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The current Italian code “NTC2018” and Eurocode “EC8” provide specific design requirements in terms of
flexural overstrength factors for reinforced concrete (RC) buildings in seismic areas. This study proposes to
improve the design methodology by including explicitly the confinement effects within the seismic design of a
new regular RC frame due to their influence on the capacity design principles (at structural and member level).
Specifically, the seismic performance of a RC frame designed according to codes is compared, in reliability terms,
with the one of the same frame designed including the concrete confinement effects. Moreover, a comparison
between three constitutive models for confined concrete is performed. Selecting L’ Aquila (Italy) as reference site,
the two design methodologies combined with the three confinement models are numerically implemented.
Scaling 30 non-frequent natural ground motions to increasing seismic intensity measures, according to the site
seismic hazard, non-linear incremental dynamic analyses (IDAs) have been developed. Assuming the interstory
drift indices as engineering demand parameters, the peak responses have been fitted through log-normal dis-
tributions to define IDA curves. Subsequently, appropriate limit state thresholds have been adopted to define the
seismic fragility curves. Finally, through the convolution integral and Poisson model, the seismic reliability
curves have been derived showing the importance of the proposed design methodology. In fact, for the frame
under investigation, the seismic performance strongly improves in terms of ductility respecting all the reliability
objective levels if the confinement effects are explicitly considered in the seismic design. Furthermore, the
different confinement models provide similar results when the proposed seismic design is adopted, implying a
reduction of the model uncertainty.

large influence of the spacing of the stirrups on the ductility and the
minor influence of the reinforcement percentage as well as of the

1. Introduction

In the last decades, more attention has been devoted to reliability
analysis and design of structures [1] with the aim to improve the
structural and seismic assessment of both new and existing reinforced
concrete (RC) buildings. To this purpose, the scientific community has
progressively developed complex structural models, capable of taking
into account the main phenomena that characterize the post-elastic
behaviour of RC buildings subjected to seismic actions [2].

Regarding the effects due to the concrete confinement, different re-
searches [3-14] have been conducted over the years showing that fac-
tors such as the amount and spacing of confinement steel, the
configuration of the longitudinal reinforcement together with the axial
load level and position influence the performance of RC elements. In
detail, back in the middle 60, Roy and Sozen [5] derived experimentally
a bi-linear constitutive law for the confined concrete, underlining the
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disposition of the longitudinal reinforcement. Later in the 80’, Sheikh
and Uzumeri [9] were the first who considered the influence of stirrups’
spacing and distribution as well as the disposal of the longitudinal bars
not only in the ductility but also in the peak resistance of the confined
concrete. Successively, Mander et al. [11] elaborated a stress-strain law
including the effects of strain rate and cyclic loading, defining the
concept of an effectively constrained area. Furthermore, Saatciouglu
and Razvi [13] provided the definition of an equivalent lateral pressure
dependent on the arrangement of the stirrups. Most recently, Montoya
et al. [15] proposed a new set of constitutive models to include 3D ef-
fects, strength enhancement, concrete dilatation, post-peak softening or
increased strain hardening in the stress-strain curve of the confined
concrete.

In this context, the research project [16] investigated the
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performance of the confining steel requirements through a comparison
between different code relationships and literature models on the results
of multiple reverse-cyclic column tests with respect to a performance
target. In [17], experimental tests have been conducted on RC columns
confined with two layers of stirrups having different geometrical char-
acteristics regarding both the cross-section type and stirrups spacing.
The tests were analysed in terms of load-displacement relationship,
strength and stiffness degradation, ductility and dissipated energy
achieving no obvious results. Moreover, the confinement effects have
also been included within deteriorating hysteretic rules to investigate
the cyclic dissipation of the seismic energy by beam-column joints of RC
frames, especially in existing structures, taking into account the cyclic
deterioration of both stiffness and strength as well as pinching [18].

In addition to deterministic and experimental analyses, another
important aspect is represented by the different uncertainties charac-
terising the confined concrete in RC structures, especially, in seismic
areas. Probabilistic analyses have been more and more combined with
non-linear simulations for RC structural elements to account for the
different sources of uncertainty, both epistemic and aleatory, in
modelling, in seismic inputs and in the definition of structural param-
eters [19-23]. A statistical analysis is performed in [24], for the esti-
mation of the probable flexural strength of ductile RC columns
considering the uncertainties in material, sectional properties and
analytical modelling for different confinement levels. Probabilistic
non-linear models for concrete beam-column joints with transverse
reinforcement have been proposed in [25]. The high level of uncertainty
associated with earthquake characteristics, mechanical uncertainties for
both concrete and reinforcing steel were investigated in [26]. An
in-depth seismic fragility assessment of RC frame structures has been
carried out in [27] considering the uncertainties in both structural pa-
rameters and seismic excitations through response surface models,
calibrated on the results from several non-linear incremental dynamic
analyses (IDAs) with different sets of ground-motions. In [28], the
seismic response of a six story RC frame was analyzed for three earth-
quake records and two confined models provided by [29,30] in order to
obtain an insight into the response of the structure, depending on the
confined model of concrete.

Nowadays, seismic design of new RC structures, according to codes
rules [29-32], imply significant sources of overstrength based on the
capacity design principles [33]. The strength at the global or structural
level is guaranteed by means of a ductile failure mechanism by the
strong column - weak beam principle. At the same time, ductility should
be verified at the member level by the hierarchy between shear and
flexural behaviour. In fact, flexural strengths are increased by means of
appropriate coefficients ygq, the so-called overstrength factors, which
account for the possibility that the demand is higher than expected one
due to material overstrength. However, the calibration of ygrq derives
primarily from the variability of actual yield strength and from the strain
hardening of reinforcement [33], rather than from the concrete strength
contribution. Other works have instead shown that not considering the
variability of concrete strength in the evaluation of yrq can be
non-conservative [34]. Furthermore, many researchers have shown that
the current design code requirements may not guarantee the strong
column - weak beam capacity design principle in RC structures [35-37],
due to the influence of plastic rotation of beams and columns, joint lo-
cations and frame heights. When columns are subjected to high axial
load levels, the contribution of concrete overstrength can be more sig-
nificant [24,38]. However, seismic code [30] imposes the following
limitations on the design axial load ratio for columns: 0.55 and 0.65 for
high and medium ductility class, respectively.

