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Abstract

This study proposes a method to explicitly account for ground motion duration
in seismic design by modifying structural deformation capacity. An equation is
presented to adjust the design drift limit prescribed in the New Zealand standard
NZS1170.5, based on the anticipated reduction in structural deformation capacity
for ground motion durations longer than a critical value. The proposed relation-
ship is used to derive designs corresponding to three duration targets each for two

case-study steel moment frame buildings - a 4-storey and a 12-storey, located on
Funding information

QuakeCoRE a site in Nelson, New Zealand. Hazard-consistent collapse risk assessment of the

design versions is conducted using a structural reliability framework employing
incremental dynamic analysis. Results indicate that buildings designed for lower
drift limits have a lower mean annual frequency of collapse. The application of
the proposed method is found to reduce the variation in the collapse risk of steel
frame buildings designed for different duration targets, compared to the exist-
ing approach. The method proposed in this study is simple and easy for practical
applications and can be modified for other design codes and a range of structural

typologies.
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1 | INTRODUCTION

Current seismic codes around the world employ a uniform-risk spectrum' or uniform-hazard spectrum” based approach
for structural design. Although the modern code-specified response spectra, generally derived through probabilistic seis-
mic hazard analysis (PSHA), are used to estimate the mean intensity and frequency content of the anticipated ground
motions for a given return period at a particular site, they ignore the information regarding the duration of the shaking.
The value of strong-motion duration or significant duration, also derived through PSHA, has been shown to affect struc-
tural collapse fragility and, as a result, collapse risk®°; this effect, however, is currently not explicitly accounted for in the
design process. In the last decade while the number of studies demonstrating the relevance of incorporating duration in
structural design has been large, studies proposing adequate methods to do so have been limited. Initial attempts explored
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the concept of using the distribution of secondary intensity measures, such as duration, conditional on commonly used
primary intensity measures of spectral response to complement hazard curves.” More recently, Chandramohan et al.* and
Liel et al.® derived methods to account for the mean duration hazard at a site by proportionally adjusting the design inten-
sity level. As these studies were focused on the design practice in the USA, their proposed approach is limited to similar
design codes that are based around a collapse limit state and cannot necessarily be used for other codes, such as the New
Zealand seismic design standard, NZS 1170.5.” Recent studies by the authors have made the case to potentially incorporate
the “duration” factor in design by adjusting the dependable deformation capacities of structures as an alternative approach
that can be more widely applied across different design codes.”'” This study makes use of the findings of these studies to
derive such a method.

There is an abundance of evidence in the literature now to confirm that the collapse risk of modern code-based struc-
tures is affected by ground motion characteristics other than spectral acceleration at the fundamental period, namely,
spectral shape and duration (e.g., [11-14]). Chandramohan'? showed through the nonlinear analyses of 51 ductile rein-
forced concrete (RC) frames that the variation in spectral acceleration at collapse can be up to over 80% controlled by
these two parameters. This phenomenon leads to a non-uniform risk amongst structures designed using the same code
but for different sites and the risk is more likely to exceed the acceptable levels where ground motions of long durations
and flat spectral shapes are experienced. For example, the mean annual frequency of collapse of a modern RC frame in
Eugene and Seattle were found to be around 60% and 30% underestimated, respectively, when hazard-consistent(HC)
ground motions are not employed in collapse risk assessment; the two sites have significant hazard contribution from
large magnitude interface earthquakes."! The higher collapse risk from such events also leads to significant increases in
the predicted economic seismic losses." This study focusses on the inclusion of only the “duration” characteristic in seis-
mic design and spectral shape is considered out of scope. Recent studies by the authors on steel and RC moment frames
found that as ground motion duration increases, not only do structures tend to collapse at lower intensities but also at
smaller deformations.”!” The deformations associated with collapse, termed as dynamic deformation capacity (DDC),
were found to be around 25% lower under a long duration set as compared to a spectrally equivalent short duration set for
both kinds of frames.

NZS 1170.5 aims to implicitly consider the higher damage potential from long duration shaking for short period struc-
tures (0.0-0.5 s) only by using a “magnitude-weighting” approach where earthquakes of magnitude M less than 7.5 are
given a lower weighting.” Tarbali and Bradley,'® however, demonstrated that this approach of implicit consideration of
duration and cumulative effects via causal parameters such as magnitude is not reliable. Similar to the methods proposed
by Chandramohan'? and Liel et al.,® there can be a few potential avenues to explicitly incorporate the effect of duration in
structural design by adjusting the design parameters of strength, ductility or deformation limits. This study explores one
of these avenues and employs the relationship between DDC and the 5%-75% significant duration, Dss_5s,'” to propose a
simple method to account for the mean duration of ground motions anticipated at a site in NZS 1170.5 by modifying the
deformation capacity of the structure. The benefits of the proposed method are expected to be uniform and acceptable
levels of collapse risk for structures designed at sites experiencing different duration ground motions. This is verified by
conducting HC collapse risk assessments of two case-study steel moment frames designed for a site in Nelson and their
collapse risk compared for structural designs with and without duration considerations.

2 | PROPOSED METHOD TO INCORPORATE “DURATION” IN NZS 1170.5

Section 7.5 of NZS 1170.5, the New Zealand standard for earthquake actions in structural design, provides a design storey
drift limit at the ultimate limit state (ULS) level, 8y, of 2.5%. This study proposes to reduce 8y, ¢ for sites with median
Dss_;5 > 55 using Equation (1) and Figure 1 to explicitly compensate for the effect of duration.

