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Resistance Model Uncertainties in Plane Stress NLFEAs of Reinforced
Concrete Systems subjected to Cyclic Loads

Paolo Castaldo!, Diego Gino!, Giuseppe Mancini!

I Department of Structural, Geotechnical and Building Engineering (DISEG), Politecnico di Torino, Turin,
Italy

ABSTRACT: This work describes the resistance model uncertainties in non-linear finite element analyses for reinforced concrete
members under cyclic loads for seismic analyses. In detail, several plane stress finite elements analyses using different numerical
codes and considering the possible modelling hypotheses are carried out to reproduce the seismic behaviour of various walls exper-
imentally tested. The global resistances achieved from the numerical analyses are compared to the experimental outcomes to assess
the influence of the model uncertainties.
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1 INTRODUCTION

Non-linear finite element analysis (NLFEAs) have become one the most common and practical instru-
ments able to describe the actual mechanical behaviour of reinforced concrete (RC) structural systems in dif-
ferent design situations (both ultimate and serviceability) to assess the safety and resilience of infrastructure
systems (Troisi and Alfano 2019, 2020). In this context, several guidelines for NLFEAs have been recom-
mended (fib Bulletin 45 2008, Belletti et al. 2008, Most 2011) in order to achieve an accurate calibration and
definition of the structural FE model. However, the results from such NLFEAs need to be properly analysed
in order to satisfy reliability requirements for design and assessment of civil structures (Di Trapani et al.
2018, D1 Trapani et al. 2020a, Di Trapani et al. 2020b, La Mazza et al. 2017, Gino et al. 2016, Castaldo and
Alfano 2020). To this purpose, several safety formats for NLFEAs have been defined in literature by several
authors (Allaix et al. 2013, Shlune et al. 2012, Ftima, M.B. & Massicotte 2012) and international codes
(EN1992-2, fib Model Code 2010) as well as their applications have been discussed by Castaldo et al. (2019),
Blomfors et al. (2016), Val et al. (1997), Cervenka (2013). In mentioned above safety formats, uncertainties
related to material properties (i.e., aleatory uncertainties) and the definition of the structural model (i.e., epis-
temic uncertainties) should be properly addressed in order to derive design values of the global structural re-
sistances as discussed by Castaldo et al. (2018a), Castaldo et al. (2018b), Gino et al. (2019) and Kiureghian &
Ditlevsen (2009). Differently to the materials uncertainty, the model uncertainty (i.e., uncertainty mainly re-
lated to the definition of the resistance model) associated with NLFEAs is not well known and assessed. In
particular, different modelling hypotheses are available in order to define a non-linear FE structural model. In
detail, the prediction of the structural response through NLFEAs is always affected by uncertainties because
any numerical model derives from a set of hypotheses, mathematical instruments and simplification devoted
to describe the real physical world. These model uncertainties can strongly influence the design and assess-
ment of RC structures within the safety formats in case of cyclic loads. For this reason, in-depth characteriza-
tion of the model uncertainties for NLFEAs of reinforced concrete structures is necessary. Several research
studies highlight the need to assess the model uncertainties comparing the numerical and experimental results
considering the different modelling hypotheses available to perform NLFEAs. In fact, different assumptions
regarding the parameters that govern the equilibrium, kinematic compatibility and constitutive equations in
cyclic loading conditions are present in scientific literature and implemented within the different numerical
codes. These different choices associated to the mentioned above parameters may lead to discordant results
(i.e., epistemic uncertainty (Kiureghian & Ditlevsen 2009)).

This study deals with the comparison between the results of different experimental tests (Oesterle (1979)
and Dazio et al. (2009)) related to shear walls and the numerical outcomes derived from NLFEAs. In particu-



lar, eighteen plausible structural models based on the NLFE method are developed for each experimental test.
The comparison between experimental and numerical outcomes is useful to characterize the model uncertain-
ty random variable related to plane stress NLFEAs of reinforced concrete members under cyclic loads.