In this study, the seismic reliability is assessed for a RC frame
designed in a high ductility class and for the same frame designed
including explicitly the confinement effects in the design due to their
influence on the capacity design principles (at structural and member
level). In addition, three different confinement models [11,13,31-32]
are investigated. The seismic reliability assessment of the two frames is

Engineering Structures 313 (2024) 118248

compared within the three confinement models. In detail, non-linear
incremental dynamic analyses (IDAs) [39] with 30 non-frequent
seismic inputs are developed in SAP2000 [40]. Selecting the interstory
drift indices (IDIs) as the Engineering Demand Parameters (EDPs), the
seismic fragility is defined considering appropriate limit state thresh-
olds. Finally, for the frame under investigation, the seismic reliability
curves have shown the effectiveness of the proposed design methodol-
ogy in improving the seismic performance in terms of ductility with
respect to the fulfilment of all the code limit states and in reducing the
model uncertainty regarding the confinement effects.

2. Standard seismic design and proposed seismic design
methodology

This section deals with the design of the RC frame following two
approaches: i) one considering the conventional design approach of the
Italian code NTC2018 [31,32], in line with the European ones [29,30] (i.
e., standard seismic design) and, ii) another one including the confine-
ment effects on the concrete compressive response at structural and
member level (i.e., proposed seismic design).

2.1. Standard seismic design

An ordinary RC building (i.e., class II [31,32]) located in the highly
seismic area of L’Aquila (Italy) and composed of three stories is
considered. The materials are C25/30 for concrete and B450C for rein-
forcing steel regarding beams, columns and joints, according to [31,32]
for new structures. The partial safety factors y.= 1.5 and ys = 1.15 are
used for concrete and reinforcing steel, respectively. The considered RC
moment resisting (MR) frame is shown in Fig. 1 with the geometrical
details: spans of 5 m, interstory height of 3 m and transverse influence
width of 5 m. The frame is located on a ground “type B” with a topo-
graphic category “T1” and PGA values of 1.02 g for operational limit
state (LS) (i.e., a return period of 50years) and 2.56 g for life safety LS (i.
e., a return period of 475years) [30-32]. The behaviour factor qg equal
to 5.85 is adopted considering high ductility class with o, /a; ratio equal
to 1.3 for multi-storey multi-bay frames [30-32].

As for the new regular 2D RC MR frame under investigation (Fig. 1)
and considering the Italian code NTC2018 [31,32], in line with Euro-
pean codes [29,30], elastic static and modal analyses were carried out in
order to design the structural elements together with the longitudinal
and transversal steel reinforcement rebars according to the different
load combinations related to the four LSs: Fully Operational (FO) LS,
Operational (O) LS, Life Safety (LS) LS and Near Collapse (NC) LS in the
hypothesis of high ductility class [30]. The following overstrength fac-
tors [30] are adopted: 1.2 for shear verifications of beams, 1.3 for shear
and compressive-bending verifications of columns and 1.2 for shear
verifications of beam-column nodes. Note that all the structural ele-
ments (i.e., beams, columns and joints) have been verified as well as the
inelastic verifications required for the NCLS have also been performed,
according to the codes [30-32].

Regarding the actions, the following values are assumed: 18 kN/m
for the slab being 4 cm thick and composed of one-way joists having a
height of 16 cm, 21 kN/m for the surcharge dead load and 10 kN/m or
2.5 kN/m for the live load on the floors or on the roof, respectively.

In this way, without considering the confinement effects within the
standard seismic design, the non-linear behaviour of concrete has been
considered unconfined according to the codes [30-32]. Consequently,
the rectangular cross-section of all the beams is 40x50cm? with ®8,/70
vertical stirrups in the dissipative zones for a length of 750 mm from the
beam-column joint and has the following longitudinal reinforcement
bars: 3024 above and 2®22 below. In the non-dissipative zones, the
stirrups spacing is 150 mm.

For the columns, the rectangular cross-section is 50x60cm? with
14®20 as longitudinal reinforcement bars, located doubly symmetrical
with respect to the orthogonal barycentric axes, and ®8/120 stirrups in
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Fig. 1. 2D RC MR frame: a) plane view of the transverse influence width and b) front view. Measurements in meters.

the dissipative areas for a length of 600 mm from the beam-column
joint. In the non-dissipative zones, the stirrups spacing is 200 mm. The
legs have the same diameter and spacing of the stirrups as a function of
the dissipative or non-dissipative zones.

The highest dimensions of both the cross-sections are within the
frame plane (Fig. 2). All the code provisions regarding the construction
details have been checked. The longitudinal reinforcement layout is
constant along the entire length of each beam and column.

The clear concrete cover is equal to 40 mm for all the structural el-
ements. Fig. 2 shows the longitudinal reinforcements of the frame, the
stirrups and legs together with the beam and column cross-sections.

2.2. Proposed seismic design methodology considering confinement
models

This subsection describes the proposed design methodology finalised
to consider explicitly the confinement effects at structural and member
level in the seismic design process of new RC buildings. Both the over-
strength and behaviour factors are the same adopted in the standard
seismic design. The frame under investigation has been re-designed

according to the codes by considering explicitly the concrete confine-
ment effects. Specifically, in order to consider the non-linearity in the
behaviour of both the unconfined and confined concrete material, the
following three constitutive laws have been assumed:

e model by Saatcioglu & Razvi [13], based on Hognestad model [3],
denoted as “model 17;

e model by Mander et al. [11], defined as “model 27;

e NTC2018/parabola-rectangle model [31,32], in line with [29],
assumed as “model 3”.

