Bulletin of Earthquake Engineering
https://doi.org/10.1007/s10518-025-02259-x

ORIGINAL ARTICLE |

®

Check for
updates

Impact of ground motion record selection on higher-mode
responses in RC wall buildings: comparing uniform hazard
and conditional spectra approaches

Jose Poveda' - Gerard J. O'Reilly’

Received: 21 May 2025 / Accepted: 3 August 2025
© The Author(s), under exclusive licence to Springer Nature B.V. 2025

Abstract

Reinforced concrete (RC) wall buildings are multi-storey structures comprising several
modes of response that contribute to both the displacement-based and force-based de-
mands acting on them during seismic shaking. This research investigates how code-spec-
ified methods for selecting ground motion records affect this response, with particular
attention to higher-mode contributions. The study contrasts two target spectra: the uniform
hazard spectrum (UHS) and the conditional spectrum (CS), both now permitted in the
upcoming Eurocode 8 revision. It examines the influence of their choice for several shear
wall buildings designed using Eurocode 8 (EC8). By assessing record selection strate-
gies, including UHS alone and different CS with conditional periods beyond the primary
mode, T, impacts on engineering demand parameters (EDPs) such as peak-storey drift,
wall shear demand, and overturning moment are quantified. The findings indicate that the
UHS approach generally leads a more conservative higher structural demand estimate
across all EDPs, which is not always very cost-effective. Not surprisingly, using the more
advanced CS approach tends to yield much lower demands, but is found to be heavily
dependent on the conditioning criteria used. While drift demands can be well-represented
when conditioning to the first mode period, CS(Sa(T;)), EDPs such as shear forces and
bending moments can be severely underestimated. More critically, when other conditional
selection strategies are used (e.g., CS(Sa(7T,)), CS(Sa(T})), etc.), these EDPs increase no-
tably, which could lead to uncon servative designs. This study emphasises the importance
of understanding the trade-offs between the presumed increase in accuracy when using
the CS versus the UHS for RC wall buildings. It is also an important clarification for the
next generation of Eurocode 8 that engineers must be aware of.
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1 Introduction

Reinforced concrete (RC) shear walls are a fundamental component in seismic design
worldwide due to their significant lateral stiffness, strength, and adaptability. These struc-
tural elements are especially prevalent in mid- to high-rise buildings and have generally
demonstrated reliable seismic performance (Fintel 1995; Gencturk et al. 2025). Historical
earthquake events such as the 1985 Valparaiso earthquake (Wood, 1991), the 2010 Maule
earthquake (Jiinemann et al. 2016), the 2010-2011 Canterbury earthquakes in New Zealand
(Sritharan et al. 2014) and more recently, the 2023 Kahramanmaras sequence (Kazaz 2025)
have provided valuable insights into the behaviour of RC wall buildings. While many of
these structures performed well, exhibiting minimal damage, particular vulnerabilities have
been observed, especially in lower storeys arising from frame-wall interaction effects, high
shear and axial stresses, vertical irregularities, or inadequate detailing. For example, inves-
tigations following the 2010 Maule earthquake reported localised failures associated with
insufficient boundary reinforcement and high axial loads in slender walls (Massone et al.
2012; Westenenk et al. 2013).

These past damage observations underscore the importance of further research via exper-
imental testing and frameworks for advanced performance assessment. Performance-based
earthquake engineering (PBEE), as developed through the pacific earthquake engineering
research (PEER) centre framework (Cornell and Krawinkler 2000), enables the evaluation
of seismic performance in a probabilistic and decision-oriented manner. Unlike traditional
design methods, PBEE explicitly considers seismic hazard, structural response, damage
states, and resulting losses, thereby facilitating more accurate and holistic assessments.
One major advancement within PBEE is the refinement of ground motion representations,
where the conditional spectrum (CS) (Jayaram et al. 2011; Lin et al. 2013a) and gener-
alised conditional intensity measure (GCIM) (Bradley 2010) approaches offer alternatives
to the conventional uniform hazard spectrum (UHS)-based approach. These newer methods
acknowledge the correlation of spectral demands across periods and have led to improved
hazard consistency in ground motion selection (Lin et al. 2013b). Reflecting this shift, codes
and standards such as 2021 and the forthcoming Eurocode 8 (EN1998:2024) (2023) revi-
sions now permit the use of the conditional mean spectrum (CMS) (Baker and Cornell
2006) and CS for design applications, respectively, representing a notable shift in how seis-
mic hazard is represented and quantified, but also how recent research developments can be
integrated in newer revisions of these guidelines.

