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Abstract

The severe socio-economic impact of recent earthquakes has represented a tough reality
check, further confirming the mismatch between society expectations and reality of seis-
mic performance of modern buildings. Life-safety code-compliant design criteria are not
enough when dealing with new structures. To raise the bar in terms of structural safety
and overall performance objectives, the renewed challenge is defining high-performance
buildings able to sustain a design-level earthquake with minimum disruption of business
and limited economic losses. To achieve this goal, alternative strategies might be adopted:
(a) implementing more advanced design methodologies, (b) increasing the seismic design
level, (c) adopting low-damage earthquake-resistant technologies. However, the common
perception is that these strategies would lead to unaffordable costs. To support decision-
makers, the paper develops a comprehensive parametric study to compare the cost-ben-
efit of reinforced concrete multi-storey buildings designed for increasing levels of seismic
intensities (representing a higher seismicity zone or Importance Class) and according to
alternative design approaches (Force-based vs. Displacement-based) and technologies
(traditional vs. low-damage). Analytical/numerical investigations are carried out to deter-
mine the building performance, and loss assessment analyses are performed to compute
the Expected Annual Losses of all the parametric configurations. Results, further elabo-
rated through a machine-learning technique, highlight the convenience of implementing
more advanced design methodologies, such as a displacement-based approach allowing for
a better control of the building response, and the remarkable benefits of applying low-dam-
age technologies, leading to a very high performance and significantly reduced economic
losses (>50%) for a small increase (< 5-10%) of the initial investment cost.
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1 Introduction

Lessons from recent seismic events have further confirmed the unexploited potentialities as
well as the actual implementation limits of the current performance-based seismic design
philosophy for reinforced concrete buildings. Although modern multi-storey structures per-
formed as expected from a technical point of view, concentrating the inelastic demand in
discrete plastic hinges zones as per hierarchy of strengths or capacity design principles,
they were severly damaged after earthquakes and considered too expensive to be repaired,
requiring demolition in many cases (Verderame et al. 2009; Ricci et al. 2011; Kam et al.
2011; Wallace et al. 2012). This led to substantial socio-economic losses in terms of both
repair costs and business interruption, in addition to a massive negative impact on the
environment. Furthermore, a significant portion of the post-earthquake economic losses is
related to the damage of non-structural elements (O’Reilly et al. 2018), typically neglected
in the seismic design in spite of their inherently high vulnerability and capital investment
when compared to the structural cost (Whittaker and Soong 2003). Severe damage to build-
ings after major earthquakes cannot be acceptable anymore, therefore, Life-Safety design
criteria are not enough when dealing with new building design (Pampanin 2012, 2015).

As a matter of fact, in recent years research studies have been focusing on raising the
bar in seismic design towards enhanced seismic safety and performance levels for our mod-
ern structures (Kasai et al. 2009; Ricles et al. 2010; FEMA P-58-7 2018). The goal is cre-
ating stronger, safer and more resilient communities, thus avoiding severe post-earthquake
consequences in terms of socio-economic losses. To achieve this, either an improved or
advanced design methodology and/or a high-performance (low-damage) earthquake-resist-
ant technologies could be employed, leading to more sustainable impact/consequences
with the possible (but not necessarily required in all cases) trade-off of slighlty higher ini-
tial cost (Fig. 1).

In order to develop and employ a high-performance building able to sustain a design
level earthquake with limited damage, seismic design philosophies and technologies need
to move towards a more appropriate damage-control approach embracing the entire build-
ing system, including structural skeleton and building envelope. Within this context, in
the past twenty years, growing attention has been, dedicated to either: (1) design methods
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Fig. 1 Earthquake consequences associated with alternative design strategies (modified after FEMA P-58-7
2018)
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based on displacements rather than forces, providing a better control of the building behav-
iour in the inelastic domain (Priestley 1998; Priestley and Kowalsky 2000; Priestley et al.
2007), and/or (2) the development of damage-mitigation technologies, aiming at the reduc-
tion of the post-earthquake damage. Beyond the more traditional and well-known advanced
technologies such as base isolation and dissipative braces, particular interest has being
received by the so-called “low-damage” systems, based on post-tensioned rocking dissi-
pative mechanisms, i.e. the PRESSS technology (PREcast Seismic Structural System) for
concrete structures (Priestley 1991; Priestley et al. 1999; Pampanin 2005, Pampanin et al.
2010). This moment-resisting solution combines self-centering capacity, through post-
tensioned bars/tendons in the structural members, with dissipation capabilities, provided
either by internally located mild steel bars, as per the first generation of the technology,
or by externally replaceable Plug&Play dissipaters, more recently developed (Pampanin
2005; Marriott et al. 2008, Sarti et al. 2016). The system behavior results in a dissipative
and re-centering Flag-Shape hysteresis behaviour (fib 2003) allowing for negligible per-
manent deformations after earthquakes. Furthermore, the low-damage philosophy has been
recently applied to non-structural elements, often neglected in seismic design procedures
despite being the most vulnerable and expensive components in a building system (Taghavi
and Miranda 2003). The seismic behavior of traditional non-structural elements (facades,
partitions and ceilings) can be easily improved by introducing simple details modifications,
as internal gaps within adjacent sliding interfaces and/or dissipative devices (e.g. Baird
et al. 2013; Tasligedik et al. 2015; Tasligedik and Pampanin 2016; Dhakal et al. 2016;
Brandolese et al. 2019; Bianchi et al. 2021; Ciurlanti et al. 2022; Bianchi and Pampanin
2022), without significantly increase the labor and material costs.

Nevertheless, a common obstacle to the wider application of advanced seismic design
methodologies and innovative low-damage technologies is often the uninformed percep-
tion that these would lead to substantially higher costs. Moreover, the actual economic
benefits associated with a reduced level of damage, consequently reduced post-earthquake
economic losses, are rarely computed. This paper intends to shed a light on this topic by
providing robust evidences for informed decision-making on the opportunity and solutions
to raise the bar towards more resilient communities. Specifically, this research fits into the
context of society’s growing need for safer and more resilient buildings and the novelty of
this work is associated with the quantification of the beneficial effects of designing in a
more conscious and controlled way (in terms of reduction of direct economic losses and
increase of related savings). This objective is pursued through a parametric study to com-
pare the cost/performance of case-study buildings considering different design parameters,
design methods and/or construction technologies. A summary of the alternative design/
technological strategies investigated within this work is presented in Fig. 2 and detailed
discussed in the following section.

2 Research outline

As part of the parametric investigation, alternative analytical design methods are employed,
i.e. the traditional Force-Based Design (FBD) and the more advanced Direct Displacement-
Based Design (DDBD or DBD), in order to highlight that by targeting and thus controlling/
limiting displacements rather than forces allows to better control the performance of build-
ings in the non-linear (plastic) range. The FBD procedure, herein implemented following

@ Springer



Bulletin of Earthquake Engineering
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Fig.2 Summary of enhanced-resilient strategies involved in this study: alternative design methodologies
(Forced-Based vs. Displacement Based), Importance Levels/Classes, traditional vs. low-damage technolo-
gies

the equivalent static approach as per the prescriptions of the Italian code (NTC 2018), can
be adopted when the building is within certain constraints (e.g. regularity in plan and ele-
vation), and is based on the calculation (better rough estimation) of the first natural period
of the structure by alternative formulations and on the selection of a behaviour factor (q)
depending on the structural typology, its statically indeterminate level and the ductility
class. Worth reminding that the same methodology and related formulations are included
in the Eurocode 8 (EN 1998-1 2004). Critical shortcomings related to this methodology
have been discussed by Priestley (2003), Sullivan (2013) who showed that a number of key
assumptions do not allow to properly control the building structural behaviour in the plastic
domain, since the method inherently assumes that the stiffness is constant and thus inde-
pendent from the structure’s strength. This means that the yield curvature would be directly
proportional to strength while basics of structural design as well as detailed analyses and
experimental evidence proved the inconsistency of this assumption for RC structures
(Priestley 2003). More recently, Sporn and Pampanin (2013) proposed a “retrofit” strategy
for the FBD approach, where the design methodology is corrected and refined by introduc-
ing an iterative or, even better, a closed-form solution to respect the stiffness-strength com-
patibility relationship. In the same study, it is also highlighted that the predominant natural
period of the building should be taken as the secant-to-yielding period of the equivalent
elasto-plastic system rather than be estimated by empirical formulations.

On the other hand, the DDBD method (Priestley 1998; Priestley et al. 2005, 2007) is
based on the initial choice of a target drift, therefore the seismic behaviour/performance of
the structure is controlled upfront by the designer and his/her design choice, then material
strain limits and global displacements/drifts are directly controlled.

