16 0.68
B #2-15 15 B 54.4 7.5 7.5 6.0 76,929 2.55 3766 11.1 % 11.5% 1.33 3.35 1.21 0.71
B #3-15 15 B 54.4 9.0 4.5 4.5 76,929 2.55 3766 11.1 % 9.7 % 1.29 3.54 1.28 0.74
@y, = Vbuilding/2 and is associated with MD-MRF A that laterally sustains 2 floor plan area.
Rigid Link
© (1 ) C) 2x(C4 2x(CH 3xC6) 2xC7) 3xC8) 1.5xCY)

DLmof =3.0 kPa

LL:oor = 1.0 kPa

SL= 1.64kPa

DLﬂoor =3.6 kPa

LLfioor = 2.4 kPa

1 Wall cladding = 1.0 kPa
- - - - - o
H H H H I I I H H I H

(a)

(b)

Fig. 3. Numerical model of 5-storey B #1building (E-W) and gravity loads: (a) Elevation of MRF A and the associated columns for % floor plan area and (b) Dead load

(DL), Live load (LL), and Snow load (SL) values.

Employing the Equivalent Static Force Procedure (ESFP) from [14],
the base shear, V, provided in Eq. (6a), cannot be less than Vi, calcu-
lated for S (2.0) as per Eq. (6b).

S(Ty)MyIeW
V= , (6a)
RqRy
_ S(2.0)MyIgW
Vmin - RdRO (6b)

Herein, Iy is the importance factor for earthquake loads, My is the
higher mode factor, S(T,) is the spectral response acceleration corre-
sponding to fundamental period T,, Rq and Ry were defined above, and
W is the seismic weight of the buildings, including 25% of snow load.
According with [14], the fundamental period of each MD-MRF building
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is computed as: T, = 0.085H>/4, where H, is the total building height.
Employing H, associated with the 5-, 10- and 15-storey building
(Table 1), it results T, = 0.76 s, 1.26 s and 1.70 s, respectively. When
modal response spectrum analysis is considered in design, the building
code [14] allows amplifying T, by a factor of 1.5 which leads to: 1.5T, =
1.13 s, 1.89 s and 2.55 s, respectively. Office buildings are of normal
importance category (Ig = 1) and from S(0.2)/5(5.0) = 10.5 it results My
= 1. The base shear V computed with Eq. (6) corresponds to the entire
building and is given in Table 1 together with the building’s seismic
weight, W.

According to building code [14] and steel design standard [22], the
torsion effect caused by accidental eccentricity, notional lateral loads,
and the P-A effects are also considered in design. Hence, the increase of
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base shear sustained by each MRF (E-W direction) due to notional loads
is in the range of 7-11% and that caused by accidental eccentricity is in
the range of 9.7%-13.7%. In the latter case, the greater increase in shear
occurred in building B #1 with floor plan type “A”, where the MRFs in N-
S direction are closer with respect to the center of rigidity.

The P-A effect is accounted for by multiplying internal forces by the
amplification factor U,, computed with Eq. (7) at each floor i, as pro-
vided below.

Uy =1+ 725‘;2%?“ (@]

Herein, hs = storey height, A¢; = interstorey drift, Cg; is the cumu-
lated compressive force and XV¢; is the sum of shear force in columns at
a given storey i, respectively. It is noted that Cg; is associated with the
gravity component of seismic load combination case (dead load + 0.5
live load + 0.25 snow load). According to [22], the building stiffness is
adequate if Us is lower than 1.4. From response spectrum analysis (RSA)
using ETABS [29], at each floor of each studied building U, resulted <
1.4 (see Table 1); thus, the increase of buildings’ stiffness is not required.

In addition, for buildings of normal importance category, the in-
elastic ISD limit is 2.5% hg [14]. Thus, the inelastic ISD at each floor is
computed by multiplying the elastic ISD, A¢, (e.g. resulted from RSA
using ETABS [29]), with RqR(/Ig. From this estimation, all studied 10-
storey and 15-storey buildings and particularly those with 9.0 m MRF’
span, exhibited at upper floors larger ISDs than the 2.5% hg code limit;
hence, at these floors, the stiffness of MRF’ beams and columns was
increased.

For all studied buildings, in E-W direction, the first three vibration
modes Tj, To, and T3, evaluated from eigenvalue analysis, are reported
in Table 1. Although T; resulted longer than 1.5T, and the base shear
from dynamic analysis, Vy, is slightly lower than V, the design is deemed
acceptable if V4 > 0.8 V, as per the requirements for regular buildings
[14].

3.2. Numerical model

Two-dimensional numerical models were developed for the arche-
type steel frame buildings (E-W) using the open-source simulation
platform OpenSees [26]. Due to building’s symmetry, the numerical
model was developed for half of the building’s floor plan area. The
associated gravity columns are laterally supported by the MD-MRF A
and they are connected by rigid links as plotted in Fig. 3. The P-A effects
are included in the analysis and a 2% Rayleigh damping computed for
the first and third vibration modes was assigned only to members
designed to respond elastically.

Both beams and columns of MD-MRF are modelled using the beam
with finite length hinge elements, labelled beam with hinges in OpenSees.
By definition, the middle segment of the beam with hinges element re-
sponds elastically, while the inelasticity is concentrated in the plastic
hinge segments located at the member’s ends. These hinge segments are
made of Steel02 material and fiber-based cross-sections discretization.
Each flange of the I-shape cross-section is divided into 40 x 4 fibers,
while the web is discretized into 20 fibers. For all the fibers, a strain-
hardening ratio equal to 0.0015 is adopted, whereas the parameters
Ro, cR1 and cRy, which influences the shape of the transition from elastic
to plastic zones, are set equal to 18, 0.925 and 0.25, respectively.
Isotropic hardening is also considered by assigning the following values:
0.022, 1.00, 0.022 and 1.00 to the four parameters aj, a, as and a4 that
are required to define the Steel02 material.

For I-shape beams of MD-MRF, a low cycle fatigue model, presented
in [25], is assigned. Thus, the degradation of stiffness and strength due
to local buckling of I-shaped flanges of MD-MRF beams is simulated by
wrapping the low cycle fatigue material to the parental Steel02 material,
assigned to cross-section fibers within the plastic hinge zones. The low
cycle fatigue material, already implemented in OpenSees, uses an
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accumulative strain model to predict damage of a fiber in accordance
with Miner’s rule:

= i {an((sei,-)) L ®

J=1

where n(g;) is the number of cycles at the strain amplitude &; and N¢(g;) is
the number of cycles that material can sustain at that amplitude. The
relationship between the plastic strain amplitude experienced during
each cycle and the number of cycles to failure is that proposed by Coffin
[30] and Manson [31]. For I-shape MRF beam sections, the fatigue
ductility exponent m is set equal to —0.5 and the fatigue coefficient g,
assigned to flange fibers, has a linear variation from &g — €o min t0 (€0,min
+ Ago) as proposed in [25]. Accordingly, €9 min is related to the initiation
of local buckling, and Ag controls the rate of flange’s fibers degradation
and is calculated as per Eq. (4).