2.5%, if Ds5_75 < 58
OuLs =

e—O.lS(lnDs5,75)—3.448’ if DS5_75 > 5g (1)
where e is the natural exponent and approximately equals to 2.72. Dss_,5 here refers to the median Dss_,5 of ground
motions anticipated at the site, conditional on the 10% in 50 year exceedance probability of spectral acceleration,
Sa(T1,5%).

The key steps of the proposed method to explicitly account for ground motion duration in NZS 1170.5 are summarised
in Figure 2. For the application of the method in practice, the median Dss_-s target for the site should be readily available
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FIGURE 1 Proposed relationship to modify 6,5 based on the median Dss_,5 target for site, as per Equation (1).
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FIGURE 2 Summary of the proposed method to explicitly account for ground motion duration in NZS 1170.5.

to designers. Although duration targets are not currently provided in the design code, introduction of Dss_-s hazard maps
and tables for sites in NZ through a future amendment of NZS 1170.5 could be an easy way to provide the required Dss_-5
targets to practitioners. Chandramohan et al."' described a procedure based on the generalised conditional intensity mea-
sure framework'® to compute probability distributions of the durations of ground motions anticipated at a site, conditional
on the exceedence levels of S,(T, 5%). These values for the main population centres in New Zealand were presented in
Chandramohan et al.,"” although they are expected to be updated in the near future with the revision of the New Zealand
National Seismic Hazard Model.

2.1 | Derivation of the proposed method

Unlike the US code - ASCE 7-16,2° NZS 1170.5 is not based around a collapse limit state and rather on the ULS, which
is verified for earthquake motions with a return period of 500-years (typically) or more (for regions of low seismicity).>
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This, however, does not imply that internationally acceptable levels of collapse and fatality risks are not satisfied by NZS
1170.5 based designs. Instead, it expects to meet those levels by achieving a adequately low level of collapse risk at the ULS.
This comes through “a high degree of reliability of achieving the strength and ductility values that are assumed” and are
expected to be maintained at sufficient levels at higher intensities. Therefore, as explicit collapse design criteria do not
exist in NZS 1170.5, the modifications to control the collapse risk in the existing guidelines are introduced at the ULS level
in this study.

The effect of duration on peak structural response metrics (for e.g., peak drift, peak acceleration, peak force/moment
demands) is not evident at the ULS level intensities.'”?"?> For example, only one out of nine steel frames analysed in
Bhanu et al.,'” was observed to have significantly larger drifts under long duration records as compared to short duration
ones at ULS level. Duration does, however, affect cumulative demands such as hysteretic energy dissipated, cumula-
tive inelastic strains, damage indices, and so forth. [21, 22]. The larger cumulative demands under long duration records
lead to a higher strength and stiffness degradation, ultimately causing a full strength loss at relatively lower drifts and
intensities.”!%-?? Therefore, even though structural systems are not observed to be affected by duration at the design level,
their reduced deformation capacity or ductility under long duration records creates a lower margin of safety against
collapse. The aim of this study is to propose a method to also bring that safety margin to code-intended levels for sites
expecting long duration motions.

In Bhanu et al.? and Bhanu et al.,'? the authors evaluated the DDC of 10 RC and 9 steel moment frames respectively,
under 838 ground motions of varying duration in the range 1 s < Ds5_,5 < 80s. The DDC of a structure is the largest storey
drift demand that could be sustained without collapsing during incremental dynamic analysis.>* The DDC of the moment
frame buildings analysed in Bhanu et al.” and Bhanu et al.'’ was found to reduce with increasing Dss_-5 following a
bilinear trend described by Equation (2).

co+E€, if DSs_7s < D
InpDC =4 e )
a(InDss_75) + ¢y +€, if DSs_75 > D,

where ¢, ¢1, and a are regression coefficients, and € is the residual error term. a represents the slope of the trend in DDC
with Dss_s. D,. is the critical duration value below which duration is not expected to influence DDC.

A study on SDOF systems with IMK peak-oriented and bilinear hysteretic models®* also found DDC to follow a similar
bilinear trend with Dss_,5.>> Based on the regression analysis done on the DDC data for RC frames, steel frames and SDOF
systems in [9, 10, 25], D, = 5 s is considered to be an appropriate choice.

Section 7.5 of NZS 1170.5 provides a uniform design storey drift limit at the ULS level, 815, of 2.5%. As discussed above,
although code-based designs are, on average, not expected to exceed this limit under long duration records at intensities
corresponding to the design response spectrum, they have a higher risk of collapse due to their lower apparent DDC.
The relationship presented in Equation (3) is proposed in this study to explicitly compensate for this effect of duration by
adjusting 8;;; 5 based on the median Dss_;5 of ground motions anticipated at the site. Dss_5 is chosen to be the duration
metric based on the suggestions of Chandramohan et al.*, which found it to be well correlated to structural response.
Equation (3) is based on the DDC versus Dss_5 relationship observed in the previous studies by the authors.”!” The
hypothesis that reducing the design storey drift limit will result in a reduction in the collapse risk is based on the findings
of previous studies such as Gokkaya et al.”® and Koopaee.”’ Further, it is assumed here that reducing ;15 by the same
degree as DDC is found to reduce with Ds5_,5 will result in uniform levels of collapse risk for the designs. In general, it is
believed that reducing 6;;; s requires stronger and stiffer members in the design, which will have a higher hysteretic energy
dissipation capacity and therefore reduced effects of cyclic degradation. Designs with lower 6y;; 5 are, as a result, expected
to have higher DDC and reduced collapse risk. These assumption are supported by intuition and verified by the analyses
conducted by the authors. It should also be noted that based on the variability observed in the effect of duration on DDC
and collapse risk over a range of frames in the previous studies, the proposed method is unlikely to achieve exactly the
same level of collapse risk for designs corresponding to different Dss_,s targets. Nonetheless, the method is expected to
reduce the variation in collapse risk amongst such designs and is a step in the right direction as shown later in this paper.

