W) Check for updates

Received: 28 March 2022 Revised: 4 May 2023 Accepted: 12 June 2023

DOI: 10.1002/eqe.3955

RESEARCH ARTICLE WILEY

Direct loss-based seismic design of reinforced concrete
frame and wall structures

Roberto Gentile' | Gian Michele Calvi?

Institute for Risk and Disaster Reduction

(IRDR), University College London, Abstract

London, UK This paper presents a procedure to design reinforced concrete (RC) buildings
2 iversitari i . g

Scuola Universitaria Superiore IUSS, to achieve an acceptable target level of earthquake-induced loss (e.g., deaths,
Pavia, Italy

dollars, downtime) under a site-specific hazard profile. The procedure is called

Correspondence “direct” since the target loss level is specified at the first step of the process,
Roberto Gentile, Institute for Risk and

Disaster Reduction, University College . . . L .
London. London. UK. fied loss assessment involving a surrogate model for the seismic demand (i.e.,

and virtually no iteration is required. The procedure is based on a simpli-

Email: r.gentile@ucl.ac.uk probability distribution of peak horizontal deformation given ground-motion
Funding information intensity) and simplified loss models for direct and indirect losses. For an
H2020 Marie Sktodowska-Curie Actions arbitrarily-selected target loss level and structural geometry, the procedure pro-
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provide member detailings (beams, columns, walls) consistent with such force-
displacement curve. The procedure is applied to 16 realistic RC case studies with
a lateral resisting system composed of frames in one direction and cantilever
walls in the perpendicular one. They show different geometries, hazard pro-
files, and target values of direct economic expected annual loss. A benchmark
loss estimation is obtained using cloud-based non-linear time-history analyses of
multi-degree of freedom models. The procedure is conservative since the bench-
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1 | INTRODUCTION AND MOTIVATION

Provisions in seismic design codes generally focus on collapse prevention or life safety for major, rare earthquakes while
damage prevention for minor, frequent ones. The evolution of theoretical knowledge, modelling abilities, and actual dam-
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NOVELTY

* A direct loss-based seismic design (DLBD) procedure is proposed

* The target loss level is specified at the first step of the process

* Virtually no design iteration is required; usually two or three are sufficient

* DLBD is applied to 32 realistic reinforced concrete case studies: 16 frames and 16 cantilever walls

+ Validation is conducted against a refined loss assessment based on non-linear time-history analyses

age observations led to higher awareness of the implications of code provisions on earthquake risk (e.g., ref. [1]). The
devastating economic consequences of the 1994 Northridge (USA) event symbolically marked the need for a paradigm
shift in evaluating the performance of structures to consider the implied effects on society. Extensive research efforts led
to the introduction of performance-based earthquake engineering (PBEE?), which was later codified in a fully-probabilistic
earthquake loss assessment approach®, now considered a standard (sometimes called “the PBEE formula”).

For a given structure, the PBEE formula allows deriving the mean annual frequency of exceeding a decision vari-
able (e.g., casualties/injuries, economic loss, downtime) by integrating: (1) a hazard curve, representing the frequency of
exceeding different values of a ground motion intensity measure (IM) for a given site; (2) a fragility model, representing the
probability of a structure to reach/exceed different structure-specific damage states (DSs), depending on specific engineer-
ing demand parameters (EDP), often related to deformation, and (3) a damage-to-loss model, representing the probability
distribution of the selected decision variable (e.g., economic loss) as a function of the selected DSs. Each PBEE module can
be characterised for the entire structure (global-level approaches, e.g., ref. [4]), or in a component-by-component fashion
(e.g., refs. [5, 6]). The latter approach is likely to return more-refined results, although it requires a more detailed input.
The loss assessment procedure described in Section 2 pertains to the global-level category.

Starting from force-based design (e.g., ref. [7]), different research efforts included risk-related concepts within the
seismic design process. This involves defining a structure (considering structural and non-structural components) that
complies with a given target decision variable (different than a base shear). Such a procedure may involve some or all
the loss assessment modules, and this is reflected in the adopted decision variable. A non-exhaustive list of examples may
include procedures targeting displacement as a decision variable, such as direct displacement-based design® or yield point
spectra’; methods targeting seismic fragility (e.g., refs. [10, 11]), both used for new design or retrofit; procedures targeting
the mean annual frequency of exceeding a given DS, such as the yield frequency spectra approach'?, the probabilistic
displacement-based design'®'“, or the risk-targeted force-based design'®; procedures targeting losses, discussed in more
details below; resilience-based methods!®. A review of different possible performance-based design approaches is given in
refs. [17] and [18].

Most of the available risk-related design procedures are iterative since loss assessment is a highly non-linear mathe-
matical problem considering, among many other factors, that the fragility module depends on non-linear time-history
analyses (NLTHA). Therefore, such procedures involve repeated applications of an assessment formula while revising a
guess design candidate until the target decision variable is met. Although this allows fine-tuning each structural or non-
structural component of the design candidate, it tends to be particularly demanding in computational effort and time.
Such approaches are arguably more appropriate for the advanced design stages than the conceptual or preliminary design
phases. Direct procedures, arguably more suitable for preliminary design, require an explicit mathematical formulation
(e.g., mapping a decision variable to the structural and non-structural parameters). Given the complexity of the loss-
assessment problem, this can be efficiently achieved only by accepting a trade-off between the simplicity of the adopted
framework and the refinement of the solution (e.g., ref. [19]). For example, this can be achieved by using a global-level
rather than a component-by-component assessment, avoiding multi-degree of freedom NLTHA, adopting pre-computed
hazard models, etc. The assumptions adopted within this paper are described in Section 2.

It is worth narrowing the scope of this discussion to the loss-based design procedures available in the literature, which
mainly focus on direct economic losses. Some approaches involve using non-linear optimisation methods and/or trial-and-
error’’~?* to obtain design configurations complying with a given loss level. The methods mentioned above involve many
iterations of a component-by-component loss assessment for realisations of structures within a specific asset class (e.g., 4-
storey RC office buildings). Not only this process requires extensive computational effort, but it also provides low flexibility
to the design process. In particular, this requires assuming the number and typology of non-structural components, most
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likely not known in the conceptual and preliminary design phases. Rather than using automated design algorithms, other
approaches (e.g., ref. [25]) involve iterative design considering guidelines for structural adjustment aimed at increasing
strength and/or system ductility, and involve computing risk using increasingly refined analysis methods (e.g., linear
analysis, pushover, NLTHA).

Other approaches are based on pre-computing the PBEE formula for many structural configurations within a class. For
example, the preliminary PBEE approach?, also in line with the conceptual guidance in ref. [24], provides the means to
derive design charts mapping the desired loss level (for a given IM level) to a given structural period. Such charts refer
to one specific structural class, and they are obtained through a component-by-component loss estimation for all the
possible structural configurations within the class. Therefore, this approach is affected by the two limitations mentioned
above.

The procedure in ref. [27] involves a global-level loss assessment pre-computed for a set of single degree of freedom
(SDoF) systems, allowing to define a set of equivalent seismic loss spectra (ultimate displacement vs. base shear for a
given value of loss). This procedure allows for comparing different SDoF systems during the preliminary design phase.
Although this procedure seems somehow appropriate for the preliminary design phase, it suffers from some drawbacks
such as: (1) it does not directly link a design candidate to a target loss (it only allows comparing different systems); (2) it
requires running NLTHAs of a large set of SDoF systems for each new design; (3) it does not adopt state-of-the-practice
fragility/vulnerability models; (4) it does not allow considering indirect losses (e.g., cost of relocation during repairs); (5)
it only allows a hazard model dependent on peak ground velocity and (6) it does not provide a structural detailing phase
(i.e., it only involves SDoF systems).

This paper presents a direct loss-based design (DLBD) procedure for reinforced concrete (RC) frame and wall lateral
resisting systems overcoming the above limitations. DLBD aims at designing structures that would achieve, rather than
be bounded by, a given loss-related metric under the relevant site-specific seismic hazard (by analogy with the words of
Priestley®). The adjective “direct” refers to the ability of the designer to specify a target loss as an input parameter before
running any analysis and to reasonably achieve such a target with few design iterations (e.g., two or three). DLBD was
initially proposed by Gentile and Galasso®®, and it is consistent with the conceptual guidance in Calvi et al*®.

