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ABSTRACT

Recent seismic design approaches developed under the umbrella of performance-based earthquake engineering (PBEE)
pursue pre-defined performance objectives in terms of structural response, economic losses, or casualties. The earlier PBEE
methods were mainly concerned with the deterministic evaluation of performance at a single ground motion intensity level.
This premise, however, provides little insight into the long-term risk-based performance of a structure, and limits the ability
to make informed design decisions. Given the inherent sources of uncertainty in all aspects of seismic design, probability
theory needs to be employed to enable reliable design solutions. However, applying a risk-oriented design approach is not
currently feasible for most practitioners, making it essential to understand how the current deterministic applications of these
intensity-based PBEE approaches perform in terms of risk. Specifically, the aim is to investigate the capability of the direct
displacement-based design (DDBD) method in producing reliable, risk-consistent designs. A probabilistic PBEE assessment
framework is applied as the benchmark to determine the risk of exceeding performance objectives for multiple DDBD-based
reinforced-concrete-wall and dual reinforced-concrete-wall/steel-frame buildings located at three different sites. The
significant variation in the achieved risk estimates related to the limit states of damage limitation, life safety and global
collapse for the buildings considered, questions the ability of DDBD—or any other intensity-based design method that does
not account for uncertainty—to offer risk consistency.
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INTRODUCTION

The state-of-the-art in performance-based earthquake engineering (PBEE) (Cornell and Krawinkler 2000;
Deierlein et al. 2003; FEMA 2018) provides the necessary probabilistic tools for a risk-consistent seismic assessment
of existing buildings, accounting for many sources of uncertainty and for as many performance measures as desired.
Such measures can be defined in terms of engineering demand parameters (EDPSs), such as the peak inter-storey drift
or the peak floor acceleration, or through more informative parameters in terms of decision variables, such as
economic and human losses or downtime. This naturally leads to the assessment of the mean annual rate (MAR) of
exceeding any performance measure threshold of interest. This paradigm can be employed for the design of new
buildings (or the rehabilitation of existing ones) by pairing specific performance measure thresholds characterizing,
e.g., damage limitation (DL), life safety (LS), or global collapse (GC), with a maximum allowable MAR of exceeding
them (Vamvatsikos et al. 2020) to define performance objectives for the design. While this is an appealing (and
scientifically applicable) proposal for reliable seismic design, the computational burden and the advanced knowledge
required either puts performance-based seismic design (PBSD) out of reach for many practitioners, or it is simply not



warranted for most projects. Even though in recent years several novel design methodologies were proposed by
researchers to facilitate the implementation of the state-of-the-art in PBSD (Wen 2001; Krawinkler et al. 2006;
Franchin and Pinto 2012; Zareian and Krawinkler 2012; Vamvatsikos et al. 2016; Vamvatsikos and Aschheim 2016;
Franchin et al. 2018; Zizmond and Dol3ek 2019; O’Reilly and Calvi 2019, 2020; Shahnazaryan and O’Reilly 2021),
the traditional intensity-based approaches are still dominating design applications.

There is a fundamental difference between having an intensity versus a risk basis (Vamvatsikos 2017). Consider
a performance objective pairing an inter-storey drift threshold of 2% with a maximum allowable probability of
exceedance (PoE) of 10% in 50 years, henceforth designated as 10/50, which is equivalent to a MAR of
~In(1 —0.1)/50 = 0.0021 years*. A risk-based procedure would require checking at the level of the performance
measure, here the inter-storey drift, by assessing the PoE of exceeding the threshold of 2% to ensure that it is less than
or equal to 10/50. This would require obtaining structural analysis results at multiple intensity measure (IM) levels,
assessing the conditional PoE at each and integrating with the frequency of each IM occurring (Cornell et al. 2002).
Instead, an intensity-based approach would be satisfied by checking at a single IM level only, verifying that the inter-
storey drift assessed at the intensity level with an exceedance frequency of 10/50 does not surpass the 2% threshold.
Clearly, these two checks are not the same, and the intensity-based one is by far the simpler. How well it measures up
to the risk-based result is not obvious and understanding the factors that come into this requires delving into the details
of each intensity-based approach.

The Force-Based Design (FBD) philosophy is by far the most prevalent intensity-based approach, adopted by
design codes such as EC8/EN1998-1 (CEN 2004a), NZS 1170.5 (NZS 2004) and ASCE 7-16 (ASCE/SEI 2017). In
most of its incarnations it relies on a single intensity level that is typically tied to an LS performance objective, which
it tries to satisfy through providing sufficient strength and strict detailing in the critical elements. This process is
performed using a single design spectrum, in most cases approximately corresponding with the Uniform Hazard
Spectrum (UHS) with a 10/50 PoE. Additional performance objectives, e.g., related to GC or DL may also be satisfied,
either explicitly, via a stiffness or deformation check for DL, or implicitly, by ensuring adequate ductility capacity to
delay the appearance of GC. Still, even when explicitly verified, such checks tend to be tied to the same 10/50 design
intensity level. As linear elastic structural models are universally used, the effects of non-linearity, overstrength, and
ductility need to be accounted for. This is the premise of the behaviour/response-modification/strength-reduction
factor, represented by g in European codes and R in USA codes. It typically varies with the type of lateral-load-
resisting system, but not the site, and it is used to scale down the design spectrum to account for the beneficial effects
of a stable, non-linear behaviour. Structural members are then sized to limit deformations and sustain the forces and
moments developed under the design lateral loads.

