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This study introduces a novel methodology based on the Global Resistance Format (GRF) for evaluating the
design value of the global structural resistance of reinforced concrete (RC) structures. To this aim, an experi-
mental benchmark consisting of 16 RC structural members from the literature has been compiled and the ex-
periments are numerically reproduced through validated non-linear numerical (NLN) modeling assumptions. The
tests encompassed various combinations of structural parameters and responses, ranging from brittle to ductile
failure modes. The NLN models are used to perform comprehensive probabilistic analyses of the global structural
resistance, considering the mechanical uncertainties, to characterize the statistics of the corresponding proba-
bilistic distribution. Then, these statistics have been correlated with the peak strain observed in the primary
reinforcement involved in failure mechanism. The peak strain serves as a response indicator representative of the
structural failure mode to assess the global safety. The mentioned above correlation allowed to derive predictive
expressions that provide the statistical parameters of the global structural resistance as a function of the peak
strain in the primary reinforcement. This latter one is computed through a single NLN analysis performed with
the mean values of mechanical properties and nominal geometrical ones. In this way, the statistics, so far esti-
mated, can be directly employed to determine the design value of the global structural resistance according to the
target reliability levels for both new and existing RC structures. Finally, the achieved results have been compared
with those of other established safety formats within the GRF confirming the effectiveness of the proposals.

1. Introduction

Non-linear numerical analyses (NLNAs) of reinforced concrete (RC)
structures have become increasingly essential tools for engineers in
safety assessment of both new and existing buildings [1-5]. NLNAs,
when implemented with solution strategies characterized by appro-
priate modeling assumptions [6,7], offer a comprehensive understand-
ing of structural responses, even for members with complex boundaries,
geometries and loading configurations and/or subjected to degradation
phenomena such as reinforcement corrosion [8-11]. Moreover, the
adoption of NLNAs by the finite element method allows to perform ac-
curate reliability investigations concerning the dependence of the
structural response on the main involved random variables in terms of
both aleatory (i.e., actions, geometry and materials properties) and
epistemic (i.e., choice of the modeling assumptions - solution strategy,
statistics) uncertainties [12-14]. For instance, in order to use the results
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of NLNAs for safety evaluations in common practice, all the outcomes
from NLNAs should be processed including reliability concepts [15,16]
accounting for both the aleatory and epistemic uncertainties [14].

In this framework, researchers have invested substantial efforts in
establishing standards and safety formats suitable for practical appli-
cations of NLNAs on RC structures accounting for the aforementioned
relevant uncertainties [15-20]. Moreover, the next generation of inter-
national design codes (e.g., Eurocodes gen. 2.0 [21]) will introduce the
possibility to adopt such refined approaches for structural verifications.
Thus, efficient and easy-to-use methods for reliability analysis through
NLNAs are strongly needed. The Global Resistance Format (GRF) [15] is
acknowledged as the most efficient method for integrating reliability
criteria into safety verifications when NLNAs are adopted. Basically, the
GRF grounds on the comparison between the design value of the global
structural resistance Ry and the design value of the actions Fy in the
considered load combination [15], bypassing cross-sectional
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verifications and focusing on the global response of the structure. The
value of R4 can be estimated by means of NLNAs within the methodology
specified by the adopted safety format [15]. The safety formats for
NLNAs allow, in principle, to determine R4 according to the target
reliability levels related to both new or existing RC structures [15,22].

Despite the notable advantages, the adoption of NLNAs for safety
evaluations comes with significant computational demands, resulting in
extended processing times and higher associated costs compared to
other approaches [23-26]. In fact, the whole process involves three
main stages: i). characterization of input variables and model definition;
ii). structural analysis; iii). post-processing of the results. The step i)
concerns the collection of the available information and knowledge
about the structure (different in case of new or existing one), the
adoption of the representative values of mechanical and geometrical
properties (i.e., mean, characteristic, design or nominal values) [14] and
the definition of the solution strategy by means of modeling assumptions
(i.e., iterative solution methods to determine equilibrium, kinematic
compatibility of displacements and choice of constitutive models) [6]
together with its validation for the specific problem. The step ii) relates
to structural analysis itself whereas the last one, iii), concerns the un-
derstanding of the outcomes of NLNAs. In detail, the analyst should be
able to discern between “pure” and “physical” numerical failure of the
iterative solution procedure (i.e., not satisfaction of convergence criteria
[27-29]). This operation can be particularly complex, especially, if no
information about the actual behavior of the structural member at
failure is known “a priori” together with the identification of the actual
failure mode. According to [30], the failure mode is univocally char-
acterized by the attainment of the ultimate strain of concrete and/or
reinforcement in specific locations within the structural member giving
rise to global mechanism. Therefore, the achieved material strains in
concomitance of the global failure mode can be considered as clear
identifiers characterizing the response [30]. However, as demonstrated
by [30] and furtherly investigated by [31], the failure mode recognized
by means of NLNA can be significantly sensitive to the combination of
the representative values of material properties adopted to run the
simulation. Depending on the analyzed structure, this issue may give rise
to multiple failure modes within, for example, the probabilistic set of
NLNAs. For instance, the contribution of multiple failure modes to the
overall reliability of a RC structure has been discussed in [30,31]. Spe-
cifically, the “non-decreasing assumption” of the response surface of the
global structural resistance evaluated as a function of the relevant
random variables has been introduced in [31]. In this case, the study
[30] highlighted the failure of the commonly adopted safety formats
based on the GRF [15] (excluding the pure probabilistic approach) in the
estimation of the structural reliability. This further uncertainty has been
discussed and covered by means of the request to perform preliminary
NLNAs to explore the truthfulness of “non-decreasing assumption” [30,
31] for the considered RC structure. If necessary, the value of Ry eval-
uated with the safety formats based on the GRF (excluding probabilistic
methods) [15] should be reduced by an additional factor (denoted also
as failure mode-based safety factor) equal to 1.15 [30,31].

Considering these complexities, from model definition to final reli-
ability assessment, the entire procedure to use NLNAs for practical
purposes require to have multiple skills for the analyst. Therefore,
simplified procedures able to lead to safe reliability evaluations are
needed and welcome to promote to practitioners the adoption of NLNAs
as a tool for accurate structural verifications also, for example, regarding
applications combined with structural health monitoring of existing
structures and infrastructures [32-35].