When the damage index, DI, of the first fiber of I-shape flanges within
the length of beam’s plastic hinge zone, reaches unity, the stress of
parental material (Steel02) assigned to that fiber becomes zero. It is
worth noting that the low cycle fatigue material, wrapped to the
parental Steel02 material, does not influence the stress—strain relation-
ship of parental material.

Due to the scarce number of experimental tests carried out on wide-
flange columns subjected to axial force and bending moments, a cali-
brated low cycle fatigue material developed for column members of
MRFs is not available yet. Although the column failure is non-simulated,
the strain developed in fibers of column’s flanges was monitored and
recorded for failure tracking.

Panel zones are simulated according to the parallelogram modelling
approach, i.e. by rigid beam columns elements connected by hinges to
form a rectangle of dimensions equal to the depth of the column times
the depth of the beam. The panel zone shear strength and stiffness are
introduced by a rotational spring in one of the four corners of the rect-
angle as reported in [32].

3.3. Damage index for quantifying the MRFs beam failure

The damage of I-shaped MRF’s beams is quantified by means of a
damage index, DIg, computed for each beam’s section within the plastic
hinge zone. The DIg is the ratio of the number of flanges fibers in which
the Miner’s damage index is equal to one (i.e. the number of fibers
reaching low cycle fatigue) to the entire number of flanges fibers within
a given I-shape cross-section. Hence, under large plastic rotation de-
mands, local buckling of beam’s flanges leads to large strain accumu-
lation that is often followed by low cycle fatigue failure. A value of DIg =
0.375 was demonstrated to correspond to 20% strength loss of bending
moment capacity of a I-shape beam and was proposed in [25] to track
the beam’s failure caused by low cycle fatigue.

The maximum plastic rotations, 6, in beams and columns are
determined from time history analysis. In particular, at each instant of
time ¢, the plastic rotation 6y is calculated as:

000) = [0 - 1| ©

where, y and M are the curvature and the bending moment recorded at
the integration point located at the ends of the member, Ly is the length
of the plastic hinge, I is the moment of inertia of beam or column sec-
tions and E is the elastic modulus of steel. The plastic rotation, 0y
developed in beams and columns is then compared to the limit value of
rotation, Oy, reported in [23] for two limit states: Design Level (D.L.)
and Collapse Prevention (C.P.). A graphical illustration is presented in
Fig. 4, where B}, is expressed as a multiple of chord rotation at yield, 6y,
calculated as per Eq. (10).

MLy,
6EI

Oy (beam) = (10a)
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Beam in flexure

Column in flexure (P/P, < 0.20)
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Column in flexure (0.20 < P/P, < 0.50)
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Fig. 4. Limit values of the plastic rotation (6};y,) in beam and column members according to [23].

M, L, P
ey (column) = 612,1 (1 - P_> (lOb)

y

Herein, 0y is the chord rotation at yield, expressed as a function of the
plastic resistance of the beam’s or column’s section, Mpy; Ly and L are
the length of the beam or column member, respectively, and EI is the
flexural stiffness. For columns, the plastic moment capacity is reduced
by the effect of axial force, P.

Asillustrated in Fig. 4a, the limit values of plastic rotations developed
in beams, O1im (beam) depend on the slenderness of cross-section flanges b/
tr and that of the web h/t,, The limit values of the plastic rotations in
columns, Bjim (column)» Subjected to low (P/Py < 0.2) or moderate (0.2 <P/
Py < 0.5) axial force are reported in Fig. 4b and c. Nevertheless, columns
of MD-MRFs are expected to undergo minor yielding because they are
designed according to the capacity design principles. In the OpenSees
model, the column failure is non-simulated, but the ratio of plastic rota-
tion, Bp] (column), to the rotation at yield, 8y, was recorded for each column
section at each instant of time ¢, while 8pj(column) Wwas computed according
to Eq. (9).

As per [22], the beam-to-column joints of MD-MRF should be able to
develop a minimum drift angle rotation of 0.03 rad., while those of
ductile MRF (Rq = 5, Rp = 1.5) a minimum value of 0.04 rad.

4. Ground motions

The Pacific coast of Canada is prone to crustal and subduction-zone
earthquakes. For Vancouver’s region, the main contributors to seismic
hazard are the moderate to large crustal earthquakes of magnitudes
6.5-7.5 and the Cascadia subduction-zone earthquake with an expected

moment magnitude, My, = 9 and a return period of 500 years [33]. For
simulating buildings responses under subduction-zone ground motions,
the best available proxy are the main-shock records from the M9
Tohoku earthquake in Japan (March 11, 2011) [11,12,34].

Two suites of seven crustal and seven subduction GMs were selected
and scaled to match the 2%/50 years design spectrum (2475 years re-
turn period) for Site Class C in Vancouver, B.C. Although a minimum
number of 11 records per suite is recommended, less than 11 are
accepted if the sum of records from all suites is above to 11 [14]. Thus,
the 7 crustal records of the first suite were selected from earthquake
events of magnitude 6.7-7.3 provided in the PEER, NGA-West2 (West-
ern North America plate) ground motion database (www.ngawest2.beke
lay.edu). The selected records are compatible with Site Class C [14] and
their main properties such as: the total duration t, the significant du-
rations ts.75 and ts.g5, the main period of ground motion, T, and the
shear wave velocity, V30, are reported in Table 2. The NGA in Table 2 is
the record identification from the PEER database. The crustal suite
representing short duration ground motions has a geometric mean ts_y5
of 5.97 s and a geometric mean of significant duration, t5.95 of 11.8 s.

For suite #2, the S1-S5 long duration GMs are from the main-shock,
M9 Tohoku earthquake in Japan (2011), selected from the K-NET
database (https://www.kyoshin.bosai.go.jp/), and the S6-S7 records
(TAL-T and CONT-T) are from the M,8.8 Maule earthquake in Chile
(2010) and were selected from [35] and www://terremotos.ing.uchile.
cl/.

