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numerical codes. After that, the values of the global resistances computed through numerical
simulations are compared to the experimental outcomes to evaluate the influence of the dif-
ferent assumptions on the mechanical behaviour of reinforced concrete members subjected to
cyclic loads.
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1 INTRODUCTION

The adoption of non-linear finite element analyses (NLFEAs) for structural design and as-
sessment of structures and infrastructures is one of the main innovation in civil engineering in
the last decades. Such kind of instruments are able to reproduce with accuracy the mechanical
behaviour of reinforced concrete (RC) structures. In order to allow the correct use of NLFEAs
from designers and analysts, several guidelines and recommendations for NLFEAs have been
developed [1]-[2] to assess the safety and resilience of infrastructure systems [3]-[4]. Moreo-
ver, several applications are reported in the literature with examples of appropriate procedures
devoted to calibrate and interpret the outcomes from NLFE models [5]-[6]. Over the years,
different methodologies denoted as “safety formats” for NLFEAs have been proposed by sev-
eral researchers [7]-[8] and international codes [9]-[10] as well as their applications have been
discussed by [11]-[13]. In the mentioned above methods, the aleatory uncertainties associated
to material properties and the epistemic uncertainties related to the numerical definition of the
structural model need to be properly treated in order to derive reliability-based values of the
global structural responses [14]-[18]. Concerning the materials uncertainty, the corresponding
variability is well known and reported in the scientific literature, whereas the resistance model
uncertainty associated with NLFEAs needs to be investigated due to the possible different
modelling hypotheses that can be assumed by engineers and analysts to model some physical
phenomena without a perfect knowledge. For this reason and especially within seismic field,
an appropriate evaluation of the resistance model uncertainties for NLFEAs of RC structures
is still necessary with the aim to account for their influence in presence of cyclic loads. In de-
tail, different assumptions can be performed regarding the parameters that govern the equilib-
rium, kinematic compatibility and constitutive equations in cyclic loading configurations
according to scientific literature and numerical codes. In the present study, the cyclic respons-
es of ten experimental tests on shear walls known from the literature [19]-[21] are compared
to the related numerical outcomes derived from appropriate 2D NLFEAs. In detail, a multi-
tude of NLFEAs are developed for each experimental test in order to investigate the effect of
each assumption on the global resistance of each structural element. This comparison is herein
based on the definition of different eighteen plausible structural models combing different
types of numerical code with different mechanical constitutive laws for the reinforced con-
crete elements in cyclic loading configurations.

2 UNCERTAINTIES WITHIN SAFETY FORMATS FOR NLFEAS

Commonly, both epistemic and aleatory uncertainties influence structural engineering
problems [14]. Focusing on the epistemic uncertainties, all the choices performed to define a
specific numerical model (i.e., modelling hypotheses) as well as all the assumptions concern-
ing auxiliary non-physical parameters [14] belong to this group of uncertainties.

The global safety formats for NLFEAs proposed by codes [9],[22] and [23]-[24], allow to
evaluate the design structural resistance Rq as follows:

Rrep
Rd = (1)
VR rd

where
- Rrep = representative value of the global structural resistance (i.e., the peak resistance
value with reference to cyclic analyses) estimated using NLFEAs;
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- yr = global resistance partial safety factor which covers the inherent randomness of the
material properties;

- 7yrd = resistance model uncertainty partial safety factor that covers all the epistemic
uncertainties related to the different assumptions within the model definition.

With specific reference to NLFEAs on RC structural systems under cyclic loads (e.g., the
case of earthquake engineering), they may present significantly higher levels of modelling
uncertainties if compared to the static loading configurations. In compliance with [14],[25]
the resistance model uncertainty random variable $ can be expressed as:

R
g=—" ()

RNLFEA

where:
- Rexp = global structural resistance from experimental investigation;
- RnLFea = global structural resistance from NLFEAs.

3 NLFE MODELLING ASSUMPTIONS AND OUTCOMES FROM NUMERICAL
SIMULATIONS

3.1 Characterization and differentiation of the numerical models

As discussed in the previous sections, several modelling hypotheses may be adopted when
plane stress NLFEAs are carried out to analyse the seismic response of reinforced concrete
structural systems under cyclic loading. Two numerical codes [26]-[27], denoted as numerical
code A and B anonymously, are employed to model numerically the experimental tests of
[19]-[21] using four-nodes iso-parametric quadrilateral plane stress finite elements having lin-
ear interpolant shape functions and 2x2 Gauss integration points. A calibration process of the
mesh size has been developed for each experimental test and numerical. The non-linear sys-
tem of equation is solved by means of the standard Newton-Raphson method [2]. For each
load step, the maximum number of iterations has been set equal to 200 adopting the displace-
ment norm convergence criteria with a tolerance set equal to 2%.