In 2.5%, if DSS_75 <5s
In QULS = (3)

a(ln Dss_v5) + ¢y, if Dss_75 > 58

where coefficient a represents the slope of the relationship and c; is a function of a as shown in Equation (4). Dss_75
here refers to the median Ds5_-5 of ground motions anticipated at the site, conditional on the 10% in 50 year exceedance
probability of spectral acceleration, S,(T1, 5%).
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TABLE 1 Source-specific conditional median target Dss_-5 values for Nelson and their corresponding percentage contributions to the
total seismic hazard from each type of seismic source (indicated in parentheses), conditional on the 10% in 50-year exceedance probability of
S, (T, 5%) for a range of periods, T. The weighted averages are computed in logarithmic space.'.

Median target Ds;_,; for Nelson

Crustal Interface Intraslab Weighted
T(s) earthquakes earthquakes earthquakes average
0.5 6.3 s (44%) 22.25(25%) 7.45 (31%) 9.1s
1.0 8.1s (46%) 23.6 s (47%) 8.9 (7%) 135s
2.0 10.2 s (29%) 23.9 5 (60%) 10.2 s (11%) 17.0s
3.0 12.3 s (41%) 24.3 s (56%) 10.9 s (3%) 17.9 s
¢y =In25%—aln5s 4)

a for RC frames analysed in Bhanu et al.” was recorded in the range —0.08 < a < —0.21 with a mean of —0.15. The
range of a recorded for steel frames was relatively wider, —0.06 < a < —0.31, with a mean of —0.19.'° For SDOF systems
a was recorded, on average, to be —0.13 for both bilinear and peak-oriented hysteresis over a wide range of periods T,
0.5s < T < 4s.> Considering these results and the investigations conducted by the authors, a is initially proposed to be
—0.15 for both steel and RC moment frame buildings; the validity of the value of a is tested in the next section of this paper
when the proposed method is applied to case-study designs. Hence, the preliminary relationship proposed to adjust 8¢
is presented in Equation (1) and Figure 1.

3 | APPLICATION OF THE PROPOSED METHOD TO CASE-STUDY STEEL FRAMES
3.1 | Case-study frames and designs

Two ductile steel moment resisting frame buildings, a 4-storey (NEL04) and a 12-storey (NEL12) building, designed for
a site in Nelson (NZ), are used to demonstrate the application and benefits of the proposed method to explicitly account
for the Dss_-5 hazard. Nelson’s seismic hazard has a significant (up to 60%) contribution from large-magnitude interface
events leading to a noticeably higher median Dss_,5 value as compared to many other major population centres in New
Zealand and therefore, is considered to be an appropriate example of location where the effect of duration can signifi-
cantly affect structural performance.'” The source-specific conditional median target Dss_-s values for Nelson and their
corresponding percentage contributions to the total seismic hazard from each type of seismic source, conditional on the
10% in 50 year exceedance probability of S,(T, 5%), were obtained from Chandramohan et al.'” and are summarised in
Table 1. The median Dss_55 targets for Nelson, as observed from Table 1, imply that 8¢, ¢ should be reduced at the design
stage to compensate for the increased collapse risk from long duration records.

The considered frames were originally designed by Yeow et al.”® as per the NZS 1170 series” and NZS 3404%° for a site
belonging to site class D in Christchurch, NZ. Given the similar ’Z’ factors for Christchurch (0.30) and Nelson (0.27),
the designs were slightly modified to be used as case-study buildings for site class D in Nelson. Both frames have storey
heights of 4.5 m at the ground floor and 3.6 m on all other floors. The 4-storey and 12-storey frames have three and four
bays, respectively, with bay widths of 8.0 m each. The frames were designed with a ductility factor, u, of 3.0; they were
provided with reduced beam sections (RBS) and expected to meet modern capacity design requirements. The fundamental
period of vibration, T;, for NEL04 and NELI2 are computed to be 1.2 and 2.2 s, respectively, from eigenvalue analysis.

Two versions are carried out for the design of each frame: (i) original design (OD) and (ii) target design (TD). OD is the
baseline design for a site in Nelson as per the current NZS 1170.5 guidelines, with 87 g 0f 2.5%. TD, on the other hand, is the
design achieved by modifying OD to satisfy the adjusted ;¢ as per Equation (1) for the median Dss_,5 target of Nelson.
The Dss_;5 targets for Nelson conditional on the 10% in 50 year exceedance probability of S,(1.2s,5%) and S,(2.2 5, 5%)
for NEL0O4 and NEL12, respectively, are computed to be 14 and 17 s. These values are estimated by interpolating the data
presented in Table 1 at the periods of interest. Furthermore, to test the validity of the proposed method for a site expecting
ground motions of median Dss_,5 longer than that of Nelson, a third version of frame design, termed a long duration
design (LD), is carried out for a target Dss_;5 of 44 s. 44 s is the geometric mean Dss_;5 of the long duration ground
motion set employed in the previous studies by the authors, such as Bhanu et al.” and Bhanu et al.,'” as well as in this
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TABLE 2 0y, considered for the three design versions computed using
Equation (1). (Median Dss_55 targets for the designs are indicated in parentheses).