In this context, this study introduces a novel simplified methodology,
strain-based approach, within the Global Resistance Format (GRF) for
assessing the design value of the global structural resistance R. Initially,
an experimental benchmark consisting of 16 RC structural members
with documented test results from the literature has been compiled and
these experiments are numerically reproduced through validated NLN
modeling assumptions. The tests included various combinations of
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structural parameters and responses, ranging from brittle to ductile
failure modes. The established NLN models are used to perform
comprehensive probabilistic analyses of the global structural resistance,
considering the mechanical uncertainties, to characterize the statistics
of the corresponding probabilistic distribution. Then, these statistical
parameters have been correlated with the peak strain observed in the
primary reinforcement at failure. The latter, related to the ultimate limit
state condition [18], serves as the relevant response indicator of the
failure mode of the structure to assess the global safety. This value is
achieved through only one NLNA based on the mean values of material
properties and nominal geometrical values. The mentioned above cor-
relation allowed to derive predictive expressions that provide the sta-
tistical parameters, related to the mechanical uncertainties, of the global
structural resistance as a function of the peak strain in the primary
reinforcement. In this way, the statistical parameters, so far estimated,
can be directly employed to determine the design value of the global
structural resistance according to the target reliability levels for both
new and existing RC structures. Finally, the achieved predictions have
been compared with those obtained through other established safety
formats within the GRF (i.e., Estimation of Coefficient of Variation -
ECoV and the Partial Factor Method - PFM [15]) confirming the effec-
tiveness of the proposals.

2. Fundamentals of the global resistance format (GRF) for
NLNAs of RC structures

The ultimate limit state verification according to the GRF [15] can be
performed comparing the design value of the global structural resistance
Rg with the design value of the actions Fyq. The global structural resis-
tance is considered as the ultimate global response of the system to the
simultaneously insistent set of actions (i.e., within the relevant combi-
nation [36]). The limit state condition, according to the GRF [15], can
be formulated as follows:

_ RNLNA (frcp; arep)

F, <R, where R,= (@)

YRV Rd

In Eq.(1), F4 is the design value of the actions; Ry is the design value
of global structural resistance against the actions; Ryzya represents the
global structural resistance estimated through NLNAS; fr., and ayp are,
respectively, the representative values of materials and geometric
properties adopted in the NLNAs [14]. The term yr denotes the global
resistance safety factor related to the uncertainties of material properties
and geometry (i.e., aleatory uncertainties) [14,15,30]. The global
resistance safety factor yr can be determined according to Eq.(2) within
the assumption of a lognormal probabilistic distribution for the global
structural resistance [14,15]:

3.
Ve = w >1.00 with Vi <03 @

R

where f; is the target reliability index [15-22]; ag is the first order
reliability method sensitivity factor assumed equal to 0.8 in the hy-
pothesis of dominating aleatory uncertainties [15,37] with respect to the
epistemic ones. The term &g groups the influence related to the bias
factors of geometrical properties deviations dg ¢ and to the mean-to-mean
deviation 6gm [14,31], as explained in the following, and can be
computed as:

Or = Orm'Oryg 3)

The latter one quantifies the discrepancy between the result from one
NLNA performed with mean values of material properties and nominal
values for geometrical characteristics with respect to mean value of the
global structural resistance given by a probabilistic analysis [14,17]. As
for 6r g, it can be set equal to 1 for general cases excluding strongly
slender systems [14].

The term Vg of Eq.(2) represents the coefficient of variation (CoV) of
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the global structural resistance (assumed as log-normally distributed
variable), inclusive of the influence of aleatory uncertainties related to
both materials and geometrical properties [14]. This value can be esti-
mated according to Eq.(4) (within an error of 5%):

Ve =\/Vin+ Vi, with Vg <03 (€)

where, Vg ,, represents the CoV of the global structural resistance asso-
ciated to the aleatory uncertainty of material properties while, V¢ de-
notes the CoV related to the aleatory uncertainty of geometrical
properties. The value of Vg, has been studied by [14], and for
non-slender RC structural elements, it can be considered reasonably
equal to 0.05, also in line with [15].

Regarding the value of Vg, or the direct evaluation of Rg in Eq.(1),
the following safety formats within the GRF [15] together with the
probabilistic method have been proposed:

1. Partial Factor Method (PFM) [15,31]: this safety format allows to
carry out the safety verification performing 1 NLNA using the design
values as representative ones of materials and geometrical properties
(i.e., fg and ay, respectively). The design values of material properties
should be derived in line with the specifications of [15,18,22] and
deprived of the contribution of the model uncertainty for standard
verifications [21]. This may lead to complexities, especially, when
existing RC structures are considered [22]. Eq.(1) applies using fg
and aq as representative values, setting yg as unit and adopting the
appropriate value for yrgq.

2. Global Resistance Method (GRM) [15]: this safety format adopts, as
representative values of materials and geometrical properties, the
mean values f;; and nominal ones a,, respectively. The value of yg can
be estimated in line with Eq.s(2)-(4) whereas, yrq should be deter-
mined as needed. In particular, the value of the CoV Vg, can be
determined according to:

i. standard Estimation of Coefficient of Variation Method (ECoV) [19]
with the assumption of lognormal distribution for the global struc-
tural resistance and performing two NLNAs with, respectively,
mean/nominal (i.e., f, and a,) and characteristic/nominal (i.e., fi
and a,) values concerning the representative values of materi-
als/geometrical properties [15].

ii. probabilistic evaluation of coefficient of variation [15,21] with the
probabilistic analysis of the global structural resistance character-
izing Vgm including aleatory uncertainties related to material
properties.

3. Probabilistic method (PM) [15]: this safety format investigates the
structural resistance accounting for aleatory and epistemic un-
certainties as random variables and directly deriving the design
value of the global resistance R4 as a function of the expected target
reliability level.

The term ygq of Eq.(1) denotes the model uncertainty safety factor
and accounts for the epistemic uncertainties in NLNAs [38-43] related
to choices made by the analyst in defining the numerical model. These
choices concern all the assumptions referred to equilibrium evaluation,
kinematic compatibility of displacements and constitutive laws for
materials [38-43]. Several studies have been carried out giving an
exhaustive characterization of this coefficient concerning quasi-static
monotonic and cyclic loads, slender members, 2D and 3D NLNAs
[38-43]. In detail, [38-43] propose fixed values of yrq which are safely
conceived to cover both “between” (different solution strategies used to
analyse one RC member) and “within” (one solution strategy used to
analyse different RC members) model uncertainty [43] accounting for
the various suitable solution strategies available to different analysts
[41]. It is important to emphasize that the calibration of the global safety
factors yg and ygq is entirely independent as they related to uncertainties
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of different nature (i.e., aleatory and epistemic) [38]. The adoption of
the value of ygq should be always performed according to the same target
reliability index f; used for the evaluation of yg.

Finally, Eq.(1) can be modified, if necessary, to take into account the
multiple failure modes in case of not compliance to “non-decreasing
assumption” [30,31] by means of an additional factor equal to 1.15. In
next section, the outline of the proposed novel methodology (i.e,
strain-based approach) within the GRF to estimate the design value of
the global structural resistance is presented.