A non-linear curve with compression softening and reduction of the compressive strength
due to transversal cracking has been used for the concrete behaviour in compression. In detail,
the law of [28] is adopted in order to model the mono-axial concrete compressive behaviour
both in confined and unconfined zones.

The shear behaviour of concrete has been reproduced associating a constant value to the
shear retention factor with the purpose to model the mechanism of aggregate interlock in cy-
clic response of the shear walls [29]. The un-loading/re-loading process is characterized by a
linear relation secant to the origin with reference to both compressive and tensile concrete re-
sponse [26]-[27]. The uniaxial model for concrete behaviour is extended to plane stress con-
figuration in line with [30]. The smeared cracking with fixed crack direction model has been
adopted in order reproduce cracked state concrete [31]. The reinforcement has been modelled
by means of a tri-linear constitutive law with cyclic damaging process modelled in compli-
ance to the suggestion of [32]. The reinforcements have been modelled by means of discrete
reinforcement with the assumption of perfect bond.

The tensile concrete strength as well as the Young’s modulus are derived from the experi-
mental compressive strength in compliance with [33].
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An additional discrimination between the modelling hypotheses has been specified with
reference to both the concrete tensile response and the shear stiffness of concrete in cracked
configuration. As regards the concrete tensile response, the “tension stiffening effect” cannot
be neglected. In this way, in addition to the elastic-brittle and to the elastic-plastic model, a
third law “LTS (i.e., linear tension softening)” is herein assumed [14]. The first two hypothe-
ses are conceived as lower and upper bounds for tensile response of concrete. The LTS law
has been calibrated through an iterative procedure with the aim to best fit each experimental
test with the use of a specific numerical code.

Concrete Numerical code A Numerical code B
tensile Shear retention factor Shear retention factor

10 behavior 0.1 variable: 0.1-0.3 0.3 0.1 variable: 0.1-0.3 0.3 180
structural Brittle Model 1: My Model 4: Ma Model 7: M4 Model 10: M1o Model 13: Mi3 Model 16: Mig E> NLFE
b LTS Model 2: Mz Model 5: Ms Model 8: Ms Model 11: My Model 14: Mg Model 17: M1z . .
members Plastic | Model 3: Ms Model 6: Ms Model 9: My | Model 12: Mz | Model 15: Mis | Model 18: Mz simulations

Figure 1: Summary of the 18 modelling hypotheses.

With reference to the shear stiffness, the shear retention factor B, that relates the shear
stiffness of concrete after and before cracking, is assumed equal to 0.1 or to 0.3 [34]-[35] or
properly calibrated for each numerical code and tensile behaviour and experimental test. In
fact, in the third case, an iterative process is used to define the most appropriate value of 3
within the interval 0.1-0.3 [34]-[35]. Altogether, combining the the three different concrete
tensile behaviours with the three different values of shear retention factor and the two numeri-
cal codes, 18 different modelling hypotheses (i.e., structural models M; with j=1,...,18 repre-
sentative of the epistemic uncertainties) derive, as reported in Figure 1.

3.2 Experimental tests and numerical outcomes

The numerical and experimental results of [19]-[21], expressed in terms of lateral load vs
displacement diagrams, are herein compared.

The experimental investigation of [19] focus on six reinforced concrete walls designed in
pairs in order to have equal percentage of bending reinforcement but different percentage of
shear reinforcement. In this study, only 3 walls are taken into consideration denoted respec-
tively as SW4, SW6, SWS. In detail, they have 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. All the walls are
subjected to the same load history as showed in Figures 2-4. The tests have been performed in
displacement control from 2 mm up to failure, performing two complete cycles with a 2 mm
increment each time. The compressive strength of concrete is within the range 36.9 to 45.8
MPa in the different tests, whereas the flexural reinforcement remains constant in the web dif-
ferently 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 Table 1. The outcomes from NLFEAs are reported in
Figures 2-4 (a)-(f) with reference to the several modeling hypotheses.