GULS
Design NELO4 NEL12
oD 2.50% (5's) 2.50% (5°5)
TD 2.14% (14 s) 2.08% (17 5)
LD 1.80% (44 5) 1.80% (44 s)

Abbreviations: LD, long duration design; OD, original design; TD, target design.

study. In other words, the LD design is for a hypothetical scenario where Nelson has a Dss_;5 target of 44 s. Therefore,
the site for LD is considered to be similar to site class D in Nelson in all other aspects. Table 2 presents the Ay ¢ values
considered for the three design versions, computed using Equation (1). Based on its 8;;; 5 of 2.5%, OD is assumed here to
be designed for a target Dss_,s of 5 s which approximately corresponds to an earthquake scenario of magnitude 6.5 at 30
km rupture distance.*"

The original designs are modified for TD and LD by providing stronger beam and column sections to satisfy the design
drift limits of Table 2. The storey drifts of the frames at the ULS level were computed by conducting modal response
spectrum analysis and applying the recommended drift modification factors and P-A considerations as per section 7 of
NZS 1170.5. The drifts obtained were further amplified by 10% to account for the reduction in stiffness from RBS cutouts®!
and an additional 16% as an estimate of any torsional effects. The final designs chosen were the ones that satisfied their
corresponding 8y ¢ criteria closely.

3.2 | Numerical modelling

Two-dimensional nonlinear structural models of the case-study buildings were developed in OpenSees* to conduct incre-
mental dynamic analysis (IDA)? for collapse risk assessment. The models consist of zero-length rotational plastic springs
placed at the ends of a linear elastic element to simulate the non-linear response of the beams and columns. Following the
approach of a number of previous studies investigating the effect of duration on structural response (e.g., [3, 4, 22]), the
modified Ibarra-Medina-Krawinkler (IMK) bilinear material model,>* available as “IMKBilin” in OpenSees, was employed
to define the hysteretic behaviour of the plastic hinges. The capacity of this hysteretic model to incorporate the in-cycle and
cyclic deterioration of component strength and stiffness enables it to effectively capture the effect of duration.* The param-
eters for the hysteretic model were characterised using the empirical equations provided by Lignos and Krawinkler.** A
limitation of the lumped plasticity model employed here is that it does not capture axial-flexural interaction effects. There
is not much information available in the literature regarding the effects of such a modelling assumption on the observed
influence of duration and it remains to be a topic for future investigation; it is assumed here that such a limitation will
uniformly affect results recorded under different duration ground motions. The beam-column joint panel was modelled as
a parallelogram shaped shear panel, “Joint 2D” in OpenSees, with beam and column elements connected to the midpoints
of its sides. The possibility of the shear yielding of the joint panels was modelled using the shear distortion relationship
developed by Krawinkler.>* P-A effects on the frames were captured in the model through a pin-connected leaning col-
umn with the gravity load of the adjacent gravity frames acting on it and conducting large-displacement analysis. The
seismic masses and gravity loads of the frames were uniformly applied to their beam-column joints. Rayleigh damping
used with 2% critical damping was assigned to the periods corresponding to the first and third modes of the structures
and to the linear elastic elements only.>> The nonlinear analyses were conducted using the central difference time inte-
gration scheme with time-steps small enough to satisfy the stability criteria. Although the use of this explicit scheme can
be computationally intensive, it has been shown to be more robust against numerical non-convergence that can lead to
premature simulation of collapse.'>3°

3.3 | Implications of the proposed method on building design

Figure 3 shows the final storey drift profile of the frames at ULS for the three cases confirming that the designs achieve their
target drift limits. Comparison of the sections used as beams and columns in the three designs is presented in Tables 3

85U801 SUOLILLOD BA1E810) 3(dedl|dde 8y} Aq peusenob ae ss(ie YO ‘8sn JO S9N 10} ARiqi8uljuO A8]IA UO (SUONIPUOD-PUR-SLLIBYLID" A | IM A eIq 1 BulUO//:SdNy) SUORIPUOD pUe SW | 841 88S *[7Z02/50/9T] Uo Arigiauliuo AB|IM ‘YiesH JO AsiuliN Aq 866 9b8/Z00T 0T/I0p/Wo A8 | 1M Ateiq1 Ul |Uo//Sdny Woiy papeojumod ‘€T ‘€202 ‘Gr86960T



BHANU ET AL.

12+
4 k-
10+
3 8
> >
o o
2 2
%] n 6
ol
——O0D
——TD 4
——1LD
Ou.s OP 1 ,
s TD
Oy LD
0 1 2 25 0 1 2 25
Peak Storey Drift (%) Peak Storey Dirift (%)

FIGURE 3 Comparison of storey drift demand profiles of NEL04 and NEL12 at the ULS level for the three designs: OD, TD and LD. LD,
Long duration design; OD, original design; TD, target design.

TABLE 3 Sections used as beams and columns for the three design versions of NEL04.

Storey Beams Columns

no. oD TD LD oD TD LD

4 410UB53.7 410UBS53.7 530UB92.4 900WB175 900WB175 900WB218
3 530UB82.0 610UB101 610UB125 900WB175 900WB175 900WB218
2 610UB101 610UB113 610UB125 900WB175 900WB218 900WB257
1 610UB113 610UB125 610UB125 900WB175 900WB218 900WB257

Abbreviations: LD, Long duration design; OD, original design; TD, target design.

and 4 for the 4-storey and 12-storey frames, respectively. The fundamental modal periods of the three designs of each
frame are indicated in Table 5 and expectedly, designs corresponding to longer duration targets have shorter periods.
The fundamental period of both the frames reduced by approximately 10% and 25% to satisfy the drift limits for duration
targets of 14-17 s and 44 s respectively, compared to a 2.5% drift limit. The weight of structural steel used in the modified
designs also increased by approximately 10% and 30% for TD and LD respectively. Stiffer designs can lead to higher floor
acceleration demands which should be accounted for by the designers for other aspects such as seismic restraints for non-
structural elements, floor diaphragm reinforcement, and so forth. Therefore, it is expected that designs corresponding to
long duration targets can have relatively higher costs for structural and non-structural systems. However, an increase in
cost for these designs is expected to provide a level of seismic resilience similar to that intended by the code for designs
at short duration target sites. Figure 4 compares the static pushover response of the different designs for the two frames.
The peak base shear recorded for the LD frame, designed for an almost nine times higher Dss_55 target, is 60% and 40%
higher for the 4-storey and 12-storey frames respectively, as compared to the OD frame.