It is worth mentioning that the energy-based approach (Fardis 2018, Benavent-Climent
et al. 2021) is not investigated in this study that focuses on code-compliant procedures.
However, although modern seismic codes suggest force and/or displacement-based design
methodologies, it is acknowledged that these procedures do not account for duration related
cumulative damage and frequency content of the earthquake record which can be captured
through an energy-based approach.

In addition to the two different design methodologies, the enhancement of the seismic
safety level is studied through the variation of the Importance Level or Class of the build-
ing (II, III, IV, i.e. from ordinary to strategic buildings), leading to a consequent increase
of the seismic demand (design) level. In practice, this means that the buildings are firstly
designed with the minimum-by-code assigned to ordinary residential or office structures,
then with a higher importance level corresponding to strategic structures such as hospi-
tals, police station, etc. According to the NTC 2018, the variation of the Importance Level/
Class involves a different coefficient representing the Importance/Use Factor (C,), affecting
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the Reference Period (Vy) of the building, and consequently the Return Period (Tg) of the
seismic demand at different limit states. Practically, this coefficient modifies the design
spectra.

In terms of technologies, two different types of structural connections are studied: (1)
a traditional cast-in-situ system and (2) a low-damage PRESSS solution (Priestley 1991;
Priestley et al. 1999). The traditional monolithic connections adopt B450 C steel rebars and
C45/55 concrete and are designed following the NTC 2018 provisions, while the hybrid
connections consist of external Plug&Play dissipative devices (Pampanin 2005; New-
combe at al. 2008; Sarti et al. 2016) in combination with unbonded post-tensioned tendons/
bars. The low-damage system (Fig. 3) develops a controlled rocking motion during the
earthquake shakings, reducing the residual inter-story drift due to the re-centering effect
of the unbonded post-tensioned tendons. Specifically, following a proper design procedure,
the precast elements start “rocking” against each other and return to the initial position
showing no permanent deformations. This means that the structural skeleton remains basi-
cally undamaged after a design-level earthquake with very limited repair costs and time,
as also computed by Bianchi et al. (2020), with the only repairing actions possibly consist-
ing of the simple substitution of the (damaged) external replaceable dissipaters. Further-
more, dry jointed precast connections provide for significant advantages in the construction
phases, with increasing quality control, erection speed as well as safe and clean work areas
as well as during, or at the end of, the life-span of the building, with modular demountabil-
ity and possibility to relocate/recycle components or entire portions of the building.

Considering all these alternative design strategies, a set of parametric building
configurations is identified as discussed in the next section. Analytical and numerical
investigations are therefore developed to analyse the building performance of all case
studies. For each configuration, construction costs (material and labour costs) are also
computed to determine the initial cost of the alternative solutions. Finally, loss assess-
ment analyses are performed to estimate the Expected Annual Losses (EAL) follow-
ing the probabilistic-based procedure described in FEMA P-58-1 (2018). Results are
finally compared for all the configurations in terms of seismic costs at the end of the
building service life (50 years). This long-term view (minimum-by-law ordinary build-
ing life span, e.g. 50 years) represents a valuable information for the purpose of the

Cantilever
wall External mild steel
dissipaters Grouted mild steel
Unbonded Partially

post-tensioned unbonded

Plastic hinge tendon mild steel
region
Foundation Imposed b T
rotation rotation

Fig.3 Comparative response of a traditional monolithic system (left) and a jointed precast solution with
internal (centre) and external (right) dissipaters/fuses (modified after fib 2003; Marriott et al. 2008)
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economic comparison, proving that designing for higher levels of safety and resilience
is indeed cost-effective and not only beneficial from a seismic performance point of
view. Furthermore, parametric results are further elaborated through a machine-learning
technique to identify the best design ductility range (and inter-storey drift) leading to
target EALs lower than 0.5%. This means that the building would be expected to belong
to the safest risk class A*, as per DM 58 (2017) prescriptions. This approach can be
implemented as part of the design of such innovative low-damage structures, in order
to make appropriate design choices towards cost-efficient safer levels at the very early
stage of the design process.

2.1 Python-based workflow

Lately, the development of digital tools/workflows and automation have had a remark-
able impact in terms of both speeding up the iterative design process and getting further
insights from projects. In order to automate the simulation process of this research work,
an effective Python-based workflow has been developed to perform the large number of
parametric analyses (24,300 simulations) and manipulate the datasets involved in this
study. A workflow consists of a series of activities that need to be executed in order
to achieve a desired outcome, and each activity represents an automated step, taking
a set of inputs and producing a set of outputs. The workflow, based on object-oriented
programming, considers Python modules and submodules working either as standalone
or within a series of automated routines, making the tool flexible and scalable. A sche-
matic drawing of the workflow is shown in Fig. 4.

The user can initially define the parametric building models, through their geomet-
rical and material properties, directly in Grasshopper, a visual programming language
and environment incorporated in Rhinoceros 3D (McNeel et al. 2010). The Outputs,

Numerical analysis:
Non-linear static

Design Methodologies: Non-linear dynamic

FBD and DDBD Loss Modeling:

EAL (Time-based)
PML (Intensity-based)

Structural System:
Frame and Wall

Technologies:
RC Traditional and
PRESSS

Bedrock
acceleration:
High (0.25g)
Moderate (0.175g)
Low (0.125g)

Fig.4 Automated workflow developed in Python: from hazard level to selection of input recorded motion,
to FBD or DDBD design, to numerical analysis and loss modeling
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in the form of.json files (objects), containing all the building information, (e.g. num-
ber of spans and floors, global and section dimensions, floor masses, type of analysis
and its settings) are collected from the parametric model. Also, construction costs are
automatically computed in Grasshopper based on element volumes and labor costs and
stored in a.json file (object) subdivided into different component families. In a work-
flow perspective, these files are the Input data for the automated workflow.

Herein, a summary of the main workflow activities involving different modules and
sub-modules running in series, namely:

e Seismic Hazard The user can select among different seismic hazard levels and other
hazard related properties, i.e. soil type (A, B, C, D, E), Importance Class (I, II,
IIT and relative C), and service building life (V). Nine elastic acceleration and
displacement design spectra referring to different limit states (depending on Tg)
are developed as main outcomes of this module. Furthermore, a scaling procedure,
based on NZS 1170.5 (2004), is also included to possibly obtain a set of scaled
spectrum-compatible accelerograms for each intensity level based on the European
Strong-motion Database.

e Structural Design Two alternative analytical design methodologies are imple-
mented: FBD and DDBD. Regarding the selection of the key design parameters,
such as the behavior factor (q) for FBD and the design drift 6, for DDBD, respec-
tively, it is possible either to define a single user-selected value, or to specify a dis-
crete number of samples representing the entire ductility range within two bound-
ary conditions: (1) minimum ductility (e.g. p=q=1.5/2) and (2) maximum design
inter-storey drift (e.g. 2%). Moreover, two different solutions for both the structural
system (frames or walls) and its technology (monolithic or PRESSS) are included.

® Numerical Modelling. Input text files for Ruaumoko 2D software (Carr 2003) are
automatically generated right after the connection design. Either non-linear push-
over (NLPO) or non-linear time history (NLTH) analyses can be carried out with
or without considering the explicit modelling of non-structural elements (sole bare
frame and/or integrated system). This module involves the creation of a batch file
to run the analyses and the post-processing of the results. Engineering demand
parameters (floor displacements and floor accelerations) are then manipulated and
stored in a data frame easily readable from subsequent activities.

e Seismic Losses. Following the FEMA P-58-1 (2018) probabilistic methodology,
two different loss modelling approaches, either time-based and intensity-based, are
implemented in the workflow: (1) the estimation of the EAL and 2) the evalua-
tion of the Probable Maximum Losses (PML). The pelicun framework, developed
by Zsarndczay and Deierlein (2020) within an open source and publicly available
Python library, has been integrated in the existing workflow to quantify the post-
earthquake repair costs.

By combining the user-defined values/properties and the Python-based activities
previously described, a comprehensive set of different outcomes can be obtained. In
this specific study, the simulation outputs are used to compare the alternative resilient-
enhancing strategies discussed above.

It is worth mentioning that the Python-based workflow also accounts for the pos-
sibility of implementing energy dynamic simulations for the building, thus energy effi-
ciency analyses by using the input file generated in Grasshopper. However, this module
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is not adopted for this specific research work while an example of its application is
shown in Bianchi et al. (2022).