In general, the minimum values of the peak lateral loads are obtained adopting the elastic-
brittle constitutive law for concrete tensile behavior, while the numerical models with plastic
constitutive law always overestimate both the peak load and stiffness. It can also be observed
that the best results are achieved with a shear retention factor equal or close to 0.1 for the tests
SW6 and SW8. The simulations generally overestimate the global structural resistance, but
underestimate the ductility because many simulations fail before if compared to the experi-
mental results.
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Figure 2: Comparison between NLFEAs and experimental tests expressed as load vs displacement curves - SW4
of [19]; (a-c) Numerical code A, (d-f) Numerical code B.

Figure 2-4 (a-c) and (d-f) show how the dependence of the results on the numerical code
choice (numerical code A and B, respectively): in Figure 2-4 (a-c) the numerical models fail
before the end of the experimental load history, while in Figure 2-4 (d-f) the simulations reach
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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.
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Figure 3: Comparison between NLFEAs and experimental tests expressed as load vs displacement curves — SW6
of [19]; (a-c) Numerical code A, (d-f) Numerical code B.
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Figure 4: Comparison between NLFEAs and experimental tests expressed as load vs displacement curves — SW8
of [19]; (a-c) Numerical code A, (d-f) Numerical code B.
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Exp. Reyp R Rve Rms3 Rwu  Rums Rwms  Rm7 Rms Rwmo

Test kN kKN kKN kN kKN kN kKN kN kN kN

SW4 103.0 124.0 103.4 1354 1249 1264 1374 127.8 1255 121.8
SW6 108.6 100.1 120.8 1222 117.6 121.3 134.3 123.0 1245 136.0
SW8 951 1285 127.3 1422 133.0 1309 149.1 137.7 1352 1528
Exp. Rexp Rmio Rmir Rmiz Rvis Rmie Rwmis Rmis Rmiz R
Test kN kN kN kN kN kN kN kN kN kN

SW4 103.0 1263 133.5 151.6 1258 133.1 152.8 127.8 139.1 154.3
SW6 108.6 1103 121.3 1429 1108 1254 1427 111.6 1227 143.7
SW8 951 128.0 1394 159.2 127.8 137.7 1604 1319 140.8 160.5

Table 1: Peak resistances from both the experimental tests Rexp [19] and NLFEAs Runirea for the different model-
ling hypotheses.

The experimental tests of [20] concern 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 to uniformly transmit the imposed
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. The shear rein-
forcement is composed of $6.25/260mm over the entire width of the wall and of additional
stirrups of $4/130mm in the boundary elements. The shear walls denoted as SW31, SW32 and
SW33 are herein considered for the modelling uncertainty investigation. The experimental
tests present a load history composed of four or five cycles with displacements of a few mil-
limeters 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 Table 2. Figures 5-7 (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) overestimate both the resistance and stiffness, while models having the as-
sumption 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. In general, an underes-
timation of the resistance is recognized. It can be also noted that the more the shear retention
factor increases (up to the value 0.3), the more the dissipated energy increases too.

Exp. Rexp  Rmi Rva  Rwms Rva Rms Rms  Rmz Rwms Rwmo

Test KN kKN kN kN kN kN kKN kN kN kN

SW31 1159 111.9 120.8 160.2 121.3 133.3 1689 127.7 1393 1744
SW32 111.0 1103 114.8 142.8 1149 1183 142.7 119.1 131.1 1443
SwW33 111.5 107.2 111.5 129.8 1104 114.0 1394 1138 117.6 143.8
Exp. Rexp Rmio Rmii Rmiz Rmizs Rmie Rmis Rmis Rwmiz Ruisg
Test kN kN kN kN kN kN kN kN kN kN

SW31 1159 87.8 117.5 1398 98.0 1272 147.6 989 131.8 151.2
SW32 111.0 937 101.6 1294 939 101.9 1295 994 1022 129.7
SW33 111.5 94.6 96.0 118.7 952 101.1 122.8 95.7 98.8 1269

Table 2: Peak resistances from both the experimental tests Rexp [20] and NLFEAs Ruirea for the different model-
ling hypotheses.
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Figure 5: Comparison between NLFEAs and experimental tests expressed as load vs displacement curves —
SW31 of [20]; (a-c) Numerical code A, (d-f) Numerical code B.