FBD has drawn considerable criticism, e.g., by Priestley (1993), due to limitations such as the potential
displacement incompatibility with the assumed ductility demand used to justify designing for forces less than the
elastic force level. To address such limitations the concept of Displacement-Based Design (DBD) was proposed (e.g.
Moehle 1992; Priestley et al. 2007). Direct displacement-based design (DDBD) is currently the most developed DBD
method with a recent update to the subject text and a model seismic code (Sullivan et al. 2012). The fundamental
philosophy behind DDBD is to design structures by proportioning strength and stiffness to achieve—rather than be
bounded by—a given performance objective under a specified level of seismic intensity (Priestley et al. 2007). This
is in contrast to FBD, where the satisfaction of the performance objective is checked at the end of the design process.
Further differences include the use of a 10/50 displacement (rather than acceleration) design spectrum, while in place
of a q or R factor, the design spectrum is reduced as a function of the expected ductility demand compatible with the
displacement-based design objectives.

As DDBD aims directly to attain a given performance, one may believe that the method produces structures with
the desired risk of the performance objective not being met, irrespective of the seismicity characteristics at the site
(see chapter 3 of Priestley et al. 2007). This expectation inherently relies on the assumption that a deterministic
intensity-based check is equivalent to a probabilistic risk-based one (Bazzurro et al. 1998). Such a belief trusts, rather
naively, that a simplified pseudo-static method that is incapable of dealing with the complexities of the building’s
dynamic behaviour under the excitation of real ground motions is unaffected by uncertainties in the expected ground
motion characteristics and in the structural capacity. This reasoning is faulty. Overall, the intensity-basis employed by
FBD, DBD, and DDBD is prone to non-conservativeness by neglecting uncertainties. Mitigating this inconsistency
without resorting to explicit PBSD is not easy. Codes typically make up for the shortfall by employing conservative
assumptions and by enforcing design minima, attempting to tune the risk across broad classes of lateral-load-resisting



systems in an effort that often (yet not always) ends up decreasing the risk well below the requirements of the
performance objective (lervolino et al. 2018). Still, this cannot guarantee designs with a target uniform risk for any
limit-state in the non-linear range of response across different sites and structural systems. More nuanced site and
system specific approaches are thus required. This is the premise of risk-targeted design spectra (Luco et al. 2007) and
risk-consistent R or q factors.

Risk-targeted spectra adjust the main design input of the seismic load to achieve a single performance objective
defined at the level of a generic fragility curve representation of actual structures. As adopted in ASCE 7-16, they
target a collapse PoE of 1/50 (a risk basis) assuming that the system has a collapse probability of 10% at an intensity
level of 2/50 (an intensity basis). In broad terms, risk targeted spectra can be said to offer a link between the desired
risk-basis and the actually employed intensity-basis, attempting to ensure that verifying the latter will result in the
desired performance, at least in an average sense across buildings of different classes located at different sites (see
Gkimprixis et al. (2019) and Spillatura et al. 2022). To also ensure this performance irrespective of the structural
system, risk-targeted spectra need to be employed in tandem with properly calibrated g or R factors to ensure that a
system designed by the code will conform to the adopted generic fragility curve representation, e.g., by having a
collapse probability of 10% at an intensity level of 2/50 (FEMA 2009). Obviously, such broad generalizations and
large-scale calibrations take their toll. Thus, risk-targeted spectra cannot guarantee the performance of any specific
structure; however, in respect to the single targeted performance objective (e.g., collapse) they move towards
producing harmonised (i.e., more uniform) risk across buildings at different sites (Spillatura et al. 2019). Extending
to multiple pre-defined objectives and achieving higher fidelity requires a more fine-grained calibration of both aspects
of this process, with a better characterization of lateral-load-resisting systems than a generic fragility curve, as well as
the employment of risk-consistent g or R factors to accurately capture performance (Vamvatsikos et al. 2020). Clearly,
this is a FBD-compatible process, but it also shows a potential path for improving all other intensity-based approaches,
tuning similar knobs of DBD and DDBD to better harmonize the resulting risk.

With the continued advances in computer tools and recognition of the applicability of probabilistic methods by
engineers, it is likely that risk-based PBSD will eventually form the future generations of seismic design; however,
there still seems to be a long way to achieving this goal. Until then, the current design approaches need to be validated
and possibly adjusted to ensure that our structural design outputs are risk-consistent while maintaining the required
simplicity necessary for common practice. At the very least, if we adopt simplified alternatives, we should be aware
of the penalties associated with the shortcut to success. Following this path, we aim to quantify the risk-oriented
capabilities of the DDBD method.

DDBD VERSUS THE STATE-OF-THE-ART IN PBEE

FBD characterises the structure in terms of the elastic, pre-yield properties; DDBD instead uses the secant stiffness,
Ke, at the maximum design displacement, Aq, that achieves the performance objective. In lieu of the arbitrary ductility
allocation, in the form of a g or R factor assigned to the system as a whole and without consideration of displacement
compatibility, DDBD accounts for energy dissipation with the assignment of equivalent viscous damping, ¢, at a level
representative of the combined elastic damping and the hysteretic energy absorbed during the inelastic response. For
multi-degree-of-freedom (MDOF) buildings, the method relies on the substitute structure approach (Shibata and Sozen
1976) in which the equivalent mass, me, the design displacement, Aq, and the corresponding effective damping, &,
estimated from the expected ductility demand, are determined in terms of an equivalent single degree of freedom
(SDOF) system. This step requires an assumed non-linear displaced shape of the structural system at the design level
that produces the limit state threshold value of displacement or drift for the most critical member (Figure 1a). The
effective period, Te, of the equivalent SDOF system is then read from the damped displacement spectrum at the point
corresponding to the design displacement measured at the effective height, He (Figure 1b). Once the characteristics of
the substitute structure are determined, the design base shear is calculated (Figure 1c) and distributed to the discretised
mass locations up the height of the MDOF model in proportion to the mass and design inelastic displacement, not
unlike what is done in force-based design. Thus, the process determines the strength required at designated plastic
hinge locations to achieve the displacement-based objectives, which is then combined with capacity design procedures
calibrated to the DDBD method such that non-ductile modes of inelastic deformations are prevented.
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Figure 1: Fundamental steps of DDBD (a) equivalent SDOF system, (b) design displacement spectrum and (c)
effective stiffness representation