3 Parametric cost/performance-based investigation

For this specific study a 5-story Reinforced Concrete (RC) building with global dimensions
as indicated in Fig. 5 is selected, by referring to a mock-up building already analysed in a
previous research work by the same authors (Bianchi et al. 2020). The structural skeleton
consists of moment-resisting frames (beams: 0.40 mx0.75 m; columns: 0.75 mx0.4 m)
in the X- direction and structural walls (0.40 mXx6 m) in the orthogonal Y-direction as
seismic resisting systems, while the other elements carry the self-weight loads only. The
first two building floors have residential use, while the other two are offices; the roof top is
considered not accessible. The flooring system consists of hollow core slabs (0.25 m thick,
one-way spanning) and the total seismic mass is around 658 tons and 520 tons for a typical
floor and the roof level, respectively.

Different typologies of non-structural components are also investigated, specifically:
two types of external enclosures (precast concrete claddings and stick-built curtain in the
frame and wall direction, respectively), steel framed drywall gypsum partitions, fully float-
ing suspended ceilings and all the required building services and contents. Although these
components are included as weight and mass in the seismic design, as well as they are all
considered in the loss modelling in terms of fragility functions, in this investigation their
explicit modelling is neglected assuming low interaction between the primary structure and
non-structural elements. Moreover, in this specific study, traditional construction practice
details are considered for the non-structural components, meaning that the “low-damage”
structure involves the bare frame system only.

The parametric building configurations are identified by taking into account (1) three
different low-to-high seismicity zones, whose main parameters are summarized in Table 1

/ Y dir. — Shear wall system X dir. - MRFrame system
- ——, E—
3.8m| | oo | o | oo | o
Integrated Building System 3.8m| | om | mn | oo | amm
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(- maﬂ,:; 5 g 47 = 3.8m| | AR | ATH | ATA |ATA |
D]II‘AI:IIumquimn 6m'6m6m MM
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e

and Equipment, Contents

Fig.5 Reinforced Concrete (RC) case study building
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Table 1 Design hazard parameters for all the seismicity levels (low-to-high) and Importance Classes (II, III,
IV) considered in this investigation

Low seismicity Moderate seismicity High seismicity
C,, importance factor 1 1.5 2 1 1.5 2 1 1.5 2
V, [yr], service building life 50 50 50 50 50 50 50 50 50
Ty [yr], return period 475 712 949 475 712 949 475 712 949
ag [g], PGA on soil type A 0.125 0.14 016 0175 020 022 025 029 033
S, Soil factor 1.5 148 146 144 140 137 134 129 123
PGA [g], peak ground Acc 0.19 021 023 025 028 030 033 037 040
F,, amplification factor 2.55 255 256 247 248 248 238 239 240
T, [s], corner period 2.10 216 223 230 240 249 260 276 291
—— High Moderate = —— Low
1.0 400
| Cu=2 Cu=2
| Cu=15 'g Cu=15
0.8 Cu=1 £ Cu=1
e 14 =300
o 13 c
% osl 2
b 0.6:! g
g | S 200
® &
50 4f o
3 B
@ i © 100
&Ho2! Q
| ]
0 1 2 3 4 0 1 2 3 4
Period [s] Period [s]

Fig. 6 Acceleration and displacement elastic design spectra for the design level earthquakes

for the design level earthquake (10% probability of exceedance in 50 years), as well as (2)
the three Importance Levels/Classes included in NTC 2018, providing a coefficient C, (1.0,
1.5, 2.0) which increases the seismic demand when compared to the reference benchmark
12 class for residential buildings (Fig. 6), effectively increasing the Return Period Ty and
thus reducing the probability of exceedance in V. Therefore, a total of 9 hazard values
(seismic scenarios) are involved in this investigation.

3.1 Seismic design methodologies

A total of 27 parametric building configurations (design values are listed in Appendix-
Table 5) are employed, involving two design methodologies, FBD vs. DDBD (Fig. 7), and
two different technologies for the structural systems (monolithic cast-in situ vs. PRESSS
for both frames and walls), as discussed above (9 hazard values—Table 1 - x 3 build-
ings: FBD—Traditional, DDBD—Traditional, DDBD—Low Damage). Specifically, the

@ Springer



Bulletin of Earthquake Engineering
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Fig. 7 Schematic flow chart of FBD (left) vs. DDBD (right) procedure

traditional buildings are designed following both FBD and DDBD approaches and refer-
ring to the prescriptions provided by NTC (2018) and Priestley et al. (2007), respectively.
A modified DDBD procedure, specific for low-damage structures (Pampanin et al. 2010),
is instead implemented to design the hybrid (PRESSS) connections.

Following the FBD equivalent static procedure described in NTC (2018), as well as in
EN 1998-1 (2004), the design acceleration response spectra at ULS are obtained from the
5% elastic spectra properly scaled by the behavior factor (g). The total base-shear (V) is
therefore calculated by multiplying the spectral acceleration at the first natural period of
the structure, S, (T;), where T, can be computed in function of the building height (H)
and a coefficient (C) based on the structural typology, and the building mass (reduced by
a coefficient A=0.85 to determine the effective mass), divided by the behaviour factor (g):

3
T, = CH /4 (1

V, = SE(TI) - (mass - 1)/q = Se(Tl) - mass,g/q ()

Displacements at ULS are verified at the end of the design process by multiplying the
elastic displacements of the structure, obtained by pushing the building with external forces
representing the distribution of the base shear along the building height, and its ductility.

On the contrary, displacements are key parameters and lead the design in the DDBD
procedure (Priestley et al. 2007). Displacements of the building are controlled by assum-
ing appropriate inter-story drift limits, as suggested by design codes, good practice and/or
material strain limits. The design procedure consists of determining an equivalent building
Single Degree of Freedom (SDOF) system, with effective secant stiffness (K,), effective
mass (m,), effective height (H,) and equivalent viscous damping (&,) related to the target
displacement (4,) selected. By reducing the 5% damped design spectrum to account for
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the ductility/damping of the system, the effective period can be defined (7)) from the target
displacement. Then, the building base shear can be easily computed (V).

K, =4n°m,/T? 3)

V, =K, A, 4)

The entire range of possible design ductility is explored for all 27 parametric configura-
tions, assuming for the monolithic structure designed following both design approaches to
have the same ductility value ¢ = pppp; = pppp ;- The study involves on average 10 ductil-
ity values for each building configuration leading to a large range of design displacements/
drifts and q factors to develop the parametric analysis.

Furthermore, the seismic design is implemented and carried out referring to material
characteristic, Sth percentile, values without accounting for material partial reduction fac-
tors or other safety factors in order to achieve a better comparison between the analyti-
cal and numerical results. Figure 8 presents the analytical capacity curves obtained for the
frame direction in case of high seismicity and Importance Class II. The different assump-
tions at the base of both design methods can be highlighted: (1) FBD is characterized by an
initial elastic stiffness, and the different base shears are identified by varying the behaviour
factor ¢; (2) DDBD considers the initial stiffness directly linked with the structure strength,
decreasing when the base shear decreases. Moreover, an initial higher ductility is consid-
ered for the low-damage structures to fully exploit their capability in the inelastic range. A
summary of the main design parameters for both design methods and building technologies
can be found in Appendix-Table 6.

Considering all the building configurations (27) and the different ductility/behavior fac-
tor discretization (~ 10 ductility for both wall and frame direction for each building con-
figuration), ~270 alternative moment resisting frames and structural walls are designed, for
a total of 540 parametrizations. By comparing the results in terms of base shear for all the
configurations analysed (Fig. 9), important considerations can be drawn. Focusing on the
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Fig.8 Analytical capacity curves for the Traditional buildings (left) designed following FBD and DDBD
procedures, and for the Low Damage buildings (right), in case of high seismicity and Importance Class
II—frame direction only
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Fig.9 Base shear vs. design PGA for the Traditional buildings (left), designed following FBD and DDBD
procedures, and the Low Damage buildings (right), for frame direction only

traditional structures, it can be noticed that, due to the comparative assumptions herein
adopted (see below further comments), the FBD always overestimates the building base
shear for all the different design PGAs, describing the seismic intensity levels involved,
when compared to the DDBD results. Yet, the latter are assumed to provide a more reli-
able (“correct”) structural response. The difference between the two methods is more evi-
dent in the wall direction where the base shear demand is greatly overestimate. In many
cases, the higher value of base shear brings to an increase of the sectional dimensions of
concrete beams and columns. This is caused by the excessive demand on the structural
elements, thus creating a unnecessary overstrength to the building. It is worth mentioning
that, due to the assumption of same ductility level for the two alternative design methodol-
ogies (FBD and DDBD), reasonable behaviour factors (q <4) are considered in this study,
which would not necessary be the case in the design practice where higher values of q up
to the maximum allowed in the code (e.g. q=5.8 for multi-story multi-span frame struc-
tures, according to the Italian code) would/could be adopted leading to lower base shear
values. When considering the hybrid low damage structural skeleton, a slightly higher base
shear is obtained when compared to the traditional solution with same ductility level, due
to the lower hysteretic damping value. This is due to the resisting moment capacity, which
is distributed between dissipative and recentering systems, consequently leading to lower
dissipation when compared to the case of monolithic connections.