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
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the ultimate experimental displacement but fail upon reaching the maximum load or for a
slightly greater displacement than the one achieved in the cyclic phase.
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Figure 6: Comparison between NLFEAs and experimental tests expressed as load vs displacement curves —
SW32 of [20]; (a-c) Numerical code A, (d-f) Numerical code B.
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Figure 7: Comparison between NLFEAs and experimental tests expressed as load vs displacement curves —
SW33 of [20]; (a-c) Numerical code A, (d-f) Numerical code B.

The laboratory tests of [21] investigate RC walls subjected to a in-plane quasi-static cyclic
loading. In detail, four specimens (WSH2, WSH3, WHS4, WSH6) are considered and repro-
duced by means of numerical simulations. The walls have same 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 support-
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ing 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 beam the axial load is provided and the cyclic loading histo-
ry 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 differs 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 cen-
ter). 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 6¢12 on the boundary elements spaced
at 100 mm, and with 22¢8 in the web spaced at 125 mm, and has a shear reinforcement iden-
tical to the WSH2. The wall WSH4 differs from the WSH3 concerning the shear reinforce-
ment composed of $6/150 mm across the entire width and of $6/150 mm in the boundary
element. The specimenWSH6 has the same bending reinforcement of the previous one with 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 and WSH4 with values of 40.5, 39.2 and 40.9 MPa and 691, 686 and 695 kN,
respectively. While WSH6 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 [36].

Exp. Reypy Rmi Rmo2 R Rma Ruwms Rwme Rwm7 Ruwus Rwmo

Test KN kKN kN kKN kKN kN kN kKN kN kN

WSH2 359.0 3783 363.2 512.0 386.0 369.4 521.6 436.6 407.5 562.5
WSH3 454.0 4414 443.6 604.8 4540 448.9 659.5 549.1 4743 6742
WHS4 443.0 450.8 4489 508.5 467.6 450.7 5259 4842 523.8 567.7
WSH6 597.0 6339 6244 7327 6652 6583 7448 689.0 678.2 7949
Exp. Rexp Rmio Rmin Rmiz2 Rmis Rmis Rmis Rmis Rmiz Rwug
Test kN kN kN kN kN kN kN kN kN kN

WSH2 359.0 3769 410.1 493.8 367.7 413.7 489.9 389.6 410.3 488.6
WSH3 454.0 481.6 5327 603.6 500.1 5422 617.0 483.1 5324 607.3
WHS4 443.0 404.8 441.5 4744 4233 442.1 481.0 4355 4578 483.5
WSH6 597.0 617.7 661.6 739.5 624.8 6644 7582 638.6 673.4 7689

Table 3: Peak resistances from both the experimental tests Rexp [21] and NLFEAs Runirea for the different model-
ling hypotheses.

At each displacement level the wall has been subjected to two full cycles. The results of
numerical simulations expressed as peak global structural resistance are presented in Table 3.
Figures 8-11 (a)-(f) show that assuming the tensile behaviour of the concrete brittle or LTS
reproduces efficiently the actual behaviour, while the models with concrete tensile behaviour
perfectly plastic overestimate both the resistance and stiffness.
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Figure 8: Comparison between NLFEAs and experimental tests expressed as load vs displacement curves —
WSH2 of [21]; (a-¢) Numerical code A, (d-f) Numerical code B.
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WSH3 of [21]; (a-c¢) Numerical code A, (d-f) Numerical code B.
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Figure 10: Comparison between NLFEAs and experimental tests expressed as load vs displacement curves —
WSH4 of [21]; (a-¢) Numerical code A, (d-f) Numerical code B.
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Figure 11: Comparison between NLFEAs and experimental tests expressed as load vs displacement curves —
WSHBG6 of [21]; (a-¢) Numerical code A, (d-f) Numerical code B.
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4 DISCUSSION

The results deriving from the abovementioned 180 non-linear FE simulations can be used
in order to quantify the resistance model uncertainties in plane stress NLFEAs of RC struc-
tures under cyclic loads. These results show the several difficulties in reproducing the actual
failure behaviour of structural members. The outcomes in terms of ratio 9= Rexp/RnLreA TE-
ported in Table 4 demonstrate that the two extreme hypotheses regarding concrete tensile be-
haviour (i.e., elastic-brittle and elastic-plastic) do not represent in all the cases the bound
limits concerning the experimental peak of resistance.