2 EPISTEMIC UNCERTAINTIES ACCORDING TO THE SAFETY FORMATS FOR NLFEAs

In general, both aleatory and epistemic uncertainties have to be considered in structural engineering
(Castaldo et al. 2018a) to employ probabilistic models (Golzio and Troisi 2013, Garzillo and Troisi 2015) for
a safe assessment of structural resistance. With reference to aleatory uncertainties, they are related to the in-
herent randomness of the structure or of the physical/material properties. Concerning to the epistemic ones, an
increase of the knowledge about the specific problem can lead to a significant reduction of the level of uncer-
tainty. In other words, epistemic uncertainties may be represented by the choices performed during the defini-
tion of a numerical model (i.e., modelling hypotheses) and, for example, by the assumptions regarding auxil-
iary non-physical parameters (Castaldo et al., 2018a).

With reference to the global safety formats for NLFEAs proposed by the codes (EN1992-2, fib Model
Code 2010) and in literature (Blomfors et al. (2016), Val et al. (1997), Cervenka (2013)), the global design
structural resistance Ra can be evaluated as follows:

Rrep
R, = (D
7/R7Rd

where Rrep is the representative value of the global structural resistance (i.e., the peak response in cyclic anal-
yses) evaluated using NLFEAS; yr denotes the global resistance partial safety factor accounting for the aleato-
ry uncertainty on the material properties; yrs denotes the resistance model uncertainty partial safety factor re-
lated to the definition of the non-linear numerical model.

In the particular case of NLFEAs on RC systems under a cyclic loads (e.g., seismic analysis), the influence
of the modelling uncertainties may be larger if compared to the static case. In compliance with Holicky et al.
(2016) and Castaldo et al. (2018a) the resistance model uncertainty random variable, denoted as 9, can be
computed as:

R
g=—"1 (2)

RNLF EA

where Rexp denotes the global structural resistance derived from the experimental investigation, whereas
Rnirea 1s the global structural resistance obtained through a NLFEA. In this study, the global structural re-
sistance, experimental or numerical, is herein intended as the peak load achieved during a cyclic analysis in
line with the force-based approach of safety formats for NLFEAs (fib Model Code 2010).

3 NUMERICAL MODELLING HYPOTHESES AND RESULTS
3.1 Modelling hypotheses for NLFEAs

As introduced in the previous sections, different modelling hypotheses are assumed to develop NLFEAs
for the RC structures under cyclic loads. Two numerical codes (ATENA, DIANA), denoted with the letters A
and B in order to not advertise a specific software house, are adopted to reproduce the experimental tests out-
comes adopting four-nodes iso-parametric quadrilateral plane stress finite elements based on linear interpolant
shape functions and 2x2 Gauss integration points. The FE meshes are defined after a calibration process spe-
cific for each experimental test and numerical code. The standard Newton-Raphson method (fib Bulletin
N°45) is adopted in order to solve the non-linear system of equations. The maximum number of iterations for
each load step has been set equal to 200 and the displacement norm convergence criteria is adopted with a tol-
erance set equal to 2%. The concrete in compression has been modelled by means of a non-linear behaviour
with compression softening and reduction of the compressive strength due to transversal cracking. In detail,
the law of Saatcioglu & Razvi (1992) is used in order to model the mono-axial concrete behaviour both in un-
confined and confined conditions in zones of the walls where closed stirrups are provided.

The shear behaviour of concrete has been reproduced by means of a constant value of the shear retention
factor in order to take into account the influence of aggregate interlock in cyclic response of the shear walls
(Belletti et al. 2017). The un-loading/re-loading process is characterized by a linear function secant to the
origin both relating to compressive and tensile concrete response (ATENA, DIANA). The uniaxial model for



concrete behaviour has been extended to bi-axial plane stress configuration according to Kupfer & Gerstle
(1973). The smeared cracking with fixed crack direction model has been adopted in order reproduce cracked
state concrete (Riggs & Powell 1986).

The reinforcement has been modelled by means of a tri-linear constitutive law with a cyclic damaging pro-
cess modelled in compliance with the approach of Menegotto & Pinto (1973). Discrete models of the rein-
forcement with the hypothesis of perfect bond is performed.

The tensile concrete strength and Young’s modulus are derived from the experimental compressive
strength in compliance with EN 1992-1.

A further differentiation between the modelling hypotheses has been considered regarding both the con-
crete tensile mechanical behaviour and the shear stiffness in cracked concrete.