In comparison, the state-of-the-art PBEE framework adopted by the PEER Center (Cornell and Krawinkler 2000)
estimates the highly complex relationship that maps the ground motion input to the non-linear response output with a
detailed analysis of the dynamic behaviour induced by hazard consistent ground motions at many intensity levels.
Moreover, the probabilistic framework allows for the incorporation and propagation of sources of uncertainty
associated with the inherent randomness of nature and uncertainties associated with the lack of knowledge about the
phenomena being modelled. This procedure is a conceptual method that estimates the annual frequency of exceedance,
MDV), of one or multiple decision variables (DV), such as economic losses, downtime, or human casualties,
summarised as:

A(DV) = ﬂ G(DV|DM) - |dG(DM|EDP)| - |dG (EDP|IM)| - |dA(IM)] 1)

G() is the complementary cumulative distribution function of its argument, while A(") is the mean annual frequency
of exceeding it. DM stands for a damage measure showing progressive damage of the structural or non-structural
elements and building contents, as a function of several engineering demand parameters (EDP), such as storey drift
or floor acceleration. Lastly, the IM is the intensity measure used to define the severity of a ground motion, such as
the 5%-damped first-mode spectral acceleration, Sa(Tx).

By reducing the order of integration in Equation (1), one can similarly compute A(DM) or A(EDP) representing the
annual frequency of exceedance of a given damage state or a structural response level, respectively. Through an
iterative process, the trial design is thus verified to meet the performance objectives when the MAR of exceeding the
respective thresholds in terms of DV, DM or EDP, i.e., 4(DV), A(DM) or A(EDP) are lower than the corresponding
targets. As can be implied from Equation (1), there are many practical technicalities engaged in this process, even for
the simplest form of evaluating A(EDP) also dealt with in this study. As such, different aspects of this process have
been the subject of a vast amount of research in the past three decades. These mainly include probabilistic seismic
hazard analysis (PSHA) (Cornell 1968); the choice of a suitable IM used as an interface between seismic hazard and
structural response (e.g., see (Luco and Cornell 2007; Kohrangi et al. 2016b)); and hazard consistent ground motion
record selection to link the seismic hazard at the site to the structural response of interest (such as conditional spectrum
(Lin et al. 2013a)). Finally, there is the structural modelling and evaluation of the dynamic response of the building at
many IM levels through different techniques such as incremental dynamic analysis (IDA) (Vamvatsikos and Cornell
2002) or multiple stripe analysis (MSA) (Jalayer 2003), while also accounting for the structural response and
modelling uncertainties (Cornell et al. 2002; Porter et al. 2002). In this study, we apply the latest and most recent tools
in the field developed to evaluate the A(EDP) of the case study buildings. This provides an unbiased benchmark to
evaluate the capability of the DDBD method to produce buildings with a uniform risk of exceeding the target
performance objectives.



CASE STUDY BUILDINGS AND SITES

We consider two sets of ordinary office buildings (importance class 11, according to EC8), covering two different
lateral-load-resisting systems. Each set contains three buildings derived from a consistent base model inspired by
Garcia et al. (2010), at 4, 7 and 9 stories high—producing six unique building models. The plan geometry of all six
building variants is identical with 5x3 bays with a bay length of 8.0 metres in both directions. The lateral-load-resisting
system of the first set, illustrated in Figure 2a and Figure 2c, is provided by two pairs of identical reinforced concrete
(RC) cantilever walls in the transverse direction and steel moment frames in the longitudinal direction. It is assumed
that the distance between the two walls at each end of the building is large enough that slab-coupling effects are
negligible. The second building set, shown in Figure 2b and Figure 2d, converts the gravity-only steel frames of the
first set into steel moment-resisting frames (MRFs), producing steel-frame/RC-wall dual systems. The buildings’
layout is regular both in plan and in elevation, and thus simple 2D models may be employed. Herein, only the
transverse direction is analysed, as indicated in Figure 3, with the longitudinal direction presented here for
completeness. The seismic mass at each level is 1080 tonnes, which includes an allowance for seismic live load and
superimposed dead loads of a typical office building.
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Figure 2: Hlustration of the building configuration showing the plan layout and 3D view of the 7-storey case
study buildings for wall systems (a & c) and dual wall-frame systems (b & d). Lateral-load-resisting systems
are highlighted in blue. The “ground motion direction” arrows indicate the principal axis analysed in 2D.

Following the approach by Kohrangi et al. (2017b), three high seismicity sites in Athens (37.976°N, 23.751°E),
Perugia (43.111°N, 12.389°E) and Focsani (45.696°N, 27.179°E) are selected to anchor the case study buildings as
they share a common reference peak ground acceleration (PGA) on bedrock of ag=0.3g at the 10/50 design intensity
level as estimated via the ESHM13 seismic source model (Giardini et al. 2014). The Type 1 design spectrum
recommended by EC8 for regions of high-seismicity is rigidly anchored to this common reference PGA value.
Therefore, provided the soil class is consistent for all sites, the resulting design spectrum is identical, and hence
buildings designed for one site are equally suitable for any of the three locations considered (according to the code).
Here we assume that all sites are located on soil with averaged shear wave velocity in the top 30 metres of Vsz = 360



ms1, corresponding with the borderline of soil type C according to the EC8 soil type classification. In recognition of
the fact that the corner period of the design spectrum is a function of the earthquake magnitude and that the cut-off
corner period of 2.0 seconds given by EC8 is non-conservative in computing the displacement response spectra
(Faccioli et al. 2004; Priestley et al. 2007), the constant velocity region of the response spectrum is continued into the
constant displacement region until the corner period of 4.0 seconds. Beyond 4.0 seconds, the spectral displacement is
assumed to remain constant.