Exp. Mi M Ms Ms Ms Mg M7 Ms My
Test - _ - _ _ - _ - _
SW4 083 1.00 076 082 0.81 0.75 0.81 082 0.85
SW6  1.08 0.90 0.89 092 090 0.81 0.88 0.87 0.80
SW8 074 0.75 0.67 0.72 0.73 064 0.69 0.70 0.62
SW31 1.04 096 072 096 0.87 0.69 091 083 0.66
SW32 1.01 097 0.78 097 094 078 0.93 085 0.77
SW33 1.04 1.00 0.86 1.01 098 080 0.98 095 0.78
WSH2 095 099 0.70 093 0.97 069 0.82 0.88 0.64
WSH3 1.03 1.02 0.75 1.00 1.01 0.69 083 0.96 0.67
WHS4 098 099 0.87 095 098 0.84 091 0.85 0.78
WSH6 0.94 096 0.81 090 091 0.80 0.87 0.88 0.75
Mean 096 095 0.78 092 091 075 086 0.86 0.73
CoV 10% 8% 9% 9% 9% 8% 9% 8% 10%

Exp. Mo Mu Mi2 M3 M Mis Mis  Miz Mg
Test - - - - - - - - -

SW4 0.82 0.77 068 0.82 077 0.67 0.81 0.74 0.67
SW6 0.98 090 0.76 098 087 0.76 097 0.88 0.76
SW8 0.74 0.68 0.60 0.74 069 059 0.72 0.68 0.59
Sw31 132 099 0.83 1.18 091 0.79 1.17 0.88 0.77
Sw32  1.18 1.09 086 1.18 1.09 086 1.12 1.09 0.86
Sw33  1.18 1.16 094 1.17 1.10 091 1.16 1.13 0.88
WSH2 095 088 0.73 098 0.87 0.73 0.92 0.87 0.73
WSH3 094 085 0.75 091 084 0.74 094 0.85 0.75
WHS4 1.09 1.00 093 1.05 1.00 092 1.02 097 0.92
WSH6 097 090 0.81 096 090 0.79 093 0.89 0.78
Mean 1.02 092 0.79 1.00 090 0.78 0.98 090 0.77
CoV 16% 15% 13% 14% 14% 13% 14% 15% 12%

Table 4: 9= Rexp/Rnirea for all the modelling hypotheses and related mean values and coefficient of variations
(CoV).

These results highlight the effectiveness of the different assumptions to reproduce the cy-
clic response of the structural members. In fact, the differences between the experimental and
the numerically predicted resistances may be significantly high: unsafe values up to 0.64 are
obtained for the shear walls SW8 and WSH2. 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. With reference
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to each numerical model Mj, Table 4 also reports the mean value and coefficient of variation
(CoV). The lowest unsafe bias is achieved for model Mg and Mg as well as concerning models
Mioto Migthe highest dispersion are recognised. In particular, a substantial difference can be
noted between Numerical code A and B. In fact, the numerical code A seems to provide
slightly unsafe bias factors with respect to the numerical code B (in average, 0.85 against 0.90,
respectively). Concerning the coefficient of variation, the numerical code A presents a lower
level of dispersion of the data with respect to the numerical code B (in average, 9% against
14%, respectively). These results can be useful to develop statistical and probabilistic anal-
yses [37]-[42] to interpret and treat the model uncertainty variable €. Moreover, it is also
highlighted that the choice of the type of software to solve a specific structural problem is rel-
evant. More details may be found in [43].

5 CONCLUSIONS

The present investigation 1s devoted to quantify the resistance model uncertainties when
the global structural resistance of RC structural systems under cyclic loads is estimated
through plane non-linear finite element method analyses. A set of experimental tests concern-
ing different walls subject of cyclic shear actions have been numerically simulated by means
of 180 NLFEAs combining two different numerical codes, three different constitutive laws for
the tension behaviour of concrete and three different shear retention factors. It can be ob-
served that when the tensile behaviour for concrete is assumed perfectly plastic, a greater
overestimation of the structural resistance always derives as well as the shear retention factor
varies the amplitude of the cycle, and therefore influences the dissipated energy. However, in
terms of resistance, a shear retention factor assumed close to 0.1 is the one that allows to ob-
tain the best results with respect to the experimental outcomes. The average bias factor be-
tween the different modelling hypotheses is quantified as 0.88 with an average coefficient of
variation of 11%.
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