The three models define the constitutive laws for both the uncon-
fined concrete (i.e., clear concrete cover) and confined concrete as a
function of the stirrups and legs in any structural member. These three
confinement models can lead to differences in the design since they can
influence the ultimate resistance verifications as well as the fulfilment of
the capacity design principles at structural and member level [30-32].
After an iterative procedure, it follows that, for the frame under inves-
tigation, there is a modification in all the beams to respect the shear
verifications because of the overstrength in flexural resistance: the
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Fig. 2. Standard seismic design: a) layout of the longitudinal reinforcement rebars of the RC MR frame, b) stirrups with the cross-section of the beams and c) stirrups

and legs with the cross-section of the columns. Measurements in millimetres.
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spacing of the vertical stirrups decreases from 70 mm to 50 mm in the
dissipative zones 750 mm long from the beam-column joint at each
extremity. Regarding the other details of beams, columns and joints,
there are not modifications. Fig. 3 shows the transversal reinforcement
modification in the beams: this design solution is effective for all the
three confined models.

The two seismic design approaches are different because the pro-
posed methodology needs an iterative procedure since it takes into ac-
count the increased design value of the peak stress in compression,
combined with the increased ultimate strain, of the confined concrete in
the ultimate verifications. In fact, the design values of the ultimate
resistance bending moments of the cross-sections of any beam are higher
and can influence, consequently, the ultimate shear verifications ac-
cording to the capacity design principles at member level [30-32]. In
addition, this last effect can also affect the design values of the ultimate
resistance bending moments of the cross-sections of the connected col-
umns and the related ultimate shear verifications according to the ca-
pacity design principles at structural level [30-32]. Accordingly, these
modifications can influence the shear demand acting in the column
above the joint and, consequently, the ultimate shear verifications of the
joints.

By means of two flow-charts, Fig. 4 presents the comparison between
the standard seismic design, followed in the previous subsection, and the
proposed seismic design methodology including explicitly the concrete
confinement effects.

For the frame under investigation, within both the seismic design
approaches, it should be underlined that, considering a s of 0.3 (for
residential category of use), and unitary partial safety factors for all the
loads in seismic combination, the internal columns are subjected to a
design axial load ratio vg slightly lower than 0.2, in line with [30]. In
addition, by performing the joint checks within the seismic combina-
tions [30-32], the following minimum and maximum design values of
column-to-beam overstrength ratios (i.e., Mgq /ZMgd,) are, respec-
tively, obtained: 0.147 and 0.392 for the standard seismic design,
whereas 0.153 and 0.403 for the proposed approach (similar for the
three confinement models). These values are quite identical between the
standard seismic design and proposed seismic design. It follows that, for
the frame considered, the proposed seismic design implies modifications
in the application of the capacity design principle at member level due to
the overstrength in flexural resistance leading to a higher number of
stirrups in the beams. This leads mainly to a more ductile response of the
beams and of the frame under investigation.

3. Incremental dynamic analyses (IDAs): Structural model,
seismic records and numerical results

3.1. Numerical structural model

With the aim to assess the seismic reliability of the RC MR frame by
comparing the two seismic design methodologies and three confinement
models, six different non-linear numerical models have been defined in
SAP2000 [40] taking into account both the mechanical and geometrical
non-linearities. Note that the mean values for the mechanical properties
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have been considered accounting for the different responses of the
confined concrete in the structural elements. In fact, each numerical
model corresponds to a specific design methodology with a particular
model for the confined concrete. For the models related to the standard
seismic design, the confinement effects are implemented to perform the
reliability assessment, whereas for the models related to the proposed
seismic design, the confinement effects derive from the design phase.

As for concrete material and considering the mean values of the
mechanical properties together with the confinement effects, Fig. 5
shows the constitutive laws for concrete in compression and in tension
through stress-strain curves with respect to the cross-sections in the
structural elements (i.e., beams and columns) as function of the two
design methodologies.

Regarding the compression behaviour, Fig. 5 represents and com-
pares the three confinement models [11,13,31-32] (i.e., model 1, model
2 and model 3) for the two design methodologies. Furthermore, each
subplot of Fig. 5 depicts the constitutive laws used for the clear concrete
cover (i.e., unconfined concrete - UC) of any structural element and
those for the confined concrete (CC) referred, respectively, to beams and
columns, designed according to the standard seismic design and pro-
posed seismic design methodology, separately.

In addition to the intrinsic differences between the three confined
laws, it can be noted that the standard design approach, based on the UC
constitutive law, leads to confined responses shown in Fig. 5a),c),e),
whereas the proposed design approach is based on both the UC and CC
laws and leads to the results of Fig. 5b),d),f). It is noteworthy that the
proposed methodology leads to an increase of the peak stress in
compression and of the ultimate strain in the beam cross-sections with
respect to the standard seismic design. The confinement “k” factors are
also reported in Fig. 5 indicating the ratio between the mean values of
the peak strengths related to the CC and UC laws. Note that the k factors
for the two design approaches are the same regarding the columns since
there are not differences in the arrangement of the shear reinforcement.

As for the concrete tensile behaviour, an elastic model up to a peak
stress [11,31-32] with a post-peak linear tension softening is consid-
ered, where the tension stiffening effect is included by means of a linear
post-peak branch up to the zero strength defined according to [19].
Fig. 5 also shows the tensile laws considering the mean values of the
mechanical properties.

Regarding the reinforcing steel in the longitudinal and transversal
rebars, the constitutive law is a bi-linear model with a hardening law
both in tension and in compression (Fig. 6), in agreement with [31,32].
In detail, the yield strength is equal to 489 MPa, while the
ultimate-to-yield strength ratio is equal to 1.15 [31,32]. The ultimate
strain is equal to 7.5 % [31,32].

The non-linear behaviour of the structural elements is modelled
through hinges with distributed plasticity (i.e., fiber plastic hinges) ar-
ranged at the ends of each beam and column. The length of each plastic
hinge has been defined according to [41]. Moreover, regarding hyster-
ical models for concrete and reinforcing steel materials, the concrete
hysteresis is considered through the Takeda model [42]; instead, the
steel hysteresis is considered through a kinematic hardening behaviour
[40].

BEAMS
8150 ®8/150 Y
T 3024
\ J o8 . S
i . g
2022
750 1450 8 J
400

Fig. 3. Proposed seismic design: stirrups with the cross-section of the beams. Measurements in millimetres.
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Fig. 4. Flow-charts of the two methodologies for seismic design of new RC buildings: a) standard seismic design and b) proposed seismic design with the

confinement effects.