3.4 | Incremental dynamic analysis

In order to verify the hypothesised benefits of the proposed method, HC collapse risk assessments of the three designs
of each case-study frame are conducted. Traditionally, such an assessment is performed through multiple stripe analysis
(MSA)*” which employs ground motion records matching the site-specific HC target distributions of the required char-
acteristics, such as duration and spectral shape, at each intensity level. Availability and development of such site-specific
ground motion sets, however, can be difficult and time-consuming, especially for sites with long duration targets. Chan-
dramohan et al.* developed a structural reliability framework to obtain HC collapse risk estimates similar to MSA, but by
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TABLE 4 Sections used as beams and columns for the three design versions of NEL12.
Storey Beams Columns
no. oD TD LD oD TD LD
12 410UB53.7 410UB59.7 700WB150 1200WB249 1200WB249 1200WB278
11 530UB92.4 610UB101 700WB150 1200WB249 1200WB249 1200WB278
10 610UBI113 610UB125 700WB150 1200WB249 1200WB249 1200WB278
9 700WB150 700WB173 700WB173 1200WB278 1200WB278 1200WB342
8 700WB150 700WB173 800WB168 1200WB278 1200WB278 1200WB342
7 700WB150 800WB168 800WB168 1200WB278 1200WB278 1200WB342
6 800WBI146 800WB192 900WB218 1200WB342 1200WB342 1200WB392
5 800WB146 800WB192 900WB218 1200WB342 1200WB342 1200WB392
4 800WB168 800WB192 900WB257 1200WB342 1200WB392 1200WB423
3 800WB168 900WB218 900WB257 1200WB392 1200WB392 1200WB423
2 800WBI168 900WB218 900WB257 1200WB392 1200WB392 1200WB423
1 800WB168 900WB218 900WB257 1200WB392 1200WB392 1200WB423

Abbreviations: LD, Long duration design; OD, original design; TD, target design.

TABLE 5 The fundamental period of vibration (T;) of NEL04 and
NELI2 for the three designs.

T
Design N1EL04 NEL12
OD 117 s 2.23s
TD 1.04 s 1.97s
LD 094 s 176 s

Abbreviations: LD, long duration design; OD, original design; TD, target design.
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FIGURE 4 Static pushover response of the (A) NEL04 and (B) NELI2 frames for the three designs: OD, TD and LD. LD, Long duration
design; OD, original design; TD, target design.

conducting IDA using generic ground motion sets. As this framework avoids the laborious process of MSA, it is employed
in this study to conduct the required collapse assessment.

The ground motion set used in this study is comprised of 88 generic records belonging to a wide range of duration,
1s < Dss_75 < 805, that encompasses the median Dss_,5 target values of interest. This ground motion set was originally
assembled in Chandramohan'? and contains 44 records of the FEMA P695* far-field set that are from shallow crustal
events and have Dss_-5 < 25s. The other 44 other records are of relatively longer durations, from large magnitude sub-
duction and crustal events such as 2011 Tohoku (Japan) and 2008 Wenchuan (China). The distribution of the Dss_-5 values
and mean spectral response of the ground motion set are presented in Figure 5. Though the effect of spectral shape is not
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FIGURE 5 (A) Distribution of Dss_;5 of records in the ground motion set employed, and (B) their mean and 1 standard deviation
spectral response.

considered in this study and S,Ratio* targets for the considered site are ignored in the collapse assessment, the ground
motion set covers a wide range of S,Ratio values at the periods of interest.

IDA was conducted using the ground motion set to analyse the collapse performance of the frames in terms of col-
lapse intensities and DDC. Since the accuracy of IDA results is inversely related to the intensity increments employed,
fine S, (T4, 5%) increments of 0.02 were used and further reduced to 0.005 near the collapse intensity. Each IDA was con-
ducted up to the point of collapse, which was identified as any storey drift in the frame reaching a threshold of 20%. The
estimation of DDC can be affected by the deformation threshold chosen and this can disproportionately affect the results
depending on the duration of the ground motion. Therefore, in spite of the fact that real life buildings will have lower defor-
mation capacities, a high deformation threshold of 20% is used here to minimise any dependence of DDC on the value
chosen.

3.5 | HC collapse risk assessment

The IDA results obtained are used to compute the collapse intensities and DDC of the frames as described previously in
this paper and in Bhanu et al.” To compute the median collapse intensities at the required Dss_55 targets, Equation (5)
is fit to the recorded collapse intensities, using the least squares method. It is a modification of the original relationship
proposed by Chandramohan'? and estimates the variation in collapse intensity as a function of Dss_s. Previous studies
by the authors have shown structural DDC to be unaffected by S,Ratio.>'*?> Furthermore, S,Ratio of the ground motion
set employed was also confirmed to be uncorelated to its Ds5_,s. Due to the non-availability of real S,Ratio targets for
Nelson and considering that the primary focus here is to investigate the effect of duration, S,Ratio is ignored in the col-
lapse assessment process. Although the inclusion of real S,Ratio targets would provide a more accurate prediction of the
median collapse intensity, the relative results, in terms of mean annual frequency of collapse associated with different
Dss_55 targets, are not expected to be much different without it. The approach followed here should instead give an esti-
mate of the median collapse capacity for a S,Ratio target equal to the geometric mean S,Ratio of the ground motion set
employed.

