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ABSTRACT

This study assesses the partial safety factor corresponding to the resistance model uncertainties in
the use of non-linear finite element analyses (NLFEAS) for reinforced concrete systems subjected to
cyclic loads. Specifically, various walls experimentally tested are considered for this investigation
and are simulated through two-dimensional (i.e., plane stress) finite element (NLFE) models. The
comparison between the global resistances from the plane stress NLFE structural models and the
experimental tests is carried out considering the possible modelling hypotheses available in relation
to the mechanical response of reinforced concrete structural systems subjected to cyclic loads. After
that, a probabilistic processing of the abovementioned epistemic uncertainties is carried out in line
with a Bayesian updating. In detail, each prior distribution of the resistance model uncertainty
related to a specific combination of the modelling hypotheses is computed and successively updated
with the data achieved from the other models to estimate the posterior distribution. Hence, the
coefficient of variation and the mean value of the resistance model uncertainties are evaluated and
the corresponding partial safety factor is assessed in line with the NLFEA safety formats of
reinforced concrete systems for seismic analyses.

KEYWORDS: non-linear finite element analysis; resistance modelling uncertainties; partial safety
factors; reinforced concrete systems; Bayesian updating; plane stress; cyclic loads.

1. INTRODUCTION

The evaluation of the structural behaviour of reinforced concrete (RC) systems in different loading
configurations is a primary aspect in order to ensure durability, functionality (i.e., serviceability
limit states) and safety (i.e., ultimate limit states). Advanced tools, as non-linear finite element
analyses (i.e., NLFEAS), have become one of the most common solutions for the design of complex
new RC structures and also for the assessment of existing infrastructures and structures (e.g.,
bridges and viaducts).

Generally, a non-linear NLFE structural model needs an appropriate validation and calibration
process [1]-[4]. In order to use NLFEAs for the design or assessment of RC systems, the numerical
outcomes should be appropriately analysed and post-processed in order to fit the reliability criteria
prescribed by Codes [5]-[9]. To this aim, several methodologies, denoted as safety formats, have
been introduced by the scientific literature [10]-[13] and standards [5],[14]. Discussions about the
global safety formats for NLFEAs of RC systems may be found in [15]-[18]. In [19], a discussion
of the different safety formats with the proposal of an additional safety factor in order to account for
its dependence on the alteration of the failure mode is presented. All the mentioned above safety
formats provide a framework devoted to assess the design value of the global structural response
(e.g., global resistance) considering two different types of uncertainties [20]: the aleatory
uncertainties affecting both the material properties and geometry, and the epistemic ones related
mainly to the assumptions performed within the definition of the NLFE model. Concerning the
uncertainty related to material properties and geometry, information about their inherent variability
is widely provided by the scientific literature, whereas information relating the uncertainty
associated to NLFEAs resistance models is complex to be evaluated [20], in particular, when the
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structural models are subjected to cyclic loads. In fact, any NLFEA is based on specific hypotheses
which can influence the final numerical result in comparison to experimental outcome [20]. In this
context, JCSS Probabilistic Model Code [21] provides useful recommendations in order to consider
the resistance model uncertainties for reliability analyses in static conditions, in particular,
concerning bending and shear behaviours. In [22], a study focused on the evaluation of model
uncertainties related to slabs and punching failure is presented. In [20] and [23], the resistance
NLFEA uncertainties are taken into account considering the experimental tests with different
behaviours and failure modes. However, any information is not available in literature regarding
structural systems subjected to cyclic loads.

This study, in line with the approach of [20], proposes the estimation of the resistance model
uncertainty partial safety factor related to NLFEAs of RC systems subjected to cyclic loads for
seismic analyses. The mentioned above partial safety factor is in line with the methodologies
described by the global safety formats for NLFEAs defined by [5]. Specifically, various
experimental test sets related to shear walls with the outcomes reported by the scientific literature
are herein considered. In particular, 17 experimental tests on shear walls subjected to in-plane cyclic
loading have been selected from the results of several authors [24]-[28]. The literature proposes also
results concerning experimental and numerical characterization RC shear walls in case of out-of-
plane cyclic loading process [29]-[31]. However, the present investigation is focused on estimation
of resistance model uncertainty in plane stress numerical models and so only experimental tests
with in-plane loading process are considered for the probabilistic calibration of the associated
resistance model uncertainty partial safety factor with reference to a specific level of reliability. In
agreement with [20], each experimental result has been numerically reproduced adopting different
modelling hypotheses to estimate the resistance model uncertainties associated to the seismic
response of various RC members. Specifically, the uncertainty in definition of plane stress NLFE
resistance models is estimated defining eighteen structural models which differ in the software
platforms and in the mechanical laws to simulate the response of concrete (i.e., modelling
hypotheses [20],[32]). Hence, a comparison in terms of the peak global structural resistance
between the numerical outcomes (i.e., plane stress configuration) and the experimental data is
carried out. Next, a probabilistic processing of the abovementioned epistemic uncertainties is
performed with a Bayesian approach, as proposed in [20], in order to evaluate the most appropriate
probabilistic distribution with the related statistical parameters (i.e., variance and mean), able to
represent the resistance model uncertainty. Successively, in compliance to [5],[14],[20], the
resistance model uncertainty partial safety factor for NLFEAs of RC systems subjected to cyclic
loads for seismic analyses is assessed accounting for different target reliability indices [5],[8],[9] in
relation to existing or new RC structures, direct and indirect consequences of failure and
residual/design service life. Moreover, the partial safety factors are evaluated assuming the
hypotheses of dominant or non-dominant random variable as widely discussed in [20].

2. EVALUATION OF THE EPISTEMIC UNCERTAINTY IN THE RESISTANCE MODEL
DEFINITION AND OF THE RELATED PARTIAL SAFETY FACTOR

As previously discussed, both aleatory and epistemic [32]-[35] families of uncertainties are
involved in structural engineering. Concerning the aleatory uncertainties, they are represented by
the variables for which the inherent randomness cannot be affected or reduced by external (i.e.,
human) intervention as it is an intrinsic characteristic of the structure or of the physical properties.
Instead, it is referred to the epistemic uncertainties when an increase of the knowledge about the
specific problem may lead to a significant reduction of the level of uncertainty. In detail, they may
be represented by the choices performed for the definition of a structural model (i.e., modelling
hypotheses) and, for example, by the assumptions regarding auxiliary non-physical parameters [32].
The methodologies defined with the purpose to perform the design and assessment through
NLFEAs have to account for both the mentioned above families of uncertainties.
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In line with the global safety formats for NLFEAs proposed by Codes and literature
[5],[10],[11],[14], the global design structural resistance Ry can be evaluated as follows:

R
Rd _ rep (1)
VRV Rd

where Rrep denotes the representative value (in compliance to the selected safety format [5]) of the
global structural resistance (i.e., the peak response in cyclic analyses) evaluated using NLFEAS; yr
is the global resistance partial safety factor and accounts for the aleatory uncertainty related to
material properties; yrq denotes the resistance model uncertainty partial safety factor which accounts
for the epistemic uncertainty related to the definition of the non-linear structural model.

NLFEAs on RC systems under a cyclic loading process (e.g., seismic analysis) may present larger
levels of modelling uncertainties if compared to the static case. For instance, an appropriate and
reliability-based assessment of the partial safety factor ygrq iS necessary. To this purpose, the
methodology proposed by the same authors in [20] is adopted for the calibration of the resistance
model uncertainty partial safety factor yrq related to plane stress NLFEAs under cyclic loads. In
compliance with [5],[10],[20]-[21],[38]-[40], the resistance model uncertainty random variable,
denoted as 4, can be represented by the following ratio:

9 =R (X,Y )/ Ry ren(X) (2)

where R(X,Y) is the global structural resistance obtained through the experimental investigation,
whereas Ryirea (X) is the global structural resistance achieved through a NLFEA. The vector X
groups all the relevant variables which are explicitly accounted for during the definition of the
structural model and the vector Y accounts for neglected physical and non-physical variables that
may have some influence on the actual structural response. The global structural resistance,
estimated through both experimental and numerical tests, is herein intended as the peak load
achieved in cyclic analyses in line with the global force-based approach of safety formats for
NLFEAs. The definition of a NLFE structural model, as will be discussed in the next sections,
requires to perform choices between different possible modelling hypotheses [23]. These different
assumptions (e.g., related to material models, convergence criteria, numerical approximations and
type of finite elements) may lead to diverse structural models which may be used by engineers and
it can happen that each structural model representing the same structure may provide different
results. So, an appropriate characterization of the probabilistic model able to represent the random
variable § is necessary. According to [21], a lognormal probabilistic distribution can be efficiently
adopted in order to describe the statistical variability of the realizations of the variable 3
conditional to several plausible modelling hypotheses (i.e., prior distributions). Hence, following
the procedure described by [20], a Bayesian updating can be used in order to define the average
distribution representing the resistance model uncertainty random variable § with the related
statistical parameters (i.e., mean value 4, and standard deviation ¢,.). In line to [21],[38]-[41], with

the assumption of lognormal probabilistic distribution, the resistance model uncertainty partial
safety factor yrg may be evaluated as:

Vg = —exp(an/V,) 3)
Y7

9

where V, represents the coefficient of variation (COV) of the random variable 3 estimated as o,/y,;

the first-order-reliability-method (FORM) sensitivity factor for the resistance variables og can be
assumed equal to 0.32 and 0.8 [5],[14],[42] accounting for the hypothesis of non-dominant and
dominant variables, respectively; the term f denotes the target reliability index [42].
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In the following, the results of several experimental tests concerning shear walls subjected to in-
plane cyclic loading processes are considered. Each experimental test set is simulated through plane
stress NLFEAs considering different modelling hypotheses to evaluate the resistance model
uncertainty random variable 3. Finally, the related partial safety factor for NLFEAs of systems
subjected to a cyclic loading process for seismic analyses is evaluated.