In fact, due to the interaction between reinforcement bars and concrete in cracks, the “tension stiffening ef-
fect” occurs. This phenomenon can be considered in the numerical simulations adopting a tension softening
constitutive law for the tensile concrete. In detail, elastic-brittle, elastic-plastic and LTS (i.e., linear tension
softening) are herein adopted as the different plausible modelling hypotheses Castaldo et al. (2018a). The first
two hypotheses are representative of lower and upper bounds for tensile response of concrete. The LTS law
has been calibrated through an iterative procedure to best fit each experimental test for each numerical code.
Concerning the shear retention factor f3, defined as the ratio between the shear stiffness of concrete after and
before cracking, three models have been defined for each numerical code, tensile behaviour and experimental
test. Specifically, a model with § equal to 0.1, a second model with 3 equal to 0.3, and a third model with the
most appropriate value of B after an iterative research process conditional to the range 0.1-0.3 (Aratjo et al.
2010, Fehiling et al. 2002).

In this way, 18 different sets (Figure Al of the Annex) of modelling hypotheses (i.e., structural models M;
with j=1,...,18 representative of the epistemic uncertainties) derive from the combination of the three differ-
ent concrete tensile behaviours with the three different values of shear retention factor and the two software
codes.

3.2 Experimental tests cases and numerical results

The experimental investigation of Oesterle (1979) has analysed the response of several anti-seismic shear
walls subjected to horizontal cyclical loading. This work examines the specimens denoted as B6, B7, B8 and
F2. These walls are 4.57 m high, with a total width of 1.91 m and a web thickness of 0.102 m, and are con-
strained at the base through a rigid 0.61 m high and 1.22 m wide 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 bounda-
ry square elements of 305x305mm), and the same amount of vertical reinforcement. They differ in amount of
shear reinforcement and in the axial load. F2 differs in the shape due to lateral I-shaped flanges
(0.91x0.102m) and a greater amount of reinforcement for bending and shear. Concerning all cases, vertical
load is applied at the top of the specimens and remains vertical throughout the horizontal load cycles. Hence,
an increasing displacement is imposed to the top plate providing a series of increments, each of which con-
sists of three complete cycles. In particular, three increments are applied up to the first yield, after that an ad-
ditional 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 range of 2.93-3.76 MPa. The
numerical outcomes, in terms of peak global structural resistance, are listed in Tables Al of the Annex for all
the specimens. Figure Al (a)-(f) of the Annex illustrates the experimental versus numerical results associated
to the wall B6. In general, the peak horizontal load is overestimated, in particular when the elastic-plastic be-
havior of the concrete in tension is considered. In many simulations, this overestimation can be greater than
30%. However, all the models reproduce the experimental failure mechanism.

The experience of Dazio et al. (2009) refers to the investigation of the response of RC walls subjected to a
quasi-static cyclic action. Specifically, four specimens (WSH2, WSH3, WSH4, WSH6) are examined in this
study. The shear walls have the same geometry (i.e., 4.03 m high, 2 m wide and 0.15 m thick) and are re-
strained 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. At the top of the wall there is a 0.4 m thick and 0.92 m
high beam with a taper to favourite the connection with the wall. The top beam is used to spread the axial load
and apply the cyclic loading history 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. The
walls differ in the percentage of flexural reinforcement and in the percentage of shear reinforcement in the
boundary element and for the value of the applied axial load. The concrete compressive strength 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 defined by Park (1988). The results of nu-



merical simulations expressed as peak global structural resistance are presented in Table A2 of the Annex.
Figure A3 (a)-(f) of the Annex illustrates the results for wall WHS3. The assumptions “brittle” or “LTS” for
the tensile behaviour of the concrete reproduce efficiently the actual behaviour, while the models with con-
crete tensile behaviour perfectly plastic overestimate both the resistance and stiffness.

4 DISCUSSION

The results deriving from the abovementioned 144 non-linear FE simulations (18 modelling hypotheses x
8 experimental tests) are useful to estimate the resistance model uncertainties in plane stress NLFEAs for re-
inforced concrete structures under cyclic loading conditions.

