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Abstract

This study investigates the effects of concrete confinement in the seismic design of reinforced
concrete (RC) frames. Current seismic codes rely on capacity design principles, where over-
strength is primarily based on the inelastic behavior of reinforcing steel, neglecting the non-
linear properties of concrete. However, confinement provided by stirrups and compression
can enhance the strength and ductility of concrete during seismic events. In this research, RC
frames designed for a high-ductility class in L’Aquila are analyzed, investigating the con-
finement effects in the different structural elements (i.e., beam, columns and beam-column
nodes). Material uncertainties in steel and concrete properties are incorporated using Latin
Hypercube Sampling. Incremental dynamic analyses (IDAs) are conducted to derive seismic
fragility curves and assess structural reliability according to a performance-based earth-
quake engineering (PBEE) approach. The results show that current code provisions do not
provide adequate safety levels, highlighting the need for improved design methodologies.
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1 INTRODUCTION

In recent decades, increasing attention has been given to the structural reliability to en-
hance the seismic performance of both new and existing reinforced concrete (RC) structures
[1]-[6]. To achieve this, the scientific community has developed sophisticated structural mod-
els able to capture key post-elastic behaviors of RC buildings under seismic actions [7]. Be-
yond deterministic and experimental approaches, uncertainties associated with RC,
particularly in seismic regions, have been a crucial research focus [8],[9]. Probabilistic anal-
yses have increasingly been combined with non-linear simulations of RC elements with the
aim to consider epistemic and aleatory uncertainties in modeling, seismic inputs, and structur-
al parameters [10]-[12]. For instance, statistical analysis in [13] estimated the probable flexur-
al strength of ductile RC columns by considering uncertainties in materials, sectional
properties, and analytical modeling under varying confinement levels. Concerning the con-
crete beam-column joints equipped with transverse reinforcement, some probabilistic non-
linear models have been suggested in [14]. Additionally, [15] examined uncertainties in
earthquake characteristics and material properties of concrete and reinforcing steel, while [16]
conducted seismic fragility evaluation of RC frames using response surface models calibrated
on non-linear Incremental Dynamic Analyses (IDAs) [17] with multiple ground motions.
Modern seismic design of RC structures [18]-[20] incorporates overstrength principles based
on capacity design [21]. Global structural strength is ensured through ductile failure mecha-
nisms (strong-column weak-beam principle), while member-level ductility is controlled
providing a hierarchical order among shear and flexural behaviors. Flexural strengths are typ-
ically enhanced via overstrength factors yrq, which account for material overstrength variabil-
ity. However, these factors are primarily calibrated based on reinforcement yield strength and
strain hardening [21], often neglecting concrete strength variability, which some studies sug-
gest may lead to non-conservative estimates [22]-[24]. Moreover, research has indicated that
existing design codes may not always ensure strong-column weak-beam behavior in RC sys-
tems [25]-[27], as plastic rotation of beams and columns, joint locations, and frame height in-
fluence structural response.

This study assesses the confinement effects on seismic reliability of new RC frames de-
signed for a high ductility class. A three-storey RC building designed in agreement with seis-
mic design. The site selected is the city of L’Aquila (Italy). After that, an internal RC frame is
modelled in the fiber-based software STKO [28] (Scientific ToolKit for Opensees). The con-
finement model proposed by Mander et al. [29] has been considered. A probabilistic approach
both in terms of mechanical properties of materials (steel and concrete) and regarding the
seismic input, is adopted. Concerning the materials, the Latin Hypercube Sampling (LHS)
technique is selected, with a sample size equal to 30. Regarding the earthquake, a set of 30
natural ground motions scaled according to the seismic hazard of the site is considered.
Thereafter, non-linear IDAs [17] are performed, with Interstory Drift Indices (IDIs) as the
Engineering Demand Parameters (EDPs) and the spectral acceleration value as Intensity
Measure (IM). The seismic hazard curve for the reference site is defined, whereas seismic
fragility is analyzed based on appropriate limit state thresholds. Finally, seismic reliability
assessment is performed by a convolution integral among seismic hazard curve and seismic
fragility curves, and then by applying Poisson’s model.

2 SEISMIC DESIGN OF THE CASE STUDY FRAME

A three-storey RC residential building located in the highly seismic area of L’ Aquila (Italy)
is taken into account. According to the Italian code rules [20], a C25/30 class of concrete and
a B450C type of reinforcing steel for the structural elements (columns and beams) are used.
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The internal RC frame is represented in Figure 1, which includes the interstorey and the span
dimensions. In particular, an interstorey height of 3m, a span length of 5m and an effective
area in transverse direction of S5m are considered.
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Figure 1. Plan view (a) and front view (b) of the internal RC frame considered. All measurements expressed in
meters.