All subduction records are characterized by shear wave velocity V3o
compatible with very dense soil (Site Class C as per [14]) and significant
duration t5.95 > 60 s. From Table 2 it can be seen that the mean of t5.95
duration of subduction records is about 10 times larger than that of

Table 2

Ground motions.
ID NGA Event Station tiot (5) Tm () ts.75 (s) ts.95 (8) V30 (m/s)
Suite #1 — Crustal ground motions
Cl #776Y 1989 Loma Prieta Hollister - South & Pine 60.00 0.91 10.7 28.8 282
c2 #796 1989 Loma Prieta SF-Presidio 40.00 0.84 3.0 8.7 594
Cc3 #963" 1994, Northridge Castaic, Old Ridge Route 40.00 0.54 3.9 9.1 450
C4 #986" 1994, Northridge LA - Brentwood VA Hospital 28.74 0.63 6.3 10.8 417
C5 #1006 1994 Northridge LA - UCLA Grounds 60.00 0.34 5.8 11.3 398
Cc6 #1039V 1994 Northridge Moorpark - Fire Sta 40.00 0.47 7.7 14.2 342
Cc7 #1049V 1994 Northridge Pacific Palisades-Sunset 25.00 0.34 6.0 10.3 242
Suite #2 — Subduction ground motions
S1 #1082 Tohoku FKS020NS 300.0 0.52 79.7 116.9 468
S2 #111? Tohoku FKSH16EW2 300.0 0.41 77.2 97.9 532
S3 - Tohoku FKSOOSEW 300.0 0.32 66.0 92.7 469
S4 - Tohoku FKSO10EW 300.0 0.27 46.3 66.2 409
S5 - Tohoku MYGO004 300.0 0.26 56.6 84.7 430
S6 Ref [35] 2010 Chile TAL-T 148.0 0.33 51.7 71.9 640
S7 Ref [35] 2010 Chile CONT-T 143.3 0.50 32.4 65.2 340

Y record identification from the PEER databasewww.ngawest2.bekelay.edu.

2 NGA as in reference [2]. S1-S5 records are from databasehttp://https://www.kyoshin.bosai.go.jp/.
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crustal records.

To examine the effect of ground motion duration on the collapse
capacities of prototype steel buildings, according to [2], these records
were selected with matching spectral shapes, although two crustal re-
cords (C1 and C7) correspond to Site Class D. Another challenging in the
selection of 7 spectrally equivalent short and long duration record pair
sets was the matching of design spectrum for Vancouver within the
period of interest 0.15 T; — 2 Ty, where T; is the first mode period of
each building, provided in Table 1. In Fig. 5, the 2%/50 years design
spectrum is shown by a black line, the scaled acceleration response
spectrum of each GM within the suite is plotted in grey, and the mean
response spectrum of crustal records, as well as, subduction records are
plotted by a red line (Fig. 5a) and a blue line (Fig. 5b), respectively.
Because the GM scaling depends on the building first mode period Ty,
Fig. 5a and b illustrates the scaled response spectrum of selected records
used as input for the 5-, 10-, and 15-storey B #2 buildings. In addition, in
Fig. 5c are provided the mean of spectrally equivalent short and long
duration GM suite against the design spectrum.

Comparatively, the characteristics of subduction versus crustal re-
cords vary in terms of significant duration and energy content.

5. Seismic response of studied buildings at design level

All case studies are analyzed under earthquake loads applied in the
E-W direction. The numerical model shown in Fig. 3 is used and the
recorded engineering demand parameters (EDPs) are: the interstorey
drifts, ISD, residual interstorey drifts, RISD, and floor accelerations, FA.
Firstly, all buildings were subjected to nonlinear response history
analysis (NRHA) under both GM suites scaled to match the design
spectrum computed for 2%/50 yrs. probability of exceedance [14].
Then, to analyze the response beyond D.L., Incremental dynamic

5-storey buildings
4.0

10-storey buildings
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analysis was applied [20].

Fig. 6 shows the seismic responses of all nine case studies, expressed
in terms of median value of selected EDPs. Different colors such as blue,
black, and red are used to identify buildings with a given MRF’s span
length, L; = 6.0 m, 7.5 m and 9.0 m, respectively. The dashed line
represents the response of buildings under crustal GMs, while the solid
lines depict the responses under subduction GMs.

With the exception of upper floors of 5-storey building with MRF’s
span, L; = 9.0 m, all case studies subjected to crustal records exhibited
median ISDs less than 2.5% hg code limit (Fig. 6). However, the 10-storey
B #2 and B #3 buildings and the 15-storey B #3 building subjected to
subduction GMs exhibited about 10% larger median ISDs than the code
limit. Hence, this tendency rises with the increase of building’s height
and/or MRF’s span length. It is worth mentioning that the mean spec-
trum of 5-storey buildings almost overlaps the design spectrum over the
period of interest 0.15 T; — 2 T;, whereas the mean spectrum of 10-sto-
rey and 15-storey buildings (Fig. 5) shows spectral amplitudes larger
than those of design spectrum, especially for periods shorter than 1.5 s,
which leads to higher modes excitations. Nonetheless, the selected
crustal and subduction GMs are spectrally matching and the same over-
excitement in terms of drift response is expected under both suites.
Instead, drifts are larger under subduction records. This difference in
responses is explained by the coupling of higher mode excitations with
the early strength degradation caused by the long duration effect.

At D.L., all studied buildings but two, i.e. the 10-storey B #1 and B
#2 buildings subjected to crustal records, show the median RISDs less
than 0.5% hs. Although buildings with RISD < 1.0% hg are considered
safe after an earthquake event, they are not economic suited for repar-
ability if RISD exceeds 0.5% hs [21]. The median values of floor accel-
erations under both GM suites are almost constant in elevation.
However, under subduction records, the median FA is about 150%

15-storey buildings
4.0

ST

(a) ind. record
30 + 3.0 4 3.0 4 — mean spectrum of
- crustal GMs
20 4 — design spectrum
1.0
Tl,#z-ls
; 0.0 —f—+— —H— T
6.0 00 10 20 30 40 50 60
4.0
ind. record
3.0 1 — mean spectrum of
subduction GMs
20 4 — design spectrum
1.0 Tl,#2—15
i 0.0 — =
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Fig. 5. Scaled GMs for studied buildings: (a) crustal GMs, (b) subduction GMs, (c) mean of spectrally equivalent short and long duration record pairs against

design spectrum.

2104



M. Bosco and L. Tirca

Structures 48 (2023) 2098-2115

— —L=6.0, suite #] —— L;=6.0,suite #2 ~— —L;=7.5, suite #] —— L;= 7.5, suite #2 — —L;=9.0, suite #1 —— L;=9.0, suite #2
B I ] T T > T
q>_) 4+ T 5 4+ _E,_ I Q 4+ m~
Q34 : = 3 4l ! S 34 4l
7 2T ; z 2 bt 521 U,
s 1 [ 8 11 [ g 17 —
a 0 e @ 0 — @ 0 —
0.0% 1.0% 2.0% 3.0% 4.0% 0.0% 0.5% 1.0% 1.5% 00 05 1.0 1.5 20
10 10 10
9 T 9 9 T+
8 T 8 & T
s 77T s 7 s 77T
5 6T & 6 5 6T
= 5+ - 5 = 5+
B4t ] 2 4 5 o4
g 3+ \ g 3 S 37
w2t | »n 2 v 2t
1+ | 1 1+
0 —t 0 : 1 : 0 —t—
0.0% 1.0% 2.0% 3.0% 4.0% 0. 1.0% 1.5% 00 05
15 15 15
14 + 14 14 +
13 + 13 13 +
12 + 12 12 +
11+ %(1) 11 +
< 10 T ] o 10 T
g 9+ g 9 5 91
3 8T = 8 = 8t
g 17 7 57T
8 6T g 6 g 67T
a5 @2 5 w5t
4 + 4 4 +
3+ 3 3+
2+ 2 2 +
1+ 1 1+
0 0 - 1 1 1 0 —t—
0.0% 0.0% 0.5% 1.0% 1.5% 00 05
d 0 a[g]

(@

(b)

(©

Fig. 6. Seismic response (D.L.) of 5-, 10-, and 15-storey buildings under both suites of GMs expressed in terms of median EDPs: (a) ISD (8), (b) RISD (5,), and (c)

FA (a).

larger than FA values resulted under crustal records.