3.2 Design of structural connections

An equilibrium approach is employed to distribute the base shear throughout the structural
system, in order to obtain the internal actions in the structural connections (beam-column
joints, column-foundation, wall-foundation). Section analysis is developed to design the
steel reinforcement and compute the moment-rotation/curvature relationships of all the
structural members. Traditional buildings are designed to exhibit a beam-sidesway mecha-
nism (by applying a column-to-beam strength ratio of 1.3), thus neglecting shear failure as
per hierarchy of strength principles. Therefore, a pure flexural plastic hinge mechanism is
considered at both ends of the RC seismic beams, while for the vertical elements, i.e. RC
seismic columns and walls, an axial-flexural interaction is introduced. Furthermore, two
limit states are taken into account for the monolithic seismic connections: (1) the yielding
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of the steel reinforcement and (2) the achievement of the concrete ultimate strain in the
external fiber of the section.

Moment-rotation relationships are also obtained for the low-damage hybrid connections
following the procedure described in Pampanin et al. (2010), i.e. considering the moment-
resisting contribution of both post-tensioning cables/bars and external Plug&Play dissipat-
ers. In the vertical members the axial load also contributes to the re-centering capability of
the system, thus this contribution is embedded in the calculations. For the hybrid connec-
tions two different limit states are identified: (1) collapse of the external dissipaters and (2)
yielding of the post-tensioned cables/bars (for the seismic beams and rocking walls only;
concrete columns are not designed as post-tensioned elements). The number of dissipat-
ers and their features (e.g. fuse length and diameter) as well as the number of cables/bars
and their initial post-tensioning forces are optimized to achieve a moment capacity at the
design drift perfectly equal to the seismic demand (Capacity =Demand). This is possible
due to the design flexibility of these connections and their non-standardization, thus allow-
ing for the selection of ad-hoc key parameters. Conversely, traditional components are less
easy to optimize since steel rebars have standard diameters and, following the good prac-
tice, no more than two different diameters are usually considered within the same member.
Nevertheless, an optimization is performed considering these boundary conditions (fixed
diameters and maximum two different values), to find out the best combination of diameter
values and number of steel bars which would reduce as much as possible the difference
between the capacity and the demand.

Figure 10 shows the difference between the two technologies in terms of connections
design. As previously discussed, construction limitations do not allow traditional con-
nections to perfectly match the design requirements in terms of bending moment and
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Fig. 10 Moment—curvature/rotation relationships of seismic beams (first floor) and structural walls for both

Traditional buildings (left) and Low Damage buildings (right), for the case of high seismicity and Impor-
tance Class II
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curvature, while hybrid connections provide the same bending moment and gap opening as
per design values. Furthermore, once the dissipaters reach the ultimate strain value (set at
6%) the hybrid connections still have moment-resisting capability due to the post-tension-
ing cable/bars. It is also noticed that the structural walls designed according to the FBD
procedure are characterized by a brittle failure mode due to the achievement of the concrete
ultimate strain in the external fibers happening before the failure of the steel reinforcement.

3.3 Numerical investigation

Numerical non-linear static (push-over) analyses are performed for all the case studies
through Ruaumoko2D software (Carr 2003). It is worth mentioning that, given that the
building is perfectly symmetrical in both directions and a rigid diaphragm is adopted at
each floor, a 2D model can be adopted to decouple the building behavior in the two orthog-
onal directions. If this assumption was not valid, a 3D model is suggested to properly cap-
ture the possible torsional effects and out-of-plane behaviour. A lumped plasticity approach
is adopted to describe the nodal regions where the inelastic behaviour is expected. Rigid
zones are assumed in the beam-column joints and the structural elements are modelled as
elastic members linked together through springs, described by the moment-rotation rela-
tionships computed in the section analysis and using proper hysteresis rules. For the mono-
lithic frame (Fig. 11-left), the springs represent the plastic hinge regions (Takeda hyster-
esis) designed to develop a beam-sidesway mechanism, while the columns also account
for the moment-axial force interaction through the definition of their yield interaction
surface. In the wall direction, the plasticity is concentrated at the base connection of the
structural wall, while the rest of the component is assumed elastic. For the low-damage
structure (Fig. 11-right) two rotational springs are introduced at the end sections of the
structural members—beam-column joints, column base and wall base—(Pampanin et al.
2001) to simulate the combined action of energy dissipation (Ramberg—Osgood hysteresis)
and re-centering (multi-linear elastic). Stiffness degradation in the structural connections
is neglected, as well as the soil-structure interaction (fixed connections are assumed at the
base sections). Moreover, second order effects are not taken into account in the analysis.

Elastic Seismic Column Elastic Seismic Column
Rotational Spring: /
Takeda HR

Rotational Spring:
r'd Multi-Linear Elastic HR

(Do
Elastic Seismic Beam Elastic Seismic Beam
Rigid Rigi'd\ Rotational Spring:
Panel Panel Ramberg-Osgood HR

Fig. 11 Schematic representation of the lumped plasticity modelling approach adopted for the traditional
(left) and low-damage (right) connections
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Through a non-linear static approach, numerical pushover curves are obtained and
compared with the analytical design values. The design point is identified on the numeri-
cal curves by the achievement of the design curvature/rotation demand at section level.
Specifically, for the moment-resisting frame system the average of all the curvature/rota-
tion values is considered, while for the structural wall the curvature/rotation of the plastic
hinge at the base is considered. By comparing the analytical design displacement and base
shear with the numerical pushover curves different findings can be discussed. Overall, the
DDBD procedure presents lower difference in terms of building strength and displacement
at the design point for both frame and wall structural systems when compared to the build-
ing designed following the FBD procedure. Particularly, differences are greater considering
the wall direction due to the larger seismic demand produced by this method. Moreover,
the initial stiffness is well captured using the DDBD procedure, except for the low-damage
structural walls. In this case, the analytical procedure underestimates the elastic stiffness
due to the presence of post-tensioned bars in the walls, which increase the initial elastic
contribution.

Afterwards, non-linear push-over curves are converted into acceleration-displacement
curves in the Acceleration Displacement Response Spectra (ADRS) domain. In the same
graph, the demand spectra of nine different seismic intensity levels, representing the
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Fig. 12 Acceleration Displacement Response Spectra (ADRS) domain for frame (left) and wall (right)
directions considering a) FBD—Traditional, b) DDBD—Traditional and ¢) DDBD—Low Damage build-
ings, for the case of high seismicity and Importance Class II
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following probability of exceedance: 81%, 63%, 50%, 39%, 30%, 22%, 10%, 5%, 2%, from
Frequent Earthquake to Maximum Probable Earthquake, are also included. These demand
response spectra are obtained from the elastic response spectra using the n reduction factor
supported by Priestley et al. (2007), in turn defined by the equivalent viscous damping of
the building. Applying the Capacity Spectrum Method (ATC 40 1996), the Performance
Points, representing the maximum expected seismic displacements and accelerations, are
obtained for of all the case-study configurations at each seismic intensity level (Fig. 12).

All the graphs in Fig. 11 show that the PRESSS technology allows to move the perfor-
mance points of the building towards higher displacements, especially at the ultimate limit
states (ULS) and for the frame direction. This is simply due to the low-damage structures
accounting for less dissipative capability and therefore higher spectral reduction factors
(M1raa < NLp)-

To develop the seismic loss evaluation, inter-storey drifts and floor accelerations
(Engineering Demand Parameters, EDP) are calculated from the performance points
identified in the ADRS domain. The floor displacements are derived referring to
the displacement shape of the buildings, while the floor accelerations are obtained
accounting for the base shear along the height of the building and using the floor
masses. The accelerations and displacements values are then corrected by considering
proper factors to account for the high mode effects (FEMA P-58—1 2018). Figure 13
shows the EDPs for the Serviceability limit state (SLS, 63% probability of exceedance)
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Fig. 14 Construction costs (average) for high seismicity and different Importance Classes

Table 2 Average values of construction costs for all the building configurations

Construction costs

Low seismicity Moderate seismicity High seismicity

—

Importance class II 11T v 1T 11T v I 11T v

FBD—Trad. [€/m?] 1251.0 1251.4 1251.6 1254.0 1258.1 1258.1 1253.4 1254.0 1255.1
DDBD—Trad. [€/m?] 1237.3 1237.5 1243.1 12383 1240.0 1244.1 1241.8 12473 1250.0
DDBD—LD [€/m?] 1337.8 1340.5 13449 13427 1348.8 1353.2 13433 13483 13552

and the Ultimate limit state (ULS, 10% probability of exceedance) for both frame and
wall directions.