Recent studies have explored the implications of CS-based selection on structural
demand predictions, particularly the sensitivity of intensity-based assessments to the choice
of conditioning period 7* (Lin et al. 2013c; Bradley 2012; Bassman et al. 2022; Kwong and
Chopra 2016). While the first-mode period T* = T remains a common choice, variations
in T may significantly influence engineering demand parameters (EDPs) such as peak
story drift (PSD) or base shear demand. This is particularly relevant for structures like RC
shear walls, whose seismic response can be governed by higher-mode effects that are not
always adequately captured through simplified analyses (Sullivan et al. 2008; Pennucci et
al. 2015). Based on results from a tall building analysed in a recent study with RC shear
walls, Bassman et al. (2022) recommended that the initial selection of conditioning peri-
ods should include the 20%-elongated fundamental period of the structure, as well as the
second and possibly third elastic mode periods, depending on their degree of modal separa-
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tion. This is one of the few studies to investigate the impacts of different record selection
strategies on RC wall structures, with particular attention to conditioning period and higher
mode response. It is nonetheless important to investigate given the recent adoption of such
hazard representation approaches in guidelines such as ASCE 7-22 and the recently revised
EN1998:2024, in order to understand the impact these revisions have on building perfor-
mance assessment and overall safety.

This study investigates the influence of the choice of conditioning period, 7™ in CS-
based ground motion selection on the seismic performance of RC shear wall buildings. A
suite of archetype buildings is analysed across a range of structural heights, using non-linear
models that capture flexure yielding. By conducting intensity-based assessments at various
conditioning periods and comparing results against UHS-based selection typically advo-
cated by building codes, the study evaluates impacts on key EDPs. The findings aim to pro-
vide insight into how record selection strategies affect performance predictions for higher
mode-dominated structural systems with modern PBEE frameworks and provide practical
recommendations for future implementations of CS-based record selection.

2 Case study structures
2.1 Building layouts

This study considered the seismic response of five ductile RC shear wall buildings with
varying heights of 4, 8, 12, 16, and 20 storeys. Each building featured a typical storey height
of 3 metres, a floor area of 600m?, having a total seismic floor mass of 490 tonnes, including
the roof. Every building considered four evenly distributed walls of equal length, [,,, and
thickness, ,,, as shown in Fig. 1. While simplistic in their configuration, these structures
were deemed representative to study the multi-modal dynamic behaviour of RC wall struc-
tures, and issues like torsion response and soil-structure interaction were not considered.
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Fig. 1 Building plan layout (left), front elevation (middle), analytical representation (right)
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2.2 Seismic design

The case study buildings were designed as ductile shear walls following EN1998:2004
(2005). In particular, the response spectrum analysis (RSA) method was used at the 475 year
return period, as per EN1998:2004 requirements. The design elastic spectrum was identified
as the UHS determined from probabilistic seismic hazard analysis (PSHA) for a case study
site in Duzce, Turkiye. This was adopted instead of the elastic response spectrum prescribed
by EN1998:2004 in order to ensure consistency between the structural design demands and
the ground motion record selection based on PSHA, which will be discussed in Sect. 3.1.

To apply the RSA method, an estimate of the building modal properties was required.
To do this, a linear equivalent cantilever model was developed in OpenSees (McKenna
2011), as illustrated in Fig. 1. The model was 2D and used a single beam-column element
at each storey. The elements considered a cracked section stiffness of 0.6 factor for flexural
response, and 0.75 for shear response with respect to the gross elastic stiffness, as per the
Los Angeles Tall Buildings Structural Design Council (LATBSDC) (Akelyan 2023). The
model was fully fixed at the base, and no soil-structure interaction was considered. The floor
mass was lumped at the end of each column node and second-order geometry effects (i.e.,
P-Delta) were applied as a constant vertical load proportional to the floor mass. The gravity
load system’s contribution to the building’s lateral stiffness was not included. This linear
elastic model was developed and used only for the design stage as part of the RSA method,
whereas a non-linear model for full performance assessment is described later in Sect. 2.3.

Despite the design spectrum being determined from the UHS determined via PSHA, the
EN1998:2004 design rules were nonetheless applied, as shown in Fig. 2. That is, the UHS
was divided by the behaviour factor, determined from EN1998:2004 for ductile RC walls
as ¢ = 5.4. The design forces were calculated using the modal properties computed from
the linear elastic model, listed in Table 1 for the first three modes 7; = 1,2, 3 alongside
the respective participating modal mass, m. ;. As per EN1998:2004, a lower bound for the
design spectral acceleration, 8 = 0.2, was also applied to ensure the minimum lateral resis-
tance criteria were met, as shown in Fig. 2.