The seismic response of MD-MRF members under GMs scaled to D.L.
is also determined in terms of height wise distribution of: (i) maximum
rotations at beams ends and (ii) plastic rotations in beams and columns
normalized with respect to the chord rotation at yield as per Eq. (10).

For MRF beams, the median rotation computed at each floor level of
case studies under each GM suite, is plotted in Fig. 7a. Then, according
to [23], the normalized median plastic rotation with respect to the
rotation at yield, Oy, is plotted in Fig. 7b. In all case studies, the
normalized axial force, P/Py, computed for the perimeter MD-MRF’s
columns is always lower than 0.2. In addition, as shown in Fig. 7c,
negligible yielding occurs in MD-MRF columns (6,,1/8y < 1.0). As shown
in Fig. 7a, the MD-MRF beams experienced at D.L. a maximum rotation
of about 0.025 rad. and the beam’s plastic hinge rotations increase for
tall buildings under subduction records.

6. Seismic performance
6.1. Incremental dynamic analyses

To assess the seismic performance of studied buildings braced by
perimeter MD-MRFs (E-W), the incremental dynamic analysis (IDA) is
applied. Accordingly, each IDA curve is computed for an individual GM
and each point on the IDA curve represents the selected EDP (e.g. peak
ISD among floors) plotted against an intensity measure (e.g. spectral
ordinate corresponding to the building’s first mode period S,(T7)).

The IDA curves computed for the 5-storey buildings subjected to both
GM suites are shown by black lines in Fig. 8. Similarly, the IDA curves
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resulted for the 10-storey and 15-storey buildings are plotted in Figs. 9
and 10, respectively. In Figs. 8-10, the red line denotes the median
response of IDA curves under each GM suite. On each IDA curve, the
black and yellow triangles pinpoint the achievement of a peak RISD of &,
= 1.0% hg and 0.5% hs, respectively, and the blue diamond indicates
when the first MD-MRF’s beam reached 0.04 rad. rotation. The red dot
shows the intensity when the first MD-MRF beam exhibits failure. Thus,
the beam failure is triggered by either i) the achievement of DIg = 0.375
which is associated with 20% loss of flexural strength capacity, or ii) the
attainment of plastic rotation equal to 86y, as per [23], which one comes
first i) or ii). The green square pinpoints the first MD-MRF column
failure. It is worth mentioning that no low cycle fatigue model was
assigned to perimeter MRF’s columns. However, at each time instance,
the plastic rotation was monitored. As summarized in Fig. 4 adapted
from [23], the failure of column was considered when the maximum
plastic rotation equates 80y, because the axial load on these columns is
low (P/Py < 0.20). Subsequently, the effect of cyclic loading was also
taken into account by monitoring the cumulative plastic rotation
generated in each column, ) 0, under the excitations of some of the
records. Then, the column axial shortening was calculated according to
[36]. Nevertheless, for studied buildings braced by perimeter MRFs, the
axial shortening of columns was less critical than the achievement of
O1im = 86y proposed in [23]. In addition, the grey circle in Figs. 8-10
identifies the failure of connections of gravity-load carrying system
associated with the achievement of 8% hg ISD [24] and the white square
shows the CP-LS that is either associated to the achievement of beam
failure; column failure, or connections failure of gravity-load carrying
system, which one occurs first. It is worth mentioning that the failure of
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Fig. 7. Seismic response (D.L.) of 5-, 10-, and 15-storey buildings under both suites of GMs expressed in terms of: (a) median rotation in MRF beams, (b) normalized
median plastic rotation with respect to rotation at yield in MRF beams, (c) normalized median plastic rotation with respect to rotation at yield in MRF columns.
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Fig. 8. IDA curves of 5-storey buildings under: (a) crustal GMs and (b) subduction GMs.
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Fig. 10. IDA curves of 15-storey buildings under: (a) crustal GMs and (b) subduction GMs.

a beam of MD-MRF does not mean the building’s failure; however, the
building is in the verge of global instability and imminent partial or
global collapse under small increase in intensity demand. To capture the
IDA trend beyond the CP-LS, each IDA curve is projected by a light grey
segment until numerical instability occurs. In addition, in Figs. 8-10, a
vertical dashed line marks the code-drift limit of 2.5% hs and two hor-
izontal dashed lines show the spectral acceleration corresponding to D.L.
and its amplified value when shear caused by torsion due to accidental
eccentricity is accounted.

As depicted, MD-MRF column failure occurs prior to beam failure
under GM #1006 and in some cases (e.g. tall structures with L; = 9.0 m),
under GM #963. A detailed illustration of failure exhibited by the 2nd
floor column of B #2-10 building under crustal GM #1006 is shown in
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Fig. 11. Thus, at time sequence t = 9.1 s the maximum plastic rotation
reached 80y; then, a sudden jump of compression strain of the outermost
compression flange’s fiber of column section was recorded.

To avoid the MD-MRF’s columns failure, a commonly adopted so-
lution in North America is to change the boundary conditions at the
column base [37].

The main findings resulted from IDA curves of studied buildings are
as follow:

e On average, the studied buildings show twice median collapse ca-
pacity intensity under crustal than subduction GMs, which trigger
strain accumulation in MRF’s beams sections and in consequence low
cycle fatigue followed by early collapse (DIs = 0.375).
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Fig. 11. Response at failure of 2nd floor MD-MRF column of B #2-10 building under crustal GM #1006: (a)-(b) hysteresis response in terms of moment vs normalized
rotation and moment vs rotation, respectively, and (c) time-history series of tensile and compressive strain recorded in the outermost fibers of column section.

e The 5-storey buildings subjected to crustal GM suite exhibited a
median RISD of 0.5% hs while undergoing 2.9% — 4.0% h; median
ISDs. For 10-storey and 15-storey buildings, the associated median
ISDs dropped to 2.3%-2.9% hs. Similarly, the 10-storey and 15-sto-
rey buildings subjected to subduction GM suite exhibited 0.5% hg
median RISD while undergoing 2.7% — 3.5% h; median IDs; how-
ever, in the case of 5-storey buildings, the value of ISDs increases to
3.6% — 3.8% hs. Thus, the occurrence of 0.5% hg RISD slightly de-
pends on the building’s height and the MRF’s span length.

e At CP-LS, the ISDs of studied buildings resulted under crustal GMs

are about two times larger than those that occur under subduction

GMs. Specifically, tall buildings and/or those with lower MD-MRF

beam’s span subjected to subduction GMs, experience CP-LS at

lower ISDs.