In S,(T,) at collapse = by + by, In Dss_75 + € ©)

where b, and b, are regression coefficients and € represents the error term.

Similarly, Equation (2) is fit to the recorded DDC of the frames for D, = 5 s. The coefficients of the least-squares fit of
Equations (5) and (2) for the frames are indicated in Table 6. Figures 6 and 7 plot the recorded collapse intensities and
DDC, respectively, against Dss_;s along with the fitted least-squares regression line for the three designs of NEL04 and
NEL12. It can be observed from the figures that the DDC and collapse intensities follow a decreasing trend with increasing
Dss_;s. The only exception here is the NEL12-LD frame for which the correlation between collapse intensities and Dss_7s
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TABLE 6 Regression coefficients computed for the least-squares fit of Equation (2) and Equation (1) for the case-study frames. CI refers
to collapse intensity.

DDC vs. Dss_;5, Equation (2) CI vs. Dss_;5, Equation (1)
Frame co c a b, bgy,,
NEL04-OD —3.05 —2.74 —-0.20 0.38 —0.19
NELO04-TD —2.33 —1.93 —0.25 0.89 —-0.17
NEL04-LD —2.10 -1.70 —-0.25 1.08 —0.12
NEL12-OD —2.79 —2.16 —0.40 0.00 —-0.17
NEL12-TD —2.54 -1.70 —0.52 0.38 —-0.21
NEL12-LD —2.70 —2.47 —0.14 0.39 —0.05

Abbreviation: DDC, dynamic deformation capacity.
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FIGURE 6 Log-log plot of collapse intensity (S,(T;, 5%) at collapse) versus Dss_,s with the least-squares Equation (2) for the three
designs of the NEL04 and NEL12 frames. *p-value of the slope of the least-squares regression line is greater than 0.05.

was not found to be statistically significant indicating that the collapse intensities for this frame are not observed to vary
with duration.

Table 7 presents the median collapse intensities computed using the least-squares fitted Equation (5) and using the
coefficients from Table 6 for the different designs at the Dss_;5 targets of interest. The estimated median collapse intensity
for the NELI12-LD frame at any Dss_-5 target is considered to be the geometric mean of all collapse intensities recorded
from the ground motion set as the correlation with Dss_;5 was not found to be statistically significant. Observing the
median collapse intensities for NEL04-OD, it can be seen that they reduce by 18% and 33% for Dss_-5 targets of 14 and 44 s,
respectively, as compared to Dss_-5 = 5 s. Similarly, for NEL12-OD the median collapse intensities are 19% and 31% lower
for Dss_;5 targets of 17 and 44 s, respectively. These results again emphasise the motivation behind the proposed method
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FIGURE 7 Log-log plot of DDC versus Ds;s_,swith the least-squares Equation (2) for the three designs of the NEL04 and NEL12 frames.
DDC, dynamic deformation capacity.

TABLE 7 Median collapse intensity, S,(T;, 5%), for the three designs of NEL04 and NEL12, computed at different Dss_,s targets. The
highlighted values in red are for the targets corresponding to each design.

Median collapse intensity, S,(T;,5%)

NELO04 NEL12
Frame Design Dss_;5=5s 14s 44s 5s 17s 44s
OD 1.09¢g 0.89g 0.72¢g 0.76 g 0.62¢g 052¢g
TD 185¢g 155¢g 128 g 1.04 g 0.80¢g 0.65¢g
LD 243 ¢g 214 g 186¢g 129¢g 129¢g 129¢g

in this study, as the collapse risk for the designs based on current NZS 1170.5 guidelines is expected to be noticeably higher
at longer duration targets. The HC collapse intensities for the designs, the collapse intensity corresponding to the target
Dss_-5 on which the design is based, are highlighted in red in Table 7.

The primary purpose of the proposed modification in the design process, through Equation (1), has been to design
structures with a uniform level of HC collapse risk. The median collapse intensities, presented in Table 7, for the three
designs of each frame are in terms of spectral intensity at their respective fundamental periods of vibration, and therefore,
cannot be compared directly. In order to compare the HC collapse risk of the frames, their mean annual frequencies
of collapse, Acoiiqpse> are estimated. At first, the collapse fragilities of the frames are computed as lognormal cumulative
probability distribution functions with the median, u, taken as their estimated median collapse intensity. The lognormal
standard deviation, 3, of the collapse fragility curves is assumed to be 0.6, based on the recommendations of FEMA P-695.%
This value of § is expected to adequately account for the different modes of uncertainty contributing to the variability in
collapse capacity, such as record-to-record, design and modelling related. Secondly, the seismic hazard curves for the site,
Nelson, are obtained in terms of spectral intensity, S,(T7). The data for these curves was obtained by performing PSHA
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TABLE 8 Mean annual frequency of collapse, Acojqpse, Of the three designs of the NEL04 and NELI2 frames at different Dss_;5 targets.

Frame design
OD
TD
LD
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FIGURE 9 Mean annual frequency of collapse, A.qiqpse, for the three designs of the (A) NEL04 and (B) NELI2 frames computed at
different Dss_,5 targets, plotted against ;. The target Dss_,5 for Nelson is 14 and 17 s for the NEL04 and NELI2 frames, respectively.