The buildings are designed to the current Eurocode provisions (CEN 2004a, b, 2005) with DDBD substituted for
the code-adopted equivalent lateral force method. Since the former employs set drift thresholds to determine element
demands, rather than the combined drift and base shear requirements of FBD, a middle ground is sought to achieve
Eurocode compatibility. Specifically, the life-safety (LS) limit state is targeted by imposing an inter-storey drift limit
of 2.0% at the 10/50 design ground motion intensity, corresponding to a return period of 475 years. The reason for
this choice stems from the damage limitation (DL) requirement of EC8, limiting the inter-storey drift to 1.0% at the
10/10 intensity level for buildings that contain non-structural elements fixed in such a way that they do not interfere
with the structural deformations. For importance class Il buildings, the code essentially approximates the 10/10
intensity by one-half of the corresponding 10/50 design value, thus, within EC8 a 1.0% drift requirement at 10/10 is
equivalent to a 2.0% limit at 10/50. Note that the 50% reduction per EC8 is a reasonable approximation for the three
sites considered, resulting to a reduced PGA of 0.173g (soil type C), compared to the site-specific 10/10 PGAs of
0.159g, 0.164g and 0.184g for Athens, Perugia and Focsani, respectively (Giardini et al. 2014). Since the
aforementioned translation of the drift limit (twice the intensity causes twice the drift) is based on the equal
displacement rule, rather than the equivalent linear SDOF approach of DDBD, one could question whether this 2%
drift limit check at 10/50 is equivalent to a 1% drift limit check at 10/10. In fact, with the exception of the 4-storey
wall building (at all three locations), when designing to exclusively target the LS performance objective stated above,
all buildings also satisfy a drift limit of 1% at the 10/10 intensity level. Or equivalently, according to the DDBD
process, these 15 (out of 18 total) buildings achieve the 1% inter-storey drift limit at an intensity more severe than
required by EC8. Thus, we may argue that verifying compliance of the final designs to a DL criteria of 1% drift at
10/10 intensity is legitimate for these buildings.

The characteristics of the building designs produced with the DDBD method are summarised in Table 1 (see van
der Burg L. (2019) for more details). The structural walls are detailed in accordance with the ductility class high
(DCH) provisions of EC8, with the reinforcement reduced along the height of the building in proportion to the
decreasing seismic demand.

Table 1: Summary of building designs based on the DDBD approach for the six case study buildings

) Wall Buildings Dual wall-frame Buildings

Design Item

4-storey  7-storey  9-storey 4-storey 7-storey 9-storey
Wall length and thickness (m x m) 4.0x0.3 5.0x0.3 6.0x0.3 4.0x0.3 5.0x0.3 6.0x0.3
Max reinforcement ratio (%) 1.16 1.92 1.82 1.82 2.09 171
Main Beams — W21x55 W21x55 W21x62
Roof beams — W18x35 W16x36 W18x35
External columns — W14x61 W14x61 W14x68
Internal columns — W14x120 W14x120 W14x132
Effective period, Te (S) 2.22 2.95 3.48 1.93 3.10 3.86
Design ductility, psys 2.46 1.56 1.41 1.52 1.31 1.27
Base shear coefficient 0.13 0.10 0.09 0.17 0.11 0.09

STRUCTURAL MODELLING

A 2D fibre-based finite element model (Figure 3) is adopted for all structures, accounting for both stiffness and
strength deterioration due to concrete cracking, section yielding, and cyclic loading. The buildings are modelled using
SeismoStruct (SeismoSoft 2018), with inelastic frame elements for both the RC and structural steel elements. A force-
based lumped-plasticity fibre-section formulation is used for the structural steel elements, while the RC walls are
subdivided into one metre segments and modelled with displacement-based distributed plasticity elements. The



Mander et al. (1988) model is assumed for concrete fibres, while the Menegotto-Pinto model (Menegotto and Pinto
1973) is employed for both structural and reinforcement steel. It could be argued that a lumped-plasticity
phenomenological model (e.g. Lignos and Krawinkler 2011) would provide higher fidelity for the SMF elements close
to collapse, but as the response of the dual systems is dominated by the RC walls (Figure 4), the SMFs are mainly
delegated to providing additional stiffness, with their post-yield behaviour being of little consequence. The seismic
masses are considered lumped at the floor levels, while diaphragm constraints are enforced at each floor. Full base
fixity is assumed. A leaning column is added to carry loads not tributary to the modelled frame, while P-A effects are
accounted for via a first-order treatment.

The initial-stiffness Rayleigh damping model is adopted, assuming an equivalent viscous damping coefficient of
1% anchored at the first and second modal periods of each building. This low level of damping is typical for fibre-
based models of RC structures (Sousa et al. 2020), as the latter incorporate significant hysteretic energy dissipation
from the early stages of nominal “elastic” response due to cracking. The same holds for the dual RC-wall/steel-frame
systems, which are dominated by the RC wall response early on, as shown by the pushover analysis in Figure 4 for
four-storey dual system. At higher levels of response, hysteretic damping takes over, rendering the initial damping
assumption less relevant. The modal vibration periods and modal mass participation factors for the first and second
modes of the case study buildings are presented in Table 2.
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Figure 3: Schematic illustration of the structural models for: (a) wall system; and (b) Dual wall-frame system.
On the right of the RC wall, the leaning column is shown.