The occurrence of 0.04 rad. plastic rotation recorded in MD-MRF’s

beams is associated with the median ISD of about 4.0% hs and me-

dian RISD>1.0% h; for tall buildings. According to [22], the beam-
to-column joints of MD-MRFs need to develop a minimum drift
angle rotation of 0.03 rad., which reported to case studies is linked to

3.0% hg median ISD and about 0.5% hs median RISD. In [38] it is

noted that severely buckled beam flanges are more difficult to repair

than the fractured beam connections. Thus, the Seismic Reparability
limit state (SR-LS) associated to 0.5% hg RISD or lower value, is
recommended as critical.

Under subduction records, the CP-LS is always associated with the

MD-MRF beam’s failure caused by 20% loss of its flexural strength

(DIs 0.375), rather than column’s failure. Meanwhile, the

maximum plastic rotations developed in MD-MRF’s beams and col-

umns are lower than the limit values given in [23]. It is worth
mentioning that under subduction records, the CP-LS is associated
with RISD ranging from 0.5% hs to 1.0% hs.

Under crustal ground motions, the CP-LS is allied in general with

MD-MRF beam’s failure caused by the achievement of maximum

plastic rotation (6, = 86y) as per [23], while the DIs is less than

0.375. This is explained by the reduced number of cycles of crustal

GMs and the requirement of large ISDs demand needed to build up

the strain in beams’ sections. Only in case of GM #1039 and in some

other few cases, it was found that DIg = 0.375 and 0y, = 86y were

achieved in MD-MRF’s beams almost simultaneously. In case of 5-

storey buildings with large MD-MRF’s span length, the achieve-

ment of 8% hs ISD that tracks the failure of gravity-load carrying
system’s connections occurs before the failure of MD-MRF beams.

6.2. Fragility curves

To build fragility functions using Eq. (2), data from IDA curves is
employed. To evaluate the record-to-record uncertainty, fgr, Eq. (11)
that maps the spectral acceleration at the first mode period of studied
building, S,(T7), and the corresponding peak ISD is used.
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B = a S (T)) € (11)

In Eq. (11), € is a lognormal random variable with median 1.0 and
logarithmic standard deviation oy, that depicts the uncertainty pg. The
parameters a, b, and € were determined by regression of Indp,x versus
InS,(T1), as depicted in Fig. 12, where data is provided for B #1 building
of 5-, 10- and 15-storey height subjected to both crustal and subduction
GM suites. To calculate the total collapse uncertainty, pror, Eq. (3) is
used and the following assumptions in accordance with [13] are made:
Bpr = 0.1 (“A-Superior” quality), frp = 0.2 (“B-Good” quality) and fmpr,
= 0.2 (“B-Good” quality). The values of pBror are listed in Table 3. In all
cases, pror resulted lower than 0.5, which is the maximum value given
in [13].

Fragility curves are determined with reference to the defined limit
states associated to earthquake induced damage. Herein, the limit states
of interest are: SR-LS associated with the peak RISD of 0.5% hg, the MD-
MRF beam hinging limit state (BH-LS) defined when the 0.04 rad.
rotation is reached, and the CP-LS defined for the first achievement of
either the beam failure (DIs = 0.375 or 8] = 6)i), column failure (8, =
61im) or connection failure of gravity-load carrying system (ISD = 8% hy).
The fragility functions obtained for all case studies at defined limit states
are shown in Fig. 13. Among the six curves, the dashed and solid lines
refer to seismic response under crustal and subduction records, respec-
tively. Moreover, the grey lines with triangles report the fragility curves
corresponding to the achievement of SR-LS, the blue lines with di-
amonds refer to BH-LS, and the black lines with squares refer to CP-LS.

According to Fig. 13, the probability of occurrence of SR-LS before
design level is less than 50% in case of low-rise buildings, whereas is >
50% for the 10-storey and 15-storey buildings subjected to both GM
suites. The probability of occurrence of BH-LS at design level intensity is
always lower than 20%. The analysis of fragility curves at CP-LS shows
that, for a given spectral acceleration value, the probability of exceed-
ance of the considered limit state is significantly higher when subduc-
tion records are considered. In particular, the ratios of the median
spectral acceleration at the achievement of the CP-LS under subduction
records to the corresponding value resulted under crustal records ranges
from 0.44 to 0.79, where the lowest ratio corresponds to 15-storey B #3
building.

6.3. Assessment of collapse safety

The assessment of collapse safety of case studies subjected to both
suites of GMs is determined according to the procedure presented in
FEMA P-695 [13], where the following parameters are required: (i) the
collapse margin ratio (CMR), (ii) the spectral shape factor (SSF), and (iii)
the adjusted collapse margin ratio (ACMR = CMR x SSF). To check the
collapse safety criteria, Eq. (1) shall be satisfied. The value of So(T1)p 1., as
well as, the period-based ductility factor, pr, and the spectral shape factor
are provided in Tables 4. In this study, for CMR calculation, the S;(T1)p 1.
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Fig. 12. Regression analysis for estimating the record-to-record uncertainty for B #1-05, B #1-10 and B #1-15 buildings under: (a) crustal GMs, and (b) sub-

duction GMs.

Table 3
Total uncertainty parameter pror.

GMs 5-storey building 10-storey building 15-storey building

B #1-05 B #2-05 B #3-05 B #1-10 B #2-10 B #3-10 B #1-15 B #2-15 B #3-15
Suite #1 GMs 0.361 0.361 0.355 0.340 0.344 0.351 0.362 0.352 0.359
Suite #2 GMs 0.320 0.326 0.332 0.377 0.377 0.354 0.350 0.352 0.379

associated to each case study is amplified to account on shear caused by
torsion due to accidental eccentricity and is labelled S;(T1)p 1... It is worth
mentioning that torsion was considered in preliminary design. To assess
the period-based ductility factor, Eq. (12) is employed, where &, is the
roof displacement corresponding to 20% strength loss and Sy is the
effective yield roof displacement resulted from Eq. (13).

6“

6y,eff

Pr = (12)

Vmax
w

Byeii = Co (L)max(Td; )’

4x? as

In the above equation, Vi,x/W is the maximum base shear recorded
from analysis normalized to the building weight and Cy is the modal
participation factor.

To compute pt, a cyclic pushover analysis according to the SAC
loading protocol was adopted [19]. Hence, lateral forces were distrib-
uted proportional to the shape of the first mode of vibration of building
and incrementally applied using the cyclic pushover analysis until a
predetermined top displacement is attained. The cyclic pushover anal-
ysis is enveloped and the roof displacement value &, corresponding to
20% strength loss is determined. As an example, the normalized cyclic
base shear and the corresponding envelope are plotted in Fig. 14 as a
function of the roof displacement normalized to 8y eff, which resulted for
the 5-storey B #1 and 15-storey B #3 buildings. The value of pr, ob-
tained for all case studies, varies from 3.49 (B #3-15) to 4.78 (B #1-05),
as reported in Table 4.