3. MODELLING HYPOTHESES FOR NLFEAs AND NUMERICAL RESULTS

This section describes various walls subjected to in-plane cyclic loads [24]-[28] and the NLFEAs
performed by the authors after a sensitivity/calibration analysis to reproduce the experimental tests.
The numerical simulations are defined in compliance with different modelling hypotheses to
estimate the resistance model uncertainty random variable and the related partial safety factor as
stated by the global safety formats for NLFEAs [5] for design or verification aims within the
seismic field. In fact, the results from structural analyses carried out throughout NLFEAs are always
affected by numerical errors due to iterative calculation procedures to respect the fundamental
mechanics principles: equilibrium, compatibility of displacement as well as constitutive laws [43].
In addition, different assumptions about the variables and parameters, which affect the
abovementioned mechanics principles, have influence on the definition of a specific numerical
model [23],[43] and on the related final results. In addition, the perfect knowledge of a physical
problem by means of engineering/mathematical models is not ever possible. Therefore, the
evaluation of the partial safety factor yrq representative of the modelling uncertainty for NLFEAS in
cyclic loading conditions is necessary. For the different experimental tests [24]-[28], Subsection 3.1
comments different plausible modelling hypotheses that an engineer or practitioner may use to
perform NLFEAs. Subsection 3.2 describes the global structural resistances computed numerically
through NLFEAS with a comparison to the experimental results.

3.1 Epistemic uncertainties within the numerical simulations

Different modelling hypotheses can be assumed to define plane stress NLFE models of RC
structures under cyclic loads. In this study, two numerical codes [44]-[45], denoted with the letters
A and B in order to not advertise a specific software house, are employed to simulate the
experimental results adopting four-nodes iso-parametric quadrilateral plane stress finite elements
based on linear interpolant shape functions and 2x2 Gauss integration points. The definition of the

FE meshes is developed after a calibration process specific for each experimental test and numerical

code. The standard Newton-Raphson method [1] is applied for the numerical solution of the non-

linear equations. In detail, for both numerical code A and B, the following modelling hypotheses are
performed:

- for concrete in compression: non-linear behaviour with compression softening and reduction of
the compressive strength due to transversal cracking are considered. Specifically, the model of
[47] is herein adopted to reproduce the mono-axial concrete behaviour both in unconfined and
confined conditions (where closed stirrups are provided);

- for shear behaviour of concrete: a constant value of the shear retention factor accounting for
reduction of concrete shear stiffness after cracking (shear retention factor variable from a
minimum value of 0.1 to a maximum value of 0.3) [46] is assumed in order to model the
influence of aggregate interlock in cyclic response of the walls [48];

- smeared cracking with fixed crack direction model [46]-[51];

- tri-linear constitutive law for steel reinforcement [46] with cyclic damaging process modelled
according to the approach of [50];

- with reference to the modelling of concrete cyclic response, the un-loading/re-loading path is
characterized by a linear function secant to the origin both relating to compressive and tensile
concrete response [48];
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- discrete models of the reinforcement with the hypothesis of perfect bond without slip between
concrete and embedded reinforcement [46];
- uniaxial model for concrete behaviour extended to bi-axial plane stress configuration according
to [52];
- the tensile concrete strength and Young’s modulus are derived from the experimental
compressive strength in compliance with [36].
All the main hypotheses useful to define the plane stress NLFEAs, employing both Software A and
B [44]-[45], are summarized in the Table 1. Moreover, other differentiations have been specified
regarding both the concrete tensile mechanical behavior and the shear stiffness in cracked concrete.
Although concrete is known to present a quasi-brittle compressive response with a brittle tensile
behavior, the interaction between reinforcement bars and concrete in cracks provides the “tension
stiffening effect” [53]. To account for this effect in numerical simulations, the constitutive tensile
model may be properly modified adopting a tension softening constitutive law to simulate the post
peak behavior of concrete in tension. Precisely, elastic-brittle, elastic-plastic and a LTS (i.e., linear
tension softening) are herein assumed as three different tension softening laws (Fig. 1) to cover the
different plausible modelling hypotheses [20],[46]. The first two hypotheses are conceived as lower
and upper bounds (i.e., non-physical modelling hypotheses). Whereas, the LTS law is a physical
modelling hypothesis and its calibration has been developed through an iterative procedure to best
fit each experimental test within the use of a specific numerical code. In this iterative procedure, the
ultimate tensile deformation ¢,,, of concrete (Fig. 1) has been computed depending on the

corresponding elastic one ¢, (Fig. 1) assuming the following range of variation: from 2, to 10c, .

Table 1. Scheme of the modelling hypotheses used to define NLFE models.
Numerical code A Numerical code B

- Standard Newton-Raphson (linear approximation hypothesis) [1]
- Displacement based convergence criteria with tolerance set equal to 2% and maximum number
Equilibrium of iterations set equal to 200
- Load step sizes adopted in compliance with the experimental loading process to achieve an
appropriate accuracy of the results

Finite Elements
- Iso-parametric quadrilateral plane stress (4 nodes, 2x2 Gauss points integration scheme with
Compatibility Iin_ear shape_ functions)
- Discrete reinforcement
- Element size properly defined through an iterative procedure of numerical accuracy

CONCRETE
- Fixed smeared cracking model, constant shear retention factor 3 equal to:
a)0.1
b) An intermediate value chosen to best fit the experimental test
c) 0.3
- Uniaxial model extended to plane stress state according to [52]
- Non-linear compressive response with post peak linear softening

Constitutive

laws - Tension (distinction between 3 modelling hypotheses):

a) Elastic - Brittle
b) LTS: Elastic with post peak linear tension softening
c) Elastic - perfectly plastic
- Linear un-loading/re-loading path secant to the origin both concerning compressive and
tensile responses

REINFORCEMENT STEEL
- Tri-linear constitutive law with cyclic behaviuor according to Menegotto and Pinto [50] model
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Fig.1. Tensile behaviour for concrete: different constitutive laws according to [20].

According also to [20], any dependence on the concrete properties and on the type of software is
recognized.

As for the shear stiffness, the shear retention factor B is defined as the ratio between the shear
stiffness of concrete after and before cracking. This parameter is extremely complex to be evaluated
and may have strong implications on the results of NLFEASs related to RC members subjected to
cyclic loads. Specifically, in this study, for each numerical code and tensile behaviour and
experimental test, three different models are defined for the shear retention factor: for two models
the extreme limit values for § (i.e., 0.1 and 0.3) are assumed, and, for a third model an iterative
process is used to define the most appropriate value of B conditional to the range 0.1-0.3 [54]-[59]
together with the LTS law properties to best fit each experimental test within the use of each
numerical code. The selection of the shear retention factor  can be related to a physical variable,
even though it may include effects of other parameters which are not considered while the
resistance model is defined (i.e., epistemic uncertainty). The details about the calibration of the
whole numerical models are reported in Tables A1-A5 in the Appendix concerning mesh density,
LTS ultimate tensile deformation ¢, and shear retention factor B. Altogether, 18 different

modelling hypotheses (i.e., structural models M; with j=1,...,18 representative of the epistemic
uncertainties [20]-[32]) derive from the combination of the three different concrete tensile
behaviours with the three different values of shear retention factor and the two software codes. A
schematic summary of the modelling hypotheses is depicted in Figure 2. It follows that a wide study
composed of 306 NLFEAs (Figure 2) can be carried out to investigate the resistance modelling
uncertainties assuming the 18 different structural models for the 17 various experimental tests
(discussed in the next subsection).

Concrete Numerical code A Numerical code B \
tensile Shear retention factor Shear retention factor
17 behavior 0.1 variable: 0.1-0.3 0.3 0.1 variable: 0.1-0.3 0.3 306
structural RC Brittle Model 1: M, Model 4: M, Model 7: M4 Model 10: Myo Model 13: M3 Model 16: Mg |:> NLFE
members LTS Model 2: M, Model 5: Ms Model 8: Mg Model 11: My; Model 14: My, Model 17: M;; simulations
Plastic Model 3: M3 Model 6: Mg Model 9: Mg Model 12: My, Model 15: My5 Model 18: Mg
- /

Fig. 2. Scheme of the 18 different structural models to investigate the resistance model uncertainties.