Fig. 7 depicts the numerical model of the 2D RC MR frame together
with the discretization in fibers of the beam and column cross-sections,
in SAP2000 [40]. The number of fibers along the two directions has been
determined after an iterative procedure of numerical accuracy
(Fig. 7-b)).

To validate the design assumptions, non-linear static analyses (i.e.,
pushover analyses) of the six different non-linear numerical models have
been developed leading to the following “oy,/a;” ratios, respectively, for
the standard and proposed seismic design: 1.15 and 1.16 (model 1), 1.16
and 1.19 (model 2), 1.13 and 1.16 (model 3), which are in line with the
values assumed in the design [30-32]. The results also show a higher
ductility capacity of the frames related to the proposed seismic design. In
addition, the pushover analyses confirm the level of axial force in the
beams due to the horizontal actions with an average value equal to
150 kN in the non-linear phase of the response. It follows that the
parameter ay, corresponding to the confinement effectiveness in the
formulation by [43], is around 0.22 and 0.24 for the beams considering,
respectively, the standard and proposed methodology and 0.32 for the
columns. These ax values lead to modified confined concrete laws [43]
quite in line with the ones described previously (Fig. 5). Note that the
model 1 (Fig. 5) leads to the highest increase in the stress peak for
confined concrete at strain values higher with respect to the other two
models. In addition, the model 1 presents the highest slope in the
post-peak branch.

An inherent damping factor equal to 5 % has been considered by
means of Rayleigh model to perform the non-linear dynamic analyses
able to capture both the uncertainty in the seismic input and effects due
to higher modes useful for the reliability assessment. In this way, the
possible advantages of the proposed seismic design, which can play an
important role under extreme events, can be appreciated.

3.2. Seismic records

This subsection describes the ground motions. In detail, 30 non-
frequent natural ground motions have been selected to account for the

uncertainties in the seismic input (i.e., record-to-record and event-to-
event variability: 30 various records belonging to 20 different earth-
quake events) [44-47] to perform the IDAs. The characteristics of the
records are listed in Table 1. Other details may be found in [21].

3.3. Numerical simulations and results

With the aim to carry out IDAs, an intensity measure (IM) needs to be
introduced into the reliability analysis to consider the uncertainties of
the seismic input intensity, since the uncertainties on the characteristics
of the records are taken into account through the set of natural ground
motions, as described in the previous subsection. In this work, the
chosen IM is the spectral elastic pseudo-acceleration at the fundamental
period: Sq(T) [48,49]. Particularly, the fundamental period T represents
the period of the first vibration mode, i.e., T; = 0.31 s, and is assumed
essentially equal for all the six different numerical models although very
low differences in the elastic branches between the confined concrete
laws according to the three models within the two design methodologies
(Fig. 5). Ten increasing values of the S,(T), common to all the six
non-linear numerical models, have been selected in the range [0;1.0 g]
with a step of 0.1 g in order to scale the records according to the seismic
hazard of the reference site (i.e., L’Aquila, Italy). The maximum value
for the IM has been chosen equal to 1.0 g since S,(T) is 0.865 g in the
hypothesis of a reference lifetime equal to 50 years in relation to the
NCLS [31,32].

Other uncertainties are not considered since the aim of the study is to
compare the two seismic design methodologies together with the three
confinement models. Therefore, this seismic reliability assessment rep-
resents a seismic demand hazard assessment since it contains only one
source of aleatory uncertainty related to the seismic records. It is worthy
to underline that if, on the one hand, neglecting other aleatory un-
certainties tends to underestimate the failure probabilities, on the other
hand, employing all non-frequent records leads to overestimate the
failure probabilities, especially, for low IM levels [50]. In addition, the
underestimation should not be very relevant since the RC MR frame,
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designed in a high ductility class, should present a non-linear ductile
response and, so, the coefficient of variation deriving from material
uncertainties should not be so high [51-53]. Regarding the modelling
uncertainties, the comparison between the three models representing
the confined concrete behavior falls within the epistemic uncertainties
assessment in seismic field [19].

Within the abovementioned hypotheses, one IDA, corresponding to
one of the six numerical structural models, consists of 300 non-linear
simulations, using the 30 seismic records scaled to the 10 different IM
(i.e., Sq(T)) values. The IDAs allow estimating the Engineering Demand
Parameters (EDPs). The adopted EDPs are ductility-related parameters:

the peak interstory drift index (IDI) at each one of the three levels of the
structure (i.e., IDI;, IDI, IDI3) and the peak IDI in the building (i.e.,
between the different levels: IDIay). This last EDP has been assumed as
an enveloped response parameter and is mainly influenced by both IDI;
and IDI,. It is important to specify that if a collapse occurred at any floor,
the IDIs do not exist and neither IDI,x. Note that the collapse cases
correspond to occurrence of numerical instabilities due to flexural
mechanisms with material failure or to the non-fulfilment of the shear
verifications for cyclic loads [30-32,54-56] of the structural compo-
nents (i.e., beams and/or columns and/or joints). These last verifications
have been performed considering the results from the non-linear IDAs.
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These failures have not been considered in the computation of the sta-
tistics in the IDA curves but have been accounted for in the fragility
assessment [50,57-58], as discussed in the next section. In Table 2, the
number of collapses for each numerical model is shown at each IM level.
The highest number of collapses occurred in the standard seismic design
due to the shear verifications for cyclic loads, especially, in the beams.
By comparing the confinement models, the model 1 and model 3 lead to
higher number of collapses due to the higher values in the peak stage for
the model 1 and the lower ultimate deformation for the model 3.

The response parameters from the IDAs are assumed to follow a
lognormal distribution [19,50,59-63]. This distribution allows to esti-
mate the response in terms of different percentile levels [19,50,59-63].
The lognormal distribution is fitted by estimating the sample lognormal
mean meany, (EDP) and sample lognormal standard deviation oy, (EDP)
through the maximum likelihood estimation method in MATLAB [64],

DI€er b 3¢ 3t 3 56 51 1 31 32 3¢ e300
eialelniv]efeialalafsls]olelala]

[l Confined concrete material — CC

Unconfined concrete material — UC
(clear concrete cover)

Fig. 7. a) 2D numerical model, b) the beam and column cross-sections discretized in fibers.