Following the RSA method, and implementing design iterations on modal properties
when needed, the design parameters for each building were computed and are summarised
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Table 1 Modal properties of buildings designed using the RSA method

Mode 4 Storey 8 Storey 12 Storey 16 Storey 20 Storey
T Me, i T; Me,i T; Me i T; Me i T Me i
1 0.88s  70.3% 1.21s  659% 141s 645% 1.64s 63.7% 1.82s  63.2%
0.15s  21.9% 021s 21.1% 0.24s 20.7% 028 203% 0.30s 20.1%
3 0.06s 6.32% 0.08s 7.14% 0.09s 7.18% 0.1l1s 7.13% 0.12s  7.07%

Table 2 Summary of the design demand parameters following the RSA method of EN1998:2004

Building Sa(Ty) Sa(Ty)/q > BSa(Ty) Base Shear Base Overturning Top Drift [%]
[MN] Moment [MNm]
4 Storey 0.54¢ 0.13g 242 17.98 1.62
8 Storey 0.39¢g 0.13g 4.46 63.95 1.17
12 Storey 033¢g 0.13g 6.37 137.63 0.93
16 Storey 0.28¢g 0.13g 8.22 239.12 0.82
20 Storey 025g 0.13g 10.05 368.21 0.72
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Fig. 3 Tllustration of the seismic design forces determined from RSA (dashed green), the required design
envelope according to EN1998:2004 capacity design rules (black) and the provided strength (dashed red)
along the height for the 20-storey building

in Table 2. First, the elastic spectral demand in the first mode period, Sa(T}), was identi-
fied. This was divided by Sa(71)/q for all modes of vibration and checked not to be less
than 8Sa(T1). For all buildings, only three modes were necessary to reach 90% modal mass
participation, and a CQC modal combination was implemented to obtain the design base
shear demand and overturning moment, which are also provided. With these design forces,
the elastic model’s displacement was computed and amplified to account for non-linearity,
as per EN1998:2004. The maximum PSD was evaluated and checked with respect to the
design threshold of 2%.

Once the design forces were determined from RSA, capacity design envelopes were
developed to account for the overstrength of the wall at the base and the effects of higher
modes, allowing the required reinforcement to be sized, as shown in Fig. 3 for the 20-storey
building. For simplicity, the final design strength at the base was assumed constant along
the buildings height, but it is not uncommon for designers to optimise and reduce rebar
provisions along the height where possible to achieve a more economical design. Concrete
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grade was assumed to be f’.=30 MPa for the 4, 8, and 12 storey buildings, f/.=50 MPa
for the 16 and 20 storey buildings, and the reinforcement was assumed to be f, =420 MPa.
The design properties of each building wall are summarised in Table 3 alongside the design
and provided base shear V;, and overturning moment of the walls M,,. Also listed are the €
values required for capacity design, according to EN1998:2004, where the shear capacity
design envelope, Vi1, is determined as the analysis value, V' g4 5, amplified by this € (i.e.,
(Veap =€ V'Eap))- The overstrength is determined as the provided over the design val-
ues, or simply V;,/VEq,». Additionally, Table 3 reports the vertical and horizontal bar diam-
eters and spacing (dy 1, dy ¢, 51, and s;), as well as the steel-to-concrete area ratio (p), which
were used to define the final reinforcement layout.

2.3 Numerical modelling

While the previous sections outlines the seismic design and elastic modelling of the RC
wall structures, a corresponding non-linear model was also developed in order to evalu-
ate the full inelastic response of these buildings via non-linear dynamic analysis, which is
discussed in the following sections. The same approach of a simplified cantilever element
was maintained, with the main extension being the consideration of inelasticity at the wall
base. This was modelled via a lumped plastic hinge approach, with the remaining upper
part of the wall modelled with an elastic behaviour. This was deemed suitable consider-
ing that the walls were capacity designed, therefore no flexural inelasticity or brittle shear
failure would be expected in these upper regions. However, it is noted that in these cases, or
where non-ductile behaviour is expected, more advanced models such as those by Lu et al.
(2015), Kolozvari et al. (2018), Alvarez et al. (2019) could be implemented. Nevertheless,
this simplified approach to numerical modelling is not anticipated to have a major impact on
the findings of this study, discussed in later sections, as they primarily relate to the dynamic
behaviour and multi-modal demands of ductile RC walls when subjected to different ground
motion sets.