The proposed DLBD adopts a global- or storey-level loss-assessment procedure (Section 2) to provide a flexible mapping
of different structural and non-structural configurations to the related loss curve (indicating the mean annual frequency of
exceeding different loss values). The hazard module is based on hazard curves expressed in terms of spectral acceleration at
different fundamental periods of vibration. This feature allows exploiting hazard models available for many world regions
(e.g., ref. [30]) to obtain a site-specific hazard mapping with no effort. The fragility module is based on metamodels using
Gaussian process regression (developed in ref. [28]), therefore not requiring any NLTHA (similarly to other methods,
such as ref. [31]). Such metamodels map the parameters that control the dynamic behaviour of inelastic SDoF systems
(e.g., force-displacement capacity curve, hysteretic behaviour) to their probabilistic seismic demand model (PSDM,; i.e.,
conditional probability distribution of an EDP given an IM). PSDMs immediately lead to building-level fragility curves for a
selected set of structure-specific damage states. Direct losses are based on building- or storey-level loss models (described in
Section 2), thus allowing flexibility in choosing the loss type (e.g., casualties, economic losses, downtime). Apart from using
aconsequence model, indirect losses (e.g., cost of relocation during repairs) can also be included using a recently-proposed
non-linear map to direct ones to be calibrated according to the selected indirect loss type.>’

The resultis a flexible and fast loss mapping returning the force-displacement curve of a candidate design SDoF comply-
ing with the desired target loss. This allows to effectively decouple the (somehow automatised) high-level identification
of an ideal system complying with a target loss, to the (traditional) low-level detailing process, which is much more com-
mon in the practice than the previous step. At this stage, any structural-detailing procedure could be adopted to design
each member of the system to comply with the target force-displacement curve. Herein, direct displacement-based design
principles are suggested and described for both RC frame and wall lateral resisting systems.

From a computational point of view, calculating a loss mapping may be similar to the loss calculation for different SDoF
systems within an iterative non-linear optimisation algorithm. However, the design experience of the user in the two cases
above is fundamentally different. Using an optimisation algorithm, the designer can only set an objective function to min-
imise, and then accept the final result of the optimisation. With DLBD, a conceptual design phase is possible (Section 3.4):
the designer is allowed to critically think about their choices (e.g., lateral resisting system, force/displacement capacity)
against the implications in terms of loss, which are not always trivial to anticipate based on experience due to the high
non-linearity of the loss estimation problem.

After discussing the adopted simplified earthquake loss analysis procedure (Section 2), this paper describes the proposed
direct loss-based design (Section 3). The procedure is used to design 32 RC frame and wall lateral resisting systems, and
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the results are validated against NLTHA-based refined loss estimations using multi degree of freedom (MDoF) structural
models (Section 4). Finally, conclusions are drawn in Section 5, together with further research needs.

2 | SIMPLIFIED EARTHQUAKE LOSS ASSESSMENT
2.1 | Surrogated probabilistic seismic demand model

The PSDM adopted in this paper is the bi-linear model in Equation (1). It allows calculating the distribution of ductility
demand u (i.e., the selected EDP) conditioned on the intensity measure R = SA/f,, where SA is the pseudo-spectral
acceleration at the elastic period of the SDOF (in the units of [g]) and f is its yield strength normalised by its weight. The
behaviour in the elastic range follows from the definition of an elastic SDoF, and it is deterministic. The inelastic range, for
which the median prediction is 4 = a(R — 1) + 1, is defined by two parameters: the slope a, and the logarithmic standard
deviation, o, of the pairs u — 1 versus R — 1. ¢ is a standard Normal variable. This model implies homoscedasticity for u > 1
and a Lognormal distribution of the residuals, which is desirable in calculating Lognormal fragility curves. It is worth
mentioning that although more advanced IMs are available (e.g., ref. [32]), choosing R may simplify the hazard analysis
in practical applications or even allow exploiting existing hazard models. Clearly, the above PSDM does not explicitly
consider the mechanical coupling between structural and non-structural components.

{# =R p<1 O
In(u—1)=Ina) +In(R-1)+e0c u>1

A crucial component of the simplified loss assessment at the basis of the proposed DLBD procedure is the direct cal-
culation of the parameters (a, o) using the surrogate PSDM proposed by Gentile and Galasso?®. This allows analytical
estimations of seismic demand, substituting multiple NLTHAs with the direct, computationally-cheap estimations of
the parameters of the PSDM (a, o). Gentile and Galasso define a training dataset of 10’000 inelastic SDoFs, each sub-
jected to a cloud-based NLTHA using 100 natural (i.e., as recorded) ground motions. The SdoFs in the dataset are defined
with combinations of the input parameters controlling their inelastic dynamic behaviour up to their peak force capac-
ity (thus covering damage levels up to the so-called “near collapse” DS): fundamental period T, controlling the elastic
stiffness; the yield shear strength, normalised to the total weight f v the hardening ratio h; the hysteresis model “hyst”,
governing stiffness degradation under unloading-reloading conditions. Five different hysteresis models are currently con-
sidered: Kinematic hardening; Modified Takeda “fat”; Modified Takeda “thin”; Modified Sina; Flag shape. The remaining
parameters are currently limited to the ranges T € (0.2s,1.5s); f, € (0.05,0.6); h € (0,0.3). The PSDM in Equation (1)
is fitted using the available 100 NLTHA runs for each SDoF in the dataset, thus estimating the parameters (a, o), which
are used as output variables in the training dataset. Finally, a (hyst,T, f,, h)—(a,c) mapping is obtained fitting two
Gaussian process regressions® to the above input-output dataset, thus allowing analytical, computationally-cheap esti-
mations of the PSDM parameters (a, o), given the SDoF input parameters (hyst,T, f, h). GP regressions are adopted
since they do not require any a priori definition of the output functional form (they are non-parametric models), and they
ensure high accuracy and flexibility in earthquake engineering applications (e.g., ref. [34]). A 10-fold cross validation is
used to test the above GP regressions in predicting the parameters (a, o) of the SDoF database, respectively, recording a
normalised root mean squared error of 2.6% and 6.3%. Moreover, the results are benchmarked against refined NLTHA
of eight realistic RC frames (i.e., non-linear, component-by-component MDoF models), recording errors in the range
17%—24% in estimating the median of fragility functions for four DSs. More details on the fitting procedure, the fine-
tuning of the models, and the adopted datasets are given in ref. [28], while the code implementation is freely available
(https://github.com/robgen/surrogatedPSDM). Apart from the functions to predict the parameters (a, o), the repository
includes the adopted training datasets and the code to train the GP regressions so that users can filter, extend, or modify
the training dataset and update the fitting.

2.2 | Fragility and loss analysis

For a given SDoF, once the PSDM parameters (a, o) are evaluated using the (hyst, T, f), h)—(a, o) mapping, it is possible
to derive fragility functions to perform seismic risk/loss analysis. Building-level fragility curves are calculated for a set of
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structure-specific DSs, identified by the thresholds EDPpg. One possibility involves choosing four DSs: slight, moderate,
extensive, and complete damage, as defined according to HAZUS®. Including a degree of approximation, those can be
considered similar to immediately operational, damage limitation, significant damage (life safety), and near collapse in
Eurocode.*® Other definitions of the DSs are possible*®*’, and the proposed loss assessment procedure is independent of
their particular choice.

According to the properties of the adopted PSDM (Equation 1), Lognormal fragility curves for each DS, representing the
DSs’ exceeding probability are entirely specified by their median 7y, and logarithmic standard deviation § (simply called
dispersion), which are given in Equation (2) both for the elastic and inelastic ranges. Considering the intensity measure R,
they are expressed as Fpg, (R) = P (4 > ups,|R) = ®(In(R/nps,)/B), where @ is the standard Normal cumulative distribu-
tion. More conveniently, they can be represented in the form Fp (SA) by multiplying the median 7pg, by f), and keeping
the dispersion unchanged.

Hps;—1

.= . = - +1

Mps; < 15 { g Dil 0 HDs; Mps; > 15 {gDSl a @)
= -0

If the fragility parameters calculated with Equation (2) are used to represent MDOF structures, 8 = o should be also
adopted for the elastic range, as suggested in ref. [28]. This is to account for the variability of structural response (and, in
turn, losses) in the elastic range. By adopting a hazard curve appropriate for the considered SA, representing the mean
annual frequency of exceeding (MAFE) a given value of SA (4g,4), it is possible to calculate the MAFE related to each DS
(Aps), as a measure of damage-state safety. This is done with Equation (3).

[o)

da
Aps = /FDSl- (SA)X‘ >4
0

ISA dSA 3)

2.3 | Loss analysis
2.3.1 | Directlosses

Two alternative methods for loss analysis-involving different refinement levels-are envisioned for DLBD: (1) building-
level analysis based on a vulnerability curve collectively representing the structure and the non-structural components
(low refinement); (2) storey-level analysis based on a vulnerability curve for the structure and storey loss functions®®
for non-structural components (medium refinement). High-refinement, component-based loss assessment methodologies
(e.g., ref. [5]) are not considered since they are deemed appropriate for more refined applications, rather than prelim-
inary/conceptual design (e.g., the detailed seismic loss estimation of strategic buildings). If the designer has enough
information to confidently characterise an inventory of non-structural components since the preliminary design phase,
the medium-refinement approach may be chosen. Contrarily, a low-refinement method is advisable.