Table 1
Characteristics of the 30 selected ground motions.

# Year Earthquake name Recording station name Vs30 [m/s] Fault type M [-] Rs [km] PGA [g]
1 1994 Northridge Beverly Hills-Mulhol 356 Thrust 6.7 13.3 0.52
2 1994 Northridge Canyon Country-WLC 309 Thrust 6.7 26.5 0.48
3 1994 Northridge LA-Hollywood Stor 316 Thrust 6.7 229 0.36
4 1999 Duzce, Turkey Bolu 326 Strike-slip 7.1 41.3 0.82
5 1999 Hector Mine Hector 685 Strike-slip 7.1 26.5 0.34
6 1979 Imperial Valley Delta 275 Strike-slip 6.5 33.7 0.35
7 1979 Imperial Valley El Centro Array #11 196 Strike-slip 6.5 29.4 0.38
8 1995 Kobe, Japan Nishi-Akashi 609 Strike-slip 6.9 8.7 0.51
9 1995 Kobe, Japan Shin-Osaka 256 Strike-slip 6.9 46.0 0.24
10 1999 Kocaeli, Turkey Duzce 276 Strike-slip 7.5 98.2 0.36
11 1999 Kocaeli, Turkey Arcelik 523 Strike-slip 7.5 53.7 0.22
12 1992 Landers Yermo Fire Station 354 Strike-slip 7.3 86.0 0.24
13 1992 Landers Coolwater 271 Strike-slip 7.3 82.1 0.42
14 1989 Loma Prieta Capitola 289 Strike-slip 6.9 9.8 0.53
15 1989 Loma Prieta Gilroy Array #3 350 Strike-slip 6.9 31.4 0.56
16 1990 Manyjil, Iran Abbar 724 Strike-slip 7.4 40.4 0.51
17 1987 Superstition Hills El Centro Imp. Co. 192 Strike-slip 6.5 35.8 0.36
18 1987 Superstition Hills Poe Road (temp) 208 Strike-slip 6.5 11.2 0.45
19 1987 Superstition Hills Westmorland Fire Stat. 194 Strike-slip 6.5 15.1 0.21
20 1992 Cape Mendocino Rio Dell Overpass 312 Thrust 7.0 22.7 0.55
21 1999 Chi-Chi, Taiwan CHY101 259 Thrust 7.6 32.0 0.44
22 1999 Chi-Chi, Taiwan TCU045 705 Thrust 7.6 77.5 0.51
23 1971 San Fernando LA-Hollywood Stor 316 Thrust 6.6 39.5 0.21
24 1976 Friuli, Italy Tolmezzo 425 Thrust 6.5 20.2 0.35
25 1980 Irpinia Bisaccia 496 6.9 21.3 0.94
26 1979 Montenegro ST64 1083 Thrust 6.9 21.0 0.18
27 1997 Umbria Marche ST238 n/a Normal 6.0 21.5 0.19
28 2000 South Iceland ST2487 n/a Strike-slip 6.5 13.0 0.16
29 2000 South Iceland (a.s.) ST2557 n/a Strike-slip 6.4 15.0 0.13
30 2003 Bingol ST539 806 Strike-slip 6.3 14.0 0.30
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Table 2
Collapse numbers for the two seismic design methodologies and three confinement models.
IM [g]
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Standard seismic design Model 1 - 4 7 8
Model 2 - 1 3 7
Model 3 - 3 5 8
Proposed seismic design Model 1 - - - 1
Model 2 - - - 1
Model 3 - - 2

excluding the collapse cases (Table 2).

Fig. 8 - Fig. 10 represent the IDA curves corresponding, respectively,
to the four IDIs for the three confinement models within the two seismic
design approaches (i.e., the standard seismic design and proposed
seismic design). Each plot represents the EDP values in terms of the
corresponding peak IDI for the 30 natural earthquakes scaled to the 10
IM values, excluding collapse cases [30-32,54-56]. It is evident that the
IDA curves are different between the four IDIs. For almost all the IM
levels, the EDP at the first floor IDI; (Fig. 8-a),b), Fig. 9-a),b), Fig. 10-a),
b)) presents the highest values in terms of dispersion, whereas the EDP at
the second floor IDI, (Fig. 8-c),d), Fig. 9-c),d), Fig. 10-c),d)) presents
almost always the highest mean values. Regarding the EDP IDI3, it al-
ways presents the lowest values in terms of both mean and dispersion.
With reference to the EDP IDIy, it is an enveloped parameter and is
influenced mainly by the EDP IDI, and, for few IM levels, the statistical
values also depend on the EDP IDI;.

Note that the occurrence of collapse cases (Table 2) strongly in-
fluences the statistics of the probabilistic distributions, especially, at
high Su(T).

As for the standard seismic design, the curves, respectively, of the
16th, 50th and 84th percentiles present a lower slope for increasing
Sa(T) values higher than So(T) = 0.7 g. So, the collapse cases affect the
IDA curves of the three floors (Fig. 8-a),c),e),g) - Fig. 10-a),c),e),g)).

As for the proposed seismic design methodology, it is possible to
observe a reduction in the slope of the IDA curves for IM values higher
than S,(T) = 0.9 g (Fig. 8-b),d),f,)h), Fig. 9-b),d),f,)h), Fig. 10-b),d),f,)h)).
This reduction of the slope in the IDA curves only for very high S,(T)
values implies a decrease of the number of collapse cases, and, conse-
quentially, this means that the design including the confinement effects is
able to improve the seismic response ensuring the fulfilment of the shear
verifications for cyclic loads [30-32,54-56] for beams, columns and
joints.

By comparing the standard seismic design and proposed seismic
design, the IDA curves related to the standard approach appear lower
due to the higher number of collapse cases, since they have been
excluded in the computation of the statistics of the EDPs. The relevant
reduction of failures within the proposed methodology depends on the
higher mechanical properties characterising the structural elements. In
fact, the peak and ultimate properties of the elements designed with the
confinement modifications are higher (Fig. 3) with the consequential
respect of the seismic cyclic load verifications for beams, columns and
joints. At the same time, the structural elements can dissipate more
energy with a different redistribution of the internal actions leading to a
reduction of the collapses.