HC-Aconiapses Acotiapse cOrresponding to the target Dss_;5 value on which the design is based, are highlighted using dark red circles.

calculations using the OpenQuake Engine*’ and the implementation of the New Zealand national seismic hazard model
by Horspool et al.,*' as described in Chandramohan et al. (2018). Finally, Acollapse 18 evaluated by integrating the product
of the collapse fragility curve and the derivative of the seismic hazard curve. Figure 8 illustrates the HC collapse fragility

curve along with the hazard curve for one of the analysed frames. The estimated A.,jj4ps Of the frames at different Dss_75
targets are presented in Table 8 and Figure 9.
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TABLE 9 Dynamic deformation capacity for the three designs of NEL04 and NEL12, computed at different Dss_,5 targets. The
highlighted values in red are for the targets corresponding to each design.

Dynamic deformation capacity

NELO04 NEL12
Frame design Ds; 75=5s 14 s 44s 5s 17 s 44 s
oD 4.7% 3.9% 3.1% 6.1% 3.8% 2.6%
TD 9.8% 8.4% 5.9% 7.9% 5.0% 2.7%
LD 12.3% 10.6% 7.4% 6.7% 5.9% 5.0%

Abbreviations: LD, long duration design; OD, original design; TD, target design.

In Figure 9 and Table 8, A.jjqpse for the designs based on current NZS 1170.5 guidelines, OD designs, indicate that the
annual risk of collapse for both frames is around twice and three times at Dss_-5 targets of Nelson and 44 s, respectively,
as compared to a target of 5 s. Once again, these results show that if the same design is used for sites corresponding to
different Dss_-5 targets, the collapse risk of those similar frames at different sites will vary and be higher where longer
duration ground motions are experienced. It can also be observed that 4,14 pse for the frames, at a particular Dss_5 target,
varies with the design drift limit, 8;;; ¢, in the order: LD < TD < OD, indicating that reducing 61 g at the design stage helps
in reducing the collapse risk of the building. The hazard consistent A.j1qpse (HC-Aco11apse) Of the designs are considered
to be Acoiapse at Dss_7s target corresponding to the design and are highlighted in red in Table 8 and using red circles in
Figure 9. Comparing the HC-A.,j14ps for the 4-storey frame, it can be observed that the risk of collapse of the TD and LD
designs is around 50% lower than OD. Similarly for the 12-storey frame, HC-A.,j14ps. for TD is 30% higher than OD but for
the LD frame is almost half of OD.

The results presented here demonstrate that the collapse risk of structures at sites experiencing long duration records
can be reduced by designing them for lower drift limits. For example, the HC-A¢,j14 pse Values of the LD frames (Oyr5 =
1.8%) are six and seven times smaller as compared to the ¢y pse Values of the OD frames Oy s = 2.5%) at Dss_;5 targets of
44 s for the 4-storey and 12-storey frames, respectively. The results further demonstrate that the variation in the annual risk
of structural collapse at sites corresponding to different duration targets can also be reduced by modifying the design drift
limits accordingly, as attempted through Equation (1) in this study. Although the estimated HC-A.j;4pse Of the modified
frame designs are not exactly the same as the original design, the variation in its levels is observed to be noticeably reduced
for the two frames. Precisely, while the A¢,j4 pse Of the 4-storey OD varies up to 300% between Dss_;5 targets of 5-44 s, the
HC-A¢o11apse Of the two modified design versions is only 50% lower as compared to OD. For the 12-storey frame also, the
Acollapse Of OD varies up to 320% between Dss_;5 targets of 5-44 s; the HC-A.jqpse Of its modified design versions varies
from —50% to 30% as compared to OD.

To verify if designs with a lower 8y ¢ provide a higher DDC, the median DDC of the frames computed at different
Dss_;5 targets of interest are also presented in Table 9 and Figure 10. For any particular design, the DDC can be observed
to be lower at a longer duration target. For example, the NEL04-OD frame has 18% and 35% lower medain DDC at Dss5_-s
targets of 14 and 44 s, respectively, as compared to Dss_-s = 5 s. Similarly, the median DDC of the NEL12-OD frame are 38%
and 58% lower at Dss_-5 targets of 17 and 44 s, respectively, as compared to DDC at a short duration target of 5s. In general
the DDC of the different designs are seen to be increasing in the order: LD > TD > OD, implying that the deformation
capacity of frames designed using a lower 0y;; 5 is generally higher. The DDC of the OD frames, computed at Dss_-5 =
5 s, are compared to the DDC of the two modified designs, TD and LD, at their respective design Dss_,5 targets. These
values are termed here as hazard consistent DDC, HC-DDC, and are highlighted using dark red circles in Figure 10. For
the 4-storey frame, the TD and LD designs have around 80% and 60% higher HC-DDC as compared to the original design.
For the 12-storey frame, the HC-DDC of the TD and LD versions are around 20% lower, respectively, as compared to that
for OD. Although the modified designs did not achieve the same HC-DDC values as that of the original design, they are
higher than the ones observed for the original design at their longer duration targets. A general indication of an increase
in DDC with reducing 8y, s is therefore observed here and is believed to be compensating for the increased likelihood of
collapse of the frames at longer durations.