In order to give to the structure a high dissipation capacity, a high ductility class for the in-
ternal RC frame is assumed. Concerning the beams, a cross section of width 0.3m and height
0.5m is considered, in which ®8 vertical stirrups are arranged. The stirrups’ spacing in the
dissipative zones is 10 cm, while in the non-dissipative they are 15cm spaced. Furthermore,
longitudinal bars with diameter @18 are arranged, in particular 3d®18 and 2d18 in the upper
and lower part of the cross-section of the dissipative are, respectively, arranged. About the
columns, a squared cross section with side 0.5m is considered. Stirrups of ®8 with 10 cm
spacing are arranged in the dissipative zones, while in the non-dissipative they are 15cm
spaced. Additionally, longitudinal bars with diameter ®20 are arranged, the disposal is sym-
metric in the two directions. A clear concrete cover of 3cm for all beams and columns is
adopted.

3 MODELLING, MATERIALS SAMPLING AND INCREMENTAL DYNAMIC
ANALYSES (IDAS)

The internal RC frame is implemented in the fiber-based software STKO [28] (Scientific
ToolKit for Opensees), a graphical interface used as support for the Opensees software. Fiber
modeling involves discretizing the cross-section into a certain number of fibers, each assigned
the constitutive relationships of the selected materials. This approach allows for the considera-
tion of nonlinearities through the material constitutive laws. In this case study, a non-linear
modelling regime is adopted for concrete; for this purpose, the model “Concrete02” is consid-
ered. In relation to the confined concrete core, the confinement model proposed by Mander et
al. [29] is adopted. Concerning the reinforcing bars, the “ReinforcingSteel” model is adopted,
as it accounts for buckling and fatigue failure phenomena. Moreover, in order to take into ac-
count the aleatory nature of both seismic inputs and materials, a probabilistic approach is used.
To achieve this, a set of 30 natural ground motions scaled according to the seismic hazard of
the site is considered, meanwhile for the uncertainties of both steel and concrete a sampling of
their mechanical properties is performed. The sampled parameters are four for steel (i.e., ulti-
mate and yielding strength, elastic modulus, ultimate strain) and one for concrete (compres-
sive strength) respectively. The Latin Hypercube Sampling (LHS) technique is the method
selected, with a sample size equal to 30.
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To carry out IDAs [17], two quantities need to be defined: the IM and EDPs. The spectral
acceleration value Sa(T) as IM is selected for this case study. In particular, 10 values consid-
ered in the range [0.1g — 1g] with a step of 0.1. According to the local seismic hazard, the
spectral acceleration value in correspondence of the first period of the structure at Near Col-
lapse Limit State is equal to 0.87g (Sa(T1) = 0.87g). Based on this value, the upper end of the
selected range is equal to 1g. The Interstorey Drift Index peak values of each floor of the
structure (IDIs,peak) are selected as EDPs in this case study. For a given value of IM, a set of
900 numerical analyses is performed (30 sampling x 30 seismic inputs). Hence, a total num-
ber of 9000 non-linear time history is carried out. Since it is assumed that the EDPs follow a
lognormal distribution [31]-[34], the parameters that characterize the distribution, such as the
mean and the standard deviation, are computed. Moreover, three different percentile levels
[35]-[40] are considered (i.e., 16% - 50% - 84%). Regarding the cases of collapse, both those
of the flexural type and those due to failure to fulfill the shear verification are considered. The
cases of collapse previously mentioned are not taken into account in the computation of statis-
tics parameters of the IDAs. In Figure 2, the IDA curves obtained are represented. In detail,
the interstorey drift index peak values (IDL,1 peak IDL2 peak, IDL,3 peak) and the maximum value
among the three (IDI,max, peak) depending on the intensity measures are depicted. It can be seen
that increasing the IM values, the dispersion is higher; this happens because, for higher IM
levels, the uncertainties related to the seismic events and sampling have a greater impact. Fur-
thermore, it is noticeable that the IDI values obtained for the third floor of the structure
(Figure 2(c)) are smaller than on the other two floors.
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Figure 2. IDAs curves at the 16%, 50% and 84% percentiles. The curves relating to the first floor (a), second
floor (b), third floor (c) and the maximum value among the three (d) are shown.
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4 SEISMIC HAZARD CURVE DEFINITION

In order to delineate the seismic hazard curve, the recommendation of the Italian codes [20]
and the data provided by the INGV [30] for the reference site of L’Aquila are observed. The
type of soil considered belongs to category B, with a horizontal topographic surface, while the
service life adopted is equal to 50 years. The seismic hazard curve obtained is represented in
Figure 4. The graphic presents a semi-logarithmic scale, and the mean annual rate of exceed-
ance (Ac) depending on several IM values is illustrated.
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Figure 3. Seismic hazard curve for L’ Aquila.