Within the same design methodology, by comparing the results of the
three confinement models, it is observed a similar trend of the IDA
curves with some differences in both the numerical response and
collapse cases. Specifically, within the standard seismic design, differ-
ently from the models 1 and 3, the model 2 leads to collapses for higher
IM levels (i.e., higher than 0.8 g) with the consequence that the models 1
and 3 present a higher number of collapses (Table 2). Within the pro-
posed seismic design methodology, the model 3 presents the highest
results with a slight increase of collapses at IM= 1.0 g (Table 2). This
means that the non-linear responses of the structural models have been

different under the variability of the seismic excitations up to collapse
demonstrating a non-negligible influence the confinement models on the
IDA results.

4. Seismic fragility assessment

According to the Performance Based Earthquake Engineering (PBEE)
approach [44-46,65-69], the seismic reliability assessment is the com-
parison between the "Performance Objective" (PO) curve and “Structural
Performance” curves within the "Performance Space" or "Design Space"
[70,71].

The PO curve is referred to specific performance levels or LSs. In
agreement with [55,65,70,72], the four code LSs (i.e., FOLS, OLS, LSLS
and NCLS) [30-32,54-55,65,72], can be identified by means of specific
LS thresholds in terms of IDI;g values, as listed in Table 3. In order to
assess the seismic reliability of the RC MR frame with a high ductility
class and compare the two design methodologies, a value of 2.5 % as LS
threshold for the NCLS has been selected.

With the aim to define the structural performance curves, it is
necessary to evaluate the seismic fragility, defined as the probability Py
exceeding the LS thresholds at each IM level. The fragility evaluation has
been carried out taking into account both the collapse and not-collapse
cases using the total probability theorem, according to [50,57-58,63],
as follows:

Nyot_ N,
P;(IM = im) = (1 — Fappymrin(LSppp)) —% ;‘;"“‘”“ + 1.( II(I"“> €}

where Fgpp|m=im(LSepp) represents the probability of not exceedance of
the LS threshold (i.e., IDIjg) for the specific EDP (i.e., IDI) at a given IM
level, N is the overall number of numerical analyses at each IM level,
Nnot-collapses 1S the number of simulations successfully finalised and not
characterised by any collapse (Table 2), and Npgpses is the comple-
mentary of Nporcoliapses With respect to N and represents the cases of
numerical instabilities for flexural mechanisms with material failure or
failures of the cyclic load verifications, previously described (Table 2).
The probabilities exceeding the different LSs (i.e., IDI;g) at each IM level
have been fitted through lognormal complementary cumulative distri-
bution functions (CCDFs). The R-square values are always higher than
around 0.80 confirming the effectiveness of the fitting process.

Fig. 11-Fig. 14 represent the seismic fragility curves related to both
the standard seismic design and proposed seismic design methodology
for the different EDPs and concrete confinement models (i.e., models 1,
2 and 3).

From Fig. 11-Fig. 14, it is noteworthy to observe important differ-
ences between the two design methodologies in terms of exceeding
probabilities. Moreover, the seismic fragility curves related to the four
LSs highlight some differences between the three different confinement
models, especially, for high LS thresholds with a non-linear structural
response (i.e., LS3 and LS4). In addition, the seismic fragility curves are
also different by comparing the EDPs corresponding to the different IDIs.

Focusing on the LS1 (Fig. 11), the probabilities P; exceeding the LS
threshold for the EDP IDI; are very similar to the highest values of the
EDP IDI; increasing for IM level higher than So(T) = 0.5 g. The Py values
are the lowest for the EDP IDI3, in accordance with the IDA curves. The
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Fig. 8. IDI of the a)-b) 1st story, c)-d) 2nd story, e)-f) 3rd story and g)-h) maximum, referred to the “model 1” considering the standard seismic design (left) and the
proposed seismic design (right).
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Table 3
Limit States in terms of IDI;g [55,65,70,72].

Performance Level Limit State IDIs [%]

Fully Operational LS1 0.30
Operational LS2 0.60
Life Safety LS3 1.50
Near Collapse LS4 2.50

fragility curves corresponding to the EDP IDIy,,« are very similar to the
EDP IDI,. These considerations are true both for the standard seismic
design and proposed seismic design as well as for the three confinement
models. The exceeding probabilities are quite similar between the two
design methodologies.

As for the LS2 (Fig. 12), the exceeding probabilities Py increase for
Sa(T) values higher than 0.6 g and are the lowest for the EDP IDIg, as
noted for the LS1. The highest values between the three floors correspond
to the EDP IDI, that mainly influences IDIp,x. Also for this LS2, the
exceeding probabilities are quite similar between the two design meth-
odologies. Considering the standard seismic design approach for any EDP,
the seismic fragility curves related to the model 1 (i.e., Saatcioglu & Razvi
model) depict values higher than both the model 2 (i.e., Mander et al.
model) and model 3 (i.e., NCT2018/Parabola-rectangle model). In
contrast, considering the proposed seismic design approach for any EDP,
the seismic fragility curves are very similar between the three confine-
ment models with slightly higher values related to the model 3 (i.e.,
NCT2018/Parabola-rectangle model), in agreement with the IDA results.

In addition to the fitting model uncertainty, the abovementioned low
differences between the two design methodologies in the LS1 and LS2
mainly depend on the characteristics of the records combined with the
very low differences of the elastic branches between the confined con-
crete laws according to the three models. Moreover, within the standard
approach the transition towards the non-linear branch starts for lower
stress levels.