3. Outline of the novel strain-based methodology to assess the
global resistance safety factors yg for NLNAs of RC structures

This section describes the philosophy of the strain-based methodol-
ogy devoted to estimate the global resistance safety factor yg for safety
verifications of RC systems using NLNAs. The proposed methodology
can be contextualized as a novel approach to estimate the CoV of the
global resistance related to aleatory uncertainty associated to material
properties Vg, within the safety format denoted as Global Resistance
Method (GRM) according to the general GRF, as described in Section 2.

The calibration philosophy is summarized in Fig. 1. First, an exper-
imental benchmark was established, comprising 16 RC structural com-
ponents with thoroughly documented test results from the literature
[44-47]. These tests covered a range of different material properties and
structural responses, encompassing both brittle and ductile failure
modes with the aim to propose a comprehensive methodology to assess
Rg. Subsequently, a series of modeling assumptions has been devised to
reduce model uncertainty [42], leading to 16 NLN models suitable for
conducting a set of probabilistic analyses of the global structural resis-
tance. Probabilistic models for the relevant aleatory uncertainties have
been defined according to [48] and accounting for differentiation be-
tween basic assumptions about statistical parameters of material prop-
erties, with particular care to concrete quality.

In fact, according to [15], with reference to new RC structural
members, the CoV of the concrete cylinder compressive strength V. can
be assumed, on the safe side, equal to 0.15. However, this value is very
sensitive to the quality of the concrete casting and construction tech-
nology with particular reference to existing systems [49-52]. For
instance, to propose a methodology suitable for new and existing
structures with different ages, three different CoV values for the concrete
cylinder compressive strength V, have been assumed and set to 0.15,
0.20 and 0.25, respectively. The probabilistic analyses have been carried
out adopting the Latin Hypercube Sampling (LHS) method [53] with 30
samples [19,30] to approximate the random response of each one of the
16 RC structural members and for each one of the 3 CoV V.. This has led
to an extensive campaign composed of 1440 NLNAs with a relevant
computational time. The results of these probabilistic analyses enable to
characterize the probability distribution of the global structural resis-
tance with the related statistical parameters (i.e., mean value yg ,, and
CoV Vg m [14]) for each one of the selected 16 RC members [44-47].

The statistical parameters, that have been estimated thus far
considering the materials uncertainty, can be correlated to the signifi-
cant peak strain &g mqx Observed in the primary reinforcement in the
failure mechanism. In this investigation, the term “primary reinforce-
ment” denotes the tensile reinforcement bars involved within the global
resistance mechanism (i.e., failure mode). This relevant response indi-
cator can be achieved as result of a single NLNA, conducted using the
mean values f,, as representative ones for material properties and
adopting nominal values a, for geometrical properties (Fig. 2). The
correlation between the statistical parameters related to global struc-
tural resistance and the peak strain allows for the derivation of predic-
tive expressions (Fig. 2) to compute the CoV of the global structural
resistance Vg, depending only on & ,qr. In this way, it is possible to
calculate the design value R4 according to the safety format GRM [15],
aligning it with the desired reliability levels for both new and existing
RC structures (Fig. 2).
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PROPOSED CALIBRATION PHILOSOPHY

EXPERIMENTAL BENCHMARK
16 RC structural members

7]
S
o

- Leonhardt and Walter (1966): 5 deep beams
- Foster and Gilber (1998): 5 deep beams

- Fitho (1995): 5 walls with openings

- Lefas and Kotsovos (1990): 1 shear wall

\/

NLN MODELING
16 NLN models

- Solution strategy determined with modeling assumptions
able to minimize the related model uncertainty

PROBABILISTIC ANALYSIS OF THE
GLOBAL STRUCTURAL RESISTANCE

- Probabilistic model defined according to JCSS 2001
- 30 LH samples for each one of the 16 RC members

N

- 3 assumptions concerning the coefficient of variation for the
concrete cylinder compressive strength V, (quality of concrete)

Total amount of 1440 NLNAs

[ V. =0.15-0.20-0.25 ]

CORRELATION OF PEAK STRAIN IN THE TENSILE
PRIMARY REINFORCEMENT WITH THE COEFFICIENT
OF VARIATION OF GLOBAL RESISTANCE Vj ,,,

- evaluation of peak strain attained in the tensile primary
reinforcement at failure &, ., as a result of a NLNA using
experimental values of material f,,,and geometrical properties a,,,

- correlation between the value of Vg , and the value of g, ,,, as
a function of the value of V.:

i
[ Ve =S (Vert,ne) ]

Strain-based estimation of Vg p,

Fig. 1. Proposed calibration philosophy for the novel strain-based approach to
estimate the CoV Vg p.

In the next, the description of the selected 16 RC members [44-47] is
reported together with the results useful to the implementation of the
novel strain-based methodology.

4. Experimental benchmark and numerical modeling

In this section, the 16 RC members selected to implement the pro-
posed methodology are presented in their main characteristics [44-47].
Then, the solution strategies [6] and related modeling assumptions to
perform NLNAs are outlined and validated.

4.1. Experimental tests benchmark

This subsection introduces the set of experimental tests selected to be
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USE FOR PRACTICE PURPOSES |

CHARACTERIZATION OF THE RC MEMBER OR
SYSTEM (NEW OR EXISTING)

- knowledge and characterization of the RC member
(geometry, material properties...)

- selection of the appropriate value for Ve (e.g., from
testing in case of existing structures). Typical value
accepted for new structures is 0.15.

v

[ MNLN MODELING AND ANALYSIS ]

of the appropriate strategy
- one NLNA performed by means of mean volues of
materiol properties f,, and nominal geometrical ones a,,

One NLNA

Characterization of the failure mode, identification of the
primary reinforcementinvolved in the failure mechanism
and evaluation of:

~F

v

DETERMINATION OF THE COEFFICIENT OF VARIATION
OF GLOBAL RESISTANCE V.
(Ven=f(Ver5na)] % ]

Material uncertainties and Geometrical
failure mode uncertainties

GLOBAL RESISTANCE SAFETY FACTOR
r
According to appropriate target reliability levels

.v:
DESIGN VALUE OF STRUCTURAL
RESISTANCE R,

& Rualfia) | Raulfia)
= Yu'Fua FaeaL15

Preliminary NLNAs to check MODEL UNCERTAINTY

wnon-decreasing assumptions
related to multiple failure modes
1.15)

SAFETY FACTOR

Yia

Fig. 2. Proposed calibration philosophy for the novel strain-based approach to
assess Rg.

reproduced by means of NLNAs and adopted to perform the probabilistic
investigation of the global structural resistance considering the mate-
rials uncertainty. The selection has been carried out to achieve a well-
balanced range of material properties that encompass the limits of
applicability specified in current design codes [15,18], and to cover the
transition from brittle (i.e., concrete failure without yielding of the
primary reinforcement) to ductile (i.e., concrete failure with yielding of
the primary reinforcement) failure modes. In detail, an experimental set
composed of 16 RC structural members realized and tested by [44-47] is
considered. All the selected RC members have been realized with
isostatic restraint scheme configuration and loaded through appropriate
apparatus according to the descriptions detailed in [44-47].