3.2 Comparison between the NLFEA and experimental test results

This section deals with the laboratory tests examined by [24]-[28] and carried out on 17 different
RC shear walls cyclically loaded up to failure in line with the specific loading processes. All the
specimens, realized in laboratory, have statically determined configurations.

The numerical and experimental results, expressed in terms of lateral load vs displacement
diagrams, are herein compared. It can be highlighted that the experimental tests can be affected by
experimental systematic errors, regarding the geometry or the constraints, which represent another
uncertainty source. However, as specified in [38],[39] and according to [20], the test uncertainty can
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be neglected if the corresponding COV is equal or lower than 0.05 and the COV of model
uncertainty is equal or higher than 0.10, as explained in Section 4. For each wall, the top and bottom
beams are considered as stiff members and, for instance, modelled by means of linear elastic
material (with Young modulus evaluated in compliance to the compressive strength presented by
the experimental test reports [36]). In the following, both the numerical and experimental tests are
commented in detail and the results are shown in Figures A1-Al7 in the Appendix.

The laboratory experience of Pilakoutas and Elnashai [24] is represented by six RC walls designed
in pairs in order to have the same percentage of bending reinforcement but different percentage of
shear reinforcement. For this work, only 3 of the walls are taken into consideration denoted
respectively as SW4, SW6, SW8 having the following geometrical characteristics: 1.20 m high, 0.6
m wide, 0.06 m thick and stiffened by a 0.2 m x 0.25 m inferior beam, and by a 0.2 m x 0.15 m
superior beam useful to spread the applied horizontal load (Figures Al(g), A2(g) and A3(g)). All
the walls are subjected to the same load history. The tests were carried out in displacement control
from 2 mm up to failure, performing two complete cycles with a 2 mm increment. The compressive
strength of concrete varies from 36.9 to 45.8 MPa in the different tests, whereas the flexural
reinforcement remains constant in the web differently to the shear reinforcement and the vertical
reinforcement that vary in the boundary elements. The numerical outcomes from the simulations
expressed in terms of peak global structural resistance are presented in Tables 2 - 3. The results
from NLFEAs are plotted in Figures A1-A3 (a)-(f) for the different modeling hypotheses. In
general, the lowest peak lateral loads are obtained when the elastic-brittle constitutive relationship
for concrete tensile behavior is adopted, while the numerical models with plastic constitutive law
always overestimate both the peak load and stiffness. It can also be noted that the best results are
obtained for a shear retention factor equal or close to 0.1 for the tests SW6 and SW8. All the
simulations generally overestimate the global structural resistance, but underestimate the ductility
because many simulations fail before if compared to the experimental results. Figure A1-A3 (a-c)
and (d-f) show how the results depend on the numerical code choice (numerical code A and B,
respectively): in Figures A1-A3 (a-c) the simulations fail before the end of the load history, while in
Figures A1-A3 (d-f) the simulations reach the end of the analysis but overestimate the resistance,
especially, for the Models 12, 15 and 18. The failure mode consists of the yielding of the main
reinforcements and of the crushing of concrete in the boundary compressed element on the opposite
side.

Table 2. Peak resistances from both the experimental tests Rexpi [24] and NLFEAS Ry_rea i for the different structural
models, Numerical code A.

Ref. [*] Exp. Rexpi Rnireai [KN]
test [kN] M, M, M; M, Ms Mg M; Mg M
Sw4 103.0 | 124.0 | 1034 | 1354 | 1249 | 1264 | 137.4 | 127.8 | 1255 | 121.8
[24] SW6 1086 | 100.1 | 120.8 | 122.2 | 117.6 | 121.3 | 134.3 | 123.0 | 1245 | 136.0
Sws 951 | 1285 | 127.3 | 1422 | 133.0 | 1309 | 149.1 | 137.7 | 1352 | 152.8

Table 3. Peak resistances from both the experimental tests Rexpi [24] and NLFEAS Ry_rea i for the different structural
models, Numerical code B.

- Exp. Rexpi Rnireai [KN]
Ref. [*] .
test [KN] Mio My, M, M3 M1 Mis Mg My Mig
SW4 103.0 126.3 133.5 151.6 125.8 133.1 152.8 127.8 139.1 154.3
[24] SW6 108.6 110.3 121.3 142.9 110.8 125.4 142.7 111.6 122.7 143.7
SW8 95.1 128.0 139.4 159.2 127.8 137.7 160.4 131.9 140.8 160.5

The laboratory tests of Lefas and Kotsovos [25] are related to four identical walls of dimensions
1300x650x65mm, that are constrained inferiorly by a beam of section 200x300mm which simulates
a stiff foundation. At the top there is a stiff beam useful to uniformly transmit the imposed
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displacement on the top of the wall. The flexural reinforcement is represented by $8/100mm in the
web, while the distance is reduced to 70mm in the boundary elements. Similarly, the shear
reinforcement is composed of ¢$6.25/260mm over the entire width of the wall and of additional
stirrups of $4/130mm in the boundary elements. Note that only the shear walls denoted as SW31,
SW32 and SW33 are herein considered (Figures A4(g), A5(g) and A6(g)). The experimental tests
present a load history composed of four or five cycles with displacements of a few millimeters and
then of a monotonic displacement increase up to failure. The compressive strength of concrete
varies in the range 35-53 MPa in the different tests. The numerically computed peak global
structural resistances are listed in Tables 4 - 5. Figures A4-A6 (a)-(f) show that the models related
to elastic-plastic model for the tensile response of concrete (i.e., Models 3, 6, 9, 12, 15, 18) always
overestimate both the resistance and stiffness, while models having the assumption of elastic-brittle
or linear tension softening in tension have more or less the same behavior with a stiffness similar to
the actual one in the cyclic phase and, in general, an underestimation of the resistance. It can be also
noted that an increase of the shear retention factor increases leads to an increase of the dissipated
energy. The failure mode is reached through the yielding of the tensile reinforcements and crushing
of concrete located at the bottom of the boundary elements. Some simulations do not reach the
ultimate experimental displacement but fail upon reaching the maximum load or for a slightly
greater displacement with respect to the one achieved in the cyclic phase.
Table 4. Peak resistances from both the experimental tests Rexp; [25] and NLFEAS Ry_rea i for the different structural
models, Numerical code A.

Ref. Exp. Rexp.i Rncreai [KN]

[*] test [kN] M, M, M M, Ms Mg M; Mg M
SW31 | 1159 | 1119 | 120.8 | 160.2 | 121.3 | 1333 | 168.9 | 127.7 | 139.3 | 174.4
[25] | SW32 | 111.0 | 1103 | 114.8 | 1428 | 1149 | 1183 | 1427 | 119.1 | 1311 | 1443
SW33 | 111.5 | 107.2 | 1115 | 129.8 | 1104 | 114.0 | 1394 | 1138 | 117.6 | 143.8

Table 5. Peak resistances from the both experimental tests Rexpi [25] and NLFEAS Ry_rea i for the different structural
models, Numerical code B.

Ref. Exp. Rexpi Rnirea,i [KN]

[*] test [kN] Mo My My, Mis My, M5 Mg My Mig
SW31 115.9 87.8 117.5 139.8 98.0 127.2 147.6 98.9 131.8 151.2
[25] SW32 111.0 93.7 101.6 129.4 93.9 101.9 1295 99.4 102.2 129.7
SW33 111.5 94.6 96.0 118.7 95.2 101.1 122.8 95.7 98.8 126.9

The experimental outcomes of Zhang and Wang [26] focused on four reinforced concrete walls and
are denoted as SW7, SW8, SW9 and SRCW12. For this work, the last test has not been considered.
The shear walls are 1.75 m high, 0.7 m wide and 0.1 m thick. The structural members present a full
restraint at the base with a 0.5 m high and 0.4 m wide beam and loaded by an axial force at the top,
that is considered evenly distributed at 0.25 m to the top surface of the wall, while the horizontal
imposed displacement is applied at 1.5 m from the base of the wall. Hence, the effective height of
the wall is 1.5 m. The walls SW7 and SW8 have the same reinforcement that consists of $8/150mm
as flexural reinforcement in the web, while the reinforcement for shear is composed of $8/100mm
over the total width of the walls and of hoops of $6/50mm in the boundary elements. The difference
is in the flexural reinforcement in the boundary elements of the walls which consists respectively of
4¢14 and 4¢12 on each side of the walls. The SW9 is more reinforced and presents 420 on each
boundary element and a greater amount of shear reinforcement if compared to the previous ones
with $8/75mm + ¢$6/150mm over the total width of the wall and hoops of $6/75mm in the boundary
elements. The walls also differ in the applied axial load: SW7 and SW9 have an axial-load ratio of
0.24 while SW8 has a greater axial-load ratio equal to 0.35. The loading histories are quite similar
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and follow the same procedure: at the first time the axial load is applied with small incremental
steps, after that the wall is subjected to the cyclic phase with a horizontal load which is divided in
two steps: the first step consists of 10 cycles until the yielding of the flexural reinforcement; in the
second step, at each cycle it is proceeded with a displacement increase equal to the half of the one
recorded for the yielding. The peak global structural resistances obtained by means of the numerical
simulations are presented in Tables 6 - 7. Figures A7(g), A8(g) and A9(g) illustrate the
corresponding schematization of the numerical models, respectively. The NLFEAs results, plotted
in Figures A7-A9 (a)-(f), show that models related to the elastic-plastic model for the concrete
tensile behavior (green lines), always overestimate the stiffness. Models with the elastic-brittle
assumption (blue lines) do not always bound inferiorly the range of the obtained numerical
resistances. Figure A7-A9 (a-c) and (d-f) also show the influence of the numerical code (i.e., A and
B) choice on the results. In fact, the curves in Figures A7-A9 (a-c) reflect the actual behavior for
small displacement and reach the experimental peak load, while for bigger displacements there is a
progressive reduction of both stiffness and resistance and in many cases the simulations fail before
the end of the loading process (especially, for the models with elastic-plastic tensile behavior).
Instead, the curves corresponding to numerical code B, in general, overestimate the structural
resistance but reach the end of the loading history by reflecting appropriately the actual behavior.
Table 6. Peak resistances from both the experimental tests Rexp; [26] and NLFEAS Ry_rea i for the different structural
models, Numerical code A.