Overall, it can be observed that the inter-storey drifts are larger in the frame direc-
tion while the acceleration values are greater in the wall direction on average. Particu-
larly, FBD procedure always produces a higher acceleration demand to the building
when compared to the DDBD methodology, and DDBD usually leads to larger demand
in terms of inter-storey drift, as expected from the analytical comparison. Higher
acceleration/drift values will lead to higher damage in the acceleration/drift sensitive
non-structural components when implementing the loss modelling analysis. It is worth
highlighting that, as discussed above, the obtained results are affected by the assump-
tion made on the q factor, used to implement the FBD approach and assumed as the
same ductility value of the DDBD method. Rather, when a design practice approach is
followed, the q factor is typically selected as the maximum allowed by the code provi-
sions to achieve the lowest seismic demand. In this case, base-shear and acceleration
values might be lower for the FBD when compared to the DDBD, as shown by Gentili
et al. (2021). This means that the FBD method does not allow to have a proper control
on the nonlinear behavior of the structure, due to its procedure based on the selection
of a behavior factor (q) representing the dissipation capability of the building under
consideration. Appendix-Table 7 lists the maximum EDP values within any ductility
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range (min and max are referring to minimum and maximum ductility values) for all
the building configurations and seismicity levels.

4 Construction costs

Construction costs are computed for each building configuration based on the “Prezziario
Unico del Cratere del Centro Italia” DPCM (2018) (price list developed after the 2016
Central Italy Earthquake). The cost of the monolithic structures is calculated considering
the total concrete volume and steel needed for the structural elements, as well as the cost
of formworks, safety, excavation, foundations, and geotechnical surveys. For the PRESSS
structures, the cost of the tendons and their post-tensioning, the corrugated tube and the
crane rental are added to the above items (apart from the cost of in-situ formworks, not
needed for precast elements). An additional variable cost, depending on the number of dis-
sipaters and post-tensioning cable/bars, is taken into account for each hybrid connection,
meaning the supplemental cost of all the prefabricated special steel assemblies and mem-
bers. Architectural components, finishing and equipment costs are instead obtained from
supplier cost lists or taken from “Prezzi per Tipologie Edilizie” DEI (2012) referring to the
average cost of a 7-storey RC residential building in Italy.

A comparison in terms of average construction cost for the alternative case-study con-
figurations is provided in Fig. 14 and Table 2. It can be noticed that the FBD provides
costs equal to, or slightly higher than, the DDBD for the same seismicity zone, on average.
Moreover, as far as a comparison between technologies is concerned, it can be noticed an
increase of construction costs for the PRESSS technology of around 8% for low-to-high
seismic intensity, when compared to the monolithic system.

Opverall, the increase of direct costs associated with a significant increase of steel reinforce-
ment, moving from Importance Class II to III and IV, is negligible when compared to the total
building cost, since this study is carried out considering the same building geometry. In traditional
buildings, the higher seismic demand is managed by adding supplemental steel reinforcements or
considering larger bar diameters (still respecting the good practice and code requirements), while,
in case of low damage structures, by sizing the dissipaters and considering an increase of the initial
post-tensioning force in the structural members. This consequently leads to negligible differences
when an increase of seismic demand at same seismicity level is considered, thus supporting the
hypothesis that rising the bar in seismic design require much less additional costs than expected.
Arguably, a significant level of higher safety for new constructions could and should be achieved
with minimal investment.

5 Fragility specification

The loss modelling implementation, following the probabilistic Performance-Based Earth-
quake Engineering methodology (Cornell et al. 2002; Krawinkler and Miranda 2004;
Gunay and Mosalam 2013), involves the identification of potential damage state levels (fra-
gility curves) and related repair costs and time (consequence functions). Fragility speci-
fications for traditional components, including structural and non-structural elements, are
defined by FEMA P-58-1 (2018) fragility database, while equivalent fragility data needed
to be computed for the low-damage components, i.e. the hybrid connections: beam-column
joints, wall-foundation and column-base.

Fragility curves for the hybrid connections are determined from the analytical sec-
tion analysis (moment-rotation relationship) assuming two limit states: (1) collapse of
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Fig. 15 Comparison in terms of fragility curves for monolithic (DS2, left) and hybrid connections (DS1,
right) for a beam-column joint at the first floor, for the case of high seismicity and Importance Class II

the external dissipaters (DS1) and (2) yielding of the post-tensioned cables/bars (DS2).
Due to the reliable numerical modelling approach, extensively calibrated and validated
through experimental tests (e.g. Pampanin et al. 2001; Johnston et al. 2014; Ciurlanti et al.
2022), numerical rotations on each connection, associated with the analytical gap open-
ings, are identified on the pushover curves and consequently inter-storey drifts are obtained
corresponding to that damage state. Dispersion value of the fragility curves is assumed
equal to 0.3, considering that these connections exhibit a better and controllable behavior.
Although the damage states for the traditional connections can be derived from FEMA
database (residual crack widths >0.06 inches for DS1, initial spalling of cover concrete for
DS2, possibility of having core concrete crushing, fracture or buckling of reinforcement for
DS3), following the same approach previously described, a section analysis is carried out
to identify both DS2 and DS3.

Figure 15 shows a comparison between low-damage and traditional components for both
frame and wall directions in terms of fragility curves (DS2 for the monolithic connections
vs. DS1 for the hybrid connections). Results highlight that the wall connections designed
using the FBD procedure show higher probability of exceeding the DS2 damage state when
compared to the wall connections design by DDBD at same drift level. For the frame con-
nections, this consideration is still valid when exploiting the full range of ductility (Fig. 15
left). Moreover, it can be observed that the first damage state (DS1) associated with low
damage members (Fig. 15 right) is achieved at higher seismic demand levels when com-
pared to the second damage state (DS2) of traditional connections. This further confirm
that a low damage structure could help to enhance the seismic safety of the building.

The consequence functions are instead built referring to the data available in the FEMA
database, i.e. the DS2 of the hybrid connections (yielding of post-tensioned cables/bars) is
conservatively assumed equal to the DS3 of the monolithic connections, while the repair
cost and time of DS1 (collapse of the external dissipater) are estimated based on market
prices and engineering judgment (i.e. 1000€ for beam-column joints and 1500€ for the
wall-base foundation).
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6 Loss assessment analysis

Post-earthquake losses estimation is crucial to evaluate the convenience of a design strat-
egy during the life-span of a building. The economic aspect is fundamental within the con-
ceptual design stage of a building project, and represents the main factor driving the choice
of a technological solution. Proving that a safer solution is also the least expensive at the
end of the life time of the building, is therefore essential to argue that the current tradi-
tional performance-based design approach, still targeting the life safety, is not enough to
line up with advanced earthquake risk reduction policies.

The estimation of post-earthquake losses is carried out in the Python algorithm
through the pelicun framework developed by SimCenter (Zsarnéczay and Deierlein
2020), which implements the rigorous probabilistic procedure provided by FEMA
P-58-1 (2018), accounting for both direct and indirect economic losses. Once all the
required information about hazard (intensity measure of the earthquake), seismic per-
formance (through the calculated EDPs) and damage states (fragility curves) are col-
lected as presented in the previous sections, the entire set of building configurations is
analyzed by loss analysis and results are compared in terms of EAL, a key parameter
for decision makers directly related with insurance policies. All the analysed frame and
wall systems are thus coupled to fully explore all the possible combinations within any
seismicity and Importance Class variation (~ 10 duct. Frame x~ 10 duct. Wall= ~ 100
buildings assessed). Considering nine seismic intensity levels (from Operational limit
state to more than Collapse Prevention) within any seismicity zone, Importance Class,
and design methodologies/technologies involved, ~24,300 loss assessment are per-
formed. This number highlights the huge potentiality of the workflow implemented to
carry out this study; “black box” tools as well as tools accessible from the user inter-
face would be inefficient due to the large number of analyses involved. By selecting a
time-based assessment, the repair costs/frequency curves are thus obtained for all the
building configurations, and consequently the EAL. Figure 16 presents a comparison
between these curves considering high seismicity and Importance Class II. Lower and
upper bounds, corresponding to the 16th and 84th percentiles, are also shown to assess
the variability associated with the different ductility values.

Figure 16 highlights that generally the DDBD procedure, even better when combined
with a high-performance technology, allows to drag the cost/frequency curves towards
lower repair costs, while providing higher safety levels associated with the raising of the
bar in seismic design. Interesting to note that, concerning the low damage structures,
repair costs at higher MAF (Mean Annual Frequency), thus lower return periods earth-
quakes, are slightly larger when compared to traditional buildings. This is mainly due
to the failure of acceleration-sensitive non-structural components in the wall direction.
It is worth noting that all the buildings configurations assessed in the parametric study
involve the same non-structural configuration, while, in case of low damage buildings,
non-structural elements need to and can be protected from the expected slightly larger
drifts for frame systems and higher accelerations in the structural rocking wall systems,
depending on the selected ductility/drift design value.