In [44], the experimental results achieved by Leonhardt and Walther
are described. They have analysed five deep beams denoted respectively
as WT2, WT3, WT4, WT6 and WT7. All these deep beams were 1.6 m
wide and 1.6 m high with a uniform thickness of 0.10 m. The rein-
forcement is composed of both horizontal and vertical stirrups, along
with additional bars located in the lower part of the structural elements.
The concrete cylinder compressive strength varies between 26.7 and
28.7 MPa in the different tests, while the mechanical properties of the
reinforcement are determined by the diameter of the bars used. WT2,
WT3 and WT4 walls are subjected to top-down loading and differ in
terms of the amount of reinforcement in their lower sections. The hor-
izontal and vertical stirrups have a diameter of 5 mm and are spaced at
26 mm intervals. In Fig. 3(a), the schematic representation of the deep
beam WT?2 is reported in the “Scheme a” arrangement. WT2 specimen
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Fig. 3. Schematic representation of some RC members tested by [44-47]. Measures in millimeters.

failed due to the yielding of longitudinal bars at the midspan with for-
mation of large vertical cracks, whereas WT3 failed due to concrete
crushing at the supports before the yielding of reinforcement with ver-
tical cracks at the level of bottom chord. Additionally, the specimen
“WT4" failed due to concrete crushing at the side enlargement of the
cross section with longitudinal bars yielding and sub-vertical cracking
development within the wall. WT6 and WT7 structures, which vary in
terms of both the distribution of applied loads and reinforcement, are
loaded from the bottom as shown in Fig. 3(a) concerning WT6 member
(Scheme b). For both WT6 and WT7 specimens, the experimentally
observed failure modes involved the yielding of the main longitudinal

reinforcement with concrete crushing at the edge supports. The cracking
exhibited a characteristic "arched-shaped" path typical of the deforma-
tion induced by suspended loads.

The experimental findings discussed by Foster and Gilbert in [45]
pertain to five RC deep beams, each measuring 0.7 m in depth and
0.125 m in thickness. These beams are designated as B2.0-1, B2.0-3,
B3.0-1, B2.0A-4 and B3.0A-4. Beams denoted as B2.0-1, B2.0-3 and
B3.0-1 (Scheme a) differ from B2.0A-4 and B3.0A-4 (Scheme b) beams in
terms of their load arrangements. Fig. 3(b) shows the two different
schemes reporting, as an example, the deep beams defined as B2.0A-4
and B3.0A-4. The primary tensile reinforcement consists of six
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20 mm-diameter longitudinal bars. Web reinforcement comprises
6.3 mm-diameter bars spaced at 75 mm intervals in the transverse di-
rection and 6.3 mm-diameter bars spaced at 135 mm intervals in the
longitudinal direction. The compressive concrete strength varies within
the range from 78 to 88 MPa across the different tests. B2.0-1, B2.0-3,
B3.0-1 and B3.0A-4 deep beams exhibited failure with concrete crush-
ing at the edge of the loading column after the yielding of the longitu-
dinal reinforcement in the bottom chord. This was accompanied by
flexural cracks significantly wider than the diagonal cracks. On the other
hand, B2.0A-4 specimen demonstrated concrete crushing in the main
body of the wall with opened diagonal cracks and longitudinal rein-
forcement yielding.

Filho [46] conducted experimental tests on five RC walls with
openings, labeled as MBlaa, MBlae, MBlee, MBleel and MB4ee. These
walls share the following geometrical properties: they are 1.35 m high,
1 m wide, 0.12 m thick and they are supported by a lower foundation
beam that is 0.2 m thick and 0.5 m high. These structures feature a
square opening that is 0.4 m wide, fully constrained at the base, and are
subjected to horizontal loading at the top. The concrete cylinder
compressive strength varies from 39 to 42 MPa in the different tests
while, the amount of reinforcement varies significantly between the
structures, although the general layout of the main reinforcements re-
mains consistent. Fig. 3(c) shows the schematic representation of the test
“MB1laa”. Regarding the experimental failure modes of these walls, all
the specimens exhibited a brittle or nearly brittle response with the
formation of an inclined compression strut starting from the loading
plate to the edge of the opposite column, coinciding with concrete
crushing at the connection to the stiff foundation.

The experimental findings examined by Lefas and Kotsovos [47]
center around a RC wall identified as SW11. This wall measures 1.2 m in
height, 0.75 m in width, 0.07 m in thickness, and it is reinforced by
upper and lower beams, each 0.2 m thick. The structural member is fully
anchored at its base and subjected to horizontal loading at the top. The
concrete has a compressive strength of 43 MPa and the reinforcement
consists of horizontal bars with 6.25 mm-diameter bars spaced at 80 mm
and vertical bars with 8 mm-diameter bars spaced at 60 mm. The
experimentally observed failure mode consisted of the development of
inclined cracks within the wall, accompanied by concrete crushing at the
compressed edge with reinforcement yielding on the opposite tensile
side.

4.2. Solution strategy and NLNAs results

This subsection describes the modeling assumptions [6,40-42]
employed to create the NLN models for the previously described 16 RC
structural elements. The “ATENA 2D” software platform [54] has been
used for this purpose. The body of 16 RC members has been represented
by quadrilateral plane stress finite elements, denoted as CCQ10SBeta
[54], featuring quadratic displacement interpolation functions [54]. The
finite element mesh size has been established following a calibration
process for each structural element, ranging between 5 cm and 10 cm
with the aim to meet both accuracy in terms of predictions of the
experimental outcomes and computing expenses. The solution of
nonlinear system of equations has been accomplished using the standard
Newton-Raphson iterative approach [27], with a maximum iteration
limit set at 200 and convergence criteria based on forces and energy,
with tolerances set at 1% and 0.01%, respectively.

As for the constitutive models, the non-linear behavior of concrete
under compression and tension has been replicated using the “SBeta
material model” available within the platform “ATENA 2D” [54]. Con-
cerning the mono-axial concrete response, the “SBeta material model”
incorporates curvilinear response in compression with post-peak
response with linear compression softening (LCS). The concrete tensile
behavior is elastic until tensile strength is reached with post-peak
behavior according to linear tension softening (LTS). The LCS law has
been calibrated in a manner that ensures, after that the peak load and
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related strain have been reached, a 50% reduction in compressive
strength in concomitance of the ultimate compressive strain of concrete
[55]. Instead, the LTS law has been appropriately calibrated for each
structural member in such a way to optimize the prediction in com-
parison to the experimental one [38]. In detail, the ultimate strain in
tension has been set between 2 and 10 times the tensile strain corre-
sponding to tensile strength of concrete [38] with the aim to account for
fracture energy. As for cracking behavior, the smeared crack modeling
approach has been used, with the rotated crack model [54]. It can
simulate the progressive development and rotation of cracks within the
concrete as load is applied, accurately capturing post-cracking behavior.
Concrete properties have been assigned according to the experimental
data available in [44-47]. If data are not available from the original
scientific studies [44-47], any missing parameter has been adopted
according to [18].