Table 2: Dynamic characteristics of case study buildings

No. Stories Building Modal period (s) Mass participation (%) 6., (%)
1% Mode 2" Mode 1t Mode 2" Mode
Wall 0.66 0.10 69.5 21.0 4.5
Dual wall-frame 0.79 0.14 70.2 20.3 4.3
Wall 1.28 0.21 65.7 20.2 4.3
Dual wall-frame 1.53 0.28 66.5 19.3 3.8
Wall 1.56 0.25 64.6 19.8 3.9
Dual wall-frame 1.83 0.34 65.7 18.8 34

A non-linear static procedure is used to perform a preliminary structural assessment of the building designs to
verify the base shear capacity and to estimate the GC capacity in terms of a maximum inter-storey drift ratio (MIDR)
limit, 6. The pushover analysis is performed to a target displacement sufficiently large to estimate the ultimate
displacement capacity using an imposed load pattern consistent with the assumed inelastic first mode shape adopted
by the DDBD procedure. GC is assumed to occur if either the dynamic analysis algorithm fails to converge due to
numerical instability at high deformation levels, or if the MIDR exceeds the pre-defined collapse capacity threshold,



6:01. More specifically, we assume that 0. corresponds with the lowest MIDR value at which: (i) a sudden reduction
of at least 40% of the building’s total strength occurs, or (ii) the concrete core is crushed at the wall toe and buckling
of the flexural reinforcement occurs, as shown in Figure 4. The last column in Table 2 presents the 6c values for each
building obtained using the above-described method, with a range of 3.4-4.5%.
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Figure 4: Pushover curve for the four-storey dual wall-frame system. Toe crushing is the dominant failure
mode.

IM CHOICE, HAZARD ANALYSIS AND GROUND MOTION DATABASE

A typical choice for the IM would be the spectral acceleration at the first mode of the structure, Sa(T1). Offering
considerable improvements in terms of sufficiency and efficiency (Luco and Cornell 2007) the scalar IM of AvgSA is
preferred instead. It is defined by the geometric mean of spectral acceleration over a period range capturing periods
both higher and lower than T; (Vamvatsikos and Cornell 2005; Kohrangi et al. 2007, 2016a; Eads et al. 2016). In an
attempt to capture the higher mode response and period elongation effects of all buildings with the same 1M, AvgSA
is computed considering 31 linearly spaced spectral ordinates over a period window of [0.1, 3.1]s, using an increment
of 0.1s. The spectral ordinates used to compute AvgSA are the geometric mean of the two horizontal components. The
lower bound of the period range is set to T of the stiffest structure and an upper bound set at approximately 1.7 times
T1 of the most flexible structure, as indicated in Table 2. Although a building-specific definition of AvgSA can be
tailored for better fidelity to the specific building and response ductility demand, the single IM definition used is not
expected to affect the conclusions of this study and has the advantage of allowing for a direct comparison between
building fragilities.

PSHA is performed to compute the hazard for AvgSA and PGA at the three selected sites of Athens, Perugia and
Focsani using OpenQuake (Monelli et al. 2012) considering all seismic sources within 200 km of each site and a Vsso
of 360 m/s, consistent with the design assumption. The ESHM13 area source hazard model (Giardini 2013) is used
with the Boore and Atkinson ground motion prediction equation (BA08 GMPE) (Boore and Atkinson 2008),
employing the indirect method of Kohrangi et al. (2018) to produce the hazard in terms of AvgSA. The dashed lines in
Figure 5 show the resulting hazard curves for AvgSA. Figure 6a compares the 10/50 UHS to the EC8 design spectrum
and Figure 6b shows the corresponding pseudo spectral displacement generated from the acceleration spectra
assuming that the peak response is governed by the equations of steady-state sinusoidal response. The solid black lines
in Figure 6 show the EC8 design spectrum adopted in DDBD, modified by extending the constant velocity region until
a corner period of 4.0 seconds. For all sites the PGA level is identical by choice, but all 10/50 spectral ordinates above
0.2s are less severe than the conservative EC8 spectrum, both in terms of acceleration and displacement. Therefore,
the performance of each of the six designs at a given site is influenced by two aspects: (i) the effect of inconsistency
between the generally conservative assumptions that are behind the shape of the EC8 design spectrum and the hazard
at the site (i.e. Figure 6) and, (ii) the effect that the DDBD method has on the building performance. It would not be
fair to criticize DDBD for the mismatch between the code and the site hazard; therefore, an additional set of hazard
curves are produced for the three sites. To achieve this consistency, the MAR of the individual hazard curves for Sa(Ti)
are uniformly scaled such that the resulting 10/50 UHS approximately matches the design spectrum in the constant-
velocity region between 0.6s to 2.0s using the method of least squares. The hazard curves for AvgSA are then scaled
by this site-specific scale factor. This ensures that there is practically no mismatch between the 10/50 spectral ordinates



and the design spectra at the over the region dominating the response of all structures. The solid lines in Figure 5 and
Figure 6a, show the resulting EC8-consistent hazard curves and UHS, respectively. This method of hazard scaling is
akin to uniformly increasing the activity rates of all seismic sources that contribute to the hazard, while maintaining
the causal distributions of magnitudes and distances that are characteristic of the three sites. Therefore, the relative
contributions to the hazard from different earthquake scenarios are identical for both sets of hazard curves, and records
selected utilising the disaggregation results are equally representative.
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Figure 5: PSHA results obtained for the three sites in Athens, Perugia and Focsani, showing the seismic
hazard curves for AvgSA. Dashed lines indicate the original hazard per site, while the solid lines shows the
effect of scaling the UHS to match the design spectrum in the constant velocity region.

——-Athens ——-Perugia Focsani —— Athens scaled —— Perugia scaled Focsani scaled
1.6 0.7
T 1.4 g 06
= =
g2 g 05
<
£ 10 g
3 8 04
8 os =
2 & 03
el a 2 T EE =
30.4 E 02 T ———
3] 7=
0.0 0
0 05 1 15 2 25 3 35 4 45 0 05 1 15 2 25 3 35 4 45
Period (s) Period (s)
(@) (b)

Figure 6: PSHA results obtained for the three sites in Athens, Perugia and Focsani, showing: (a) site-specific
10/50 UHS and (b) the corresponding pseudo spectral displacement. Both overlaid by the EC8 Type 1 spectrum
(dashed black line) and design spectrum adopted in DDBD (solid black line).