EAL values can be easily computed as the area under the curves of all the case
studies. Building 3D EAL surfaces (e.g. for high seismicity and Importance Class II
in Fig. 17) as a function of the variability associated with the design ductility, it can
be observed that FBD methodology, in spite of leading to larger base shear and thus
apparently higher protection, always produces higher seismic losses when compared to
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a methodology controlling the displacement for the full range of ductility investigated.
These higher seismic losses are due to the acceleration-sensitive non-structural com-
ponents, experiencing larger accelerations due to the larger base shear, as well as to
the poor ductile behaviour of the structural members, characterized by a brittle failure
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Fig. 17 3D EAL surface for the case of high seismicity and Importance Class II
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Fig. 18 Results in terms of EALs for all the building configurations

mode thus producing higher damage and associated repair costs when the damage con-
ditions are achieved. Furthermore, as expected, a further reduction is obtained when an
advanced design methodology is used in combination with an innovative technology.

Finally, the overall results in terms of EAL are presented in Fig. 18 and herein dis-
cussed. All the observations made previously are still valid for the other seismicity lev-
els and Importance Classes. Assessing and comparing all the building configurations,
results highlight that:

1. when referring to the average value, as the Importance Class increases, the seismic
losses decrease, due to the increased level of safety thus consequently leading to reduced
seismic losses. This outcome is observed for all the seismicity investigated, proving
that increasing the seismic demand brings to less seismic losses without significantly
increasing the construction costs.

2. comparing the results obtained for the same construction technology whilst varying the
design method, FBD produces greater losses than the DDBD, confirming the actual dis-
advantage of applying such traditional design methodology, although being considered
as a more “conservative” and thus “safe” approach.
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Fig. 19 Cost/time curves (average values) in case of high seismicity and different Importance Classes

3. looking at the different types of skeleton systems, PRESSS structures lead to signifi-
cantly lower losses when compared to monolithic structures, due to its inherent low-
damage nature.

Concerning the dispersions associated with the variation of the design ductility, low
damage structures generally present a larger variability when compared to traditional solu-
tions. As previously discussed, combinations considering stiffer structural walls (designed
for low ductility values) bring to larger seismic losses which affect the acceleration-sensi-
tive non-structural performance. The latter could be easily solved by employing low-dam-
age solutions for non-structural elements, e.g. by introducing simple modifications detail-
ing to suspended ceilings (e.g. the use of elastic insulation foam as described in Pourali
et al. 2017). On the other hand, low-damage structures could be designed to fully exploit
their non-linear behavior, thus considering larger ductility values (which have not been
explored in this specific investigations).

6.1 Seismic costs in the building life

Finally, the seismic costs of all the case-studies are compared at the end of the service life
(e.g. 50 years after the building construction) to better appreciate the benefits of apply-
ing advanced seismic design methodologies and technologies. This comparison can be car-
ried out in terms of annualized losses (the EAL parameter) distributed along 50 years in
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Table 3 Comparison in terms of savings at the end of the building service life (50 years)

Costs at the end of the building life

Low seismicity Moderate seismicity High seismicity
Importance class II I v I I v I I v
FBD—Trad. [€/m?] 1466 1438 1414 1544 1516 1492 1687 1660 1651
DDBD—Trad. [€/m?] 1398 1371 1368 1495 1461 1444 1624 1599 1588
DDBD—LD [€/m?] 1446 1425 1412 1486 1457 1443 1568 1525 1499

order to evaluate the percentage of construction cost which would be lost at the end of
the building life. The cumulative seismic cost is described by a linear trend going from
the initial cost at the time of construction to the cost at the end of the building service
life. No economic fluctuation is considered in this model. The intersection between the
different lines, representing different design strategies, identify a virtual break-even time at
which the initial difference in the initial construction costs would be balanced (investment
return period). Although the PRESSS technology requires a slightly higher investment than
the traditional system, the trend is completely reversed from the year corresponding to the
intersection of their cost lines onward. This is shown in Fig. 19 for e.g. high seismicity
zone. The difference in the initial cost of around 8% (low-damage vs. monolithic, with tra-
ditional non-structural components) at the time of construction is fully recovered in a range
between 20 and 30 years (for Importance Class II) when compared to the FBD and DDBD
traditional buildings, respectively. Another important observation is that the investment
return period decreases moving towards higher Importance Classes (III and IV), i.e. reduc-
ing by around 15 years when compared to a code-compliant (FBD) traditional building,
without affecting the initial construction costs. This means that designing the building to
withstand a higher seismic demand, e.g. targeting the building to be of the same impor-
tance class typical for hospitals or strategic structures, meaning higher structural safety,
does not (or only slightly) affect the initial investment, but drastically reduce the seismic
losses and the investment return period. This provides an additional and strong evidence/
confirmation that it is definitely worth considering advanced methodologies and technolo-
gies to mitigate the seismic risk and therefore the impact of earthquakes on the community.

A summary of the average savings after 50 years from the time of construction, for each
seismicity area and importance class, are shown and compared in Table 3. The savings are
clearly more consistent in high seismicity areas and, consequently, the benefits of imple-
menting low-damage technology are more evident.

7 Application of a logistic prediction model

The implemented parametric study highlights the variability in terms of performance and
cost depending on the design ductility value selected within any seismicity/importance
class investigated. Specifically, each pair made by a frame and wall ductility value leads to
different building performance (backbone curve) and consequently seismic losses, building
up a direct relationship between the expected EAL and the design inter-storey drift (or duc-
tility, in turns related to the selected design inter-storey drift) of the building. Therefore,
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Table 4 Beta coefficients of the

.. . Beta coefficient
logistic regression models

Bo Frame—p, Wall—p,
DDBD—traditional 0.64 -3.28 2.51
DDBD—Ilow damage 7.647 -0.913 6.110

for a given seismicity level (e.g. high seismicity), importance class (e.g. Importance Class
II) and technology (traditional or low damage), a basic machine learning technique is
employed to identify the best design ductility range where the EAL value is less than 0.5%.
This value represents the upper threshold to collocate the building in the lowest Italian risk
class A* (DM 58 2017).

To develop this study, a logistic regression model is implemented in order to predict
the ductility level for which the building has more than 90% chance to be under the EAL
threshold value. This prediction model allows to manage binary classification problems
and is based on a Logistic function from where the name comes from. The Logistic func-
tion or Sigmoid function is a S-shaped curve where Predictors (or Input values, x;) are
combined linearly using weights f; to predict an output binary response variable in proba-
bilistic terms (p):

p=3S(B+Zhx,) )

In order to create a larger data, 1000 ductility values for both frame and wall direction
are selected considering all the case studies (FBD—Traditional, DDBD -Traditional, and
DDBD—Low Damage) for high seismicity and importance class II. Hence, by combining
all those cases, 1 M loss assessments are identified for each building configuration. Then,
results in terms of EAL are converted into a binary value equal to 1 for EAL<0.5% and
equal to 0 for EAL >0.5%. Two Predictors are selected, namely: (1) design ductility values
referring to the frame (x;) and (2) wall direction (x,). Concerning the beta coefficients, they
are estimated using the maximum likelihood-method, thus minimizing the error between
the predicted model (based on those coefficients) and the training data set (assumed as the
30% of the entire data set). Table 4 lists the § coefficient values for both frame (#;) and
wall direction (f,), while S, is the intercept. The case studies designed using FBD method

—— DBD - Low Damage ——- DBD - Traditional
1.0 1.0 eosgy
___________ \\_\ = T 0 AR
/
208 Buw = 1.35% }/' \ 0.87 gy = 1.0% 4 \ [ Boos = 1.2%
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% ’ \\ Ugow =23 | / | Moo =2.6
/
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N
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Fig. 20 Logistic functions and their confidence intervals for frame (left) and wall (right) directions
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presents few EAL values under the threshold of 0.5%, thus FBD is excluded from this spe-
cific study due to the unbalanced data set.

First, two opposite signs (negative/positive) can be observed for frame and wall direc-
tion, specifically a negative sign for the coefficient of the frame system (f;) and a posi-
tive sign for the structural wall ($,). This means that the higher is the values of the frame
ductility, the lower is the probability to achieve an EAL less than 0.5%, while the opposite
consideration can be stated for the wall direction, i.e. the higher the ductility value is, the
higher the likelihood to be in a A" risk class is. Furthermore, the magnitude of the coef-
ficients is also important to figure out the trend of the prediction models. It can be noticed
that the contribution of both building directions is balanced for the traditional solution
while the wall direction contributes more in case of low-damage system. All these obser-
vations are clearly shown in Fig. 20, where the comparison between Logistic functions is
presented.