These outcomes have also confirmed the several difficulties to run dynamic analyses in any software with
the purpose to reproduce the actual failure behaviour of the structural members. The resistances reported in
Table A3 of the Annex demonstrate that the hypotheses “elastic-brittle” and “elastic-plastic” for the tensile
concrete do not necessarily represent the bound limits concerning the experimental peak load. Moreover, it
can also be observed when the different assumptions are effective to reproduce the cyclic response of the
structural members. In fact, in the case of the shear wall WSH2 the difference between the experimental and
the numerical resistances is significantly high because the value of 4 is equal to 0.64. It means that the finite
element models are not always able to reproduce the experimental behaviour accurately but sometimes over-
estimate the peak resistances of the walls under specific hypotheses leading to unsafe estimations.

This aspect is a crucial issue when safety verifications are carried out in seismic zones. Concerning each
numerical model M, Table A3 of the Annex also reports the mean value and coefficient of variation (CoV).
The lowest unsafe bias is achieved for model My as well as the highest dispersion is recognised for model
M0, M13 and Mi6. More details may be found in (Castaldo et al. 2020).

5 CONCLUSIONS

This work quantifies the values of the model uncertainties (i.e., epistemic uncertainties) regarding the
global structural resistance for plane non-linear finite element analyses of reinforced concrete systems under
cyclic loads. Various experimental tests, concerning different walls subjected to cyclic shear actions, have
been numerically simulated by means of 144 NLFEAs considering different modelling hypotheses: two dif-
ferent software codes, three different constitutive laws for the behaviour of concrete in tension and three dif-
ferent shear retention factors. In general, it can be observed that the assumption “perfectly plastic” for the ten-
sile behaviour of the concrete always gives a greater overestimation of the structural resistance, and that the
different values of the shear retention factor vary the amplitude of the cycle, and therefore the dissipated en-
ergy. However, in terms of resistance, a shear retention factor close to 0.1 is the one that best fits the experi-
mental test. The mean bias between the model can be quantified as 0.9 with an average coefficient of varia-
tion of 0.07.
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ANNEX

Concrete Numerical code A Numerical code B
tensile Shear retention factor 3 Shear retention factor
8 behavior 0.1 variable: 0.1-0.3 0.3 0.1 variable: 0.1-0.3 0.3 144
structural Brittle Model 1: M, Model 4: M, Model 7: My Model 10: Mo Model 13: M3 Model 16: M6 E> NLFE
b LTS Model 2: M> Model 5: M5 Model 8: Ms Model 11: M; Model 14: M4 Model 17: M;7 . .
memboers Plastic | Model 3: M | Model 6:Ms | Model 9: My | Model 12:Mr> | Model 15 Mis | Model 18: Mis simulations

Figure Al. Scheme of the 18 different structural models to investigate the resistance model uncertainties.
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Figure A2. Results from NLFEAs and experimental tests expressed as load vs displacement curves - B6 of Oesterle 1979; (a-c)
Numerical code A, (d-f) Numerical code B.



a) — d)

T . T |
600 | Loading history | 600 | . Loading history
0 l sof '
E) b em en o H
oL 2l ) o Bl
" ! \ (74 #l> “ #
200 L 0 C;des[r]m [ & .' 4 200 Cyeles[]
= - Z 0
g 'r . )
™ /0 A~
200 e 200 ) |
200 a Y. Dazio et al., 2009 Dazio et al. 2009
vy Model 1 Model 10
L fe Model2 | | Model 11
-
Model 3 Model 12
60 . [ e Exp. o0 | 42T " e Exp.
100 80 60 40 0 0 20 40 60 20 100 100 80 60 40 0 0 20 40 60 80 100
d [mm] d [mm]
b) S — e) —
oo |, Loading history ] 00 | Loading history
ERTT " HHHHM
400 | E o E, AN
ot 2 %W\/\/\/\ w | E W\,/\,yv.’v.’w i
I
o
00 - Cycles[] 200 1\
Z 0 Z 0
X, , g
~ 7 o~
200 e !
r e Dazio et al.,2009 200 | Dazio et al..2009 -
e Model 4 Model 13
A0 L Model 5 a0 |/ Model 14
Modell6 Model 15
B 1= i B e N Exp. 600 | f T T T e Exp.
-100 -80 -60 -40 -20 0 20 40 60 80 100 . .
100 80 60 40 20 0 20 40 60 80 100
d [mm] d [mm]
C) 600 | " Loading history | f) o0 | Loading history
|
T \ \ H
400 | E o/ \‘\/ / 400 | E
E E
| \v
100 I
200 | o 5 o s 200 |
Cycles[-]
z 0 T 7 z ol
g o ¢
[ 7 - 7 ~
2200 / /4 . 200
200 L/ e Dazio et al, 2009 | 200 Dazio et al., 2009 1
/ 27/
7 % Y / Model 7 Model 16
-400 | .:I:_ ;75');, i — Model 8 1 400 | Model 17
Model 9 Model 18
€0 L AN mmmae Exp. 600 | [/ | f = A& e Exp.
00 80 60 40 20 0 20 40 60 80 100 200 80 .60 40 -20 0 20 40 60 80 100
d [mm] d [mm]