The obtained values of median collapse capacity intensity §CT(T1)
and those of CMR, SSF, ACMR, and ACMR;qy, are also provided in
Table 4. Results indicated a higher probability of collapse for long
duration GM suite, with an average reduction of 38% in the median
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collapse capacity which is similar to the value predicted in [10]. When
crustal GMs are considered, all studied buildings pass the collapse
acceptance criteria ACMR > ACMR;qy. Instead, all 15-storey buildings
subjected to subduction GMs fail to fulfil the collapse margin of safety;
hence, the long duration subduction GMs significantly affects the
collapse safety of tall buildings.

6.4. Mean annual frequency of exceedance of CP-LS

Following the approach reported in [39], the mean annual frequency
of exceedance of CP-LS, (Acp), is calculated as:

}‘fCP:/ PCP(S)'
0

where, pcp (s) is the fragility curve at the CP-LS and Js(s) is the mean
seismic hazard curve.

The hazard curves for Vancouver, B.C. were derived using data
provided in the following website: https://www.earthquakescanada.nrc
an.gc.ca/. In particular, the website also provides the pseudo accelera-
tions at 9 periods (e.g. 0.05, 0.10, 0.20, 0.30, 0.50, 1.0, 2.0, 5.0 and 10.0
s) and the hazard for 2%, 5%, 10% and 40% probability of exceedance in
50 years. First, the pseudo acceleration corresponding to the first mode
period of vibration of each studied building is determined by linear
interpolation for each available probability of exceedance of the seismic
events. Second, a quadratic function is calibrated in a logarithmic space
to match the relationship between the seismic hazard and pseudo ac-
celeration as per Eq. (15):

dXS (S)
ds

14

ds = chp(si)m;li\
i-1

As(S.) = koexp( — kiIn S, — kyIn’S,) 15)


https://www.earthquakescanada.nrcan.gc.ca/
https://www.earthquakescanada.nrcan.gc.ca/
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Fig. 13. Fragility curves associated with SR-LS, BH-LS, and CP-LS of buildings: (a) B #1 (L; = 6.0 m); (b) B #2 (L; = 7.5 m); (c¢) B #3 (L; = 9.0 m).

Table 4
Parameters for collapse safety assessment of studied MRF buildings.

Building ID 5-storey Buildings 10-storey Buildings 15-storey Buildings

B #1-05 B #2-05 B #3-05 B #1-10 B #2-10 B #3-10 B #1-15 B #2-15 B #3-15
Sa(T1)pr. 0.38g 0.36 g 0.36 g 027 g 0.26 g 0.25g 0.23g 0.22¢g 0.20g
HT 4.78 4.58 4.624 3.74 3.61 3.53 3.66 3.57 3.49
SSF 1.277 1.270 1.272 1.240 1.234 1.231 1.236 1.233 1.230
Crustal GMs
§CT(T1) 1.00g 1.01g 1.07 g 0.50 g 0.54¢g 0.52¢g 043 g 044 g 0.45¢g
CMR 2.621 2.778 2.923 1.842 2.078 2.096 1.825 2.003 2.239
ACMR 3.348 3.529 3.717 2.284 2.564 2.581 2.257 2.470 2.753
ACMR g9, 1.591 1.593 1.580 1.551 1.559 1.572 1.593 1.573 1.588
ACMR/ACMR; gy, 2.105 2.216 2.353 1.473 1.645 1.642 1.416 1.570 1.734
Check Pass Pass Pass Pass Pass Pass Pass Pass Pass
Subduction GMs
§CT(T1) 0.53¢g 0.68 g 059¢g 0.34¢g 0.39¢g 043 ¢g 025¢g 021g 0.20¢g
CMR 1.390 1.889 1.624 1.265 1.519 1.730 1.047 0.959 0.985
ACMR 1.776 2.399 2.065 1.568 1.875 2.130 1.295 1.182 1.212
ACMR; o 1.509 1.521 1.535 1.623 1.625 1.579 1.571 1.574 1.627
ACMR/ACMR gy, 1.177 1.577 1.346 0.966 1.154 1.349 0.824 0.751 0.745
Check Pass Pass Pass Borderline Pass Pass Fail Fail Fail
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Fig. 14. Cyclic pushover for estimating the period-based ductility factor pr: (a) 5-storey B #1 building; (b) 15-storey B #3 building.

where the coefficients ko, k1 and ky are determined to minimize the
distance between the values of annual frequency of exceedance corre-
sponding to the aforementioned probabilities (i.e. 0.0004, 0.0010,
0.0021 and 0.0102) and the corresponding points in the analytical
curve. As an example, the obtained hazard curve for T; = 3.35 s
(building B #2-15) is plotted in Fig. 15a. Instead, the mean annual
frequencies of exceedance obtained for all studied buildings under
crustal (grey bars) and subduction records (black bars) are reported in
Fig. 15b. Thus, the mean annual frequency of exceedance of CP-LS of
case studies subjected to crustal GMs is in the range from 0.028 x 103
(5-storey buildings) to 0.10 x 102 (15-storey buildings). Instead, when
subduction records are used as seismic input (black bars), the mean
annual frequency of exceedance of CP-LS is in the range from 0.072 x
1073 to 0.427 x 1072,

7. Development of novel design criterion for I-shape MRF beams
of buildings under long duration earthquakes

Tall MD-MREF buildings, designed according to the current code [14]
and steel design standard [22], are not able to satisfy the collapse safety
criteria under long duration subduction GMs. In addition, the building
code [14] does not provide height limits for MRFs, as it does for other
structural systems. To overcome this drawback, a novel design criterion
for I-shape MRF beams is proposed; thus, to delay the effect of low cycle
fatigue, the I-shape sections of MRF’s beams shall satisfy Eq. (5).

To calibrate the value of Aggim), a parametric analysis is carried out.
Hence, using Eq. (4), the fatigue degradation rate coefficient Agy is first
calculated for all MD-MRF’s beam sections of 15-storey buildings.
Although all I-shape MD-MRF beam sections are Class 1, Agg ranges from
0.022 to 0.142, where the minimum and maximum Ag, value resulted
for the W530x66 beam of 9.0 m span (L; = 9.0 m and the shear length is
Ly = 4.5 m) and W610x140 beam of 6.0 m span (L; = 6.0 m and Ly =
3.0 m), respectively. The W530x74 beam section of B #1-15 building

(a) 0.5 T
04 £
2 03 L
S 2%/50
~ r ears
o 02 T o/ DUy
5%/50 years
0.1 +
10%/50 years 40%
0.0 e

1.0E-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01
annual frequency of exceedance

(b)

(L1 = 6.0 m and Ly = 3.0 m) is characterized by Aey = 0.082, which is an
intermediate value.