The Logistic functions (black lines) are computed by fixing one Predictor (x;) to the
median value and by varying the other within the entire range investigated (e.g. for the
frame direction, the wall ductility is fixed, while the frame ductility is variable). The con-
fidence interval is related to the 16th and 84th percentile (e.g., for the frame direction, the
range represents the influence of the wall direction).

Figure 20-left shows how limiting the design drift values for moment resisting frame
systems most likely leads to higher probability to achieve an EAL <0.5% (A™ risk class,
according to DM 58 2017). Specifically, when 1.35% inter-storey drift (corresponding to
a ductility of 2.7) is exceeded, the probability of achieving 0.5% EAL starts decreasing for
the traditional solution. Moreover, a large variability associated with the wall direction is
observed from the confidence interval in the same graph. For the wall direction (Fig. 20-
right), an opposite trend is observed, i.e. designing a ductile structural wall improves the
probability to locate the building in A* risk class. Acceleration-sensitive components, such
as equipment, workstations and suspended ceilings, are in fact potentially very vulnera-
ble in a building comprising stiffer structural walls. Therefore, to reduce the probability to
achieve higher seismic losses, structural walls need to be designed between 1.2 and 1.5%
of inter-storey drift ratio. Finally, the irrelevant contribution of the frame direction for the
low damage structures is also observed, still reflecting the high performance of the system.

8 Conclusions

This study has focused on the cost/performance evaluation and comparison of alternative
design strategies which might be adopted to enhance the seismic safety of new buildings.
By considering increasingly levels of seismic intensity (representing either a higher seis-
micity zone or a higher Importance Class), different design methodologies (Force-Based
Design vs. Displacement-Based Design) or technologies (Traditional vs. Low Damage) are
implemented to develop the proposed parametric study.

Results allow for a greater awareness of the proper design strategy to be used for new
buildings and the main research findings are herein summarized:

e Force-based design brings to different results (yet not necessarily conservative) when
compared to the displacement-based design. The parametric study on alternative struc-
tural configurations has indeed highlighted that the building response in terms of base
shear is usually overestimated. However, this does not mean that the FBD is a more
conservative method than the DDBD approach (as it could in turn underestimate the
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displacement-ductility demand), but rather it proves that this approach does not allow
to have a proper control of the real structural behaviour, and in general on the seismic
results.

e The parametric study shows that the base-shear, that is a fundamental parameter for
the seismic design since it allows to determine the demand moment/shear values in the
structural members, does not necessary nor directly increase with the assumed level of
seismic intensity, expressed in terms of Peak Ground Acceleration (PGA). Therefore,
designing for higher Importance Classes, meaning a greater safety and resilience, does
not necessarily lead to an proportionally increase in costs. Instead, minor but appropri-
ately focused investments can lead to greater safety, resilience and long-term savings.

e Taking into account the initial construction costs and focusing on high seismicity area,
it can be observed that when moving from Importance Class II to IV, although the base
shear is higher, a negligible difference is observed in the total investment. Furthermore,
the advantage related to the implementation of a low-damage technology such as the
rocking-dissipative PRESSS system is evident, especially for the case-studies where
post-earthquake damage causes very high repair costs (high seismicity).

e When considering the cumulative seismic cost over time, the convenience of designing
through a displacement-based approach is evident (overall long-term seismic costs are
always lower when compared to FBD). When low-damage technologies are adopted,
the initial higher cost (around 8%) is fully recovered in less than 15-20 years and a
reduction of EAL of around 30%-50% is obtained when compared to the traditional
systems. Therefore, investing in innovative solutions is always convenient.

e The computed savings at 50 years (service life) after the time of construction show that
the greatest savings for the low-damage technology refer to Importance Class IV and high
seismicity zone. However, this consideration does not lead to the conclusion that in areas
with a low seismicity, low-damage connections are not convenient; savings are obtained
for all seismic-prone areas and Importance Classes, so it is clear that designing better, that
means for better performance and greater safety, is always also (socio-) economically con-
venient and leads to a more resilient community.

This paper has therefore developed a comprehensive parametric study to compare the
cost/performance of different case-study buildings with different design parameters, design
methods, and/or construction technologies, to highlight the actual and significant economic
benefits associated with a significantly reduced level of damage, and thus limited post-earth-
quake economic losses (rarely addressed/computed in literature). Although important findings
have emerged from this parametric study, further investigations are needed to compare the
alternative design methods and technologies and to prove the convenience of implementing
enhanced-safety design strategies. Future research will particularly focus on the development
of fragility analyses, needed to determine the reliability of the alternative design procedures,
i.e. looking at the influence of the design approach on the building probability of collapse.

Appendix

See Tables 5, 6 and 7
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Table 5 Building configurations considered for the investigation

FBD—Traditional

Low seismicity Moderate seismicity High seismicity
Importance class I I v II 1 v 1I I v
H beam [m] 0.75 0.75 0.80 0.75 0.75 0.80 0.75 0.80 0.80
B beam [m] 0.4 0.4 0.45 0.4 0.4 0.45 0.4 0.45 0.45
H column [m] 0.75 0.75 0.80 0.75 0.75 0.80 0.75 0.80 0.80
B column [m] 0.4 0.4 0.45 0.4 0.4 0.45 0.4 0.45 0.45
H wall [m] 6 6 6 6 6 6 6 6 6
B wall [m] 04 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
a, [g] 0.125 0.125 0.125 0.175 0.175 0.175 0.25 0.25 0.25
Upin—Frame 1.5 1.75 1.75 1.75 1.75 2 2 2.25 225
Upnin— Wall 1.5 1.75 1.75 1.75 1.75 1.75 2 2 2

DDBD—Traditional

Low seismicity Moderate seismicity High seismicity
Importance class I III v I il v II III v
H beam [m] 0.75 0.75 0.80 0.75 0.75 0.80 0.75 0.80 0.80
B beam [m] 0.4 0.4 0.45 0.4 0.4 0.45 0.4 0.45 0.45
H column [m] 0.75 0.75 0.80 0.75 0.75 0.80 0.75 0.80 0.80
B column [m] 0.4 0.4 0.45 04 0.4 0.45 0.4 0.45 0.45
H wall [m] 6 6 6 6 6 6 6 6 6
B wall [m] 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
ag [g] 0.125 0.125 0.125 0.175 0.175 0.175 0.25 0.25 0.25
Upin—Frame 1.5 1.75 1.75 1.75 1.75 2 2 2.25 2.25
0,,,x—Frame 2% 2% 2% 2% 2% 2% 2% 2% 2%
Upmin— Wall 1.5 1.75 1.75 1.75 1.75 1.75 2 2 2
00— Wall 1.2% 1.2% 1.2% 1.2% 1.2% 1.2% 1.2% 1.2% 1.2%

DDBD—Ilow damage

Low seismicity Moderate seismicity High seismicity
Importance class I 111 v II 1 v I I v
H beam [m] 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
B beam [m] 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
H column [m] 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75
B column [m] 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
H wall [m] 6 6 6 6 6 6 6 6 6
B wall [m] 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
ag [g] 0.125 0.125 0.125 0.175 0.175 0.175 0.25 0.25 0.25
Umin—Frame 1.5 1.5 1.5 1.5 1.5 1.5 2.5 2.5 2.5
0, .—Frame 2% 2% 2% 2% 2% 2% 2% 2% 2%
Upin— Wall 1.5 1.5 1.5 1.5 1.5 1.5 2 2 2
0,,— Wall 1.5% 1.5% 1.5% 1.5% 1.5% 1.5% 1.5% 1.5% 1.5%

max
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Table 6 Design key parameters for both technologies, structural typologies, design methods and all the