Figure A3. Results from NLFEAs and experimental tests expressed as load vs displacement curves — WSH3 of Dazio et al. 2009;
(a-c) Numerical code A, (d-f) Numerical code B.

Table Al. Peak resistances from both the experimental tests Oesterle (1979) and NLFEAs for the different structural models

M 15, Numerical code A and B.
Exp. Rewp Rwi Rm2 Rm3 Rvs Rus Rms Rm7  Rms Rm9 Rmio Rmir Rmiz Rmis Rwmis Rmus Rmis Rwmiz Rwmus
Test. MN MN MN MN MN MN MN MN MN MN MN MN MN MN MN MN MN MN MN
B6 085 0.89 084 098 093 085 097 094 088 097 091 0.92 1.05 0091 0.93 1.04 094 094 1.04
B7 1or 105 101 128 111 1.05 130 1.12 1.07 134 129 1.26 146 132 1.28 1.47 1.35 1.29 1.47
B8 1.06 1.01 109 125 112 117 131 124 117 134 134 1.30 1.47 1.39 1.30 1.46 1.39 130 146
F2 092 086 092 116 092 092 120 095 1.00 122 1.15 1.13 1.37 1.15 1.13 1.38 1.22 1.13 1.39




Table A2. Peak resistances from both the experimental tests Dazio (2009) and NLFEAs for the different structural models
M 15, Numerical code A and B.

Exp. Rew Rmi Rm2 Rm3 Rwme Rms Rus Rm7  Rms Rmo  Rwmio Rwmir Rmiz Rmis Rwmie Rumus Rmis Rmiz Rwmus
Test. MN MN MN MN MN MN MN MN MN MN MN MN MN MN MN MN MN MN MN
WSH2 036 038 036 051 039 037 052 044 041 056 038 041 049 037 041 049 039 041 049
WSH3 045 044 044 0.61 045 045 066 055 047 067 048 053 060 050 054 0.62 048 053 0.61
WSH4 044 045 045 051 048 045 053 048 052 057 041 044 047 042 044 048 044 046 048
WSH6 060 0.63 0.62 073 067 066 0.74 0.69 068 080 062 066 074 062 066 076 064 067 0.77
Table A3. 8= Rey/Ruirea for all the sets of modelling hypotheses.
Exp. M M Ms My Ms Ms M; Ms My Mo My Mp Miz My Mis Mis Mz Mis
Test - - - - - - - - - - - - - - - - - -
B6 096 1.01 087 092 101 088 091 097 088 094 093 082 094 092 08 091 091 0.82
B7 096 1.00 0.79 091 09 078 090 095 076 0.78 081 0.69 077 079 069 075 079 0.68
B8 095 097 085 089 091 081 08 091 079 080 082 072 077 08 073 076 082 0.73
F2 1.07 1.00 080 1.01 101 077 097 093 0.76 0.80 0.82 067 080 082 067 076 0.82 0.66
WSH2 095 099 070 093 097 069 082 088 064 095 08 073 098 087 0.73 092 0.87 0.73
WSH3 1.03 102 075 100 1.01 0.69 083 096 067 094 085 075 091 084 0.74 094 085 0.75
WSH4 098 099 087 095 098 0.84 091 085 078 1.09 100 093 105 1.00 092 1.02 097 092
WSH6 094 096 081 090 091 080 087 088 075 097 090 081 096 090 0.79 093 089 0.78
Mean 098 099 081 094 097 078 088 092 0.75 091 0.88 077 090 087 076 0.87 087 0.76
CoV 0.04 0.02 0.07 0.04 0.04 0.08 005 004 009 o0.11 007 0.10 0.11 007 0.10 0.11 0.06 0.10
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