Building-level vulnerability curves for the low-refinement method can be derived using a building-level model map-
ping consequences to each building DS (structural and non-structural). For example, consequences can involve direct
economic losses due to structural or non-structural damage, content damage, or a combination of the two. Other con-
sequence models can involve casualties and injured occupants or business interruption (repair or downtime, loss of
income). The consequence levels corresponding to different building DSs are herein generically called damage-to-loss
ratios (DLRs). HAZUS® provides examples of building-level consequence models for the above-mentioned categories
Equation (4) defines the expected direct building loss (as a ratio of the total reconstruction cost, LRp) for a given SA value.
It refers to a vulnerability curve (Figure 1A) involving the difference between fragility curves of the (i + 1)th and i'" DSs
(and Fpg, = 1).

4
LRy (SA) = Z (Fps,_, (SA) — Fpg, (SA)) x DLR; ()]
i=1

The alternative, medium-refinement loss-assessment method is herein described considering economic losses. First, a
vulnerability curve only related to the structural system (herein named LRg;,,) is defined. This is done using Equation (4)
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FIGURE 1 (A) Vulnerability curves; (B) Loss metrics defined using the loss curve. A; g, mean annual frequency of exceeding a loss ratio;
TVaR, tail value at risk; VaR, value at risk.

and a set of DLRs only accounting for structural damage (e.g., ref. [35]) and normalised with respect to the total recon-
struction cost of the building. Non-structural components are explicitly considered using storey loss functions.*® They
express the probability distribution of a storey-level consequence variable (e.g., economic loss) of a group of non-structural
components versus an appropriate EDP. According to a common assumption, non-structural components are grouped into
drift- sensitive and acceleration-sensitive ones. A mean storey loss function may be represented by the five-parameter (p;
to ps) regression model in Equation (5), proposed and validated in ref. [39]. Equation (5a) refers to a group of drift-sensitive
non-structural components located at storey i, using peak storey drift (6;) as an EDP while Equation (5b) uses peak storey
acceleration (a;) for acceleration-sensitive ones. CFygp ; is a cost factor representing the total value of the drift-sensitive
non-structural components at storey i normalised by the total reconstruction cost of the building (CF g4 ; is the analogous
cost factor for acceleration-sensitive ones). Different procedures are available to calibrate the parameters p; to ps for each
group of components (e.g., ref. [40]).

P1 p3
LRysp,; (6;) = CFysp; X lpsi— + (1 - ps) L—] (5a)
pfl + eipl pf3 + 91_173
al af?
LRysa,i (@) = CFnga; X lPS; + (@1 - ps) ;] (5b)
pé)l + aiPl pfs + aiPs

The next step of the medium-refinement method involves expressing Equations (5a, b)-considered as inputs-as a func-
tion of SA. To do so for drift-sensitive non-structural components, Equation (1) is first converted in the form A(SA),
involving the peak displacement of the SDoF. This is trivially done using f, and the yield displacement (A,), which is
only dependent on the structural geometry (see Equation 12 in Section 3.1). By using an appropriate displacement shape,
the relationship 6;(A) for each storey is calculated (Section 3.3 describes appropriate displacement shapes for frames, Equa-
tion 14, and for walls, Equation 19). After defining the 0;(SA) relationship, it is possible to define the required LRygp ;(SA)
for each storey.

The LRy 4 ;(SA) mapping is obtained starting from Equation 6°), where H is the total building height, H; is the height
of storey i from the ground, and S = max(1, R). The parameters a, to as, calibrated for frames or for walls, are provided in
ref. [5]. The hazard curves defined for SA and PG A allow defining the relationship PGA(SA), so that the mapping a;(SA)
is completed, and LRyg 4 ;(SA) is derived. The vulnerability curve of the building, considering direct losses only, is finally
obtained with Equation (7) (i.e., the medium-refinement alternative to Equation 4).

H; H H\’
a; (PGA) = exp a0+a1T+a2S+a3ﬁ+a4 T +as T X PGA (6)

LRp (SA) = LRs; (SA) + ) LRysp, (SA) + D’ LRysa i (SA) (7)
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2.3.2 | Indirect losses

Indirect economic losses refer to anything not directly related to building damage: for residential buildings, those may
involve the cost of relocating the displaced building occupants during the emergency phase and the time required to
repair and refurbish the damaged building. Apart from using damage-to-repair time models (e.g., ref. [35]), one possible
way to consider indirect losses is to assume they are non-linearly mapped to direct ones*. Indeed, minor damage (and
therefore direct loss) would generally not imply any interruption of the regular building activity. Contrarily, for direct
loss levels well below the total loss, the downtime could be close to the expected maximum. According to Calvi et al.?,
Equation (8) provides the indirect loss ratio (LR;), in which Ry /p, is the ratio of the maximum indirect-to-direct losses and s
is a parameter controlling the non-linearity of the dependence (qualitatively similar to the standard deviation in a Normal
cumulative distribution). By applying such a mapping to the vulnerability curve for direct losses (Equation 4), one can
calculate the vulnerability curve for indirect losses (Figure 1A).

For residential buildings, only considering the cost of relocating residents, Calvi et al.”” suggest using Equation (8)
with R;/p approximately equal to 1 and s within the range [0.06,0.08]. First, such a formula involves a linear mapping
of LRp, defined in the range [0, 1], to the interval [—0.2, 0.2] through the relationship [ rp = —0.2 + 0.4LR},. Then,
the Normal cumulative distribution function with zero mean and standard deviation s is defined. The result is rep-
resented in the LR; versus LRy space. The authors of such research highlight that both Equation (8) and the related
parameters are reasonable but arbitrary, and validation is still required. The calibration of the methodology in ref. [29]
(based on the selected source of indirect losses to consider in the design), is outside the scope of the present paper. This
simplified methodology to estimate indirect losses is herein included to highlight the ability of the proposed design pro-
cedure to account for indirect losses explicitly (such that they can be included when more-refined calibrations become
available).

1.29

lVD

Irp Ryp [ ">
LRI = RI/D (I) b = e 252 der (8)
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2.3.3 | Loss metrics

By matching the hazard frequency of exceeding (1)) to the correspondent loss ratios on the vulnerability curve (for direct,
indirect or combined losses), it is possible to define the loss curve (Figure 1B), representing the mean annual frequency
of exceeding a given loss level (1; ). The simplest possible loss metric to be used in loss-based design is the value at risk
(VaR, Equation 9, Figure 1B), defined as the loss corresponding to a selected mean annual frequency of exceeding Az (or,
equivalently, to a given IM). Such value can also be defined based on a selected confidence level*!, which is a proxy for the
level of risk aversion of the decision maker (e.g., the building owner). To consider loss levels corresponding to different
exceeding frequencies, while keeping the ability to consider risk aversion, one could adopt the tail value at risk (TVaR,
Equation 10, Figure 1B). This corresponds to the area under the right tail of the loss curve (i.e., the expected value of LR,
given that LR is greater than the selected VaR). Finally, one of the loss metrics most commonly adopted in practice is the
expected annual loss (EAL). This is equal to TV aR corresponding to VaR = 0, and it can also be calculated directly using
the vulnerability and the hazard curves (Equation 11).

VaR = LR (E) )
+o0
TVaR = E[LR|LR > VaR] = / LR X A, xdLR (10)
VaR
+00
EAL = TVaR(VaR = 0) = / LR (IM) X ‘fi’}—ﬁ dIM (1)
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FIGURE 2 Sensitivity of the expected annual loss to different parameters (perturbed by +20%), neglecting (A) and considering (B)
indirect economic losses.

2.4 | Sensitivity analysis

This Section shows the sensitivity of the proposed simplified loss assessment procedure to the main involved parameters.
Not only this exercise allowed fine-tuning of the proposed DLBD procedure (Section 3), it also facilitates interpreting
any discrepancies between the loss targeted by DLBD and benchmark loss values obtained with more-refined estimation
methods (Section 4).

An illustrative (arbitrary) case-study SDoF is selected. It represents a newly-design RC frame building, and it shows a
secant-to-yielding period equal to 1s, a weight-normalised yield strength equal to 0.2, a hardening ratio equal to 0.02, and
a “Fat” Modified Takeda hysteresis. The system is characterised according to the four above-mentioned structure-specific
DSs qualitatively defined according to HAZUS. Those are quantitatively measured on the SDoF backbone, resulting in the
displacement thresholds Apg; = 0.025m, Apg, = 0.05m, Apgz = 0.225m, Apg, = 0.3m, respectively, for slight, moderate,
extensive and complete damage. The median of the fragilities is equal to 0.1g, 0.2g, 0.99g and 1.33g for DS1, DS2, DS3 and
DS4, respectively. The dispersion of DS4 is equal to 0.37, and it is adopted for all DSs, as suggested and motivated in ref?*.
Figure 2(A) shows the fragility and vulnerability curves for this base-case SDoF. Consistently with the assumptions in
ref. [42] for residential buildings, DLRs equal to 10%, 20%, 50% and 100% of the total reconstruction cost (DS1 to DS4) are
assumed. Finally, a hazard curve appropriate for a high-seismicity site in Italy (L’Aquila) is adopted®’. Section 4 provides
details on the adopted model. Considering direct losses only, the EAL of the base-case SDoF is equal to 0.53%. If indirect
losses (only considering the cost of relocating residents) are considered according to Equation (8), assuming R;/p =1and
s = 0.08, the EAL increases to 0.88%.