4 | DISCUSSION

The choice of —0.15 as the slope a in Equation (3) was based on the observation of the effect of duration on DDC in a
couple of previous studies on steel and RC moment frames. Based on the results presented here, it can be said that this
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FIGURE 10 Median DDC of the three designs of the (A) NEL04 and (B) NEL12 frames computed at different Ds;_ targets, plotted
against 6y, ¢. The target Dss_-5 for Nelson is 14 and 17 s for NEL04 and NELI12, respectively. HC-DDC, DDC corresponding to the target Dss_s
value on which the design is based, are highlighted using dark red circles. DDC, dynamic deformation capacity; HC, Hazard consistent.

value is found to produce suitable reductions in collapse risk at different duration targets. The application of the proposed
method resulted in a lower variability of collapse risk for designs corresponding to different duration targets. As observed
in Bhanu et al.,'? the effect of duration on steel frames can vary in a wide range for different frames and the extent of this
effect can be hard to predict as no general trend was observed with structural properties. Therefore, proposing a value
of a, in Equation (3), that leads to an exactly uniform level of collapse risk at different duration targets and also works
for a wide range of structures is considered practically infeasible. Three out of four modified designs achieved a lower
level of collapse risk as compared to the original design. While these results might suggest that the proposed slope is on
a conservative side, the authors would justify its use considering that for the one other case the method was not found to
be conservative enough. Nonetheless, the results in this study give an indication of the extent to which collapse risk can
be controlled by using a = —0.15, which is observed to work well for the two steel frames analysed.

The application of the proposed method is shown for steel frames only in this study. However, based on a similar rela-
tionship observed between DDC and Dss_5 in Bhanu et al.,’ the results on RC frames are also expected to be similar. In
another study, Koopaee®’” has demonstrated that reducing 6;;;¢ leads to a lower collapse probability for a range of New
Zealand code-based RC frames, indicating that Equation (1) can also be used for such frames to compensate for the effect of
duration. For other types of prevalent buildings, such as RC wall frames, braced steel frames and timber frames, although
well defined relationships do not currently exist to estimate the effect of duration on DDC and collapse intensity, they have
generally been observed to be affected by duration in a similar manner.>*>*3 Extending the application of Equation (3)
for these building typologies and identifying any other typologies less sensitive to duration could be a relevant topic for
future work. Since the design of braced frame and wall frame buildings is usually not governed by drift limits, a strength
based approach may be more appropriate for such structures. Future research can also investigate the comparative effec-
tiveness of the different approaches to account for duration in design that is, drift and stiffness based against strength
based. Similarly, though Equation (3) is proposed and validated here in accordance with the New Zealand NZS 1170.5
guidelines, a similar approach can be devised for other seismic design codes across the world that provide a design drift
limit at a certain hazard level and are based on modern capacity design principles. For example, ASCE 7-16?° prescribes
a 2% drift limit at design level intensities, which can be modified following Equation (3) with an appropriate value of a to
reduce the increased likelihood of collapse at sites with long duration targets. Another advantage of the proposed method
is that its application is not limited to force-based design approaches and can also be extended to the displacement-based
seismic design approach for structures.**

A limitation of this study is that the findings are applicable to the design of lateral load resisting systems of buildings
only since the proposed method as well as its application are based on numerical analysis for such systems. The effect of
gravity systems on the response of buildings to long duration motions has not been explored in the literature so far and
therefore, the proposed method is not directly applicable to buildings whose collapse risk can be significantly affected by
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the components of such systems. Furthermore, the proposed method is based on the results of two-dimensional analysis on
regular moment frame systems only. Therefore, the effect of bidirectional loading on 3-D systems as well as other realistic
structural considerations such as stair systems, irregularities, and so forth. should be explored in a ground motion duration
context by future studies to better incorporate these phenomena in design. It should also be noted that the collapse risk
values presented in this study are by no means absolute, but rather indicative, and are only intended to indicate the impact
of design process on the relative risk of the case-study buildings.

5 | CONCLUSIONS

This study developed a simple method to explicitly incorporate the effect of duration in the seismic design process. To
do so, it employed previously established relationships between the DDC of steel and RC frames and ground motion
duration, Dss_5s, to adjust the design drift limit, taken here as the 2.5% storey drift limit at the ULS level, 8¢, given
in the New Zealand standard NZS 1170.5. The proposed reduction in design drift limit, presented as Equation (1) and
Figure 1, is expected to compensate for the reduced DDC and increased likelihood of collapse observed for structures at
sites anticipating long duration shaking, thereby resulting in more uniform seismic risk for structures located at different
sites.

To validate its hypothesised benefits, the proposed method was applied to the design of two case-study steel frame
buildings: a 4-storey and a 12-storey building at a site in Nelson, New Zealand. Three versions of the design of each frame
were performed: (i) the original design based on the current 8y of 2.5%, (ii) the target design based on 6y adjusted
as per Equation (1) for the median Dss_55 target of Nelson and (iii) the long duration design based on 675 adjusted for
a median Dss_;5 target of 44 s. HC collapse assessment of the three design versions of each frame were performed by
conducting IDA using 88 ground motions belonging to a wide range of duration, 15 < Ds5_;5 < 80s. The frame designs
with lower Ay were observed to have an increased DDC and a lower mean annual frequency of collapse, A.jiqpse- The
variations in the HC-A.,)14pse Values of the different design versions of each frame were observed to be less as compared
to the A¢oj14pse Of the original designs at the considered Dss_;5 targets. In general, the HC-Aj14 s Of the modified designs
were found to be lower than that of the original designs for three out of four cases. These findings suggest that modifying
Oy1s according to Equation (1) can effectively incorporate the effect of duration on structural collapse risk.

Although derived in this study specifically for steel and RC moment frames and NZS 1170.5, the application of Equa-
tion (1) in its raw form, Equation (3), could be extended to other type of structures and design codes using a suitable value
of a. Overall, the method proposed in this study is believed to be flexible, simple and easy for practical applications. A
missing link, however, is the availability of median Dss_-s targets for various sites. Such targets can easily be incorporated
in future amendments of the design standards, in a way similar to the existing intensity based factors.
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