S5 FRAGILITY CURVES DEVELOPMENT

Seismic fragility must be evaluated to perform the reliability analysis. Seismic fragility is
defined as the probability that a structural system will exceed specified limit state thresholds
for a given IM value. Limit State thresholds for this study are expressed in terms of intersto-
rey drift index (IDIrs), the values adopted are taken from SEAOC [41]; four limit states are
considered: Fully Operational (FO), Operational (O), Life Safety (LS) and Near Collapse
(NC). The IDILs values are shown in Table 1.

Performance Limit

Level State IDIus(%)
FO LS1 0.3
(@) LS2 0.6
LS LS3 1.5
NC LS4 2.5

Table 1: Limit state threshold values considered.

In order to obtain the fragility curves, the total probability theorem is used. In Figure 4, the
fragility curves are shown, in terms of the probability of exceedance (Pr) related to the IDIpeak
of each floor depending on the range of IM values adopted for the four limit states. It is im-
portant to highlight that for the lowest limit state (i.e., the first two), the threshold value of the
probability of exceedance at lower intensity measures levels is attained. Furthermore, higher
values of exceedance probability for the Fully Operational and Operational limit state on the
first and second floor than those for the third floor are obtained, coherently with the results
shown in terms of IDAs.
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Figure 4. Fragility curves for the four limit states considered. The curves related to the first floor (a), second
floor (b), third floor (c) and the maximum value among the three (d) are shown.

6 SEISMIC RELIABILITY ANALYSES

After defining the seismic hazard curve for the reference site (L’Aquila) and obtaining the
seismic fragility curves for the case under study, the seismic reliability curves can be deter-
mined by comparing the Performance Objective curve (PO) to the Structural Performance
curves (SPs). With respect to the PO curve, the limit states Fully Operational (FO) - Opera-
tional (O) — Life Safety (LS) — Near Collapse (NC) are considered, with the corresponding
values of exceedance probability selected in accordance with the FEMA [42] guidelines. The
values adopted are shown in Table 2. It is important to highlight that as the severity of the
limit state increases, the corresponding limit value becomes more stringent.

Performance  Limit Pr
Level State [50 years]
FO LS1 5.00E-01
) LS2 1.60E-01
LS LS3 2.20E-02
NC LS4 1.50E-03

Table 2: Target failure probabilities [42].

To evaluate seismic reliability, a convolution integral among seismic hazard curve and
seismic fragility curves is performed. In this manner, the mean annual exceedance rate is ob-
tained. Given that a reference service life of 50 years (Vr = 50 years) is adopted, the previous-
ly obtained exceedance rate must be distributed over this time period. To do this, the
Poissons’s model is adopted. In Figure 5, the seismic reliability curves obtained are represent-
ed. It is noteworthy that the P, values obtained fulfill the Prlimit values concerning the LS1-
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LS2 for all the three floors of the structure respectively. The Py limit value of the LS3 is
slightly violated, whereas the Py limit value of the LS4 (i.e. the most severe) is always ex-
ceeded. Furthermore, the Py values obtained for the third floor are lower than those obtained
for the other two ones.
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Figure 5. Comparison among the reliability curve of the first floor (a), second floor (b), third floor (c) and of the
maximum value among the three (d) with the “performance objective” curve (grey) for the four limit states con-
sidered.

7 CONCLUSIONS

In this work, the influence of concrete confinement on the seismic reliability of RC frames
has been studied. The first step was the seismic design of a three-storey RC building located
in the highly seismic area of L’ Aquila (Italy). After that, an internal RC frame has been mod-
elled in the fiber-based software in order to perform non-linear time history analyses. To ac-
count for uncertainties due to the randomness of the earthquake, a set of 30 natural ground
motions was selected and scaled with respect to the site’s seismic hazard. Furthermore, me-
chanical properties of both steel and concrete are sampled to take into account their uncertain-
ties. Defined the interstorey drift index peak values of each floor as EDPs and the spectral
acceleration value as IM, IDAs are performed. A lognormal distribution for the engineering
demand parameters is assumed, allowing the evaluation at different percentile values (i.e.,
16% - 50% - 84%). The IDAs curves showed a greater dispersion at higher IMs levels, this
happens because as the severity of the IMs increases, the weight of the uncertainties related to
both the earthquake and materials increases. After that, fragility curves are obtained assuming
limit state thresholds values in terms of interstory drift indices. Lastly, seismic reliability is
assessed through a convolution integral among seismic hazard curve and seismic fragility
curves, by applying Poisson’s model to determine the probability of exceedance over the 50-
year reference lifetime. The results have shown that the lowest limit states (FO — O) are com-
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pletely respected, the third limit state (LS) is slightly violated, and the last (i.e. the most se-
vere) is always exceeded.
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