Regarding the reinforcement, a bilinear constitutive law with hard-
ening rule has been employed to simulate the behavior of steel in both
compression and tension. The key properties have been determined in
accordance with the experimental findings [44-47]. The Young’s
modulus of the steel reinforcement has been assumed to be 200 GPa,
with an associated ultimate strain &, of 9% [14]. The yielding strain &,
for the reinforcement has been determined based on the previous
experimental data and assumptions. The reinforcement has been rep-
resented using both smeared (for the wall, shear and secondary rein-
forcement) and discrete approaches (for the primary reinforcement)
[27,54], following the schematic configurations depicted in Figs. 3-7.

The numerical simulations have been conducted following the
experimental loading procedure, initially, applying the dead load, and
then incrementally applying the experimental actions until failure
occurred. The size of the load steps has been defined with the aim to
have a good degree of accuracy and acceptable computational cost. The
displacements monitored within the numerical simulations correspond
to those indicated in Figs. 4-7.

Additionally, the peak strains reached within the primary rein-
forcement at the point of failure &;mqx have been recorded for each
NLNA. The failure of the NL iterative solution procedure occurs in the
last load step which fuls the adopted convergence criteria. Care has been
devised to characterize the failure mechanisms to avoid “pure” numer-
ical failures and meet “physical” ones in line with the experimental tests.
Similar attention has been performed concerning each one of the 1440
NLNAs needed for the probabilistic investigation discussed in the next
section.

Figs. 4-7 show the results from the NLNAs performed using the
experimental values of both materials (foy,) and geometrical (Gexp)
properties (i.e., Rniva(fexpsQexp)) in comparison to the experimental
outcomes (Reyp). The details of the failure modes recognized by means of
NLNAs are also reported together with the experimental properties of
both concrete and primary reinforcement. The failure modes and crack
patterns observed in the numerical simulations are consistent with the
experimental ones as briefly described in Section 4.1 and exhaustively
presented by [44-47]. Moreover, the displacements monitored during
the NLNAs align with experimental ones depicted in Figs. 4-7. In
addition, for each NLNA, Figs. 4-7 also illustrate the position where the
peak strain of the primary reinforcement at failure, denoted as & mqx, is
reached and recorded. In cases where the yielding of the primary rein-
forcement has occurred, the related first yielding point is also reported
in Figs. 4-7. Generally, the improved refinement of the various solution
approaches has resulted in proper agreement with the experimental
results, effectively capturing the actual behavior observed during all the
experimental tests.

A more comprehensive assessment of the proposed solution strate-
gies can be achieved by examining the ratio 9 = Rexp/RNLNAFexps Gexp)
[15,38-43] with respect to &;mqx. The 8 value represents, for the chosen
solution strategy and the specific RC structural member, the observed
realization of the random variable associated with model uncertainty
[38-43]. Fig. 8 illustrates the trend of the observed values of 9 with
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Fig. 8. Representation of the realization of the model uncertainty random variable for the considered solution strategy and RC members [44-47].

respect to the ratio between the peak strain at failure reached in the
primary reinforcement in the NLNASs, & mq, and the corresponding
yielding strain, ¢,. The 9 data have been statistically characterized using
the Maximum Likelihood (ML) method, assuming a lognormal distri-
bution with a mean value yy and a CoV Vy [40-43].

According to [42], these values, to be representative of the uncer-
tainty related to the assumptions performed within NLNAs only, should
be deprived of the influence of the experimental uncertainty. To do so,
the approach of [42] is herein adopted assuming a limited influence of
the latter [42,56]. With respect to the adopted solution strategy, it can
be observed that for brittle failure mechanisms (i.e., &;ma/€y, <1), the
dispersion of 9 appears to be larger compared to progressively more
ductile responses (i.e., & ma/€y >1), although with a safe bias (g >1)
[40]. The uncertainty related to the assumptions in numerical modeling
seems to sightly decrease for increasing values of the ratio esma/ey
approaching unbiased solutions (i.e., uy ~ 1). This result agrees with
[39]. Considering all the results, the values of uyy and Vy are 1.05
(indicating safely biased models) and 0.08, respectively.

Note that, if more solution strategies (i.e., different software codes)
had been adopted to solve the same structural problem, a more
comprehensive statistical analysis would have been valuable to assess g
and Vy depending on the characteristics of the failure modes [38,41-43].

Based also on the results presented by [40-43], it can be concluded
that the modeling assumptions used in this study are suitable for
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conducting a probabilistic investigation of the structural response.

5. Probabilistic characterization of the global structural
resistance

This section presents the modeling assumptions adopted for the
probabilistic analysis of the structural response, carried out using the
LHS method [53] to sample the mechanical uncertainties. Subsequently,
the results of this probabilistic analysis are discussed, focusing on the
statistical parameters derived for the global structural resistance con-
cerning the 16 RC members [44-47].

5.1. Probabilistic hypotheses for sampling relevant random variables

The sampling technique together with probabilistic hypotheses,
herein adopted, are presented in the following. As mentioned above, the
LHS [53] method has been used to generate 30 samples. Consistent with
prior researches [14,19,30] the sampling size is sufficient, provided that
the overall CoV for the involved variables and global response remains
below 0.3 (with an error margin within 5% on the statistical parameters
estimate).

With reference to the relevant random variables, the adopted prob-
abilistic models adhere to the specifications outlined in JCSS Probabi-
listic Model Code 2001 [48] including linear correlations among the
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correlated random variables.

As the aim of this study is to investigate the influence of aleatory
uncertainties related to material properties on the global structural
response (i.e., CoV Vg ), the probabilistic analysis employs the random
variables listed in Table 1. The material properties dependent on any
random variable in Table 1 are derived in accordance with [18] (e.g.,
tensile strength f.; and Young’s modulus E, of concrete) for each sample.
In Table 1, the mean values of the relevant random variables are
assumed as the experimental ones reported by the original literature for
the 16 RC members [44-47]. Therefore, with the term experimental
values we will hereafter refer to the mean values of the representative
probabilistic distributions of the material properties [14]. The co-
efficients of variation of material properties are set in Table 1 in
agreement with [48]. Specifically, in alignment with the framework
provided in Section 3, the CoV V, for the concrete cylinder compressive
strength f. has been characterized by three different assumptions (i.e.,
0.15, 0.20, 0.25) to account for its quality variability [49,50]. Differ-
ently, the mechanical properties related to reinforcement steel have
been modeled using a single probabilistic approach [15,48]. This choice
is justified by the expectation that these properties are less susceptible to
quality issues during the construction of RC structures and are sourced
from industrial production processes [57].