Regarding the LS3 and LS4 (Fig. 13-Fig. 14), since the LS thresholds
increase, the failure probabilities Py strongly decrease. The differences
between the standard seismic design and proposed seismic design are
more and more evident. Indeed, the failure probabilities Py are much
lower within the proposed approach for the three concrete confinement
models, particularly, the order of magnitude is lower. In fact, as illus-
trated in Fig. 8-Fig. 10 and Table 2, the collapse cases for the proposed
design approach are lower for the higher resistances and ductility ca-
pacities of the structural elements. Fig. 13-Fig. 14 show that the seismic
fragility curves increase for IM levels higher than S(T) = 0.7 g for the
three confinement models. In detail, the lowest results correspond to the
EDP IDI3, whereas the highest values are referred to the EDP IDI;
combined with the model 1 (i.e., Saatcioglu & Razvi model) within the
standard seismic design. In these cases, the EDP IDI,,y is strongly
influenced by the EDP IDI;. As also observed for the LS2, this result
derives from the higher dispersion of the IDA curves combined with the
higher number of collapse cases. Differently, as for the proposed seismic
design including explicitly the confinement effects, the model 3 (i.e.,
NCT2018/Parabola-rectangle model) leads to the highest values ac-
cording to the IDA curves.

5. Seismic hazard curve

Considering the site of L’Aquila in Italy, Fig. 15 shows the seismic
hazard curve expressing the mean annual rate (MAF) of exceedance A. of
the various IM levels considered in this study. This curve, plotted in
semi-logarithmic scale, has been specifically derived for the site, where
the structure is located, by following the procedure described in the
Italian seismic code [31,32] and according to the data from the National
Institute of Geophysics and Volcanology (INGV) website [73]. Table 4
contains the values of /. as a function of the pseudo-accelerations cor-
responding to the fundamental elastic period of the structure S,(T).
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6. Seismic reliability curves

After the seismic fragility assessment, it is possible to evaluate the
seismic reliability of the RC MR frame in the performance space through
a comparison of the SP curves with the PO curve [70,71]. According to
the several guideline documents, code provisions and literature studies
[50,55,63,65-70,72], relationships between the four structural PO
levels, expressed in terms of the EDP for each LS, and the corresponding
reliability indices, f, or probabilities exceeding the LS thresholds during
the lifetime (i.e., 50 years) of the structure [74], have been established.
Specifically, these correlations are presented in Table 5 in agreement
with both International [30,55,65,72] and Italian seismic code [31,32]
provisions. In this way, the PO curve is defined in terms of the four LSs
considered (i.e., LS1, LS2, LS3 and LS4) with the associated probabilities
exceeding the LS thresholds in 50 years, as reported in Table 5.

The SP curves, herein representative of seismic demand hazard
curves since include only the aleatory uncertainties related to the
seismic inputs, are derived by means of the following procedure:

o first, the convolution integral between the seismic fragility curves
and seismic hazard curve allows to calculate the annual mean rate
exceeding the limit state Arg, as expressed in Eq.(2):

Jus(EDP > y) = / P(EDP > y | Sa(T) = x)|A(dSa(T) > X)| @

in which, 2(dSq(T) > x) is the derivative of the hazard curve for S,(T) (i.
e., the annual mean rate exceeding the specific value of the IM =
Sq«(T) =x in Fig. 15) multiplied by an increment of dSq(T), and
P(EDP > y|S,(T) = x) is the probability of the EDP exceeding y (i.e., a
specific LS threshold) given a ground motion with S,(T) = x. The term
P(EDP > y|S4(T) = x) represents the fragility curves computed in Sec-
tion 4 (Fig. 11-Fig. 14).

e then, by means of Poisson model, it is possible to compute the
probabilities exceeding the LSs within the reference lifetime of 50
years, as expressed in Eq. (3):

P¢(50years) = 1 — exp( — A,5(EDP > y)-(50years)) 3)

Fig. 16 illustrates the seismic reliability results through seismic de-
mand hazard curves of the structure under investigation for the different
EDPs considered. In detail, Fig. 16 shows, for the three confinement
models, the probabilities exceeding a given LS in 50 years related to the
four IDIs, considering both the standard seismic design and proposed
seismic design. As a result, the SP curves are different between the
standard seismic design and proposed seismic design methodology since
the plots present different orders of magnitude in terms of exceedance
probabilities. It is also possible to observe that the LS1, LS2 and LS3 are
always respected with higher safety margins for the proposed seismic
design methodology.

Regarding the standard seismic design (Fig. 16- a),c),e),g)), the
curves related to the three models have similar values of exceedance
probabilities PA50 years) for all the LSs, i.e., in the range between 10
1072, The SP curves respect the PO curve regarding the LS1, LS2 and LS3
and always fail with respect to the LS4. In fact, considering the FOLS and
OLS performance levels (i.e., LS1 and LS2), the exceedance probabilities
Pf(50 years) are, respectively, in the range PA50 years) = 0.06-0.1 (LS1)
and P50 years)= 0.02-0.04 (LS2) for the three models and the four
IDIs. As for the LS3 (i.e., LSLS) at the 1st story, the SP curve is quite
coincident with the PO curve regarding the model 1 (i.e., Saatcioglu &
Razvi model), that leads always to the highest values. As for the NC
performance level (i.e., LS4), the probability PA50 years) values are
similar to the ones computed for the LS3 varying in a range between 0.01
and 0.02. Finally, the enveloped parameter IDI,x presents the highest
values at each LS: mainly influenced by IDI, for the LS1 and LS2,
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Fig. 11. Fragility curves of the a)-b) 1st story, ¢)-d) 2nd story, e)-f) 3rd story and g)-h) maximum for the LS1 threshold considering the three models (i.e., models 1, 2
and 3), the standard seismic design (left) and the proposed seismic design methodology (right).
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Fig. 13. Fragility curves of the a)-b) 1st story, ¢)-d) 2nd story, e)-f) 3rd story and g)-h) maximum for the LS3 threshold considering the three models (i.e., models 1, 2
and 3), the standard seismic design (left) and the proposed seismic design methodology (right).
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Fig. 15. L’Aquila seismic hazard curve.

whereas, more dependent on IDI; for the LS3 and LS4. All the results are
in line with the seismic fragility curves previously computed.

Regarding the proposed seismic design (Fig. 16-b),d),f),h)), the SP
curves computed at the LS1, LS2 and LS3 have probability PA50 years)
values lower than the code objectives, respectively, variable in the
ranges 0.06-0.1 (LS1), 0.02-0.04 (LS2) and 0.002-0.008 (LS3).