To identify the relative contribution of the causal magnitudes and source to site distances at each intensity level,
disaggregation analysis is performed at ten IM levels of AvgSA, corresponding to a PoE in 50 years of 70%, 50%,
30%, 10%, 5%, 2%, 1.5%, 1.0%, 0.6% and 0.2%. The corresponding AvgSA values are listed in Table 3, with the
mean magnitude and distance that contributes to the hazard level at each site. Figure 7 shows the disaggregation bar
charts corresponding to the 10/50 PoE for each site.



Table 3: The mean magnitude M and distance R resulting from disaggregation at the ten AvgSA IM levels for
each of the three selected sites.

POE/50 Return Athens Perugia Focsani
(%) Period IM M R IM M R IM M R
(years) @  (Mw) (km) @  (Mw) (km) @  (Mw) (km)
70 42 0.06 6.7 53 0.04 6.1 33 0.08 6.5 25
50 72 0.08 6.8 44 0.06 6.2 26 0.10 6.6 21
30 140 0.11 6.9 34 0.08 6.3 20 0.13 6.8 17
10 475 0.18 7.0 20 0.14 6.4 12 0.21 6.9 12
5 975 0.23 7.1 16 0.2 6.5 10 0.27 7.0 10
2 2475 0.32 7.2 12 0.28 6.6 8 0.39 7.1 9
15 3308 0.35 7.2 11 0.31 6.7 8 0.43 7.2 8
1.0 4975 0.39 7.3 10 0.37 6.7 8 0.50 7.2 8
0.6 8308 0.46 7.3 9 0.44 6.8 8 0.60 7.2 8
0.2 24975 0.62 7.4 8 0.63 6.8 8 0.84 7.3 8
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Figure 7: Disaggregation results for selected sites located in (a) Athens; (b) Perugia; and, (c) Focsani,
conditioned on the 10/50 AvgSA level.

Structural response may depend on characteristics of the seismic hazard at the site where the structure is located
that go beyond the selected IM (Kohrangi et al. 2017). Record selection provides the missing link. The robustness of
this link, and ultimately the reliability of the results, is largely dependent on how well the characteristics of the hazard
are represented by the chosen ground motion set and the quality of the chosen IM. As shown in Figure 7Figure 7, the
distribution of the causal magnitudes and source to site distances vary between the three sites at the same intensity
level. When extending this comparison to all intensity levels, the causal parameters can vary considerably. It is
therefore desired to select a record set for each intensity level, unigque to each site, which reflects these changes in the
ground motion characteristics. To maintain hazard consistency in the evaluation of the seismic risk, the conditional
spectra (CS) (Kohrangi et al. 2007; Lin et al. 2013b) based record selection approach is adopted, where hazard
consistency is maintained with respect to the intensity dependent spectral shape. For each site, 20 two-component
ground motions are selected from the PEER NGA database (Gokkaya et al. 2016) for each of the ten AvgSA levels
listed in Table 3. The selected ground motions are scaled to collectively match the target mean and variance of the
geometric mean spectral acceleration of the two horizontal components, using the algorithm of Kohrangi (2015). In
the generation of the CS target, we used the BA08 GMPE and the period-to-period spectral acceleration correlation
model of Baker and Jayaram (2008). The selection is performed based on the exact method in which all the causal
events in the disaggregation analysis are considered in generating the CS target spectrum (Lin et al. 2013a). Figure 8
shows the excellent matching achieved between the statistics extracted from the selected record sets compared to the
AvgSA-based CS defined target.
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Figure 8: (a) Median and (b) standard deviation of In(Sa) for the selected record sets at the three sites compared
to the CS target (black lines) conditioned on the 10/50 and 2/50 IM levels with corresponding return periods of
475 years (IM4), and 2475 years (IM6).
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STRUCTURAL RESPONSE AND BUILDING PERFORMANCE

For each of the 18 building-site variants, MSA is performed using the 20 selected ground motions at each of the 10
IM levels. As 2D models are employed, they are subjected to only one horizontal component per pair, chosen at
random. Figure 9 shows the MIDR results for the 4-storey wall-steel frame and the 9-storey RC wall buildings located
at the three sites. Despite MSA being performed with stripes up to an intensity level with a return period of 25,000
years, the hazard is not severe enough to produce meaningful collapse data for the 4-storey dual building located in
Perugia, as shown in Figure 9a. This is the only building variant with limited collapse data and the effect of this is
reflected by the very low GC rate in its MIDR hazard curve. Given that the probability of exceeding the highest
intensity level is 0.2% in 50 years, i.e., extremely rare, supplementing the existing data with additional stripes capable
of causing collapse will have a negligible influence on the estimated GC risk.
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Figure 9: MSA results of (a) the 4-storey wall-steel frame building and (b) 9-storey wall building located in
Athens, Perugia and Focsani. Results that indicate collapse, are lumped at an MIDR value past the collapse
capacity (dashed line), with the number of records causing collapse in that stripe indicated in parentheses.

Lognormal fragility functions are fitted for the 18 building-site variants using the maximum likelihood method
(Baker 2015). Figure 10 shows the fragility curves in terms of the probability of the MIDR exceeding the LS limit
state (i.e., MIDR > 2%) and for GC. Additional uncertainty, e.g., due to the imperfect knowledge in structural
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modelling parameters, is taken to offer an additional dispersion of 0.25. This is incorporated by adopting the common
first-order assumption, whereby the median response remains the same and the dispersion is augmented by the
additional uncertainty in a square-root-of-the-sum-of-squares fashion. Figure 10a compares the fragility curves of the
4-storey wall building located in Focsani with and without considering the structural modelling variability; it shows
that in the presence of additional sources of uncertainty, the probability of exceeding the limit state capacity increases
for intensities less than the median capacity but decreases for intensities higher than the median. As a consequence,
ground motions with a lower intensity but higher rate of occurrence are capable of contributing more to the risk of
exceeding the limit state capacity.