Regarding the geometrical properties, the experimental values will
be considered equivalent to their nominal ones [30].

Subsequently, for each one of the 16 RC members, 30 LH samples of
each random variable have been generated for each assumed value of V.

5.2. Outcomes from probabilistic analysis of the global structural
resistance

In this subsection, the main outcomes from the probabilistic analysis
performed with the random variables above introduced are discussed.
The LH sampled random variables of Table 1 have been useful to
determine 30 x 16x3 NLN models adopting the solution strategy cali-
brated in Section 4 with reference to the experimental values of both
materials and geometrical properties. The load vs displacement curves

Table 1
Characterization of the probabilistic models related to the aleatory uncertainties
associated to material properties with reference to the 16 RC members of
[44-47].

Statistical Ref.

correlation

Coefficient
of variation
[-]
0.15-0.20 -
-0.25

Probabilistic
distribution

Random Mean

variable value

Concrete
cylinder
compressive
strength f
[MPa]

Reinforcement
tensile
yielding
strength f,
[MPa]

Reinforcement
ultimate
tensile
strength f,,
[MPa]

Reinforcement
Young
modulus E;
[MPa]

Reinforcement
ultimate
strain &, [-]

Lognormal [15,

48]

fe cexp

fu(0.85)7,
£,(—0.50)"

Lognormal [15,

48]

Srew

0.05 £, (0.85),

£,(—0.55)"!

Lognormal Suexp [48]

Lognormal 200000 [48]

Lognormal 0.09 0.09 fy [48]

(-0.50)",
foo
(—0.55)"!

* 1 (-) coefficient of linear correlation with respect to other material variables in
agreement with [48].
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related to the different sets of the probabilistic investigation are reported
in Figs. A1-4 of the Annex A. The results of the NLNAs in terms of global
structural resistance R (i.e., load associated to the last step able to fulfill
the convergence criteria) are summarized in Figs. 9-12. In detail,
Figs. 9-12 show, for each one of the 16 RC members [44-47], the
“empirical” and the “best-fitted” Cumulative Density Function (CDF)
related to R. The Anderson-Darling statistical tests [60] have been per-
formed on the 30 results of the global structural resistance R for each RC
member concerning the three assumptions for the concrete cylinder
compressive strength CoV V.. The Anderson-Darling test has been used
to assess whether the mentioned above outcomes follow a lognormal
distribution (i.e., null hypothesis). The null hypothesis, that is the
assumption of lognormal distribution for the global structural resistance
R, has been tested and confirmed at a 5% significance level for each set
of sampled NLN models as shown in Figs. 9-12 in terms of high “P-value”
values. In this way, the random variable representing the global struc-
tural resistance can be described using a lognormal distribution [8,14,
15,30], with statistical parameters estimated by means of the ML
method [59]. The ML estimates of the statistical parameters lead to the
characterization of the mean value g, and CoV Vg, of the global
structural resistance R for each set of the 30 NLNAs. The values of yig
and Vg ;, are reported in Figs. 9-12 together with the ratio denoted as g,
m- In line with [14], the value of 6g », named “mean-to-mean deviation”,
represents the deviation of the mean value of the global resistance
achieved by the probabilistic analysis yg n, from the value of the global
structural resistance estimated using experimental values of both ma-
terial and geometrical properties RNzna(fexp;Gexp) (Section 4). Note that,
in this investigation, the experimental values are assimilated to mean
values (f;;) and nominal values (a,), respectively, for mechanical and
geometrical properties. For instance and, in general, the mean-to-mean
deviation 6g , can be computed as:

Hrm _ Krm
Ryuva (fospi @) Ry (i an)

Note that the probabilistic analysis sheds light on the overall struc-
tural response and reveals variations in failure modes for the different
combinations of material properties as also widely discussed in [30,31].
However, the failure mechanism associated with simulations using
experimental material and geometrical properties values (i.e., mean and
nominal) emerges as the most likely one.

The computed values of both the mean-to-mean deviation 6, and
CoV Vg, of the global structural resistance can be expressed as a
function of the strain ratio s mqx/€y (as disclosed in previous sections). It
is important to highlight that, for each RC member, the value of & mqy is
derived from the NLNA performed using the experimental values of
materials and geometric properties (i.e., mean and nominal, respec-
tively) as reported in Figs. 4-7 of Section 4. Concerning the yielding
strain ), it is evaluated according to the experimental material prop-
erties for each RC member (Section 4). The strain ratio, & max/€y, Serves
as a straightforward parameter able to monitor the NLNA, providing
insights into the structural response and nature of the failure mode,
whether it is fully ductile or fully brittle or intermediate. Consequently,
this parameter is highly suitable for establishing a general guideline to
determine 6g , and Vg, for practical applications. Specifically, consid-
ering the results associated to the 16 RC members [44-47], the following
expressions have been derived with the aim to relate 6g ,, and Vg p, to the
strain ratio &smax/€y:

(sR,m -

)

(6

n
sY. max .
Vem = Ve (— e + 1) with  Vy < Vg, <V, ()]

v

In Eq.s(6)-(7), the coefficients a, b and the exponent 5, have been
estimated by means of the least square method [58] with the aim to
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Fig. 9. Empirical and lognormal CDFs for the tests of [44].

achieve the best-fitting as well as the upper and lower bounds of the 95%
confidence interval [59] of the fitting procedure.

Fig. 13(a)-(c) illustrate the value of 6z, with respect to the strain
ratio &;max/€y. The coefficients a and b according to Eq.(6) are related to
the best-fit, upper and lower bounds of the 95% confidence interval,
respectively, depending on the three assumptions regarding V. (i.e.,
0.15-0.20-0.25). The observed values related to the 16 RC members
range between the values of 1.08 and 0.95. A slightly linear decreasing
trend as a function of &5 max/€y can be recognized in all the three as-
sumptions on V, with comparable values for the coefficients a and b.
These results confirm the validity of the simplifying assumption
frequently used in reliability analysis combined to the use of NLNAs [14,
17,19]: the mean value of the probabilistic distribution of the global
structural resistance pg, aligns with the outcome of a single NLNA,
assuming mean values for material properties and nominal values for
geometrical properties (which, in this study, correspond to the experi-
mental values fey and aep, respectively), denoted as Ryina(fmGn)-.
Therefore, in practical applications, the value of the mean-to-mean
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deviation 6, can be assumed, reasonably, equal to 1.