For the plastic hinge definition, the Steel/0! uniaxial material was used to define the
moment-curvature relationship with 1% post-yield stiffness. The plastic hinge length, [,;,
yield curvature, ¢,, and ultimate curvature, ¢,,, were calculated based on wall geometry, fol-
lowing the relationships for rectangular walls described in (Priestley et al. 2007). To model
fracture in OpenSees, the MinMax uniaxial material was used to impose an upper bound to
the curvature, which was based on the strain fracture limit of steel. The shear behaviour was
modelled using an Elastic uniaxial material with the cracked section properties previously
outlined, and did not account for potential shear-failure interaction. Collapse was defined
either as exceeding a maximum storey drift of 5% or as numerical non-convergence during
dynamic analysis described in Sect. 4.1. Finally, a constant modal damping ratio of 5% was
assumed for all modes.

3 Seismic performance assessment
The previous section outlined the design and detailing of several case study buildings

designed according to EN1998:2004. The focus of this section is to evaluate these designs
in terms of storey drift, wall shear and overturning moment demand. This was done using
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non-linear time-history analysis with several different sets of ground motion records. To do
this, a PSHA study was performed to ensure the consistency with the initial design assump-
tions in Sect. 2.2. Several ground motion record sets were then identified and multiple stripe
analysis (MSA) was performed, as described below.

3.1 Seismic hazard analysis

For the case study site in Duzce, Turkiye, PSHA was performed with the OpenQuake engine
(Pagani et al. 2014) using the 2013 European Seismic Hazard Model (ESHM13) (Woessner
et al. 2015). For the purpose of this case study, the analysis used a simplified logic tree with
just a single ground motion model (GMM) by Akkar et al. (2014b) but kept the three main
logic tree branches to account for epistemic uncertainties in source characterisation. The
analysis was carried out for ten return periods spanning 22 to 19,975 years, including 475
and 2475 years, to align with design code requirements. Outputs include hazard curves, as
shown in Fig. 4, and the UHS as previously shown in Fig. 2. An example of seismic disag-
gregation is also shown for the 475-year return period for Sa(1.82s) which is later used as
input for ground motion record selection.

3.2 Ground motion record selection

The objective of this study was to examine the impacts on non-linear dynamic response
demands of RC walls when various ground motion selection strategies were adopted. As
such, two alternative approaches were followed: the first involved selecting and matching
ground motion records that represent the UHS, and the second involved selecting to match
the CS at a conditioning period, T*, as shown in Fig. 5, where two cases of Sa (7™ = 1.82s)
and Sa(T* = 0.3s) are shown alongside the UHS. The motivation for selecting and match-
ing according to the UHS is clear, as it is the approach long-advocated by the current and
also upcoming revision of EN1998:2024 for non-linear dynamic verification of new designs.
However, in the case of ASCE 7-22 and also the EN1998:2024 revision, it is now possible
to adopt more site- and structure-specific ground motion selection strategies, with the inher-
ent assumption that these provide more accurate results. This stems from the widely-known
issue that UHS-based ground motions are overly aggressive and not representative of real
ground motions (e.g., Baker 2011). CS-based selection, on the other hand, is deemed much
more representative of actual seismic hazard scenarios, and not simply a collective envelope
of all possibilities, and has therefore been adopted in such guidelines as a progressive means
to represent hazard and select ground motions.

When matching to the UHS, the mean of the selected records must closely match the
spectrum within a specified tolerance, typically =10% over the range 0.2 — 2.07; accord-
ing to EN1998:2004 (2005), for example, where 77 is the first mode period of the structure.
Since this study encompassed five different buildings, the fitting period range was extended
from 0.05s to 4.0s to cover the 90% modal mass participation of the five buildings and the
two times the first mode period rule for the 20-storey building. In this way, the same UHS-
based ground motions were adopted for all structures.

For CS-based selection using the intensity measure Sa(7™) at a given return period, the
selected ground motions are conditioned on a specific spectral acceleration value at a period,
T*, where both the mean and the variability of the ground motions at periods other than 7

@ Springer



Bulletin of Earthquake Engineering

10°

—— 5a(0.05s)
— 5a(0.2s)
—— 5a(0.5s)
— 5a(1.0s)
Sa(2.0s)
Sa(4.0s)

robability of exceedance in 50 years
3
N
Hazard Contribution [%]

1072 107 10° 10
Spectral acceleration, Sa(T) [g]

Fig. 4 Example hazard curves for Sa(T") for periods between 0.05 — 4.00s (left) and the hazard disag-
gregation for Sa(T = 1.82s) at the 475-year return period
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Fig.5 Illustration of the different record selection strategies and the median spectra obtained when target-
ing the UHS and the CS at different conditioning periods for the 475-year return period intensity

are also matched. Unlike the UHS, the CS exhibits lower Sa(1") values at periods farther
from the conditioning period, as illustrated in Fig. 5. Constructing this spectrum requires
PSHA disaggregation outputs to identify the most contributing rupture scenarios to that IM
at that specific return period, which can be determined from information previously com-
puted and illustrated in Fig. 4. This is used to construct the target CS via adequate GMMs
and correlation models, as described in Baker and Cornell (2006) via:

Hin Sa(T;)|In Sa(T*),rup = Hin Sa(T;)|rup + Pin Sa(T;),In Sa(T*)01n Sa(T;)|rup€ln Sa(T*)|rup (1)

Tt Sa(T)| In Sa(T+)rup = Tin Sa(T)rup (1 — Pin Sa(T) In Sa(T*)) ()

where iy Sa(T))|1n Sa(T*),rup and 012n Sa(Ty)|In Sa(T*),rup 3¢ the target mean and variance
values of Sa(T;) conditioned on Sa(7T*) for a given rupture scenario rup, computed using
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the GMM of Akkar et al. (2014b) and the correlation model, piy sa(1;),1n Sa(7+)» of Akkar
et al. (2014a).

Lin et al. (2013a) described the differences in the selection CS targets when simplifica-
tions are made, noting how considering just the dominant rupture scenario versus the com-
plete disaggregation information could impact the selection. In this case, the “exact” CS
was used since the hazard analysis was conducted using a simplified logic tree, meaning this
exact matching was easier to achieve, and will be demonstrated via the hazard consistency
check described in Sect. 3.3. With these assumptions, a range of 22 different 7 values rang-
ing from 0.05s to 4.0s were selected meaning that a total of 23 different different ground
motion sets were identified.

For both selection approaches (i.e., UHS- and CS-based), a total of 40 ground motion
records were selected at each of the ten return periods using the Djura online ground motion
record selector (http://www.djura.it/www.djura.it). This was despite building codes typic
ally recommending between 7 and 11 records to assess structural response, since studies
have shown that these may be too few in risk studies (Sousa et al. 2016). The present study
considers a single direction of analysis, so just a single ground motion component was
selected and used in the analysis. As an example of the CS-based record selection, Fig. 6
presents the selected records, the target median and plus minus two standard deviations
for CS(Sa(T* = 1.82s)). Moreover, Fig. 5 shows the CS target median and the average
of the selected records for the conditional periods Sa(7T™* = 0.30s) and Sa(T* = 1.82s)
alongside the UHS target and mean selection. It is evident that the spectral demands match
between the CS and UHS at the conditioning period, T, but are lower at other periods.
Given the multi-modal nature of RC shear wall response, it is the impact of this difference
that is of interest in this study.

3.3 Hazard consistency

The previous section described how 40 ground motion records were selected to match a tar-
get mean and variability at each return period considered. This was through a conditioning
IM Sa(T*) at a given period T™*. Figure 6 shows how through appropriate ground motion
record selection via the CS, the actual seismic hazard can be accurately represented for a
single return period and vibration period 7. However, Lin et al. (2013b) describe how the

10 1.0
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c 1004 ——Target median c
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= N arget 20 3
[} 9]
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8 2041
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©
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8
n

1072 T T T 0.0

1 2 3 4
Period, T [s] Period, T [s]

Fig.6 CS-based record selection for Sa(T* = 1.82s) at the 475-year return period intensity
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implied hazard of the selected ground motion set across all return periods can be computed
for periods other than T as follows:

H(Sa(T™) > y) = /P(SG(T**) >y | Sa(T7) = ) [dH (Sa(T"))] ©)

x

where T** is the period of vibration away from 7™, Sa(T*) = z is the conditioning value
at the return period, and when integrated across all return periods, the implied hazard curve
H(Sa(T**) > y) of the ground motions can be computed. These back-calculated hazard
curves for 7** can be compared to those computed from PSHA, and if these back-calcu-
lated hazard curves at different periods are found to match, then the complete ground motion
set can be deemed hazard-consistent.