Ref. Exp. Rexpsi Ruirea,i [KN]

[*] test [kN] M, M, M; M, Ms Mg M Mg M
sw7 201.2 | 189.7 | 195.7 | 206.4 | 203.3 | 2025 | 209.9 | 2121 | 206.3 | 224.9
[26] sws 224.0 | 2236 | 220.1 | 236.7 | 227.0 | 223.7 | 239.9 | 239.8 | 2346 | 254.4
Sw9 3035 | 3236 | 3250 | 3450 | 3457 | 338.1 | 360.4 | 360.4 | 3453 | 367.4

Table 7. Peak resistances from both the experimental tests Rexpi [26] and NLFEAS Ry_rea i for the different structural
models, Numerical code B.

Ref. Exp. Rexpi Ruireai [KN]

[*] test [kN] Mo Mi My, Mis Mis Mis Mis Mi7 Mig
SW7 201.2 226.0 223.2 2415 240.3 236.9 255.1 252.4 249.3 264.2
[26] SW8 224.0 232.3 226.9 243.8 244.6 239.8 250.4 255.9 247.8 252.2
SW9 303.5 322.7 318.1 344.4 335.1 329.2 352.3 345.1 3374 357.4

The laboratory tests of Oesterle et al. [27] have analysed the behaviour of several anti-seismic
cantilevers subjected to horizontal cyclical actions. For this study, the specimens denominated as
B6, B7, B8 and F2 are considered and differ in the shape of the cross section and in the arrangement
of the reinforcements. These cantilevers are 4.57 m high, with a total width of 1.91 m and a web
thickness of 0.102 m, and are constrained at the base through a 0.61 m high and 1.22 m wide rigid
beam and at the top by a 0.203 m high and 1.22 m wide slab. The specimens B6, B7 and B8 have
the same barbell shape (rectangular shape with boundary square elements of 305x305mm), and the
same amount of vertical reinforcement, while differ in amount of shear reinforcement and in the
axial load. F2 differs in the shape because has two lateral I-shaped flanges (0.91x0.102m) and a
greater amount of reinforcement for bending and shear. In all tests, the vertical load was applied in
such a way that the resulting axial force is applied at the top of the specimens and is vertical
throughout the horizontal load cycle. Figures A10(g), Al11(g), Al2(g) and A13(g) represent the
corresponding schematization of the numerical models, respectively. Hence, an increasing
displacement is imposed to the top plate providing a series of increments and each one consists of
three complete cycles. In particular, three increments are applied up to the first yield, after that an
additional displacement of 25 mm for each increment is imposed. The compressive strength of
concrete varies between 21.8 and 49.3 MPa in the different tests, while the axial load varies in a
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range of 2.93-3.76 MPa. The numerical outcomes, in terms of peak global structural resistance, are
listed in Tables 8 - 9. Figures A10-A13 (a)-(f) illustrate that in general the peak horizontal load is
overestimated, in particular when the elastic-plastic behavior of the concrete in tension is
considered. In many simulations this overestimation can be greater than 30%. Despite of this
overestimation, all the models reproduce the experimental failure mechanism that consists in the
crushing of concrete in the bottom corner of the web, where the compression force is high, and the
cross section is smaller with a lower degree of confinement in comparison to the boundary
elements.

Table 8. Peak resistances from both the experimental tests Rexp,; [27] and NLFEAS Ry rea i for the different structural
models, Numerical code A.

Ref. | Exp. Rexp,i Ruireai [KN]

[*] test [kN] M, M, Ms M, Ms Ms M Ms Ms

B6 854.7 886.9 843.9 984.0 925.7 850.1 968.0 938.9 878.0 974.4
B7 1012.8 | 1051.0 | 1012.0 | 1279.0 | 1110.0 | 1051.0 | 1298.0 | 1122.0 | 1069.0 | 1337.0
B8 1063.7 | 1123.0 | 1092.0 | 1250.0 | 1199.0 | 1167.0 | 1309.0 | 1236.0 | 1172.0 | 1341.0
F2 923.8 860.3 920.2 | 1158.0 | 917.2 918.2 | 1201.0 | 951.6 995.7 | 1217.0

[27]

Table 9. Peak resistances from both the experimental tests Rexpi [27] and NLFEAS Ry_rea i for the different structural
models, Numerical code B.

Ref. | Exp. Rexp.i Rncreai [KN]

[*] test [KN] Mo My1 M, M M4 M5 Mg M7 Mg
B6 854.7 | 904.8 | 920.9 | 1046.4 | 907.8 | 933.4 | 1040.1 | 935.2 | 9429 | 1041.7
B7 1012.8 | 1290.3 | 1256.6 | 1458.1 | 1321.8 | 1276.9 | 1470.6 | 1349.1 | 1288.6 | 1486.2
B8 1063.7 | 1336.4 | 1303.4 | 1472.4 | 1387.8 | 1303.1 | 1456.9 | 1394.2 | 1304.7 | 1458.8
F2 923.8 | 1153.4 | 1130.0 | 1374.2 | 1154.2 | 11255 | 1383.0 | 12149 | 1126.8 | 1389.4

[27]

Finally, the experience concerning the laboratory tests of [28], that investigated the response of RC
walls subjected to a quasi-static cyclic action, is considered. Specifically, four specimens (WSH2,
WSH3, WSH4 and WSH®6) are herein considered and numerically reproduced. The walls have
identical geometry (i.e., 4.03 m high, 2 m wide and 0.15 m thick) and are fixed at the base through a
beam integral with the supporting surface of section 0.6 m high and 0.7 wide and protruding 0.4 m
from the two sides of the wall, while at the top there is a 0.4 m thick and 0.92 m high beam with a
taper to favourite the connection with the wall. On this upper beam the axial load is adequately
provided and the cyclic loading history is applied by means of actuators located at a distance of 0.39
m from the upper edge. The walls are all reinforced with $6/150 mm located horizontally along the
entire width of the wall. They differ from each other in the percentage of flexural reinforcement and
in the percentage of shear reinforcement in the boundary element as well as for the value of the
applied axial load. The WSH2 wall has flexural reinforcements of 6¢10, spaced at 75 mm in the
boundary elements, and of 24¢6 in the web spaced at 125 mm (symmetrically starting from the
outside to the center). The shear reinforcement consists of $6/150 mm across the entire width, as
mentioned above, and of stirrups $6/75mm that enclose the ¢10s and of a $4.2 hoop that binds the
two central ¢10s. The specimen WSH3 is reinforced with 6412 on the boundary elements spaced at
100 mm, and with 22¢8 in the web spaced at 125 mm, and has a shear reinforcement identical to the
WSH2. The wall WSH4 differs from the WSH3 concerning the shear reinforcement composed of
$6/150 mm across the entire width and of ¢6/150 mm in the boundary element. The
specimenWSHG6, on the other hand, has the same bending reinforcement of the previous one, but a
higher reinforcement percentage in the boundary element. There are $6/50 mm closed stirrups
around the four lateral flexural bars, and another closed stirrup of 4.2/50 mm which encloses the
four inners ¢12. The compressive strength of concrete and axial load are similar for WSH2, WSH3
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and WSH4 with values of 40.5, 39.2 and 40.9 MPa and 691, 686 and 695 kN, respectively. While
WSHG6 has a higher compressive strength equal to 45.6 MPa and an axial load of 1476 kN. The
loading history is in line with the standard protocol by Park [60]: firstly, the axial load is applied to
the wall and it is maintained constant during all the testing procedure; secondly, the incremental
cyclic horizontal imposed displacement has been applied through the hydraulic actuators. During
the experiments, the nominal yield displacement has been determined after the first cycles. Then,
the magnitude of the successive displacement cycles has been incremented of the same magnitude
of the nominal yield displacement by until the failure occurred. At each displacement level the wall
has been subjected to two full cycles. The schemes representing the numerical models are reported
in Figures A14(g)-Al17(g). The results of numerical simulations expressed as peak global structural
resistance are presented in Tables 10 - 11. Figures Al4-A17 (a)-(f) illustrate that models that
assume the tensile behaviour of the concrete brittle or LTS reproduce efficiently the actual
behaviour, while the models with concrete tensile behaviour perfectly plastic overestimate both the
resistance and stiffness.