With reference to the NC performance level (i.e., LS4), the SP curves
have much lower values of the exceedance probabilities P50 years) in
comparison to the previous LSs and always respect the PO curve. Spe-
cifically, the range of the probability is 0.0002-0.0004 for the EDP IDI3,
is around 107 for the EDP IDI,, while, for the EDP IDI;, the LS4 code
threshold is respected also in case of the model 3 (i.e., NTC18/Parabola-
rectangle model). Similarly, the enveloped parameter IDI,x presents
the highest values at each LS: mainly influenced by IDI; for the LS1 and
LS2, whereas, more dependent on IDI; for the LS3 and LS4. All the re-
sults confirm the seismic fragility results described in the previous
section.

It is also noteworthy to underline that, although the model 3 (i.e.,
NCT2018/Parabola-rectangle model) always provides the highest
values within the proposed seismic design, the differences (i.e.,
epistemic uncertainties) between the three confinement models are
lower with respect to the standard seismic design, especially, for the LS1,
LS2 and LS3. Therefore, the proposed seismic design leads to a reduction
of the model uncertainties regarding the confinement models.

All the achieved results demonstrate that the overstrength effects due
to the confined concrete behavior, especially, at member level (i.e., the
overstrength in flexural resistance in the beams) are better accounted for
in the proposed seismic design. This is testified by the fulfilment of the
shear verifications considering the IDA outputs within the proposed
seismic design to ensure more ductile mechanisms. In fact, the outcomes
highlight the effectiveness of the proposed seismic design, for the frame
under investigation, in improving the seismic performance, especially,
in terms of ductility to respect the reliability objective levels. This pro-
posed design approach covers the uncertainty on the possible effects
deriving from the conccrete confinement (i.e., partially confined and
confined concrete) in all structural elements and can be more relevant if
the columns have higher axial force (i.e., larger vyq), or the ultimate-to-
yield strength ratio of the reinforcement steel is higher or for beams
with lower base/height ratio. Moreover, if the aleatory uncertainties
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7. Conclusions

This study assesses the seismic reliability of a 2D RC MR frame
located in a highly seismic zone in Italy. The main scope is to improve
the design methodology considering explicitly the confinement effects
within the seismic design. Specifically, the seismic reliability of a new
regular RC MR frame, designed in a high ductility class, is compared
with the one of the same frame designed considering the concrete
confinement effects at structural and member level. In addition, three
constitutive models are considered, denoted as model 1, model 2 and
model 3. The proposed seismic design, combined with the three
confinement models, and standard seismic design are implemented ac-
cording to the codes. A set of 30 non-frequent natural ground motions is
selected to develop the non-linear IDAs. The peak values in terms of the
IDIs are adopted as EDPs.

From the IDA curves, the following results can be summarised:

e a relevant reduction of collapse cases with respect to shear verifi-
cations is observed when confinement effects are explicitly included
in the seismic design due to the higher resistances and ductility ca-
pacities characterising the structural elements, especially, for the
beams;

e the EDP IDI; at the second floor shows the highest values, whereas
the IDA curves related to the EDP IDI; are characterized by the
highest dispersions;

o the results of the three confinement models show some differences in
both the numerical response and collapse cases.

Subsequently, appropriate LS thresholds have been assumed to
define the seismic fragility curves taking into account the collapse cases.
The fragility curves show:

e important differences between the two design methodologies and the
three confinement models, especially, for high LS thresholds with a
non-linear structural response (i.e., LS3 and LS4);

the probabilities strongly decrease for the proposed seismic design as
the LS threshold increases. The highest values are generally reached
by the EDP IDI; for the LS1 and LS2, whereas, by the EDP IDI; for the
LS3 and LS4. In addition, the model 1 leads to the highest values for
the standard seismic design, whereas the model 3 provides the
highest values for the proposed seismic design.

Successively, the seismic reliability curves have been derived and the
following conclusions can be drawn:

e the seismic performance, computed in 50 years within the standard
seismic design, is able to respect the LS1, LS2 and LS3 but always fails
with respect to the LS4;

o the seismic reliability strongly improves in terms of ductility
respecting all the LSs within the proposed seismic design. In detail,

Table 5
Probabilities exceeding LS thresholds within 50 years provided by [30-32,72,
55,65,74].

Performance Level Limit State Ps (50 years) [-]

regarding the elastic and inelastic material properties had been Fully Operational LS1 5.00E-01
considered, the SP curves deriving from the standard seismic design Operational Ls2 1.60E-01
would have a lower safety margin with respect to the third LS (i.e., Life Safety LS3 2.20E-02
Near Collapse LS4 1.50E-03

LSLS).
Table 4
Values of 1, and pseudo-accelerations S4(T).

e [ 0.0004 0.0010 0.0021 0.0050 0.0072 0.0099 0.0139 0.0200 0.0335

Sa(T) [g] 1.11 0.87 0.71 0.53 0.45 0.39 0.34 0.29 0.23
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Fig. 16. Probabilities exceeding the four Limit States for the three confinement models in 50 years in terms of the IDIs referred to the a)-b)1st story, ¢)-d) 2nd story,
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there is a reduction of almost one order of magnitude at the LS4 if the
confinement effects are explicitly included in the seismic design;

e the differences between the three constitutive models for the
confined concrete (i.e., epistemic uncertainties) decrease if the
confinement effects are included in the seismic design.

All the achieved results demonstrate that, for the frame under
investigation, the proposed seismic design can improve the seismic
performance, especially, in terms of ductility to respect the reliability
objective levels since the overstrength effects of the confined concrete
behavior are better accounted for, especially, at member level (i.e., the
overstrength in flexural resistance in the beams). This is testified by the
fulfilment of the shear verifications to ensure more ductile mechanisms.
The proposed design approach covers the uncertainty on the possible
effects deriving from the conccrete confinement (i.e., partially confined
and confined concrete) in all structural elements and can be more
relevant for higher values of the axial force in columns (i.e., larger vq), or
of the ultimate-to-yield strength ratio in the reinforcement steel or for
beams with lower base/height ratio. Moreover, if the aleatory un-
certainties regarding the elastic and inelastic material properties had
been considered, the seismic performance of the structure under inves-
tigation, designed within the standard seismic design, would have a
lower safety margin with respect to the third LS (i.e., LSLS).
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