In this study, hazard consistency was checked at several periods of vibration using the
Djura online hazard consistency tool (http://www.djura.it/www.djura.it). As an example,
Fig. 7 illustrates hazard consistency for the first two modes of vibration of the 20 storey
building, i.e., when T =T} = 1.82s and T* = T3 = 0.3s. The implied hazard at the con-
ditioning period, 7, represented by dashed red lines, exhibits stepped increments because
the selection is anchored to a single intensity for each return period step, as per Eq. 3.
Increasing the number of return periods improves precision with respect to PSHA but can
be seen to match the PSHA curve in both cases. On the other hand, the implied hazard of the
two ground motion sets at periods other than 7™ are governed by the mean and dispersion
of the CS, hence a good fitting of both across each return period is needed to achieve hazard
consistency. As can be seen from the plots, reasonable good agreement is achieved for these
cases, meaning that the ground motion sets can be considered hazard-consistent.
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Fig.7 Tllustration of the hazard consistency check for the ground motion sets with Sa(T* = 1.82s) (left)
and Sa(T™* = 0.30s) for the other mode periods of vibration T** of the 20-storey building, where the
dashed lines represent the implied hazard of the ground motion set and the solid lines denote the PSHA-
based hazard curves
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4 Results
4.1 Multiple stripe analysis

For each case study building and ground motion record set previously described, multi-
ple stripe analysis (MSA) (Jalayer and Cornell. 2009) was conducted to characterise the
EDPs at various return periods of shaking. In total, 9,200 scaled records were evaluated,
derived from 40 records across 10 return periods and 23 ground motion record sets (i.e., 22
CS+UHS). This comprehensive analysis aimed to provide insights into the effects of record
selection strategies permitted by buildings codes on the intensity-based evaluation of EDPs
(i.e., distribution of EDP for a given IM level, f(EDP|IM)), which is used by designers to
evaluate RC shear wall performance and subsequent design iterations.

For example, Fig. 8 illustrates the median (non-collapsed) response for UHS-based
and two CS-based selections at the 475-year return period for the 20-storey building. The
CS-based selections correspond to the first- and second-mode conditional periods, mean-
ing Sa(T* =1T) and Sa(T* = T3), respectively. Examining the shear demands, the CS
conditioned on 7%, denoted herein as C'S(12), closely resembles the UHS-based demand
across almost the entire height of the wall, whereas C'S (77 ) consistently underestimates the
demand. This highlights the importance of higher-mode contributions to the shear response,
which is a well-established concept since Blakeley et al. (1975) and Paulay (1986), among
others. For the bending moment demands, the C'S(T1) closely resembles the UHS-based
demand in the lower half of the wall but underestimates the demands in the upper half,
again due the lack of higher mode contributions at shorter periods. Likewise, the C'S(T%)
underestimates bending moments in the lower half but aligns well with the UHS in the upper
half, where underscoring the multi-modal nature of bending moment demand. Examining
the storey drift demands, C'S(71) closely matches the UHS-based demand along the entire
height, and C'S(T%) tends to underestimate the drift demand, reinforcing the first-mode
dominance of displacement-based EDPs.

At a first glance, these results, which were similar for all case study buildings analysed,
suggest that if a designer seeks to move away from the conceptual inconsistencies of the
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Fig. 8 Illustration of the MSA results at the 475-year return period for the 20 storey building, where
the median (non-collapsed) results for wall shear, bending moment and storey drift along the height
are shown for UHS-based selection (red) and CS-based selections at Sa(T™* = T = 1.82s) (orange)
and Sa(T™* = T» = 0.3s) (blue), EN1998:2004 capacity design rules (black) and the provided strength
(dashed red)
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UHS and adopt hazard-consistent ground motions using the CS, conditioning on 77, as
specified by the revised EN1998:2024, aligns well with existing methods for displacement-
based EDPs and would represent a more “refined” analysis. It should be noted that there
is a slight reduction in peak drift demands using C'S(77) when compared to the UHS, but
of the order of less that 5—10% across all buildings (Table 4). However, when it comes to
force-based EDPs, the results are much more sensitive to the choice of 7*. While C'S(T})
appears to work well for displacement-based EDPs, given their first mode dominance, the
higher mode influence in force-based EDPs implies that using a C'S(77), that will have a
lower spectral demand in the higher modes by definition (see Fig. 5), will notably underesti-
mate demands. The severity of this underestimation with respect to the UHS-based demands
is governed by the separation of the modal periods through the term pi, 5q(7;),In Sa(7*) N
Eq. 1.

These results suggests that if a designer were to make an ill-informed decision on the
conditioning period of the supposedly more refined CS-based selection, the intensity-based
results could differ significantly, depending on the choices made. If these design verification
results were used to refine the provided strength and capacity design requirements, it could
ultimately lead to unsafe structures and premature failures. These results are discussed here
in the context of a single building at a single return period intensity with just 3 of the 23
ground motion record sets (Fig. 8), but the general response profiles are representative of the
trend observed for all case study structures. The following sections present a more distilled
version of the results for all structures and ground motion sets in a broader context through
what are termed EDP spectra.