Table 10. Peak resistances from both the experimental tests Rexpi [28] and NLFEAS Ryigea i for the different structural

models, Numerical code A.

Ref. | Exp. Rexpsi Rnireai [MPa]

[*] test | [MPa] | M, M, M M, Ms Mg M Mg M
WSH2 | 359.0 | 378.3 | 363.2 | 512.0 | 386.0 | 369.4 | 521.6 | 436.6 | 407.5 | 562.5
WSH3 | 454.0 | 4414 | 4436 | 604.8 | 454.0 | 448.9 | 659.5 | 549.1 | 4743 | 674.2
WSH4 | 443.0 | 450.8 | 448.9 | 508.5 | 467.6 | 450.7 | 525.9 | 484.2 | 523.8 | 567.7
WSH6 | 597.0 | 633.9 | 624.4 | 732.7 | 665.2 | 658.3 | 744.8 | 689.0 | 678.2 | 794.9

(28]

Table 11. Peak resistances from both the experimental tests Rexpi [28] and NLFEAS Ryigea i for the different structural
models, Numerical code B.

Ref. [*] Exp. Rexpsi Ruireai [MPa]

test | [MPa] | My, My M, M3 My Mis Mg M7 Mg

WSH2 | 359.0 376.9 410.1 493.8 367.7 413.7 489.9 389.6 410.3 488.6
WSH3 | 454.0 481.6 532.7 603.6 500.1 542.2 617.0 483.1 532.4 607.3
WSH4 | 4430 404.8 441.5 474.4 423.3 4421 481.0 435.5 457.8 483.5
WSH6 | 597.0 617.7 661.6 739.5 624.8 664.4 758.2 638.6 673.4 768.9

[28]

The outcomes deriving from the mentioned above 306 non-linear FE simulations highlight the
influence of the different modelling hypotheses since the geometry, the materials and the loading
process are numerically reproduced in line with each experimental test. The numerical results are
herein adopted to evaluate the resistance modelling uncertainty in plane stress NLFEAs of RC
members subjected to cyclic loads.

4. CALIBRATION OF THE RESISTANCE MODEL UNCERTAINTY PARTIAL SAFETY
FACTOR

The present section is composed of four sub-sections aimed at assessing the partial safety factor
related to the uncertainty in the definition of the resistance model through NLFEAs with cyclic
loading processes for design or verification aims. Sections 4.1 and 4.2 describe the statistical and
probabilistic processing of the results from numerical simulations in comparison to the experimental
ones, whereas Sections 4.3 and 4.4 discuss the evaluation of the resistance model uncertainty partial
safety factor for RC structures under cyclic loads.
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4.1 Evaluation of the epistemic uncertainty in the definition of the resistance model

In compliance with Section 2, the resistance modelling uncertainty $ can be determined considering
the experimental and NLFEA results. According to Eq.(2), in the tests considered for the present
investigation, the vector of the variables X is represented by the set of assumptions performed to
define the mechanical properties of materials concerning each modelling hypothesis, while the vector
of the variables Y is reflected by the parameters and aspects that are not accounted for by the specific
structural model. Specifically, for example, the influence on the structural response of the bond
between reinforcement and concrete as well as the presence of a certain degree of confinement in
the central region of the walls have not been included in the numerical models. However, their
contribution to the global structural response is hidden within the results of the experimental
investigations and is indirectly included in the definition of the resistance model uncertainty random
variable ¢ by means of the information of Y. The ratios 3 (with i=/,...,17) computed for all the

walls described in Section 3 and conditional to each specific structural model (i.e., modelling
hypotheses — Models 1-18) are presented in Table 12.

As also previously underlined and according to [20], the outcomes in Table 12 demonstrate that the
two extreme hypotheses regarding concrete tensile behaviour (i.e., elastic-brittle and elastic-plastic)
do not necessarily represent the bound limits concerning the experimental peak load. Moreover, they
highlight the effectiveness of the different assumptions to reproduce the cyclic response of the
structural members. In fact, the differences between the experimental and the numerically predicted
peak loads may be significantly high: unsafe values of $ up to 0.59 are obtained for the shear walls of
[24]. It means that the finite element models are not always able to reproduce the experimental
behaviour accurately but sometimes overestimate the peak resistances of the walls under specific
hypotheses leading to unsafe estimations. This issue is a crucial aspect in relation to safety
verifications for seismic analyses. It follows that it is crucial to calibrate and propose an appropriate
value for the resistance modelling uncertainty partial safety factor for NLFEAs of RC systems.

Table 12. 9 = Rexpi/Rnireai Tor all the sets of modelling hypotheses.

Ref| Exp. Structural model
[“]| tests | 1 | 2 | 3| 4|5 |6 |7 |89 1011|1213 |14|15| 16|17 |18
SW4 |0.83(1.00(0.76/0.82{0.81|0.75|0.81|0.82|0.85(0.82|0.77|0.68(0.82|0.77|0.67 | 0.81|0.74 | 0.67
[24]] SW6 [1.08/0.90(0.89(0.92/0.90|0.81|0.88|0.87|0.80|0.98(0.90|0.76|0.98|0.87|0.76|0.97 [0.88|0.76
SW8 |0.74(0.75/0.67|0.72{0.73|0.64|0.69|0.70|0.62 |0.74|0.68|0.60 [ 0.74| 0.69|0.59 [ 0.72| 0.68 | 0.59
SW31 |1.04|0.96|0.72(0.96|0.87|0.69(0.91|0.83|0.661.32|0.99(0.83(1.18|0.91|0.79(1.17|0.88|0.77
[25]| SW32 [1.01]0.97|0.78/0.97|0.94|0.78|0.93|0.85|0.77|1.18(1.09|0.86|1.18|1.09|0.86 [1.12|1.090.86
SW33 |1.04|1.00|0.86|1.01|0.98|0.80(0.98|0.95|0.78(1.18|1.16{0.94(1.17|1.10{0.91|1.16|1.13|0.88
SW7 |1.06{1.03/0.97|0.99(0.99|0.96|0.95|0.98|0.89(0.89|0.90|0.83(0.84|0.85|0.79(0.80|0.81|0.76
[26]] SW8 [1.00/1.02{0.95[0.99/1.00|0.93|0.93|0.95|0.88|0.96|0.99|0.92|0.92|0.93|0.89|0.88(0.90|0.89
SW9 |0.94(0.93/0.88|0.88(0.90|0.84|0.84|0.88|0.83(0.94|0.95|0.88(0.91|0.92|0.86 [0.88|0.90|0.85
B6 |0.96(1.01(0.87/0.92(1.01|0.88|0.91|0.97|0.88(0.94|0.93|0.82(0.94|0.92|0.82(0.91|0.91|0.82
B7 |0.96(1.00(0.79/0.91|0.96|0.78|0.90|0.95|0.76|0.78|0.81|0.69 |0.77|0.79|0.69 |0.75| 0.79 | 0.68
B8 |0.95(0.97(0.85/0.89(0.91|0.81|0.86]0.91|0.79(0.80|0.82|0.72(0.77|0.82|0.73|0.76|0.82|0.73
F2 |1.07]1.00{0.80|1.01|1.01|0.77|0.97|0.93|0.76|0.80|0.82|0.67|0.80(0.82|0.67|0.76 | 0.82|0.66
WSH2 [0.95[0.99/0.70{0.93|0.97|0.69|0.82|0.88|0.64|0.95|0.88(0.73|0.98|0.87|0.73|0.92|0.87 (0.73
WSH3 [1.03|1.02|0.75[1.00|1.01|0.69|0.83|0.96|0.67|0.94(0.85|0.75|0.91|0.84|0.74|0.94 | 0.85|0.75
WSH4 [0.98[0.99/0.87{0.95|0.98|0.84|0.91|0.85|0.78|1.09|1.00(0.93|1.05|1.00|0.92|1.02|0.97 [0.92
WSH6 |0.94[0.96|0.81{0.90{0.91|0.80|0.87|0.88|0.75|0.97|0.90|0.81|0.96|0.90|0.79|0.93|0.89 (0.78

[27]

[28]
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4.2 Statistical analysis of the results and definition of the probabilistic models

This section presents the probability density functions (PDFs) used to represent the resistance
modelling uncertainty random variable. Graphical analyses of the ratios $ =Rgyp /Ry rea; related

to the Models 3 and 11, for example, are shown in Figures 3 and 4 through the frequency
histogram (Figures 3-4(a)) and sample vs theoretical probability plot (Figures 3-4(b)) confirming
the use of the lognormal probabilistic distribution. Analogous results are obtained for the other sets
of modelling hypotheses, which compose the set of the prior information as commented in the next
subsections. This result is in agreement with [21]. In addition, the Chi-square, Anderson-Darling
tests have also confirmed, for each structural model (i.e., Models 1-18), the possibility to adopt
lognormal probabilistic distributions with 5% significance levels. Contextually, the same statistical
tests and the graphical analyses of the random variable 3 have been performed for the totality of

the models, confirming the possibility to adopt a log-normal distribution (Figure 5).
Then, the same statistical tests and the graphical analyses of the ratios $ have also been

performed regarding the updating (or new) information distributions, confirming the choice to
adopt a log-normal distribution for each model. For example, Figures 6-7(a) and Figures 6-7(b)
show, respectively, the corresponding frequency histogram and the probability plot of the updating
information with respect to the Models 3 and 11, respectively. The updating distribution for the
structural model M; (j=1,...,18) is determined taking into account all the results with the exclusion
of the ones of the model M; itself. In other words, for the Model 3, the updating information is
composed of the other different seventeen models as well as for the Model 11.
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Fig. 3. Histogram and lognormal PDF of the ratio 4 for the Model 3 (a); Probability plot of
In( 9 ) for the Model 3 (b).
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Fig. 4. Histogram and lognormal PDF of the ratio 9, for the Model 11 (a); Probability plot of

14



Resistance model uncertainty in non-linear finite element analyses of cyclically loaded reinforced concrete systems

(Castaldo et al.) - Corresponding Author: Castaldo Paolo, paolo.castaldo@polito.it
In( 9,) for the Model 11 (b).