Fig. 14(a)-(c) depict the values of Vg ,, with respect to the strain ratio
€5 max/€y- Similarly, the values of the coefficient # of Eq.(7) for the best-
fit, upper and lower bounds of the 95% confidence interval related to 5
estimation are reported considering the three values for V.. Comparable
values of 5 are recognized for the different values of V.. At very low
values of &5 max/€y (i.€., lower than 1), Vg m approaches the CoV assumed
for the concrete cylinder compressive strength V., according to as-
sumptions of Table 1. This behavior is related to a pure brittle failure
mode of the RC system governed by the concrete compressive strength
only without the yielding of the primary reinforcement in tension. As the
ratio &;max/€y increases, it is evident that the value of Vg n, progressively
decreases with a non-linear trend as reflected by Eq.(7). When &g mqx/€y
exceeds values between 5-10 (depending on the assumption of V), it
approaches the CoV of the primary reinforcement yielding strength V),
as specified in Table 1, indicating a failure mechanism primarily gov-
erned by the yielding of the main reinforcement. Notably, the function
for Vg m is constrained between the values of V; and V), according to the
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probabilistic models outlined in Table 1.

In next section, the results so far presented are used to implement the
proposed strain-based method according to the Global Resistance
Method safety format within the GRF [15].

6. Evaluation of the global resistance safety factors by means of
the strain-based method

In this section, the achievements of Section 5 are implemented to
finalize the proposal of the strain-based method to assess the global
resistance safety factor yg within the Global Resistance Method safety
format according to the GRF [15]. First, the global resistance safety
factors yg are calculated with reference to the different target reliability
levels distinguishing between the different values of V.. Finally, the
predictions in terms of the design values of the global structural resis-
tance Rg achieved by the novel approach are compared to ones of other
safety formats within the GRF [15] (i.e., ECoV method and PFM [15]).
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6.1. Proposals for practical applications of the strain-based method

The evaluation of the global resistance safety factor yg can be per-
formed according to the philosophy of the GRF [15] through Eq.s(2)-(4).
According to the GRM [15], the design value of the global structural
resistance Rq can be derived through Eq.(1) adopting the results of one
NLNA performed with mean and nominal values for materials f,, and
geometrical properties a,, respectively, as representative values. Ac-
cording to Eq.(2), the value of yg can be derived once one knows:

- the CoV of the global structural resistance Vx and the related bias
factor 6&g;

- the target value of the reliability index f; and the related FORM
factor ag [15,22].

To implement Eq.(2), it is essential to thoroughly examine Eq.s(3)-
(4). In detail, Eq.(4) is used to calculate the CoV of the global structural
resistance, Vg. It takes as input the values of the CoV of the global
resistance related to the aleatory uncertainty of materials, Vg, and
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Fig. 11. Empirical and lognormal CDFs for the tests of [46].

geometry, Vg g. As previously discussed in Section 2, the value of Vg ¢ can
be set equal to a constant value of 0.05 for non-slender RC members.
Regarding the value of Vg, it is proposed to adopt Eq.(7) assuming
— 0.4 as coefficient # which is the average value between the three ex-
ponents corresponding to the lower bound values of the 95% confidence
intervals in the estimation of  for the three V, assumptions. As the value
of the exponent 7 is negative, its lower bounds lead to the higher curves
depicted in Fig. 14(b)-(c). This choice is driven by the need to consider
statistical uncertainties for practical purposes. The peak strain attained
in the primary reinforcement &g mq derives from a single NLNA con-
ducted with mean and nominal values for materials and geometrical
properties, respectively. The so far established approach to estimate Vg
leads to the results reported in Fig. 15(a). Furthermore, the findings in
Section 5, which illustrate the low sensitivity of the coefficient # to the
chosen V. value, suggest that Eq.(7), with = —0.4, can potentially be
applied to various V. values as shown in Fig. 15(a). However, Eq.s(1)-(4)
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can be used to determine yr and R4 for Vi values lower than 0.30, as
typically observed in RC structures and achieved in Section 5. For higher
values (quite rare also in existing RC structures [49-52]), Eq.s(1)-(4)
should be adapted according to [61] in the assumption of lognormal
probabilistic distribution.

As far as the bias factor &g, its value can be determined by using Eq.
(3) and depends on the values of 6z, and 6 ;. As discussed before, the
value of 5 ¢ can be set reasonably equal to 1.00 also in line with [14]
and similarly, according to Section 4, ég ;, can be also approximated as
1.00. For instance, a reasonable simplification for practical purposes can
be to set the value of g equal to 1.00 with the aim to derive the global
resistance safety factor yg using Eq.(2).

Fig. 15(b)-(d) illustrate the results in terms of the global resistance
safety factor yg determined according to Eq.(2) for V, equal to 0.15 (b),
0.20 (c) and 0.25 (d) adopting some frequently used values as target
reliability index fz 2.8 and 3.3 for existing RC structures with a



D. Gino et al.
1
a)
Legend: 0.8
Concrete compressive strength CoV:
— 0.6 |
_— VE* 0.15 ~
V=020 o
Qo4
= =025 O
Lognormal CDF (with P-value > 0.05) 02t
= = Empirical CDF with 30 LH samples
0

Engineering Structures 304 (2024) 117625

Fig. 12. Empirical and lognormal CDFs for the tests of [47].
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reference working life different from 50 years [22]; 3.8 and 4.3 for new
RC structures having 50 and 100 years as reference working life [15].
Note that Fig. 15(b),(c),(d) plot yg under the assumption of aleatory
uncertainties (i.e., materials Vg, and geometry Vg ) dominating with
respect to epistemic (i.e., modeling hypotheses V) ones, as per [15]. If
the latter assumption is not verified considering explicitly the mechan-
ical and geometrical uncertainties in addition to the “between” and
“within” epistemic uncertainties, similar curves can be derived using the
appropriate value of the first-order reliability method sensitivity factor
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ag related to the non-dominant random variable. In this scenario, the
model uncertainty would have a dominant influence on the reliability
assessment of the structural system.

The proposed approach leads to the assessment of the global resis-
tance safety factor yg for both new and existing RC structures accounting
for appropriate target reliability level with the need to perform just one
NLNA with mean values for material properties and nominal values for
geometrical ones. With reference to the existing RC structures, the latter
ones can be directly derived from testing and inspections [22].
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Moreover, the method can easily account for the nature of the most
likely failure mode that is affected by the reinforcement arrangement
[62].

6.2. Comparison with other safety formats within the GRF

In this subsection, the comparison between the novel strain-based
approach and other commonly used safety formats within the GRF is
discussed for a value of 8; equal to 3.8 that is related to structures of new
realization and reference working life of 50 years [15]. Specifically, the
Estimation of Coefficient of Variation - ECoV method [15] and the
Partial Factor Method - PFM [15] are considered.