4.2 EDP spectra

The primary objective of this study is to compare key EDP values for RC shear walls obtained
using different ground motion record selection methods. The previous section illustrated the
results in terms of median response profiles along the building height when using C'S(T7)
and C'S(15) with respect to the commonly-adopted UHS. Here, the results of all 23 cases
of ground motion record sets are distilled and plotted together in what are termed EDP
spectra, shown in Fig. 9. Here, the results in terms of shear, moment and drift demands are
plotted versus the conditioning period 7™ used in CS-based selection for only two return
periods: 475 and 2475 years. Since it is invariant to conditioning period, the UHS-based
selection results are shown as constant. For shear demands, the median base shear demand
was normalised by the maximum demand from the capacity design envelope, Vg4, in
Table 3. Similarly, for moment demands, the median base overturning moment demand was
normalised by the maximum demand from the capacity design envelope, M,,. For storey
drifts, the drift at the top of each building was normalised by the 2% drift limit prescribed by

Table 4 Ratio of the UHS-based demands to the peak of all CS-based demands at two return periods

Building 475-year return period 2475-year return period

Shear Moment Drift Shear Moment Drift
4 Storey 1.03 1.02 1.10 1.05 1.03 1.10
8 Storey 1.01 1.01 1.05 1.07 1.02 1.09
12 Storey 1.12 1.00 1.06 0.99 1.01 1.09
16 Storey 1.02 0.99 0.98 0.99 1.00 1.08
20 Storey 1.12 0.99 0.99 1.04 1.00 1.00
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Fig. 9 Illustration of the EDP spectra using the CS-based approach (solid lines) for the 475 (black) and
2475 (blue) year return period intensities versus the UHS-based approach (dashed lines) for the shear and
moment demand at the wall base and the storey drift in the top level if the buildings
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EN1998:2004. These normalisations help illustrate whether the demands exceed the design
envelope or the drift limit on relative terms for all the analysis cases considered. To aid the
visual comparison, the vertical lines shown in each plot represent the first three modes of
vibration for each building (i.e., 77, T and T3).

For peak storey drifts, the drift limit of 2% is not exceeded for neither the 475-year nor
the 2475-year return periods, except for few cases of the 4-storey building. A strong correla-
tion is observed between the UHS- and C'S(77)-based drift demands, and also close to and
slightly longer periods, i.e., C'S(T™* > T1), underlying the fact that drift demands tend to be
dominated by the first mode of response. This highlights that a C'S(T} )-based record selec-
tion is likely to give very similar, if not slightly lower (see Table 4), drift demands compared
to the UHS-based selection, which is an expected results in many respects.

For shear demands, Fig. 9 shows how the UHS-based assessment, which represents
the standard intensity-based approach adopted in most building codes, generally provides
adequate capacity at the 475-year return period, since the observed peak demand was less
than the capacity design value, Vg4, expect for the 4 storey building that exhibited a
slightly higher ratio of 1.06. In contrast, the CS-based assessment offers interesting insights
into shear demand as a function of conditioning period. The peak shear demands at the
wall’s base are observed when using the C'S(T5)-based ground motion set. On average, the
CS(T1)-based set generates only around 62% while the C'S(T5)-based set generates around
85% of the peak shear demand when compared to the C'S(7»)-based set for all buildings. It
is therefore evident that the C'S(T5)-based selection contributes most significantly to shear
demands in all structures and indicates that a C'S(T7)-based selection would substantially
under predict shear demands.

In the case of bending moments, the UHS-based selection at the 475 year return period
indicates that yielding is indeed achieved at the wall’s based and given the numerical mod-
el’s post-yielding hardening stiffness, it further increases beyond unity for the 2475 year
return period. Similar to shear demands, the CS-based assessment provides additional
insights into moment demand behaviour. At the 475-year return period, the CS-based selec-
tions capable of inducing flexural yielding range from C'S(7T%)- to C'S(T})-based sets, and
even longer periods. Notably, a pronounced dip in moment demands is observed near the
CS(T5)-based sets at the 475-year return period. It should be recalled that due to the wall’s
yield strength being reached, the results tend to saturate around this value for many different
ground motion record sets and no clear peak in moment demands can be observed between
CS-based selections. Examining similar plots for lower return periods may provide further
insights but are not explored here.

5 Discussion

This study highlights both the strengths and limitations of CS-based ground motion selec-
tion, particularly in comparison with UHS-based method. CS-based selection offers a theo-
retically superior approach by conditioning records on a target period and ensuring hazard
consistency, thus addressing the well-documented shortcomings of UHS-based records that
often lead to conservative or unrealistic seismic demands (e.g., Bommer and Pinho 2006).
However, the benefits of CS are nuanced. When only the first mode period is used as the
conditional period (1T = 1), certain EDPs are significantly underestimated, particularly
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the shear demands. This underscores a key drawback of single-period conditioning: it may
miss critical contributions from higher modes. The study shows that shear demands can
peak at the second mode selection (1 = T5), suggesting that important response character-
istics are not captured if only is 7* = 7T} considered.