) 3.5

a ] ' b) 0.997 | : ' ' -

o
31 All results | 0.99 + All results i,

Lognormal distribution [ __| 0.98 | Lognormal distribution

0.95 o

0.90 - ’
0.75 -

0.50 1

0.25

0.10 |
0.05 -

0.02F .
00TF o

0.003

—_ )
i o o)
; :

!

Probability [-]

PDF - Frequency [-]

<
[

(=]
°

0.6 0.8 1 1.2 1.4 -0.6 -04 -0.2 0 0.2
9. In(9,) [-]

Fig. 5. Histogram and lognormal PDF of the ratio 4, for all the models (a);
Probability plot of In(4,) for all the models (b).

N
IS

b) 0.999

QD
—

Lognormal distribution 838 [ Lognormal distribution ,"
(| 7 r ’

0.75 |
0.50 |
0.25
0.10 |

00s- S0
007 Lo 0¥

0.003 ¢
0.001

N
[

7 il . [ infi ti e,
3 / (Model 3) 0331 nformaton j

—_
W NS}
T T

Probability [-]

PDF - Frequency [-]

e
[

(=]

[] Updating 0.997 1 Updating ,
/l information

0.6 0.8 1 1.2 1.4 -0.4 -0.2 0 0.2
9. 1] (9, [

N
IS

Fig. 6. Histogram and lognormal PDF of the ratio 3 for the updating information with respect to Model 3 (a);

Probability plot of In( 4, ) for the updating information with respect to the Model 3 (b).

b) 0.999

QD
~—
|95}
(9]

M Updating U . .

r i i ] 99 pdating .
: — I?,\fﬂogg;?tllf)n 88% r information /i
Lognormal distribution | 88(5) [ (Model 11)

Lognormal distribution

N
n

0.75 -
0.50 r
0.25r
0.10 r

0.05 /
007 .

0.003 r
0.001

[
W
T

PDF - Frequency [-]
—_ [\
_—]
Probability [-]

<
9

(=]

0.997 ¢ .

0.6 0.8 1 1.2 1.4 0.4 02 0 02
v; -] In(9,) [-]

e
S

Fig. 7. Histogram and lognormal PDF of the ratio 4, for the updating information with respect to Model 11 (a);

Probability plot of In( $,) for the updating information with respect to the Model 11 (b).

4.3 Probabilistic processing of the resistance model uncertainty

With purpose to define a comprehensive probabilistic characterization of the random variable
associated to the resistance modelling uncertainty due to the different modelling hypotheses, the
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Bayesian approach [61] can be adopted according to the methodology defined by [20]. In particular,
the 18 lognormal probability density or cumulative distribution functions (PDFs-CDFs) conditional
to the adoption of a specific set of the modelling hypotheses (i.e., structural model M;), denoted as
f(3] M;) or F(§| M;) with j=1,2,...,18 , represent the prior information. All the 18 sets of modelling
hypotheses are herein assumed as equiprobable. In line with [20], concerning each one of the 18
structural models M;, the updating information is composed of the numerical results which derive
from all the other 17, as summarized in Table 2. Then, the 18 updating lognormal probability density
or cumulative functions fi;(#| z) or Fuvi($] z) can be defined, for the single structural model Mj,
considering the average statistical parameters (grouped in the vector z;) of the probabilistic distributions of
the other 17 structural models. The Bayesian updating allows to define the 18 posterior lognormal
probability density or cumulative functions f(4 | M;, zj) or F($| M;, zj) conditional to each structural
model M;. Finally, defining Z as the vector which collects the average statistical parameters (i.e., x,

mean value and o, standard deviation) concerning the 18 model-conditional posterior distributions,
the average lognormal posterior PDF f($ [Z) or CDF F(|Z) can be assessed and adopted to represent
the resistance modelling uncertainty random variable 3 [20].

Table 13. Statistical parameters of the prior, posterior and updating information distribution functions with the related
statistical uncertainty.

Prior distributions o _Updatir]g o Posterior distributions L
(Lognormal) Statistical information Statistical (Lognormal) Statistical
Structural F(9M)) uncertainty (I;:ognormal) uncertainty F(9IM,.2,) uncertainty
Model w (912;)
Hy v, Hg v, Hg v,
[ [ C(1,1)[C(2,2) [ [ C(1,1)| C(2,2) [ [ C(1,1)[C(2,2)
1 0.98 0.08 |4.2E-04|23E-04| 0.87 | 0.14 |6.3E-05| 3.1E-05 0.93 0.13 1.6E-04 | 5.7E-06
2 0.97 0.07 |3.1E-04|17E-04| 0.87 | 0.14 |6.3E-05| 3.2E-05 0.92 0.12 1.5E-04 | 4.8E-06
3 0.82 0.10 |59E-04|3.3E-04| 0.88 | 0.14 |6.4E-05| 3.2E-05 0.85 0.12 1.5E-04 | 5.1E-06
4 0.93 0.07 |3.2E-04|18E-04| 0.88 | 0.14 |6.5E-05| 3.3E-05 0.90 0.12 1.3E-04 | 3.8E-06
5 0.94 0.08 |[3.8E-04|2.1E-04| 0.88 | 0.14 |6.5E-05| 3.2E-05 0.91 0.12 1.4E-04 | 4.2E-06
6 0.80 0.10 |6.0E-04|3.3E-04| 0.88 | 0.14 |6.3E-05| 3.2E-05 0.84 0.13 1.7E-04 | 5.9E-06
7 0.89 0.07 |2.9E-04|16E-04| 0.88 | 0.14 |6.6E-05| 3.3E-05 0.88 0.11 |1.2E-04|3.1E-06
8 0.90 0.07 |29E-04|16E-04| 0.88 | 0.14 |6.6E-05| 3.3E-05 0.89 0.11 1.2E-04 | 3.1E-06
9 0.78 0.10 |5.9E-04|32E-04| 0.89 | 0.13 |6.2E-05| 3.1E-05 0.83 0.13 1.8E-04 | 6.9E-06
10 0.96 0.16 |15E-03|8.2E-04| 0.87 | 0.13 |6.0E-05| 3.0E-05 0.92 0.15 2.4E-04 | 1.2E-05
11 0.91 0.13 |9.7E-04|5.3E-04| 0.88 | 0.14 |6.3E-05| 3.2E-05 0.89 0.13 1.8E-04 | 6.8E-06
12 0.79 0.13 |9.6E-04|53E-04| 0.88 | 0.13 |6.1E-05| 3.1E-05 0.84 0.14 2.0E-04 | 8.8E-06
13 0.94 0.15 |1.3E-03|7.2E-04| 0.88 | 0.13 |6.2E-05| 3.1E-05 0.91 0.15 2.1E-04 | 9.7E-06
14 0.89 0.12 |8.0E-04|4.4E-04| 0.88 | 0.14 |6.4E-05| 3.2E-05 0.88 0.13 1.6E-04 | 5.6E-06
15 0.78 0.12 |85E-04|4.7E-04| 0.89 | 0.13 |6.1E-05| 3.1E-05 0.83 0.14 2.0E-04 | 8.8E-06
16 0.91 0.15 |1.4E-03|75E-04| 0.88 | 0.13 |6.2E-05| 3.1E-05 0.90 0.14 2.1E-04 | 9.4E-06
17 0.88 0.12 |8.9E-04|4.9E-04| 0.88 | 0.14 |6.4E-05| 3.2E-05 0.88 0.13 1.7E-04 | 6.0E-06
18 0.77 0.12 |8.0E-04|4.4E-04| 0.89 | 0.13 |6.1E-05| 3.0E-05 0.83 0.14 2.1E-04 | 8.9E-06
Posterior distribution
o (Lognormal) F (3| 2)
Average statistical parameters PN v, [
0.88 0.13

In Table 13, the prior, updating and posterior statistical parameters of the related probabilistic
distributions are reported. The maximum likelihood criterion has been followed to estimate the
statistical parameters of the prior and updating information. By evaluating the inverse of the Fischer
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information matrices C [62], the variance of the statistical parameters x, (i.e., C(1,1)) and oy, (i.e.,
C(2,2), respectively, are also reported. The posterior probabilistic distributions, representing the
resistance model uncertainty for each structural model M; have COVs which are not negligible and
vary in the range 0.12 - 0.16 (Table 13). The mean g, values of the posterior probabilistic
distributions of the structural models which present plastic response in tension for concrete are
slightly higher if compared to the related prior values. This is the result of the influence of the
updating distributions Fyj(¢| z). In fact, the prior distributions have presented, in general, mean
values x, which correspond to a relevant unsafe bias for structural models 3,6,9,12,15,18. On the
contrary, the mean values associated to the posterior probabilistic distributions of structural models
1,4,7,10,13,16 presenting a brittle behavior for concrete in tension are lower than the corresponding
ones of the prior probabilistic distributions with higher coefficient of variations (especially, for the
results obtained with software A).