A sensitivity analysis on the EAL is carried out by perturbating N input parameters: period T (conserving the yield
displacement Ay and re-calculatingf',); hardening ratio h (conserving the ultimate displacement A, and re-calculating
the ultimate strength f,); Ay (conserving f, and re-calculating T); A, (conserving A, and re-calculating h); Apg, for each
DS; DLR; for each DS. Each input parameter is increased or decreased by +20% to define upper and lower bounds. 2N
perturbations of the above loss analysis are conducted by using one perturbated parameter and the base-case value for the
remaining parameters. The sub-set of perturbations in which an input parameter is increased (decreased) is named upside
(downside). The results are shown in a tornado plot (Figure 2), where the horizontal axis represents the EAL (a vertical
line is drawn to represent the base-case EAL). The input parameters are listed on the vertical axis. For each perturbation, a
horizontal line represents the change in EAL with respect to the base case. The sensitivity of EAL to each input parameter
is measured by combining the upside and downside bars. The input parameters are ordered top-to-bottom for decreasing
values of the sensitivity. The outcome of this procedure visually resembles a tornado™®.

By neglecting indirect economic losses in the tornado analysis (Figure 2A), the most influential parameter is the fun-
damental period. If increased by 20%, EAL becomes 30% higher than the base-case value (if decreased, EAL becomes 28%
lower). Considering the specific base-case period value, an increase in T|A, leads to a slightly less-severe hazard curve
and a comparatively higher effect on the PSDM (due to the reduced stiffness). Thus, the overall result is an increase in
EAL. Although an increase in T|f, has the same effect on the hazard curve and the PSDM, the EAL is slightly differ-
ent because a change in A, also involves a change in the DS2 threshold (which is generally related to A)). This tornado
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analysis also highlights the importance of the slight damage state (DS1). Indeed, the DSI1 threshold and the related dam-
age to loss ratio are the third and fifth parameters if ranked according to their sensitivity on the EAL (a similar effect is
seen with A, perturbated conserving the yield strength). The effect of these parameters provides changes in the vulner-
ability curve within a ground motion intensity range characterised by high frequency (according to the hazard curve).
Clearly, according to Equation (11), this has a high impact on the final loss estimation. Contrarily, parameters related to
the extensive and complete damage states produce a minor sensitivity to EAL, as easily inferred from Equation (11).

Figure 2(B) shows the results of a tornado analysis which includes indirect losses. Such analysis highlights the impor-
tance of considering indirect losses using a sufficiently-accurate model since when they are considered they cause the
highest impact on the results. In particular, however, a 20% increase (decrease) of the ratio of the maximum direct-to-
indirect losses only generates an 8% relative increase (10% relative decrease) of the EAL. On the other hand, the parameter
s, controlling the shape of the direct-versus-indirect loss curve, is the most influential parameter, causing the EAL to be
approximately doubled or halved when it is, respectively, increased or decreased by 20%. Although R;,p may vary in the
range'” for different structural typologies,”’ these results qualitatively show that, for practical purposes, a simplified-yet-
reasonable estimation of such parameter is sufficient. On the other hand, a more refined estimate of s is paramount for
accurate loss estimation and effective design using DLBD. Further research is required to provide reliable estimates of this
last parameter.

3 | DIRECT LOSS-BASED DESIGN (DLBD)

The procedure outlined in this Section applies, at this stage, to single frames or walls. Therefore, it can be used for
structurally-symmetric buildings composed of parallel frames and walls, analysed in a single plan direction (no torsional
effects are considered yet). For this reason, it is conservatively suggested to provide an independent DLBD for each build-
ing direction, assuming the same loss target. The code to apply the proposed procedure is freely available in an online
repository (https://github.com/robgen/lossBasedDesign).

3.1 | Preparatory steps

Before performing the core of the procedure, it is required to set some assumptions and provide basic input data. With no
particular order, the preparatory steps are outlined as follows:

* Provide an appropriate set of site-specific hazard curves in terms of SA in a wide range of periods (or, equivalently,
uniform hazard spectra for different return periods), since the period is unknown as it is an intermediate design param-
eter. The selected hazard curves should reasonably cover the expected range of secant-to-yielding periods of the selected
structural typology (e.g., ref. [44]);

* Select a set of DSs (e.g., DS1-DS4 as defined in Section 2.2) relevant to the considered structural typology (e.g., RC
frames). Relatively to the unknown ductility capacity at peak strength u.,, (an intermediate design parameter),
select reasonable guesses for the DS thresholds consistent with the qualitative definition of the DSs (e.g., ups; =
[0.5, 1, 0.75cqp, Mcap] may be consistent with the DS definition above). The main aim is to provide upg; values as
close as possible to those obtainable from the numerical pushover analysis of the final design case;

* Select the typology of losses to consider and a relevant loss metric (e.g., EAL of the direct economic losses from damage
to structural/non-structural components and contents);

* Select a relevant damage-to-loss model consistent with the considered loss typologies, the involved structural material
and lateral resisting system, and the adopted DSs. For instance, DL R; =[7, 15, 50, 100]% of the total recon-
struction cost are appropriate for direct economic losses of RC buildings*. Select an appropriate characterisation
of indirect losses (e.g., a direct-to-indirect loss mapping with parameters R;/p and s). If the medium-refinement
loss assessment is adopted, select relevant storey loss functions for acceleration- and drift-sensitive non-structural
components;

* Select the basic geometric properties of the considered structure, also according to design for other loads (e.g., gravity).
Some of these parameters are general, such as the number of storeys (N, ), the inter-storey height (H;,,;), the storey
mass M;, the number of lateral resisting systems resisting in parallel (N yqqi1e1, 2llowing to derive the storey mass m; =
M; /N paraiier directly affecting each of them). Some other geometrical parameters depend on the selected lateral resisting
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system (and the selected structural detailing design method): for RC frames, those involve the number of bays (N ),
the centre-to-centre length of the beams [, the depth of beams and columns (h;, h.); for RC walls, those involve the
length of the wall (I,) and the average diameter of the longitudinal bars (¢,;);

» Exploiting the rules of direct displacement-based design, estimate the structural quantities that can be calculated before
any analysis is carried out. Notably, the yield displacement (A,) of concrete structures falls in this categoryg.Ay for
frames is obtained in Equation (12a), where H; is the height of storey i from the ground and §; is the displacement
shape (6,00 = 1) assumed according to Priestley et al.g,ssy is the still yield stress. On the other hand, Equation (12b)
provides A, for walls, where h,, is the wall height, and ¢, is the steel yield strain. A relevant parameter within this
category for steel structures (not discussed here) may be the elastic stiffness.

0.5¢,(I,—h,) Y;m;SiH;
a)A, =0,Hyy. Where 6, = —yhb and Hyp= e )
e 12
Y m; i Xy H; Esy
b4y = Y by Where Ay, =7 H, (1 B 3hw> and 2y = 2

3.2 | Core steps

The core of the procedure allows deriving the capacity curve (displacement vs. spectral acceleration) of the design SDoF.
It applies regardless of the selected lateral resisting system, and it is outlined as follows:

* Select a loss target L;q g (€.8., EAL equal to 0.2% of the total reconstruction cost);

* Select a number of seed SDoF systems by defining combinations of the GP regression inputs. The most general case
involves defining an arbitrary grid-based design of experiment using all the GP regression inputs (i.e., hyst,T, fy, h),
plus the seed ductility capacity .4, The range for such parameters should be large enough to ensure including possible
design cases. However, engineering judgement may allow avoiding physically unsound values in the mapping, thus
also increasing the speed of the calculations. Depending on the considered material and lateral resisting system, some
of the above parameters may be considered invariant, thus simplifying the set of seed SDoFs. For RC structures, the
most suitable hysteresis type may be set (e.g., MTf for newly-designed frames, MTt for walls). The same applies to
the hardening ratio, which can be reasonably set to 0.05 for RC frames and 0.02 for RC walls. Moreover, the yield
displacement of RC structures only depends on geometry, and it can be defined in the preparatory steps (Equation 12).
Therefore, the yield strength (f) s..q) is linearly related to stiffness, and the elastic period of each seed SDOF (T'seeq)

is equal t0 Tpeq = 274/A}, /9.81f seq- With these assumptions, the set of seed SDoFs can be defined by N, equally-
spaced points within f ,;, and f) 4, and N, equally-spaced points between ey p min and Heqp max» 1€ading to NN,
combinations. As mentioned above, the range and spacing of such points should be based on engineering judgement;