These findings emphasize the need to consider alternative or extended conditioning strat-
egies. While the current discussion is framed within the intensity-based design verification
approach adopted by most design codes, including the new EN1998:2024, there is growing
interest in selection methodologies that incorporate more than one period or even multiple
intensity measures. Notable examples include the generalized conditional intensity measure
(GCIM) approach proposed by Bradley (2010), the average spectral acceleration based CS
method by ?, and the multiple conditioning period based selection framework described
by ?. Such approaches are not necessarily incompatible with its principles and may offer a
path forward for improving demand estimation in multi-mode sensitive structures. As noted
by Lin et al. (2013c¢), intensity-based verification remains the prevailing paradigm in cur-
rent codes. However, risk-targeted approaches (Shahnazaryan and O’Reilly 2021) and more
advanced selection strategies could be promising directions for future research.

The evolving provisions in modern codes further support the need for multi-period con-
ditioning. The revised Eurocode 8, EN1998:2024, only mandates selection at 7" = T3,
while ASCE 7-22 goes further, requiring at least two translational conditional periods per
direction and a lower bound on the selected mean records at 75% of the UHS. This latter
approach implicitly safeguards against underestimating demands due to higher mode effects
or selection bias. These provisions reflect a growing consensus: while CS is conceptually
and practically advantageous, its implementation requires careful prescription to ensure
robust and conservative design outcomes.

For designers, the takeaway is clear but qualified. CS-based record selection is beneficial
and should be preferred over UHS-based selection due to its hazard-consistent nature and
generally more realistic demand profiles. However, designers must be aware of its limita-
tions and advocate for code updates or updated procedures that incorporate multi-period
conditioning to avoid these pitfalls. Otherwise, there is a real risk of underestimating critical
demands—especially for components sensitive to higher mode effects.

An alternative perspective worth further investigation is the use of demand-hazard
curves, as explored by Bradley (2012) and others, which show that seismic risk often con-
verges to a single demand—hazard relationship regardless of the conditional period used
in CS selection. This convergence suggests that, despite variability in individual demand
estimates at different periods, the overall risk profile may be robust to the specific choice
of a single 7. This concept, if further validated, could offer a practical solution to the
limitations of single-period CS selection—potentially enabling the use of simplified, yet
hazard-consistent, ground motion selection without needing multiple sets, and is currently
under development.

The broader message this work conveys is twofold: first, that moving beyond UHS-based
selection is not only desirable but necessary for performance-based design accuracy; and
second, that CS-based approaches, while an improvement, still require some slight revision
from their current form to avoid misuse or force-based demand underestimation.
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6 Summary and conclusions

This study investigated the seismic performance of reinforced concrete (RC) shear wall
buildings using records selected through uniform hazard spectrum (UHS) and conditional
spectrum (CS) approaches. Key engineering demand parameters, such as shear, bending
moment, and peak storey drift along the wall height were evaluated across buildings of
varying heights and at two return periods (475 and 2475 years). The findings can be sum-
marised as follows:

e Base shear demands are better captured by second mode CS selection 7" = T5, whereas
first mode 7™ = T} captures only about 62% and third mode CS selection T* = T3
reaches up to 85% of peak demand by the C'S(T5).

o UHS selection tends to provide an upper bound for what concerns higher mode effects,
but tends to overpredict shear demands relative to CS of 7 = T3, with an average
overestimation of 6%.

o Moment demands capable of inducing yielding span a range of periods beyond the first
mode, indicating that base moment is not governed solely by 7T}

e Peak storey drift demands are clearly first-mode dominated, showing strong agreement
between UHS and C'S(T* = T1).

e UHS selection provides a conservative envelope for CS results, especially for higher
mode responses, but suffers from lack of hazard consistency, which is a target that must
be strived towards in modern seismic risk analyses.

As the next generation of Eurocode 8 transitions toward allowing CS-based selection, limit-
ing conditioning to T = T} may be insufficient. It is recommended that the code incorpo-
rate a second selection at 7" = T5 or adopt a strategy akin to ASCE 7-22, which mandates
multi-period conditioning and a minimum intensity threshold. While this increases proce-
dural complexity, it is essential to preserve both safety and hazard fidelity. Ultimately, CS-
based selection is the preferred method for future design practice, but its implementation
must be expanded and clarified to prevent unintended design vulnerabilities.
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