In Figures 8(a) and 8(b) the prior, updating and posterior probabilistic distributions (i.e., PDFs-
CDFs) are reported and compared. The average posterior mean value x, and the coefficient of
variation V, of the resistance modelling uncertainty related to plane stress NLFEAs of RC members
subjected to cyclic loading are, respectively, equal to 0.88 and 0.13 (Table 13). As previously
introduced, according to [20],[38],[39] the experimental uncertainty can be neglected as the COV
V, of the resistance modelling uncertainties turns out to be higher than the value of 0.10.

a) o b) 1
f(9M))
5 fy (312;) 0.8
\ — f(9IM,,2))
- — f(312) — 0.6
d el
w3 /1 T
5 8 o o)
2 i
- ! FMj(19|Zj)
l :'. 0.2 — FIIM,.z)
}” — F@I2)
L 0 oS
%4 06  o0s 14 16 18 04 06 08 20 4 L6 18

I 1.2 L L
3 [-] 4[]

Fig. 8. Probabilistic distributions related to prior, posterior and updating information PDFs (a) and CDFs (b).

4.4 Evaluation of the resistance model uncertainty partial safety factor

In the present sub-section, the resistance model uncertainty partial safety factor ygrq for plane stress
NLFEAs of RC structures subjected to cyclic loads is proposed. The values of yrq are reported
depending on the target reliability indices f proposed by design Codes and literature concerning both
existing and new structures [5],[7],[14],[64]. In compliance to [5],[7],[14], the reliability level
differentiation depends mainly on the consequences of structural failure, human safety and
reference service life.

In line with the assumption of lognormal probabilistic distributions for the resistance model
uncertainty ¢ and according to Table 13 (i.e., using x,=0.88, V, =0.13), the partial safety factor yrq
can be evaluated through Eq.(3) adopting different target reliability indices [5] (Tables 14 - 15).
Specifically, the values of yrq reported in Table 14 are computed considering the resistance modelling
uncertainty as a non-dominant resistance variable [5],[14] with the value of 0.32 for the FORM
sensitivity factor og [20]. The non-dominant hypothesis is justified by the COV equal to
V,=0.13 (Table 13) that is lower than the COV value associated to the compressive strength of
concrete set equal to 0.15 [5]. It follows that the overall uncertainty of the global resistance is
dominated by the material and geometry aleatory uncertainties. In this way, for new structural
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systems with moderate consequences due to a structural failure and a 50 years lifetime and 5=3.8, a
value of 1.33 is proposed as yrq. For existing structural systems, ygrq is variable between 1.30 to 1.48.

Table 14. Partial safety factors yrq for plane stress NLFEASs of RC structures subjected to cyclic loads in the hypothesis

of non-dominant resistance variable depending on the target reliability level [5].

L Consequences Re.“ab'“ty FORM factor Partial safety factor
Service life of failure index a )
ﬂ R Rd
New
structures [Years] ] [-] [-] [-]
50 Low 3.1 _ 1.30
50 Moderate 38 Non-gosnznnant 133
50 High 43 ' 1.36
Reliability .
Residual service life index FORl\zfaCtor Partial sa;fety factor
ﬂ R Rd
Existing [Years] [] [] []
structures
50 3.1-3.8 _ 1.30-1.33
15 34-41 NO”'SOB”;'”a”t 1.31-1.35
1 41-47 1.35-1.38

Table 15. Partial safety factors yrq for plane stress NLFEAs of RC structures subjected to cyclic loads in the hypothesis
of dominant resistance variable depending on the target reliability level [5].

Service li Consequences Re.“ab'“ty FORM factor Partial safety factor
ervice life . index
of failure ) ar YRd
New
structures [Years] [] [-] [-] [-]
50 Low 3.1 Domi 1.57
50 Moderate 38 omaan 1.6
50 High 4.3 ' 1.78
Reliability .
Residual service life index FORI\Z factor Partial se;fety factor
ﬂ R Rd
Existing [Years] [] [] []
structures
50 3.1-38 _ 1.57-1.69
15 34-41 Do'g'ga”t 1.62-1.74
1 41-4.7 1.74-1.85

Table 15 reports the values of yrg When the model uncertainties are dominant in comparison to the
aleatory uncertainties (i.e., az=0.8) leading to (20%) higher values for both new and existing
structural systems. Note that in this hypothesis, the partial factors corresponding to the aleatory
uncertainties on material strengths (i.e., % and %) will be significantly decreased.

5. CONCLUSIONS

This study proposes and evaluates the values of the partial safety factor corresponding to the
resistance model uncertainties (i.e., epistemic uncertainties) for 2D NLFE simulations of RC
structural systems subjected to cyclic loads for seismic analyses. Various experimental tests
concerning different walls subjected to cyclic shear actions have been numerically simulated
through 306 NLFEAs adopting two different software codes, three different constitutive laws for
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the concrete tensile behaviour and three different shear retention factors to take into account the
reduction of the shear stiffness after cracking. The numerical results compared to the experimental
outcomes have highlighted some differences regarding both the cyclic response and peak load. In
general, it can be observed that a perfectly plastic tensile behaviour of the concrete always gives a
greater overestimation of the structural resistance, and that the variation of the shear retention factor
varies the amplitude of the cycle, and therefore the dissipated energy. However, in terms of
resistance within a global force-based approach, for many cases, a shear retention factor close to 0.1
is the one that best fits the experimental test.

Adopting a lognormal probabilistic distribution to represent the resistance model uncertainties, the
related mean and of the COV values are equal to 0.88 and 0.13, respectively. Then, following a
probabilistic processing with a Bayesian updating, the partial safety factors have been calibrated in
relation to both existing and new structures with the hypothesis of resistance model uncertainties as
dominant or non-dominant variables with respect to the aleatory uncertainties. Finally, when the
model uncertainties are non-dominant, for both existing and new ordinary structural systems
characterized by moderate consequences of structural collapse and a 50 years lifetime, the resistance
model uncertainty partial safety factor equal to 1.35 is suggested as a safe assumption. This
proposal is necessary to cover the epistemic uncertainties to perform 2D numerical simulations of
RC structures subjected to cyclic loads for design or verification aims within the seismic field.
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Fig. Al. Results from NLFEAs and experimental tests expressed as load vs displacement curves - SW4 of [24];
(a-c) Numerical code A, (d-f) Numerical code B. Schematization of the NLFE model (dimensions in [mm]) (g).

20



Resistance model uncertainty in non-linear finite element analyses of cyclically loaded reinforced concrete systems
(Castaldo et al.) - Corresponding Author: Castaldo Paolo, paolo.castaldo@polito.it