* Using the surrogate PSDM, calculate fragility curves for each seed SDoF consistent with the selected DS thresholds
Upsi- As suggested and motivated in ref. [28], adopt the calculated dispersion (g, Equation 2) both for the elastic and
inelastic range. According to the selected refinement level for the loss assessment module, calculate the building-level
vulnerability curve for each seed. Using the hazard curve (interpolated based on T,.4), calculate the and the EAL for
each seed (see Figure 3A);

* Select all the SDoF seeds that meet the target EAL level within a set tolerance (e.g., EA Ly = 0.01EALygyg;)- Clearly,
the finer the seed-SDoF grid is, the smaller such tolerance can be. For each selected seed, run the capacity spectrum
method (CSM*°) using spectra for each DS demand (code-based, as per Figure 3B, or site-specific ones) and disregard
the cases not meeting the code-based seismic demand for any DS (i.e., 4o psi > HMpsi)- In addition, calculate the fre-
quency of exceeding the complete damage DS, by integrating the complete damage fragility with A;,,, analogously to
Equation (11), and disregard the cases above a conventionally-established threshold (e.g., between 10~> and 10~4#7).
The seed SDoFs meeting the target EAL, the complete-damage reliability bound, and complying with the code-based
displacement check are equally valid candidate design SDoFs. Conceptually following the guidelines in ref. [25], the
EAL estimation of the candidates can be optionally refined using pushover-based methods (e.g., using ref. [48], which
would also allow using a user-defined set of ground motions). One of the candidate design SDoFs can be arbitrarily
selected as the final design SDoF, possibly according to design requirements not related to seismic actions. This allows
the designer meeting the loss target while being granted flexibility to meet non-seismic design constraints.
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FIGURE 3 (A)Expected annual loss of the seed SDoFs; (B) capacity curves of the candidate design SDoFs. DS, damage state; MAFE,
mean annual frequency of exceedance.

3.3 | Structural detailing

Once the design SDoF is determined, one should design each structural member in the lateral resisting system such that
the considered structure complies with the design SDoF’s backbone. Generally, one must also ensure the structure achieves
a favourable plastic mechanism. This process, herein referred to as structural detailing, is not strictly part of the proposed
DLBD. In other words, one can adopt any design and analysis method (including trial and error) to achieve this goal.
This is possible because DLBD allowed decoupling the process of matching a target loss with a target force-displacement
backbone (less common in the practice) to the process of matching a detailing configuration to a target backbone (fairly
common in the practice).

For completeness, this Section suggests using the principles of displacement-based design to provide the target strength
and deformation capacity of structural members to be used as for detailing. This is done considering symmetric structures
-not prone to torsional effects- either composed of RC frames or walls.

3.3.1 | RC frames

The favourable plastic mechanism for RC frames involves plastic hinges for the base column sections and all beams’ end
sections. For a geometrically-regular RC frame, the beams’ plastic drift demand (6, ,) compatible with the displacement
capacity at peak force (A, p) of the design SDoF is calculated according to Equations (13) and (14), where 6; is the inter-
storey drift profile compatible with the displacement profile A;. On the other hand, the drift demand on the first-storey
columns (6,) is simply equal to the inter-storey drift at that level.

ebi,p = Qi’p/ (1 - hc/lb) . Where Gi,p = Qi - Gy (13)
Zi mi5i2
Zi m;8;

The strength demand for the members developing inelastic behaviour is computed via an equilibrium approach. For
RC frames, this involves the overturning moment (OTM) equilibrium®, according to Equation (15), where Ve(Ap) =

CmA; . . .
Zimids is the effective mass, M, is the base moment of column k, Ly,;4 is the

ACG

frame length, V}, ;; is the shear of the beam atpstorey i and bay j. Any allocation of strength to the members developing
inelastic behaviour that complies with Equation (11) would satisfy the design objective. One possible design choice may
involve assuming (Equation 16) that the contra-flexure point of the first-storey columns locates at 60% of their height so
that the capacity design of the first-storey beam-column joints is ensured. Moreover, if the beams have the same detailing
in both end sections and within the frame, Equation (17) holds, where M}, ;;(; ) is the beam moment demand corre-
sponding to its plastic drift demand. With such assumptions, it is possible to invert Equation (15) and calculate the beams’

Acap

Seff

A = ;- Where 8,77 = (14)

S peakMefy is the SDOF base shear, m, s =

35UB 1T SUOWIWOD dAIRa.D a|ceal|dde ay3 Ag peusenob e sajollie YO ‘8sn JO Sa|nJ 10} Akeiq 1 8UlUQO AS[IAA UO (SUOIPUOD-PUE-SULLIB WD AB | IM°Are.q 1 U |uo//SAdNY) SUOIPUOD pUe SWe | 8y} 88S *[£202/20/TT] uo Ariqi]auluo AB|IM ‘seoines Ariqi DN uopuoabe|od AiseAlun Ag SG6€8b8/200T 0T/10p/ oo AB|1Mm Alelg1puljuo//sdny wolj papeojumod ‘0 ‘Sr86960T



GENTILE and CALVI

(A) [ Frame (3 storeys) (B) [ Frame (9 storeys)
7 = sza|l_l @3 stozreyf/) = = \I/EVaII_I © storeyf/)
A target™ 4% 2 \\““{‘{{‘t““‘ [IEA target=1 6%
51 L ARRARASRER
T
) - AR
X o X18- o }‘“‘\_\{“\\\
3 - S ' \\“‘
W 17 ==
5 161 _—
11 | 15 - -
0.1 \0\2* —_— 6 0.1 OZ’ — ////‘1/ 6
03 i 4 03 T
04 2 04 2
f,lo boap 1 f,lo by 1

FIGURE 4 RC frame versus wall conceptual design using direct + indirect loss mapping: (A) 3-storey (2% target EAL); (B) 9-storey (1.4%
target EAL). Assumptions: hardeningh = 0.05; hysteresis “Mod. Takeda fat” for frames, “Mod. Takeda thin” for walls; hazard conditions for
L’Aquila, Italy*’; damage state definition ups; = [0.51 0.75c,p Meap]; damage-to-loss ratios DLRps; = [7 15 50 100] %; direct-to-indirect loss
characterization Ry;p = 2,s = 0.09; f, = 25MPa; f, = 300MPa; L, = 6m; Ny, = 4; 1, = 4m.

moment demand M ;; corresponding to the target base shear V(A.,,). The moment demand of the base columns, at
Vg(Acqp), can be proportioned by considering an arbitrary assumption on the relative strength of each column. For exam-
ple, they can be proportioned assuming that the interior columns will be approximately twice as strong as the exterior

V AL‘H
ones, thus M, ,,, = 0.6H; _VBeap)

PTTRNEIYE) and M. ;,; = 2M_ ;. Alternatively, the moment capacity of all the base columns
bay—

can be set equal.

OTM (Augp) = Vi (Acap) X Hop= D" M (8cic) + Lowita D, Vi (Ovip) (15)
k iJ
D M (6eie) = D 0.6H Ve = 0.6H; X Vg (Acqp) (16)
k J
2Mb,~~ 9b~’
Vi (Bhip) = % 17)

Once the theoretical deformation and strength demand of the members developing inelastic behaviour is obtained,
the structural details of such members are designed. For an RC frame, this involves the demand for beams (6y; ; M ;)
and first-storey columns (6, x; M. x). The structural details of such members can be designed via a moment-curvature
approach. Generally, the provided detailing will lead to a degree of deviation from the theoretical values above. Thus,
Equation (15) can be used to re-calculate the peak base shear V(A.,p) provided by the provided design configuration.
Moreover, with a reasonable assumption for the hardening (e.g., h = 0.05 for RC frames), and by knowing A, the entire
backbone can be calculated and compared to that of the design SDoF (Figure 6A). Such a match is particularly important
since it ensures the match between the EAL of the designed frame and the target EAL, at least under the assumptions
adopted for the fragility and vulnerability models. Possibly, a pushover analysis can be conducted to further verify the
simplified equilibrium/compatibility-based calculations.