By comparing the fragility functions shown in Figure 10b, not surprisingly, it can be seen that the limit state
median capacity of these DDBD buildings in terms of the ground motion intensity is both building-dependent and,
more importantly, site-dependent. More specifically, as also found in Kohrangi et al. (2017b), identical buildings
located at different sites do not have the same median LS and GC capacities. For instance, the estimates of the median
GC capacity of the 9-storey dual system buildings are AvgSA = 0.57g, 0.73g and 0.63g when located in Athens,
Perugia and Focsani, respectively. This difference is due to the different spectral characteristics of the ground motions
that may occur at the three different sites, despite the 10/50 PGA, and the design response spectrum being identical.
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Figure 10: Fragility functions for LS (MIDR>2.0%) and GC limit state showing: (a) effect of record-to-record
variability (RTR var) with and without modelling uncertainty for the 4-storey wall building located in Focsani;
and (b) fragility functions of all 18 building-site variants accounting for both types of uncertainty.

Similar to the characterisation of the LS and GC exceedance shown in Figure 10b, the MSA results are used to
produce additional fragility curves to characterize the exceedance of MIDR levels from 0.1% to 10%. The full set of
fragility curves are convolved with the two sets of unscaled and scaled hazard curves (Figure 5a) using the reduced
version of Equation (1) to characterise the MAR of exceeding this wide range of MIDR values (i.e., A(EDP) in the
format of Equation 1). The outcome is represented in the form of MIDR hazard curves. The results of the unscaled
hazard curves in Figure 11a show the full effect seen by a practitioner using DDBD with the EC8 design spectrum
with a return period of 475 years. For these buildings the MAR of exceeding DL (i.e., MIDR > 1%) varies from
1.7x107% to 7.1x10°3, while for LS (MIDR > 2%) the range is from 2.4x10* to 1.5x1073. The equivalent return periods
vary between 140 to 590 years and 670 to 4170 years for the DL and LS limit states, respectively. The MAR of GC is
also far from being uniform: it varies by an order of magnitude from approximately 10 to 105, corresponding to a
return period range between 10,000 and 100,000 years. At the same time, and more interestingly for the discussion
here, Figure 11b reveals the wide variation in the building performance due only to the application of to the DDBD
method itself, using the scaled EC8 consistent hazard curves. Again, the MAR values of exceeding the three limit
states vary greatly across sites and across buildings, a result that confirms the non-uniformity of the performance of
buildings designed via DDBD.

More specifically, how do these MAR values of MIDR limit state thresholds obtained using both sets of hazard
curves (Figure 10a and b) translate into PoEs in 50 years? Here we recall that the DDBD method targeted only the LS
limit state of the buildings by imposing a drift limit of 2.0% at a design ground motion intensity level with a 10/50
PoE. Thus, the designer may be led to believe that buildings designed based on this approach should have a PoE for
LS equal to, or less than 10/50, that is, the same value associated with the design spectrum. Making the common
assumption of PSHA that the Poisson distribution can adequately represent the occurrence in time of earthquake
events, we first compute the PoE in 50 years of the design performance objective of LS shown in Figure 12. Results
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from original versus EC8-compatible hazard are indicated by the solid and hatched bars, respectively. Similarly,
Figure 13a and Figure 13b show the PoE in 10 years for DL and the PoE in 50 years for GC, respectively.
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Figure 11: MIDR hazard curves obtained using: (a) the site hazard curves; and (b) the “EC8 consistent” scaled
hazard curves.
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Figure 12: LS performance obtained using the site hazard (solid bars) and the “ECS8 consistent” scaled hazard
(hatched bars).

As stated earlier, the first obvious observation from the results presented in Figure 12 is that checking the PoE of
the design intensity is not equivalent to checking the PoE of the limit state performance targeted in the design
procedure. With reference to the solid bars in Figure 12, the PoE of the target MIDR limit is in the range of 1.2%—
7.0% in 50 years, and is on average 67% lower than the PoE of the 10/50 design ground motion intensity. This implies
that these buildings conservatively conform to the code requirements and thus, they satisfy the pre-defined
performance objective. This conservatism, however, is clearly imposed by the effect of the overly severe demand
dictated by the EC8 Type 1 design spectrum (see black lines in Figure 6). Pick a different site of the same 10/50 PGA
where the code spectrum happens to be unconservative and the conclusion may well be reversed. A fairer evaluation
of the DDBD approach, however, can be made from the comparison of the hatched bars in Figure 12 obtained using
the scaled, EC8-consistent hazard curves. This better reveals the effectiveness of DDBD in achieving the performance
objective targeted in the design. With this modification, the average LS PoE increases to 11.0% in 50 years, ranging
from 4.2% to 20.5% in 50 years. Although, on average, the LS is marginally satisfied (i.e., POE 11/50 versus the target
of 10/50) for the ensemble of building-site variants evaluated, the results differ from case to case: LS is not satisfied
for 8 out of 12 buildings in Athens and Focsani, while all 6 buildings located in Perugia are deemed LS-compliant by
a good margin. In plain words, DDBD does not necessarily satisfy its target design objective, but also it does not
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guarantee a uniform risk of the performance objectives not being met. FBD is no stranger to this problem as well,
owing to its intensity rather than risk basis.
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Figure 13: Limit state performance for (a) DL criteria and, (b) GC criteria; corresponding to the site hazard
(solid bars) and the “EC8 consistent” scaled hazard (hatched bars).

As previously mentioned, the building designs for 15 of the 18 building-site variants are governed by the LS limit
state and therefore, according to the DDBD procedure, these buildings automatically satisfy the DL requirement of
EC8. That is, the DDBD procedure implies that the DL drift limit of 1.0% is achieved for an intensity level
corresponding to a PoE lower than 10/10. However, despite being designed for a base shear larger than that required
to satisfy the DL requirement, the probability of exceeding the DL criterion (see Figure 13a) is on average 13% in 10
years, with a wide range in the performance of 0.6 (for the 9-storey dual building in Athens) to 2.0 times (for the 7-
storey dual building in Focsani) the 10% PoE assigned to the DL design spectrum. In fact, as seen by the MIDR hazard
curves in Figure 11, large differences in the MAR are observed at all MIDR levels.