seismicity levels considered

FBD-traditional

Low seismicity

Moderate seismicity

High seismicity

Importance class I it v II III v I it v
Frame min b. shear [kN] 5375 5406 5227 5230 5154 4889 4913 4557 4372
max b. shear [kN] 6621 6740 7412 7119 7906 7674 8256 8439 9697
min duct., Py i, .5 17 18 1.7 1.8 2.1 2.0 2.3 22
max duct., Hy oy 19 21 25 24 2.7 33 3.4 42 4.9
T, [s] 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68 0.68
Wall  min b. shear [kN] 7295 7306 7438 7342 7217 7224 7394 8666 9282
max b. shear [kN] 8887 8988 10,248 10,286 10,943 11,743 11,332 12,973 13,749
min ducti., Py min 1.5 1.7 17 1.7 1.8 1.9 2.0 2.0 2.0
max duct., g pax 19 22 24 24 2.8 3.1 32 32 32
T, [s] 046 0.46 0.46 0.46 046 046 046 046 046
DDBD—Traditional
Low seismicity Moderate seismicity High seismicity
Importance class I m v 1I 111 v I 1 v
Frame min drift, 6d,min [%] 06 07 07 0.7 0.8 0.8 0.9 0.9 0.9
max drift, 0d,max [%] 0.8 0.9 1.0 1.0 1.2 1.3 1.4 1.7 2.0
min duct., pd,min 1.5 1.7 1.8 1.7 1.8 2.1 2.0 2.3 2.2
max duct., pd,max 1.9 21 25 24 2.7 33 34 4.2 4.9
min damp., éd,min [%] 112 124 128 12.7 12.8 143 14.0 15.1 14.8
max damp., Ed,max [%] 13.4 145 15.8 154 16.4 17.5 17.7 18.7 19.3
min b. shear [kN] 2218 2372 2533 2354 2477 2627 2612 2785 2885
max b. shear [kN] 3195 3384 4317 3800 4706 4922 5382 6252 8103
Wall  min drift, 0d,min [%] 06 06 06 0.6 0.7 0.7 0.7 0.8 0.8
max drift, 0d,max 07 08 09 0.9 1.0 1.2 1.2 1.2 1.2
min duct., pd,min 1.5 1.7 17 1.7 1.8 1.9 2.0 2.0 2.0
max duct., ud,max [%] 19 22 24 2.4 2.8 3.1 3.2 3.2 3.2
min damp., éd,min [%] 9.9 109 109 10.8 11.2 11.6 12.2 12.2 12.5
max damp., Ed,max [%] 11.7 12.6 13.3 13.3 14.0 14.6 14.7 14.6 14.8
min b. shear [kN] 2240 2404 2603 2392 2524 2705 2944 3973 4710
max b. shear [kN] 3201 3406 4418 4070 4742 5520 5446 7147 8316
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Table 6 (continued)

DDBD-low damage

Low seismicity Moderate seismicity High seismicity

Importance class 1I 1T v 1II I v 1I 1T v

Frame min drift, 0, ;, [%] 06 07 07 0.7 0.7 0.7 1.1 1.1 1.1
max drift, 04 . [%] 08 1.0 1.1 1.1 1.2 1.4 1.5 1.8 1.9
min duct., Py iy 1.5 15 15 1.5 1.5 1.5 2.5 2.5 2.5
max duct., g .y 20 22 25 2.5 2.8 32 3.5 4.1 4.5
min damp., &,,,,, [%] 9.5 9.6 9.6 9.9 9.8 10.1 139 141 14.0
max damp., &; ... [%] 119 13.0 138 13.8 147 156 162 172 177
min b. shear [kN] 2333 2494 2630 2481 2603 2713 2726 2844 3074
max b. shear [kN] 3705 4674 5857 5224 6722 7796 4326 5398 6719

Wall  min drift, 0, [%] 06 06 06 06 06 06 07 08 08
max drift, 8 q 07 08 09 09 10 L1 12 15 15
min duct., iy i 15 15 15 15 15 16 20 20 20
max duct, pg e [%] 19 22 24 24 27 31 34 40 40
min damp., &, [%] 95 98 98 96 95 98 120 122 125
max damp., &, [%] 116 127 135 135 145 153 159 169 170
min b. shear [kN] 2246 2399 2527 2385 2500 2604 2615 2726 3275
max b. shear [kN] 3361 4157 5144 5044 6492 7525 5605 7023 8160
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Table 7 Maximum interstorey drift and floor acceleration values (referring to maximum/minimum ductil-
ity) for the Servitiability (Tr=50 years) and Ultimate limit state (Tr=475 years) for all the building con-
figurations and seismicity levels

FBD—Traditional

Low seismicity

Moderate seismic-

High seismicity

ity

Importance class 11 it v II 11T v I 11T v
Frame SLS  mindrift, 0, [%] 041 047 054 035 042 045 041 047 054
max drift, 0, [%] 046 057 0.62 037 047 051 046 057 0.62
min floor accel., a;, [g] 0.61 0.84 1.04 049 0.63 079 0.61 0.84 1.04
max floor accel., a,,, [g] 0.54 0.70 0.72 047 056 0.69 054 0.70 0.72
ULS  min drift, 0, [%] 1.14 116 125 093 10 098 1.14 1.16 1.25
max drift, 0,,,, [%] 129 147 163 093 1.05 1.11 129 147 1.63
min floor accel., a,;, [g] 1.24 129 153 1.14 127 124 124 129 153
max floor accel., a_,, [g] 0.80 0.78 0.83 090 083 083 08 0.78 0.83
Wall SLS  min drift, 0,;, [%] 035 042 049 030 036 041 035 042 049
max drift, 0, [%] 041 048 056 034 042 049 041 048 056
min floor accel., a;; [g] 094 125 152 075 095 114 094 125 152
max floor accel., a,,,, [g] 0.81 1.09 132 0.67 082 096 0.81 1.09 132
ULS  min drift, 0, [%] 090 096 1.02 076 0.85 0.86 0.90 096 1.02
max drift, 0,,,, [%] 1.04 102 1.11 0.80 0.88 093 1.04 1.02 1.11
min floor accel., a;, [g] 232 281 3.12 191 222 236 232 281 3.2
max floor accel., a,, [g] 1.54 223 243 152 149 174 154 223 243

DDBD—traditional

Low seismicity

Moderate seismic-

High seismicity

ity

Importance class II 1 v I 1 v II 1 v
Frame SLS  min drift, 0, [%] 032 040 039 040 048 051 045 050 0.56
max drift, 0., [%] 035 046 047 049 056 0.56 054 058 0.65
min floor accel., a;, [g] 036 045 0.61 048 061 078 063 09 1.12
max floor accel., a,,, [g] 0.33 039 044 039 045 050 047 049 0.56

ULS  min drift, 0 ;, [%] 087 096 091 1.0 108 1.1 124 126 13
max drift, 6,,,, [%] 097 110 12 129 142 15 167 203 207

min floor accel., a.,;, [g] 0.60 0.64 084 0.71 085 094 102 1.18 15
max floor accel., a ,, [g] 043 047 049 044 049 054 055 054 0.65
Wall ~ SLS  min drift, 6, [%] 030 039 042 039 046 052 044 051 0.58
max drift, 0., [%] 036 046 051 048 056 0.62 054 059 0.65
min floor accel., a;, [g] 044 053 068 0.58 074 090 0.74 1.03 1.28
max floor accel., a_,, [g] 037 046 051 047 050 052 055 0.70 0.82
ULS  min drift, O ;, [%] 0.80 0.86 088 0.88 093 099 107 109 1.15
max drift, 6, [%] 091 104 118 1.18 136 156 159 1.59 1.66
min floor accel., a;, [g] 0.86 094 1.15 1.10 126 142 143 1.83 2.11
max floor accel., a ,, [g] 0.63 0.68 0.70 0.65 0.69 071 0.79 1.03 121
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Table 7 (continued)

DDBD-low damage

Low seismicity Moderate seismic-  High seismicity
ity
Importance class II 1T v II it v II 11T v
Frame SLS  min drift, 0, [%] 0.27 040 040 040 040 053 053 066 0.66
max drift, 6,,,, [%] 040 040 053 040 053 053 053 0.66 0.80

min floor accel., a;, [g] 0.38 048 0.57 051 0.64 0.76 0.57 0.72 0.88
max floor accel., a,,, [g] 033 036 038 036 038 040 038 041 044
ULS  min drift, 0, [%] 093 093 106 106 119 133 146 159 1.72
max drift, 0,,,, [%] 093 1.19 133 133 146 172 186 212 252
min floor accel., a; [g] 0.62 077 095 086 109 126 075 092 1.13
max floor accel., a_,, [g] 041 044 046 044 046 048 049 051 0.55

Wall  SLS  min drift, 0,,;, [%] 0.15 0.15 015 0.5 015 031 015 031 031
max drift, 0., [%] 0.15 0.5 031 031 031 031 031 046 046

min floor accel., a; [g] 0.69 0.84 1.04 102 129 154 1.07 137 164

max floor accel., a,,, [g] 045 049 051 048 050 052 050 052 0.64

ULS  min drift, 0, [%] 0.61 0.61 061 0.61 061 061 077 092 0.92

max drift, 0., [%] 0.61 077 092 092 107 123 138 1.69 1.84

min floor accel., a;; [g] 079 097 1.19 1.18 149 176 130 1.63 192

max floor accel., a ,, [g] 0.53 057 0.60 0.57 060 0.62 0.62 064 0.78
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