Any undesired mismatch between the SDoF and the frame backbone curves may be corrected via: (a) iterations in the
member design; (b) revising A, or h, thus restarting from step 2 and (c) based on the results of a pushover analysis, revising
the relative definition of upg; with respect to the ductility capacity at peak strength p.,, thus restarting from the prepara-
tory steps. As per any seismic design procedure involving non-linear behaviour, members intended to remain elastic must
be capacity protected. Moreover, some member characteristics may be modified to comply with code-based minimum
detailing requirements. As demonstrated for seismic failure rates (e.g., ref. [1]), minimum detailing requirements (not
necessarily related to seismic provisions) are likely to imply upper bounds of the expected losses for code-conforming
buildings, especially in low-seismicity zones. This implies that DLBD is best suited to targeting particularly-low loss values,
so that the design is not implicitly controlled by the minimum detailing requirements of the adopted code.
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FIGURE 6 Force-displacement curve of the design SDoFs: (A) frame direction; (B) wall direction.
3.3.2 | RCwalls

WILEY -2

For a system composed of a number of equal RC cantilever walls, each of them is required to form a flexural plastic
hinge at the base. Therefore, the main objective of this phase is to determine the target Moment-Curvature relationship
of the base section. The curvature at yielding y, is available from Equation (12), while the curvature at near collapse
Xne (consistent with A, ) is calculated with Equation (18), in which Y, , is the plastic curvature at near collapse, and

5( Xp= 1

) is the effective displacement corresponding to a unit plastic curvature at the base. This last quantity is obtained

with Equation (19), in which [ is the plastic hinge length (calculated conservatively assuming that the effective height is
equal to 70% of the total wall height) and f, is the steel yield stress (which in the context of this formula can be assumed
equal to 300 MPa). It is worth repeating that m; is the storey mass pertaining to one wall.

Xne = Xy +ch,p~Where Xnep = —7 -~

Z:imi5i2,p

5()(P= 1) —
4 zimi5i,p

Acap — A,
(xp=1)
5eff

. Where §; , = 1, H;, and [,) = 0.08 * 0.7hy, + 0.11,, + 0.022 f ¢,

18)

(19)

The base shear at yielding (V) and near collapse (Vg ,,.) is immediately known after calculating the effective mass

Mefr =

cap

Zi m,-A

i

substituting the yield (Equation 12b) or near collapse (A,.; = A, ; + Xpe plpiH;) displacement profiles

for A;. Finally, the base moment at yielding and near collapse is obtained with Equation (20), by alternatively substitut-

ing (4;,,

Vgy) and (4 ¢, Vg ne) for (4;, V). Via Moment-Curvature analysis, the base section of the wall can be made
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consistent with the target curve. As for the frame systems, any mismatch can be corrected via different types of iterations,
and capacity protection must be provided.

miA,- .
O.9Zm_A> Jori=1,---Ngore, — 1
OTM = ) FiH;. Where F; = e _ (20)
Ogm + 01VB fOl’l = Nstorey

3.4 | Conceptual design considerations

This Section briefly shows the potential of the proposed DLBD in assisting the conceptual phase of the design process by
allowing the designer to rationally consider different design options (e.g., different lateral resisting systems) and discrimi-
nate among them on the basis of the target loss. The parameters adopted in this Section are indicative. The results should
be considered as qualitative.

After applying the DLBD procedure up to step 3, Figure 4 compares the EAL of many seed SDoFs differing only for
their considered lateral resisting system (RC frame or wall). In particular, Figure 4(A) refers to a 3-storey building, while
Figure 4(B) involves a 9-storey one. Clearly, the frame-versus-wall comparisons are conducted assuming the same values
for each parameter required within the preliminary steps of DLBD (those are listed in the caption of the figure). The
results show that the frame- and wall-related loss mappings do not intersect, thus clearly indicating that the conceptual
design phase may not be affected by the specific choice of yield strength and ductility capacity. Moreover, a frame system
is preferable over a wall one for the 3-storey building (Figure 4A) and vice versa for the 9-storey one (Figure 4B). For
the 3-storey configuration, some values of the target EAL (e.g., 2.4%) are only achievable with a frame lateral resisting
system. Viceversa, no 9-storey frame configurations allow to achieve a 1.6% target EAL. The results of this example may
be explained by the values of the yield displacement (Equation 12), which is higher for 3-storey frames than for 3-storey,
walls with a 4 m length. As also confirmed by Figure 2(A), the yield displacement is one of the parameters with the highest
effect on the EAL, together with the DS1 displacement (which is reasonably proportional to the yield displacement). On
the other hand, the yield displacement of 9-storey frames is lower than the one for 4 m-long, 9-storey cantilever walls
(assuming an effective height equal to 70% of the total height), thus explaining the opposite result. It is worth restating
that the provided example is only qualitative, and that in a more realistic scenario the designer may likely consider a longer
wall and/or challenge the cantilever assumption by adopting a dual wall/frame scheme. For any assumed configuration
of the lateral resisting system, the designer may add an additional loss mapping to be compared within the conceptual
design phase.

Although the provided example may seem particularly simple, it shows the high potential of the proposed DLBD. In fact,
provided that the DLBD procedure is specialised for more design cases, the conceptual design approach shown here could
be applied considering different materials (e.g., timber, pre-cast concrete, steel) and lateral resisting systems (e.g., dual
wall-frame systems, braced frames, rocking structures, base-isolated structures). Further research on this topic is suggested
to provide an effective tool for a loss-based conceptual seismic design that is fully customisable with respect to the site-
specific hazard conditions, damage state definitions, adopted damage-to-loss models, and considered loss typologies.

4 | VALIDATION AGAINST REALISTIC CASE-STUDY RC FRAMES
4.1 | Description of the case study buildings

The proposed DLBD is demonstrated for 16 concrete rectangular-plan buildings composed of frames in their longitudi-
nal direction and walls in the transverse one (thus considering 32 case-study lateral resisting systems), using the EAL
as a loss metric and selecting the low-refinement loss assessment module (an application of DLBD using the medium-
refinement loss assessment module is provided in ref. [49]). The results are validated against a more-refined earthquake
loss assessment methodology. Such a method is consistent with the one proposed for DLBD (Section 2) although: (1) the
building fundamental period is estimated based on the numerical pushover curve (after bi-linearisation), thus affecting
the definition of the hazard curve; (2) the DSs are quantified using the member-level results of numerical pushover anal-
yses, consistently with the DS definitions in Section 2.2. Those refer to the first member in the frame reaching the first
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cracking, yielding, % of the near-collapse drift and the near-collapse drift, respectively, for DS1-DS4. It is worth mention-
ing that the member “causing” a given DS may change for different DSs; (3) the response analysis is based on refined
NLTHAs of component-by-component MDoF models (instead of the surrogate PSDM of SDoFs). This validation quanti-
fies the loss-estimation error due to assumptions and procedures intrinsically embedded in DLBD, rather than the quality
of the calibration of its input parameters. Therefore, this exercise focuses on the estimation of seismic demand (i.e., PSDM)
rather than a validation against component-by-component loss estimation methods. If average loss metrics are required,
the agreement between building-level and component-by-component loss estimations can be achieved using appropri-
ately calibrated DLRs (as demonstrated in ref. [49]) or, by analogy, appropriately calibrated storey loss functions (e.g., ref.
[40]). For the same reason, indirect losses are not considered in this validation since calibration data are not yet avail-
able, and their addition would provide a similar error propagation for both the refined and simplified loss assessments.
Moreover, a calibration study related to indirect losses is considered out of scope for this paper, which instead aims at
showcasing and validating DLBD.

The general details of the buildings are shown in Figure 5. They have four parallel, three- or four-bay, 5 m-spaced frames
in the longitudinal direction and two or three walls in the transverse direction (depending on the strength requirements).
The buildings can be either located in a high- or medium-seismicity site (herein represented by the cities of L’Aquila and
Napoli). The code-based Italian seismic hazard model is adopted". Thus, no ad hoc site-specific probabilistic seismic haz-
ard analysis is explicitly performed. This model provides spectral acceleration values for nine probabilities of exceedance
in 50 years. This allows defining hazard curves based on spectral accelerations for 10 natural period values between 0.1s
and 2s, assuming rock conditions. The model also characterises epistemic uncertainty by providing difference percentiles
of the results. The median of such distribution is adopted herein. The Italian code® also provides analytical approxima-
tions of the uniform hazard spectra consistent with the above model, including correction factors to obtain, among others,
different soil and topography conditions. For this study, a C-type soil category according to the Italian code is assumed
(shear wave velocity in the first 30 m within the range 180—360 m/s).

For simplicity, the minimum detailing standards within the Italian seismic code are not explicitly considered. Therefore,
regardless of the assumptions described above, the analysed case-study buildings should be considered as ideal, rather than
representative of Italian buildings. The target EAL for the case studies, adopted as the design loss metric in both directions,
ranges between 0.25% and 1.20% of the total reconstruction cost, and a tolerance equal to 0.01EAL;4;4, is used. Since the
minimum detailing requirements are not considered, the target EAL of some of the case studies can be higher than typical
EAL values for newly-built, Italian buildings. The case studies are selected to showcase the proposed methodology, rather
than provide loss estimates for Italian buildings.

All buildings share the following input parameters (defined above): I, = 5.5m, H;,, =3.3m, h, =0.5m, h.=
0.6m, ¢y =20mm, f.=30MPa, f,, =450MPa, E; =200GPa. The frames are characterised by the MTf hysteresis
model, while MTt is used for the walls. The total storey mass is equal to 205Ton and 275Ton, respectively, for the three-
or four-bay buildings. Apart from the self-weight of the structure, this is calculated considering a superimposed dead load
equal to 3.6KPa and a factored live load equal to 0.9KPa.