Figure 13b similarly shows the PoE of GC in 50 years. Unlike the previous limit states, extending the performance
evaluation to the GC limit state is not a straight forward task as no clear consensus on the tolerable collapse risk exists.
As shown by Spillatura (2018) attempts in the previous literature have been made to target GC performance using
risk-targeted spectra; however, the “acceptable” target GC risk in these studies varied considerably and with no robust
justification. Previous versions of the international building code (IBC) and ASCE/SEI 7-10 (IBC 2012; ASCE 2013)
stipulated ordinary buildings to have a risk-targeted “acceptable” GC PoE of 1/50 or, equivalently, a MAR of collapse
equal to, or less than, 2.0x10*. However, the pertaining requirements in these documents have been removed in the
subsequent versions. More recently, Tsang and Wenzel (2016) evaluated the previous collapse risk requirements of
IBC by linking the GC rate to the expected mortality rate using a tolerable annual mortality rate of 10%; the same order
of magnitude accepted for other natural catastrophes. The study determined that a target MAR of GC less than 2.0x10
is adequate for controlling fatality risk of less vulnerable buildings such as lightweight steel and timber construction,
but a uniform target for all buildings of less than 1.0x10 is recommended. Herein, an “acceptable” GC PoE of 1/50
has been adopted as the target to evaluate the GC performance of the buildings designed via DDBD.

Regarding the EC8-consistent results displayed in Figure 13b, the average GC PoE of the case study buildings is
1.2% in 50 years, only 20% higher than the somewhat arbitrary target of 1.0%. However, what matters the most here
is the significant difference in the degree of safety, with collapse risk estimates varying by more than a factor of 10
(from 0.2% to 2.7% in 50 years) across the 18 buildings considered. Furthermore, it is worthwhile noting that by
comparing Figure 12 to Figure 13b, it is clear that targeting only LS performance—as done in DDBD and most
applications of FBD—cannot guarantee collapse performance without considering the site-specific hazard
characteristics. For example, as shown in Figure 5, the sites in Athens and Focsani have similar (scaled) hazard curves
at the levels most contributing to the exceedance of the LS limit state (i.e., from 5x102to 1x10°3) with the hazard
curves deviating at intensities that control the GC risk (i.e., above 1x10%). As a consequence, the four-storey wall
building in Athens and Focsani have essentially the same risk of exceeding the LS objective (i.e., PoE of 13/50, see
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Figure 12), but with a difference in the collapse risk of more than double (0.8/50 in Athens versus 1.7/50 in Focsani,
see Figure 13b). These results clearly indicate that DDBD lacks the ability to control or target the GC performance by
designing to the LS performance level; in other words, the verification of the LS performance reveals little about GC
performance. To be fair, the same issues plague FBD as demonstrated by lervolino et al. (2019), owing to the intensity
basis of both methods.

The highly non-uniform risk obtained in this study highlights, once more, why the degree of confidence in having
achieved the performance objective should be questioned when neglecting hazard characteristics other than that at the
design intensity, as well as sources of uncertainty inherent in the IM—EDP relationship. As shown by O’Reilly and
Calvi (2020), when these aspects are accounted for even in an approximate manner using closed-form solutions in
tandem with DDBD, significant improvements in the reliability of the response can be achieved.

CONCLUSIONS

The seismic design of structures involves designing a single system to achieve several “acceptable” performance
objectives subject to the demand imposed by a highly complex phenomenon. As such, practitioners depend on the
capabilities of design procedures to provide reliable estimates of the building performance and safety to facilitate
meaningful design decisions and the communication of risk to the relevant stakeholders. The current state-of-the-art
procedure of probabilistic performance-based earthquake engineering (PBEE) is arguably the most reliable framework
for mapping the seismic hazard to the structural response and can provide benchmark estimates of the seismic
performance of a building. However, the sophistication and complexity of such a method puts it out of reach for the
design of the majority of structures built in today’s society. If one is to adopt a simplified alternative, as is done
routinely, it should be made clear what is being traded for practicality. This study investigated the ability of the
innovative design philosophy known as Direct Displacement-Based Design (DDBD) to (i) approach the more robust
response estimates that can be achieved with the advanced PBEE methods, and to (ii) provide insight into the
capabilities of DDBD to alleviate the computational burden. A state-of-the-art application of probability theory is used
to fully characterise the risk of exceeding maximum inter-storey drift ratio thresholds associated with three limit states
for six buildings, each located at three high-seismicity European sites, by employing the PEER PBEE methodology.
Hence, this exercise explored 18 building-site variants. The exact conditional spectrum method based on the intensity
measure of AvgSA is used to select 200 ground motions for each site to link the seismic hazard to the structural response
at ten discrete intensity levels. The outcome of this process indicates that DDBD, on average, resulted in a building
performance close to the initial performance objective, but also uncovered a considerable variation in the performance
achieved. Almost 50% of the building-site variants were found to fail the initial performance objective targeted by the
DDBD method (i.e., Life Safety at the 10% in 50 years design level) and to have a significant difference in the degree
of safety achieved, with collapse rates varying by more than a factor of 10. This exercise demonstrates, once again,
the trade-off of a practical design method that is capable of achieving the performance objective approximately but
not for all sites or building types. The application of DDBD produces code conforming structures with a highly non-
uniform risk. If one is to achieve the design objectives of a specific structure with a meaningful degree of confidence,
DDBD cannot replace the computationally demanding probabilistic methods embraced by PBEE unless enhancements
are implemented.
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