To analyze the nonlinear response of these three MD-MRF beams that
show the minimum, intermediate, and maximum Ag value, firstly, for
these selected specimens, numerical cantilever beam models were built
and the quasi-static cyclic SAC displacement loading protocol [40] was
applied. It is noted that the displacement loading protocol consists of
sets of 6 cycles at 8 = 0.00375, 0.005, and 0.0075 rad., respectively, 4
cycles at 6 = 0.01 rad. and sets of 2 cycles at 6 = 0.015, and 0.02 rad.
Then, increments of 6 = 0.01 rad., with two cycles of loading at each
step, were applied up to the achievement of & = 0.07 rad. The hysteresis
response of each of these specimens under the loading protocol defined
above is plotted in Fig. 16 in terms of chord rotation vs bending moments
normalized with respect to the maximum value reached in the analyses
(Mnax), where M,y ranges from 1.12 M, to 1.15 M, and M}, = plastic
bending moment. In Fig. 16a-c, the envelope curve is reported by a red
line, and the red dot pinpoints the achievement of 20% strength loss.

Secondly, based on the envelope curve, the cyclic rotation associated
to 20% strength loss is labeled 0ggy, and the related rotation capacity
Rgoy, is determined from Eq. (16).

Ryor, = (B30 — 0,) /6,

For the three specimens characterized by Agy = 0.022, 0.085, and
0.142, it results Rggy, = 4.25, 6.80, and 8.57, respectively. The analysis
carried out highlights that the rotation capacity Rgoy, of specimen with
minimum Agg value (Agg = 0.022) is significantly lower than that ex-
pected according to [23]. To further explore this finding, cantilever
models are considered for all I-shape MD-MRF beam section of 15-storey
buildings. Then, the relationship between the rotation capacity associ-
ated with 20% strength loss, Rgoy, and the associated Agg value is pro-
vided in Fig. 17, where a different color is used to highlight the dots
representing the three I-shape beam sections previously selected.

Analysing the relationship between Rggoo, and Agg plotted in Fig. 17,

(16)

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

of exceedance x 107

Mean annual frequency

B#2-05
B#3-05
B#1-10
B#2-10
B#3-10
B#1-15
B#2-15
B#3-15

Ya)
<
—
BiS
m

Fig. 15. (a) Hazard curve of building B #2-15 and (b) mean annual frequency of exceedance of CP-LS of case studies under crustal (white bars) and subduction

(black bars) GMs.
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Fig. 17. Relationship between the rotation capacity Rgoo, and Agg of I-shape MD-MRF beams of 15-storey buildings and the recommended Agqgqim) value.

it results that any Agg value lower than Agg(jim) = 0.053 associated with
Rgoy, =5.5, leads to early initiation of strength degradation caused by
low cycle fatigue. Thus, it is expected that applying the novel design
criterion for I-shape MRF beam sections, as expressed by Eq. (5), the rate
of degradation due to low cycle fatigue is delayed and the collapse safety
of tall buildings is improved.

8. Seismic response of re-designed 15-st. MRF buildings in
subduction-zone earthquake-prone regions using the novel
design criterion

All 15-storey MD-MRF buildings are re-designed by replacing the I-
shape MRF beam sections that do not comply with the proposed design
criterion Agg > Agggim), With sections of equivalent strength. A com-
parison of I-shape MD-MRF beam sections selected before and after the
application of proposed design criterion is shown in tables provided in
the Appendix. Slight increase of some MD-MRF columns sections was
required to satisfy the capacity design principle. However, as proved by
the comparison of first mode period of vibration, T, of the initial versus
the re-designed 15-storey buildings (Table 5), the difference is less than
1%,; thus, the slight increase in stiffness and consequently in structure’s

cost is negligible.

From NRHA conducted for the re-designed 15-storey buildings under
subduction GMs scaled to match the design spectrum (D.L.), Fig. 18
shows that the peak of median ISD is within the 2.5% hg code limit [14],
the peak of median RISD is less than 0.5% hs and the peak of median FA
is around 1.5 g. Despite of MRF’s span length, the three 15-storey
buildings show similar peak ISD values, RISD values and plastic rota-
tion responses. Meanwhile, the maximum plastic hinge rotation in
beams is less than 0.03 rad. and the normalized plastic rotations with
respect to the rotation at yield (8p/0y) plotted for MRF’s beams and
columns in Fig. 18c and d, respectively, are within the recommended
limit according to [23].

To assess the collapse safety of re-designed 15-storey MD-MRF
buildings subjected to subduction GMs, the same methodology pre-
sented above was used. The IDA curves and the fragility functions are
plotted in Fig. 19. The parameters marked on IDA curves are: the
attainment of 0.5% hs RISD, the development of 0.04 rad. rotation in
MD-MRF beams and the beam failure. It is worth mentioning that in 65%
of cases analyzed under subduction GMs, the CP-LS is governed by
failure of MD-MRF beams caused by low cycle fatigue. In the other cases,
failure of MD-MRF beams occurs due to the achievement of a plastic

Table 5
Geometry and seismic design characteristics of re-designed 15-storey buildings (E-W).
Building ID St. Plan type H, (m) L (m) Ly (m) L3 (m) W (kN) 1.5T, (s) V (kN) Increase of V;® U, Ty (s) Ty (s) T (s)
Not. L. (%) Torsion (%)
B #1-15 15 A 54.4 6.0 4.5 7.5 76,929 2.55 3766 111 % 13.7 % 1.35 3.18 1.16 0.68
B #2-15 15 B 54.4 7.5 7.5 6.0 76,929 2.55 3766 11.1 % 11.5% 1.37 3.32 1.19 0.71
B #3-15 15 B 54.4 9.0 4.5 4.5 76,929 2.55 3766 11.1 % 9.7 % 1.28 3.49 1.25 0.74

@ gee note (a) in Table 1.
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Fig. 18. Seismic response of re-designed 15-storey buildings under subduction GMs
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Fig. 19. Nonlinear response from yielding to failure of re-designed 15-storey buildings under subduction GM suite: (a) IDA curves and (b) Fragility curves.

rotation equal to Olimpeam) [23]. Employing the novel design criterion
for MD-MRF beams sections, it resulted that DIs = 0.375 occurred in
beams slightly after D.L. and in most of the cases after the development
of 0.04 rad. rotation in beams.

Analysing data resulted from the IDA curves presented in Fig. 19 and
employing the procedure given in [13], the computed parameters
required to verify the collapse safety criteria are provided in Table 6. All

the re-designed buildings pass the collapse acceptance criteria ACMR >
ACMR; 056

Finally, the mean annual frequency of exceedance of CP-LS is re-
calculated for the three redesigned 15-storey buildings. The obtained
values are 0.130 x 1073, 0.120 x 107> and 0.10 x 1072 for buildings B
#1-15, B #2-15 and B #3-15, respectively. The comparison of these
values with the corresponding values reported in Fig. 15 highlights the

Table 6

Parameters for collapse safety assessment of re-designed 15-st. buildings under suite #2 GMs.
Building ID pr So(T1 oL §CT(T1> CMR ACMR Bror ACMR g9, ACMR/ACMR1 gy Check
B #1-15 3.61 0.233 g 0.38¢g 1.640 2.025 0.366 1.602 1.26 Pass
B #2-15 3.58 0.216 g 0.38¢g 1.739 2.144 0.345 1.561 1.37 Pass
B #3-15 3.52 0.204 g 0.38¢g 1.834 2.257 0.363 1.595 1.41 Pass
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significant reduction in the mean annual frequency of exceedance of the
given limit state due to the adoption of proposed design criterion.