The design process involved 10000 seed SDoF systems defined using 100 equally-spaced values of f, between 0.1 and
0.4 for and 100 equally-spaced p,, values within 1.5 and 6. Both the damage state definition (including the values of upg;)
and the DLRg; exemplified in Section 3.1 are adopted. For each case study, the design SDoF is selected after verifying the
compliance against the code-based spectra related to 30, 50, 475 and 975 years mean return periods (using the CSM), and
an upper-bound mean annual frequency of exceeding the DS4 damage state equal to 107>, The structural detailing phase
has been conducted according to Section 3.3 both for frames and walls, also using the graphical-user-interface software
SLaMAsolver,” related to the Simple Lateral Mechanism Analysis (SLaMA>?). Table 1 shows the resulting structural details
for each case study. The effective mass (calculated according to the DDBD principles, as per Section 3.3.1) pertaining to
one single frame ranges between 132 and 294Ton (82%-86% of the total mass), while it ranges between 256 and 524Ton for
one single wall (76%-85% of the total mass). T; ranges between 0.45s and 0.95s for the frame case studies and between
0.61s and 1.13s for the walls. As discussed for the EAL targets, these period values may not be fully representative of Italian
buildings, since minimum detailing requirements are herein not considered.

According to the numerical modelling strategy illustrated in Section 4.2, a displacement-control numerical pushover
analysis is carried out for each case study using an invariant triangular force profile. Figure 6 compares the resulting
capacity curves with the theoretical backbone of the design SDoFs. The comparison is particularly satisfactory since the
curves are essentially superimposed for the walls while showing slight discrepancies for the frames’ ductility capacity.
Figure 6 also compares the DS thresholds used in the simplified loss assessment (triangular marks) against the pushover-
based ones used for the refined one (circular marks). For the frames, the displacement-based relative discrepancy ranges
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TABLE 1 Structural detailing of the case-study frames.
Typical beam Typical column Walls
3B3SAQI20EAL 300 X 450; 2phil4 + 2phil4; phil0@120 400 X 400; 3phi20 + 3phi20; phil0@100  2walls: 200 X 4000; 24phil6; phil0@150’
3B3SAQ60EAL 300 x 450; 3phil6 + 3phil6; phil0@120 350 x 350; 3phil8 + 3phil8; phil0@100 2walls: 200 X 4000; 32phi20; phil0o@150’
3B3SNal20EAL 300 X 350; 2phil4 + 2phil4; phil0@120 350 X 350; 2phil6 + 2phil6; phil0@100 2walls: 200 X 3500; 20phil6; phil0@150
3B3SNa60EAL 300 % 450; 3phil6 + 3phil6; phil0@120 400 X 400; 3phil6 + 3phil6; philo@100  2walls: 200 X 3500; 32phil6; phil0@150
3B5SAQ50EAL 300 % 500; 3phil8 + 3phil8; phil0@120 400 X 400; 3phi20 + 3phi20; phil0@100  3walls: 200 X 4000; 28phil6; phil0@150
3B5SAQ25EAL 300 X 500; 2phi20 + 2phi20; philo@120 500 X 500; 3phi24 + 3phi24; philo@100  3walls: 200 X 4000; 38phi20; phil0@150
3B5SNaSOEAL 300 X 400; 3phil6 + 3phil6; phil0@120 400 X 400; 3phi20 + 3phi20; philo@100  2walls: 200 X 3500; 40phil8; philo@150
3B5SNa25EAL 300 X 500; 2phi20 + 2phi20; phil0@120 450 X 450; 3phi24 + 3phi24; phil0@100 3walls: 200 X 4000; 40phi20; phil0@150
4B3SAQI20EAL 300 X 450; 2phil4 + 2phil4; phil0@120 400 % 400; 3phi20 + 3phi20; phil0@100  2walls: 200 X 4000; 32phil8; phil0@150
4B3SAq60EAL 300 X 450; 3phil8 + 3phil8; philo@120 400 X 400; 3phil6 + 3phil6; phil0@100 3walls: 200 X 4000; 34phil8; phil0@150
4B3SNal20EAL 300 X 350; 2phil4 + 2phil4; philo@120 350 X 350; 2phil6 + 2phil6; phil0@100 2walls: 200 X 3500; 30phil6; philo@150
4B3SNa60EAL 300 X 450; 3phil6 + 3phil6; phil0@120 400 X 400; 3phil6 + 3phil6; phil0@100 3walls: 200 X 3500; 28phil6; phil0@150
4B5SAQ50EAL 300 X 500; 3phil8 + 3phil8; phil0@120 400 X 400; 3phi20 + 3phi20; philo@100  3walls: 200 X 4000; 36phil8; phil0@150
4B5SAq25EAL 300 X 500; 2phi20 + 2phi20; phil0@120 500 X 500; 3phi24 + 3phi24; phil0@100 3walls: 200 X 4000; 40phi20; phil0@150
4B5SNa50EAL 300 X 400; 3phil6 + 3phil6; philo@120 400 X 400; 3phi20 + 3phi20; philo@100  2walls: 200 X 3500; 44phi20; philo@150
4B5SNa2SEAL 300 X 500; 2phi20 + 2phi20; philo@120 450 x 450; 3phi24 + 3phi24; philo@100  3walls: 200 X 4000; 68phi20; philo@150

All measures are in millimetres.

between —6.7% and 7.2% for DS2 (—6.8% and 9.2%), while —29.5% and 48.1% for DS4 (—15.6% and 29.% for walls). Such
discrepancies could have been reduced with more structural detailing iterations. However, considering the expected sen-
sitivity of losses to such thresholds (Section 2.4), discrepancies in the order of the above values are deemed reasonable,
and the structural detailing iterations are stopped.

4.2 | Numerical modelling strategy and response analysis method

2D lumped-plasticity models are developed using the finite element software Ruaumoko®* for each frame and wall config-
uration, using a modelling strategy extensively validated against experimental results®*. Floor diaphragms are modelled as
rigid in their plane, and fully fixed boundary conditions are considered at the base. P-Delta effects are not modelled since
they are deemed negligible for the considered case studies. A 5% tangent stiffness-proportional elastic damping is assigned
to all frequencies. The wall members were discretised having an element for each storey. The flexural capacity of the RC
members is derived using moment-curvature analysis. The flexural response is checked against other failure mechanisms
that may significantly modify the lateral member response. The lateral capacity of the members included in the analysis
is modified (if appropriate) to include those failure mechanisms accordingly, considering slab-related flange effect for the
negative beam moment capacity, lap splice failure, shear capacity, bar buckling, adopting specific models appropriate for
beams, columns and walls**. The modified Takeda hysteresis model® is used for beams (fat) and columns (thin). Beam-
column joints are modelled through elastic springs. A more detailed description of both member characterisation and
modelling strategy, including illustrations, is given in ref. [56].

A set of 150 natural (i.e., recorded) ground motions is selected from the SIMBAD database, “selected input motions for
displacement-based assessment and design™’. As per ref. [42], the 3-component 467 records in the database are ranked
according to their peak ground acceleration, PGA, values (by using the geometric mean of the two horizontal compo-
nents) and then keeping the horizontal component with the largest PGA value. The first 150 records are arbitrarily selected,
characterised by moment magnitudes in the range [5-7.3], a station-to-source distance smaller than 35 km, and PGA rang-
ing between 0.29g and 1.77g. Such a ground-motion selection approach is consistent with the adopted response analysis
method, which is a cloud-based NLTHA>®. For each ground motion, the frame/wall displacement profiles recorded in the
analysis are post-processed to compute the peak effective height displacement (used as an EDP), and the spectral accel-
eration at the fundamental period is adopted as an IM. Moreover, each ground motion is associated to a binary variable
indicating collapse, herein defined as a global dynamic instability (i.e., non-convergence) of the numerical analysis, likely
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FIGURE 7 Simplified DLBD-based versus refined NLTHA-based losses comparison: (A) best case study, (B) worst case study. MAFE,
mean annual frequency of exceedance.

corresponding to a plastic mechanism (i.e., the structure is under-determined) or exceeding the nominal threshold of 10%
maximum inter-storey drift.

After deriving the conditional mean and standard deviation of EDP given IM, a PSDM for each frame and wall con-
figuration is defined as the power-law model EDP = p;IMP2,°® in turn obtained via the least square method (p; and
D, are the parameters of the regression). This allows deriving fragility curves compatible with those in Equation (2),

In( ADSl )

where npg; = exp(

)and g = —. Collapse cases (roughly 3% of the ground motions) are included in the fragility

characterisation accordlng to the procedure in ref. [59], which is described in detail in ref. [42].