a) 150 . - - : . d) 150 : : : : : : : : :
Loading history Loading history
100 |H 1
100 = H..nlll'Hll“'”Hm” 1 T -‘--""“""mnwl
il g M I
= wp =2 I |
o Cyeles[] 1 Cycles [
— — 0F 1
z Z
Moo0F J g
= o SW6
e sof 1
A Pilakoutas and Elnashai, Pilakoutas and Elnashai,
ok | 1995
Model 1 -100 | Model 10
Model 2 Model 11
-100 - Model 3 | -150 - Model 12 -
----- Exp. --=-=Exp
150 . L L I . L L I . 2200 L L L L L I . L 1
25 20 <15 -10 5 0 5 10 15 20 25 -25 20 -15 -10 -5 0 5 10 15 20 25
d [mm] d [mm]
b) 150 T T T T T T T T e) 150 T T T T
Loading history / Loading history
| 7. o I |
100 = ”H"”“num?lm“ ”| //f KA '?j/L,\ i - H"”H‘.HHWHHH
Il I 15 h |
s A =
7 50F o J
50 R Rawa ] . :
Cycles[-] 1 // R Cycles[]
— - o — 0 4
Z -~ Z
MoooF s : ] v
= ey SW6 =~ sl SW6 1
/'// g Pilakoutas and Elnashai, ) Pilakoutas and Elnashai,
sob ,',(/‘1/ LY |
7 7,/;—7 S5 Model 4 -100 - Model 13 -
ey
ol SR Model 5| ——Model 14
- ~LAL ——Model 6 150 - ——Model 15
----- Exp --—--Ex
-150 . L . s L L L L - 2200 L L L L L | | L P |
-25 -20 -15 -10 -5 0 5 10 15 20 25 5 20 15 10 5 0 5 10 15 20 25
d [mm] d [mm]
C) 150 T T T T T T T T T f) 150 T T T
Loading history Loading history
' 100F | 'H 1
100 = ,‘...-nu‘ﬂll\m"||| IH ] T .‘..nuH“|I|W|H|||l
S S
| ol il -
sor Cycles [-j Cycles [-j
z z °f |
M 0r 4 M
= =
o & sob SW6 J
Pilakoutas and Elnashai, Pilakoutas and Elnashai,
250 4
Model 7 -100 | Model 16 1
Model 8 ——Model 17
or ——Model 9 | 150 £ ——Model 18
----- Exp --—-=Exp
150 . . . . 200 . . L . . . . . .
-25 -20 -15 -10 -5 0 5 10 15 20 25 -25 -20 -15 -10 -5 0 5 10 15 20 25
d [mm] d [mm]
9) o S
Plane stress
Discrete 4 nodes FE
main reinforcements
(truss elements) L
1200
Discrete shear e e
reinforcement ] | | 60
(truss el ) e
¥ T — — |
250
Concrete model 5 |
[ Elastic ! 200 1)
[ NL (unconfined) ‘ | E—— SW6
[0 NL (confined) Pilakoutas and Elnashai,
600
P Monitoring point 2 .
[mm] - o i

Fig. A2. Results from NLFEAs and experimental tests expressed as load vs displacement curves - SW6 of [24];
(a-c) Numerical code A, (d-f) Numerical code B. Schematization of the NLFE model (dimensions in [mm]) (g).
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Fig. A3. Results from NLFEAs and experimental tests expressed as load vs displacement curves - SW8 of [24];
(a-c) Numerical code A, (d-f) Numerical code B. Schematization of the NLFE model (dimensions in [mm]) (g).
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Fig. A4. Results from NLFEAs and experimental tests expressed as load vs displacement curves - SW31 of [25];
(a-c) Numerical code A, (d-f) Numerical code B. Schematization of the NLFE model (dimensions in [mm]) (g).
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Fig. A5. Results from NLFEAs and experimental tests expressed as load vs displacement curves - SW32 of [25];
(a-c) Numerical code A, (d-f) Numerical code B. Schematization of the NLFE model (dimensions in [mm]) (g).
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Fig. A7. Results from NLFEAs and experimental tests expressed as load vs displacement curves - SW7 of [26];
(a-c) Numerical code A, (d-f) Numerical code B. Schematization of the NLFE model (dimensions in [mm]) ().
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Fig. A8. Results from NLFEAs and experimental tests expressed as load vs displacement curves - SW8 of [26];
(a-c) Numerical code A, (d-f) Numerical code B. Schematization of the NLFE model (dimensions in [mm]) (g).
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(a-c) Numerical code A, (d-f) Numerical code B. Schematization of the NLFE model (dimensions in [mm]) ().
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Table Al. Numerical modelling for the experimental tests [24]: data concerning average mesh sizes, ratio of maximum
tensile deformation of concrete & s to deformation at peak tensile concrete strength €, and shear retention factor f.

Ref. Exp. Modelling hypothesis
] Property test
My | M, | M3 | M, I Ms | Ms I M; I Mes | Mg | Mo I Mg | Mz, I Mz | Mg I Mis | Mue I Myz | Mag
Average Sw4
mesh size SW6 5.0x5.0
[cm] SwWs8
[24] SC“L[fi “ lswe | 2|95 | B | |90| B | 2|95 |B|Z |wo|B |3 |98| 8B |3 |w00]|8
SW8 @ 9.5 = @ 10.0 S @ 10.0 S ® 9.2 = ® 9.5 = ® 9.1 =
Sw4 0.20 | 0.15 | 0.14 0.19 | 015 | 0.20
[[_3] SW6 0.10 0.12 0.20 | 0.12 0.30 0.10 0.20 | 0.19 0.20 0.30
SW8 0.19 0.20 | 0.18 0.20 | 0.21 0.19

Table A2. Numerical modelling for the experimental tests [25]: data concerning average mesh sizes, ratio of maximum

tensile deformation of concrete & s t0 deformation at peak tensile concrete strength £ and shear retention factor .

Ref. Exp. Modelling hypothesis
] Property test
Mo ] Mo [ Mg [ Ma [ Ms [ Mg [ My [ Mg | Mo [ Mo [ Mg [ Mip [ Mig [ Mg | Mis [ Mis [ Miy | Mug
Average SW31
mesh size SW32 5.0x5.0
[cm] SW33
[25] TRl sws2 | z | 85 | B = 8.2 7] |79 & | 94| 8 = 8.9 7] = | 95| 8
SW33 @ 10.0 = @ 9.5 = @ 8.6 o @ 9.5 o @ 9.1 = @ 9.2 =
5 SwW31 0.22 | 0.20 | 0.20 0.19 | 0.20 | 0.21
[ SW32 0.10 0.20 | 012 | 0.21 0.30 0.10 0.21 | 0.20 | 0.20 0.30
SW33 0.20 | 0.21 | 0.22 0.18 | 0.20 | 0.21

Table A3. Numerical modelling for Experimental tests [26]: data concerning average mesh sizes, ratio of maximum
tensile deformation of concrete g | 15 to deformation at peak tensile concrete strength €. and shear retention factor p.

Modelling hypothesis

Ref. Exp.
ol Property test
M. [ My T My Mg [ Ms [ Ms [ Mg [ Mg [ My [ Mio [ My [ Mip [ Mig [ Mig | Mys | Mg | Myy | Mg
Average SW31
mesh size SW32 5.0x5.0
[cm] SW33
[26] “ﬁ “lsws2 | Z |95 | 8| Z |91| 8 |Z (858 | F|92|8§ g |97 | 8 Z 91| 8§
sw33 | ® | 100 | & @ 9.4 & ® |93 | o | ° 95 | & ® 9.6 & ® 91 | &
SW31 020 | 0.21 | 0.12 0.17 | 020 | 0.19
[[_5] SW32 0.10 0.2 | 013 | 0.20 0.30 0.10 021 | 019 | 0.20 0.30
SW33 0.21 | 0.20 | 0.19 0.21 | 0.22 | 0.19

Table A4. Numerical modelling for the experimental tests [27]: data concerning average mesh sizes, ratio of maximum
tensile deformation of concrete g | 15 to deformation at peak tensile concrete strength €, and shear retention factor p.

Ref. Exp. Modelling hypothesis
™ Property test
M [ Mp [ Ms [ Mg [ Ms [ Mg [ My [ Mg [ Mg [ Myp [ My [ Mip | My | Mus | Mys | Mis [ My | Mg
A B6 10.2x10.2
me‘;‘:]ri?;e B7 12.0x12.0
feml B8 10.0x10.0
F2 5.0x5.0
B6 w159 N 6.5 - N 64 1 o 158 5 N 6.1 - - 64 [ _
EaLTs/ 6t B7 lrs| 2 @ 7.8 = @ |67 | = D le1 | 2 @ 8.2 = D lo1 |
[27] : = 2| =z g |z 2|z 2 = 2 | =z 2
- B8 = |95 | = = 9.6 = > | 93| = = 9.1 = = 8.9 = = 8.8 =
F2 9.8 9.5 8.9 9.1 8.6 8.4
B6 020 | 0.15 | 0.19 020 | 014 | 0.21
B B7 021 | 022 | 0.20 0.22 | 020 | 019
[ B8 0.10 020 | 0.22 | 0.20 0.30 0.10 021 | 021 | 0.22 0.30
F2 0.23 | 0.20 | 0.20 0.19 | 020 | 0.21
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Table A5. Numerical modelling for the experimental tests [28]: data concerning average mesh sizes, ratio of maximum

tensile deformation of concrete & s to deformation at peak tensile concrete strength €. and shear retention factor .

Modelling hypothesis

Ref. Exp.
- Property test
"1 My I M, I M3 I My I Ms I Ms I My I Mg I Mg | Mo I [\ | M3, | M3 | Mg | Mis | Mg I Mz I Mag
WSH2
n’?e"sehrz?;e WSH3 10.0x10.0
eml WSH4
WSHS6 12.0x12.0
V5 P L PR P G B PR 2 PR P 50 P P R P e g
£ct,LTS/Ect =3 . Iy =3 . ) =3 . & = . fny =, - oy = - oy
(28] (1 |wsa | E o1 | 2| E |64 | & |E|72|2 | E |89 2 | E |72| 2 | E |81]|2
WSHS6 5.3 5.8 6.3 5.6 4.9 6.1
WSH2 012 | 013 | 0.12 013 | 012 | 0.19
B WSH3 013 | 012 | 0.20 013 | 012 | 012
[l WSH4 0.10 020 | 012 | 0.14 0-30 0.10 012 | 013 | 013 0.30
WSHS6 019 | 020 | 0.12 013 | 012 | 012
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