Thus, the proposed methodology for designing tall MRF buildings in
subduction-zone earthquake-prone regions was demonstrated to be
efficient and costly effective.

9. Conclusions

This paper examined the effect of ground motion duration on the
seismic response of 5-, 10- and 15-storey steel MD-MRF buildings, where
the MRF’s span length varies from 6.0 m to 7.5 m and 9.0 m, respec-
tively. All buildings were located in Vancouver B.C., Canada; hence, in
the proximity of Cascadia subduction-zone. In total, nine case studies
were examined under 7 spectrally equivalent pairs of short and long
duration records. Detailed models of studied buildings were developed
in the OpenSees environment. These models, accounting on P-A effects,
were able to simulate the cyclic degradation of I-shape MRF beam
members by assigning a low cycle fatigue model to section fibers within
the plastic zone region. The MRF’s columns were closely monitored in
terms of plastic hinge rotation and strain recorded in the outermost
tensile and compression flanges fibers of their section within the plastic
zone region.

From IDA curves it resulted that on average, all studied buildings
show almost twice median collapse capacity under crustal than sub-
duction GMs. Under several subduction GMs, the CP-LS of 10- and 15-
storey buildings occurs before or right after design level demand. In
general, the CP-LS resulted under subduction GMs is associated with
MRF’s beam failure caused by 20% loss strength (DIs = 0.375).
Conversely, under crustal GMs, the CP-LS is generally governed by
beam’s failure caused by the achievement of plastic rotation 6p) = Bjim,
where 0}, = 86y [23]. Meanwhile, the DIs is less than 0.375. This is
explained by the reduced number of cycles of crustal GMs and the
requirement of large ISDs demand to build up the strain in beams’
sections.

Thus, the long duration GMs, characterized by ts.g5 > 60 s, exerted a
significant influence on collapse capacity of steel buildings and showed
the inadequacy of seismic code procedures, developed to account for
short duration GMs effects. In consequence, the 15-storey buildings do

Appendix
Table Al
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not pass the collapse safety criteria and the 10-storey buildings show
borderline pass.

To account for the long duration effect of GMs in design, a novel
design criterion applied to the selection of I-shape MRF beam sections is
proposed. Thus, to delay the degradation rate of beams strength during
the cyclic loading, it was concluded that the fatigue degradation rate
coefficient, Agy, which depends on the cross-section geometry and the
shear length, should be greater than Aeyqim). Then, a relationship be-
tween Aggp and Rggy, was identified and used to propose Aggim) = 0.053,
where Rggq, is the beam’s rotation capacity associated with 20% strength
loss.

Numerical analyses carried out for the re-designed 15-storey build-
ings subjected to a suite of long duration ground motions showed that
after a proper selection of I-shape MRF beams section according to the
novel design criterion Agy > Aggqim), all buildings passed the collapse
safety criteria. The failure of MRF beams caused by low cycle fatigue
occurred after they experienced 0.04 rad. rotation. In addition, it was
emphasized that the proposed design criterion for I-shape MRF beams
does not require an increase in structural costs because the first mode
period of re-designed building is only 1% smaller than that associated to
initial design.

In general, the mean annual frequency of exceedance of CP-LS is
larger for tall buildings (e.g. 15-storey) than for low-rise buildings (e.g.
5-storey), as well as, for buildings subjected to subduction GMs (e.g.
0.427 x 1073 for 15-storey building) versus crustal GMs (e.g. 0.10 x
1072 for 15-storey building). When the proposed design criterion is
considered to redesign the 15 storey buildings, a significant drop in the
mean annual frequency of exceedance of CP-LS resulted (e.g. 0.130 x
10™3) under subduction GMs.

To prove the efficiency of novel design criterion for I-shape MRF
beams more applications should be carried out.
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MD-MRF beams of 15-st. buildings designed according to current steel design standard.

Building B #1-15

Building B #2-15

Building B #3-15

Storey Beam Section Agg 0y rad. Beam Section Agg 6y rad. Beam Section Agg 6y rad.
15 W460X52 0.046 0.0089 W460X52 0.035 0.0110 W530X66 0.022 0.0115
14 W460X74 0.078 0.0086 W530X74 0.069 0.0095 W530X85 0.100 0.0112
13 W530X92 0.079 0.0074 W530X92 0.064 0.0092 W530X92 0.053 0.0111
11-12 W610X101 0.051 0.0066 W610X101 0.036 0.0082 W610X101 0.025 0.0098
10 W610X113 0.091 0.0065 W610X113 0.074 0.0081 W610X113 0.063 0.0097
9 W610X125 0.119 0.0064 W610X125 0.101 0.0080 W610X125 0.089 0.0096
7-8 W610X140 0.142 0.0064 W610X140 0.124 0.0080 W610X140 0.112 0.0096
4-6 W690X140 0.095 0.0058 W690X140 0.077 0.0072 W690X140 0.064 0.0087
1-3 W760x161 0.089 0.0053 W760x161 0.071 0.0066 W760x161 0.058 0.0079
Table A2
MD-MRF beams of 15-storey buildings selected as per the proposed design criterion.
Building B #1-15 Building B #2-15 Building B #3-15
Storey Beam Section Agg 6y rad. Beam Section Agg 6y rad. Beam Section Agg 6Oy rad.
15 W460X60 0.094 0.0087 W460X60 0.082 0.0182 W530X74 0.061 0.0114
14 W460X74 0.078 0.0086 W530X74 0.069 0.0095 W530X85 0.100 0.0112
13 W530X92 0.079 0.0074 W530X92 0.064 0.0092 W530X92 0.053 0.0111
12 W530X92 0.079 0.0074 W610X113 0.074 0.0081 W610X113 0.063 0.0097
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Table A2 (continued)

Structures 48 (2023) 2098-2115

Building B #1-15

Building B #2-15

Building B #3-15

10-11 W610X113 0.091 0.0065 W610X113 0.074 0.0081 W610X113 0.063 0.0097
9 W610X125 0.119 0.0064 W610X125 0.101 0.0080 W610X125 0.089 0.0096
7-8 W610X140 0.142 0.0064 W610X140 0.124 0.0080 W610X140 0.112 0.0096
4-6 W690X140 0.095 0.0058 W690X140 0.077 0.0072 W690X140 0.064 0.0087
1-3 W760x161 0.089 0.0053 W760x161 0.071 0.0066 W760x161 0.058 0.0079
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