These methods are applied following the guidelines of [15], as
explained in Section 2, with adjustments made to account for the
different values of the CoV for the concrete cylinder compressive
strength, V. [22]. The comparison is performed comparing the design
value of the global structural resistance defined within each safety
format R4 and the design value of the global structural resistance derived
from the probabilistic analysis Rq prop in the assumption of lognormally
distributed random variable [14]. The value of Rqprop has been deter-
mined considering both model and aleatory uncertainties [63] in
agreement with the assumptions adopted for the three safety formats
herein compared. Note that Rq was computed according to Eq.(1) with
the additional factor 1.15 for all the safety formats in case the
“non-decreasing assumption” [30,31] is not satisfied, as explained in
Section 2.

For all the safety formats under consideration, the model uncertainty
has been considered according to [38-43]. In detail, for simplicity
without affecting the comparison, the value of yg4 has been set equal to
1.15 with reference to f; equal to 3.8 under the assumption of
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non-dominant variable as suggested by [38] considering different so-
lution strategies. Note that a specific distinction of the values of ygq as a
function of the failure mode characteristics can be performed when
other solution strategies are adopted since it is possible to address the
proper sensitivity factors regarding both aleatory and epistemic un-
certainties. Additionally, materials and geometrical uncertainties have
been considered in accordance with the information provided in the
previous sections. The comparison is presented in Fig. 16 in terms of the
ratio Rq/Rg prop differentiating between the three values of V.. The safety
formats are on the safe side if they provide an adequate safety margin
with the mean value of the ratio Rq4/Rg prop lower than 1.00. Fig. 16
shows that the mentioned above criterion is fulfilled for the proposed
strain-based method, ECoV method and PFM. It can also be recognized
that, in general, the scattering (i.e., CoV) of the estimates of R4/Rg prop iS
smaller for the novel strain-based method if compared to the ECoV and
PEM. This demonstrates the effectiveness of the approach proposed for
general applications as well as of the ECoV and PFM safety formats with
the advantage to carry out just one NLNA with mean values of material
properties and nominal values for geometrical characteristics.

7. Conclusions

This investigation has proposed a novel strain-based method to ac-
count for the influence of aleatory uncertainties related to material
properties on the global structural response (i.e., CoV Vg ) and estimate
the design value of the global structural resistance using NLNAs in
accordance with the Global Resistance Format (GRF). To achieve this, 16
RC members, experimentally tested by various authors, have been
considered and accurately reproduced using appropriate non-linear
modeling assumptions (i.e, solution strategies). Upon comparing the



D. Gino et al.

Engineering Structures 304 (2024) 117625

Legend:
Concrete compressive strength CoV:
= =(.15 Other V.
V.=10.20
= =(.25
0.35 T T T T T T T T 25 : -
a) b) ---- p=28
03 u ] 5os %0 = 2.
: £ [ £ . = ]
Ve, =V, | Zm 1| with v, <V, <V, 20 B33 =08
025 ! s, | ] S —— B=38
~ ’ 17 =—0.4 (average value for the lower bound of 2 e Bi= 4.3
~ the 95% confidence interval in the 7z =exp(azf, -V, )/5
S- 02 estimation of i) 1 : R
N s Ve=V2, + V2, with V,, =0.05]
.15 5, =1.00
0.1
0.05 Reinforcement V, V=015
I L L L L L 1 L 1 L L L L - L
00 1 2 3 4 5 6 10 0 1 2 3 4 5 6 7 8 9 10
Es,ma/€y [-] Es,max/Ey [-]
2.5 . . ! ! : : : ; 2.5 . . ! ! : - . .
C) . ---- B=28 d) ---- p=28
2asf S —— B=33 p == BE33 4 208
=S , =08 — B=38
= — B=38 pe43
ok - p=43 ] RS ]
. re=exp(ayB,-V,)/6,
< et T VR \/#R i ; Ve =0.05
= + wit =0.
£ 175 Ve=Vi, +Va, with V,, =0.05 5“ | Og'" fe ke
N =1.00 s
15F
1.25F -—- 1.25
Ve=10.20 V=10.25
0 1 4 S 6 8 9 10 0 1 2 4 5 6 9 10
t"fs,max/{;y [‘] g.v,mwc/gy [_] !
Fig. 15. Representation of the expressions of Eq.(7) evaluated adopting n = —0.4 for different values of V. (a); evaluation of the global resistance safety factors for

different target reliability indices f, with respect to V. 0.15 (b), 0.20 (c) and 0.25 (d).

results with the experimental data, the model uncertainty associated
with the chosen solution strategies has been quantified, effectively
demonstrating their validity. Next, the 16 NLN models have been
employed to conduct a probabilistic analysis of the global structural
resistance, accounting for the aleatory uncertainty in materials. The
primary objectives have been to characterize the mean value (ug ) and
the CoV (Vg n). The influence of concrete quality has been accounted for
by incorporating three different assumptions for its CoV, V. (0.15, 0.20,
0.25), into the probabilistic modeling.

Then, the correlation between Vg , and the ratio of the peak strain in
the primary reinforcement (& ;qx) OVer the reinforcement yielding strain
(gy) is also proposed. Importantly, this ratio derives from the NLNA
conducted with mean and nominal values for materials and geometrical
properties, respectively, and provides insight into the structural
response including information about the most likely structural failure
mode. The best-fitting relationship and the expressions related to the
lower and upper bounds of the 95% confidence interval have been
derived. The adoption of the expression corresponding to the average
lower bound of the 95% confidence interval related to the exponent 7,
set equal to — 0.4, has led to the definition of a suitable predictive
relationship for estimating Vg . Subsequently, the global resistance
safety factors (yg) have been determined as well as the design values of
the global structural resistance in alignment with the GRM accounting
for appropriate target reliability levels (for both new and existing
structures). It is worth highlighting that just one NLNA is needed by
using the mean and nominal values for materials and geometrical
properties, respectively. This approach surely reduces the
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computational demand within the process related to the adoption of
NLNAs for safety verifications in addition to avoid potential errors by
the analyst. Moreover, it is open to possible applications with structural
health monitoring systems in combination with the use of NLNAs for the
reliability assessment of existing RC structures and infrastructures.
Finally, the predictions of the proposed strain-based method have been
compared with those of other safety formats within the GRF, such as the
ECoV method and the PFM, thereby demonstrating the effectiveness of
the research proposals. In conclusion, based on the several experimental
tests and associated structural responses for the calibration of the novel
strain-based method, the proposed approach can be employed for veri-
fications of complex no slender RC structural members involving the use
of NLNAs through the FE method. Further studies on other structures
with respect to different failure modes (e.g., punching shear verifica-
tions in slabs without shear reinforcement) are necessary.
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Fig. Al. Results in terms of load vs displacement from the probabilistic analysis of the RC members of [44].
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Fig. A2. Results in terms of load vs displacement from the probabilistic analysis of the RC members of [45].
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Fig. A3. Results in terms of load vs displacement for from probabilistic analysis of the RC members of [46].
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