4.3 | Discussion on loss estimates

Figure 7 shows a summary plot comparing the refined and simplified loss assessments for the case-study lateral resisting
systems providing the best and worst loss discrepancy with respect to the target EAL. All loss comparisons are reported
considering the target EAL as a reference for the design, for example, (EALn;rra — EALiarger)/EALtgrger» @lthough the
NLTHA-based estimation is considered as a benchmark. The best case study is the wall system within the 3B3SAq120EAL
building, showing a relative loss underestimation equal to 5.0%. The worst-performing case study is the frame system
within the 4B5SAq25EAL building, showing a loss underestimation equal to 32.0%.

The hazard curves adopted for the refined and simplified loss assessment are essentially superimposed, thus confirming
that the period-estimation errors (Section 4.1) are acceptable. The MDoF NLTHA-based vulnerability functions consis-
tently show lower values with respect to those obtained within DLBD, with the error levels increasing as the IM increases.
This result is mainly caused by the underestimated DLBD-based fragility medians with respect to the NLTHA ones. As
discussed in detail (for eight RC case studies) by Gentile and Galasso?®, this is in turn caused by a combination of: (1) an
error on the slope of the PSDM, causing greater errors for more-severe DSs; (2) higher discrepancies on the thresholds of
more-severe DSs. Overall, the effect of such errors on the loss estimation is acceptable, especially due to the lower impact
of errors at high IM values. It is worth noting that the surrogated PSDM for all the case studies did not involve any IM-
wise extrapolation (i.e., the maximum IM in the training dataset of the surrogate PSDM is higher than the maximum IM
defined in the hazard curves).

Any discrepancy between loss estimates based on the refined NLTHA-based methodology and the simplified DLBD
values not only depends on the adopted response analysis method and related estimation of the PSDM but is also affected
by the mismatch between the pushover-based force-displacement curve and the design SDoF one used within DLBD. In
turn, such discrepancy involves the elastic period and the DS thresholds, which produce further error propagations. In an
attempt to isolate the loss error caused by the PSDM derivation, the simplified loss assessment is repeated after defining
the above parameters based on the numerical pushover. This simulates an ideal structural detailing process providing

35UB 1T SUOWIWOD dAIRa.D a|ceal|dde ay3 Ag peusenob e sajollie YO ‘8sn JO Sa|nJ 10} Akeiq 1 8UlUQO AS[IAA UO (SUOIPUOD-PUE-SULLIB WD AB | IM°Are.q 1 U |uo//SAdNY) SUOIPUOD pUe SWe | 8y} 88S *[£202/20/TT] uo Ariqi]auluo AB|IM ‘seoines Ariqi DN uopuoabe|od AiseAlun Ag SG6€8b8/200T 0T/10p/ oo AB|1Mm Alelg1puljuo//sdny wolj papeojumod ‘0 ‘Sr86960T



GENTILE and CALVI

B) 14, Wall direction

[l Provided detailing
[ideal best detailing

S ST S
AV Q7 O OV D"\
S K KD (D KRN (D D D TS FF DS
%%%Qf&f&&b&bg?@&&b‘?’b‘?’ @b&bxﬁb@@@

FIGURE 8 Ratio of NLTHA-based EAL versus the simplified DLBD-based one: (A) frame direction; (B) wall direction. The “ideal best
detailing” cases are obtained by re-running the simplified loss assessment explicitly using the numerical pushover curves.

an “ideal best detailing”, in which the numerical pushover perfectly matches the capacity curve of the design SDoF (as
opposed to regular situations involving some level of overdesign in strength and/or ductility capacity).

Figure 8 compares the NLTHA-based loss estimates with the EAL targets in DLBD, both for the frame and wall case
studies. For the frame case studies, the NLTHA show a relative loss discrepancy within the range [—30.1% —8.2%], with
the median discrepancy being equal to —12.7% and the standard deviation equal to 9.6%. It is worth noting that all the
NLTHA predictions confirm that the provided designs are conservative (i.e., loss estimates are lower than the EAL target)
and that most of them are below the arguably-acceptable 20% error threshold (in particular, 14 over 16 frame case studies
show a discrepancy smaller than 21%).

The results for the wall case studies are overall similar, with a relative loss discrepancy within the range [—22.2% —5.3%],
median discrepancy equal to —12.0%, and standard deviation equal to 5.2%. The main difference with the frame case studies
is the reduced standard deviation of the errors. On the one hand, this can be attributed to the simplicity of the wall lateral
resisting system, which shows a dynamic behaviour closer to an SDoF if compared to a frame system. On the other hand,
the above comparison should take into account the definition of the DS thresholds, which depend on a single member
typology only (i.e., the wall), compared to the multiple beams and columns defining the frame systems.

The final aspect to discuss refers to over-design, in turn led by conservativism. In fact, it is reasonable to assume that
a user of DLBD would provide a structural detailing leading to a force-displacement curve slightly out-performing the
design SDoF. Figure 8 allows analysing each case study in its ideal best detailing, thus artificially removing any level
of conservativism. Notably, the effects of conservativism are much higher for the frame case studies while practically
negligible for walls. This reflects the comparative simplicity of structural detailing for wall systems, for which it is
possible to provide designs with a reasonably low over-design (Figure 6B), while this is generally not possible for
frames (Figure 6A). The main difference between the two groups of case studies is the standard deviation of the EAL
discrepancies, which shifts from 9.6% to 17.9% for frames, while it is almost unchanged for walls (from 5.2% to 3.6%).
Moreover, the NLTHA of five frame case studies show exceeds the target EAL, thus indicating cases of non-conservative
loss estimations. As mentioned above, the EAL discrepancies of the ideal best detailing case studies should be ascribed
only to errors in the estimation of the probabilistic seismic demand model. In turn, this refers to the MDoF versus SDoF
differences, which are larger for frames than for walls. This specific discussion allows one to appraise how conservativism
in detailing, which is likely to be present in most design cases, can effectively counterbalance some of the inherent inaccu-
racies of the present DLBD procedure and lead to a reasonable conservativism in the loss estimates (especially considering
the simplicity of DLBD).

5 | CONCLUSION

This paper proposed a direct loss-based design (DLBD) procedure for RC frame and wall lateral resisting systems. DLBD
aims at designing structures that would achieve, rather than be bounded by, a given loss-related metric under the relevant
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site-specific seismic hazard (by analogy with the words of Priestley®). The adjective “direct” refers to the ability of the
designer to specify a target loss as an input parameter before running any analysis, and to achieve such a target virtually
without design iterations (e.g., one to three are usually sufficient). DLBD originates from the initial procedure proposed
by Gentile and Galasso®®. The procedure is based on a flexible and fast mapping returning the force-displacement curve
of candidate design SDoF systems complying with the desired target loss. By linking a target loss to a target capacity
curve using a simple approach, DLBD allows designers to target such loss by matching a structural details configuration
to such force-displacement curve. The code to apply the proposed procedure is freely available in an online repository
(https://github.com/robgen/lossBasedDesign).

The proposed DLBD is demonstrated for 16 reinforced concrete, rectangular-plan buildings composed of frames in
their longitudinal direction and walls in the transverse one (thus considering 32 case-study lateral resisting systems).
Each case study is analysed via a more-refined earthquake loss assessment methodology based on non-linear time-history
analyses (NLTHA) of component-by-component multi degree of freedom models, and the results are compared to the
selected target losses. All the NLTHA predictions confirm that the provided designs are conservative (i.e., loss estimates
are lower than the target loss), and most of them are below the 20% error threshold. In particular, the relative discrepancy
(EALnrrHA — EALjgrger) | EALtgrge 18 Within 10% for 12 out of 32 case studies, between 10% and 20% for 13, between 20% and
31% for the remaining six.

Although the results are promising, a final verification against more refined, component-by-component methodologies
for loss analysis (e.g., FEMA P58, as opposed to the adopted building-level approach) is needed to confirmgit the confi-
dence with which DLBD allows to set a target loss level. The refined component-by-component loss estimations should
also include the effect of epistemic uncertainties to verify if the simplified DLBD loss predictions lie within the epistemic
uncertainty bounds. Such validation exercises could be potentially used to provide correction factors to the simplified loss
estimates at the basis of the proposed DLBD.

The proposed DLBD shows high potential in assisting the conceptual phase of the design process by allowing the
designer to rationally consider different design options (e.g., different materials and lateral resisting systems) and dis-
criminate among them on the basis of the target loss. In this paper, this is demonstrated for a simple example in which
DLBD is used to select the most feasible option between a frame and a wall lateral resisting system for buildings of different
heights. Provided that the DLBD procedure is specialised for more design cases, the conceptual design approach shown
here could be applied considering different materials (e.g., timber, pre-cast concrete, steel) and lateral resisting systems
(e.g., dual wall-frame systems, braced frames, rocking structures, base-isolated structures). Further research is suggested
to extend the scope of DLBD, especially considering that any design use case (e.g., structure type, material, lateral resisting
system) for which a direct displacement-based design is available can be “upgraded” to DLBD by following the conceptual
framework of this paper.
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