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Abstract

Punching resistance of RC slabs in design pradtideased on a model of inclined crack observed in
experiments. This simplified engineering model tygscal features of empirical models: It is verpuost

for average case but need not to capture the whobge of structural solutions likely to occur iragtice.

In this model the effects of transverse reinforcetner size may not be well represented. Extengidhe
unsymmetrical stress distribution in the slab-calsystem due to the moment action is also probiemat
Therefore, alternative resistance models basecenerglly valid principles of continuum mechanics an
the state-of-the-art constitutive models are saughiese models are utilizing numerical methods of
structural mechanics and are often used for sionlaif structural resistance. The numerical sinmafat
became recently an alternative method of desigificagion. Due to the global nature of nonlinear
numerical analysis the design condition is based gtobal safety format. However, due to an in@das
complexity, such models may exhibit a large modantainty. The safety formats in the design pcacti
are based on reliability methods, where the safétylesign, expressed by a failure probability (or
reliability index) is compared with the requiremeptescribed by codes or owners. One of the kayesto
of the safety check is the assessment of the des&istance uncertainty. A probabilistic descoiptof
this uncertainty is widely accepted method of fEliy assessment. Two sources of uncertainties
involved in resistance models are recognized, nartted aleatory uncertainty due to random propeife
input parameters (material parameters, etc.) aacpiistemic uncertainty due to a lack of knowledfje
models. The presented research deals with the ipiésor of uncertainties of numerical models for
resistance of punching capacity of slabs. The maadeertainties were identified and subsequently
recommendation of a global factor for model unéetyas proposed.

Keywords. Model uncertainty, Punching, Reinforced concretbs| Nonlinear analysis, Numerical
simulation, Finite element method, Probabilistialgsis.

1 Introduction

Numerical simulation of structural resistance canapplied to design of reinforced concrete strigstur
using the global safety format, which was receimfyoduced in the fib Model Code 2010. This tofsdn
detail described by authors in paper by CervenRa3p The design condition is formulated as

Fo <Ry, Ri=R./ Ve Vo =VVra 1)

In which theFy , Ry are, respectively, the design values of actiore rasistance, angis the global
safety factor. The global safety factor can béhfer resolved in a product of the partial safetstdes due
to material)y,, and due to resistance mode); .
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For a safe design it is inevitable to introduceustified concept of model uncertainty. The model
uncertainty is defined as the ratio

9 = Rexp/ &im (2)

(resistance found by testirig,, andresistance obtained by a computational méglin our case by a
numerical simulation) and can be considered as@dora variable with a lognormal distribution functio

described by meap, and coefficient of variatiolV, . The partial safety factor for model uncertaipty
can bederived for these statistical parameters.

Note that the experimental resistance is considesed reference (hence a true value). However, the
experimental results inevitably include also randsffects from other sources, such as materialsnggs
etc. Therefore, in order to identify pure model enainties, it is essential to reduce such othfcef
(aleatory uncertainties) to a minimum.

In Euro Code and Model Code the partial factorrfardel uncertainty in case of nonlinear analysis is
recommended by relatively low values. (Eurocpge=1.06 and Model Code yr, =1.0+1.1)

Comprehensive works dealing with model uncertagn{i®chlune 2011, JCSS 2001) provide a critical
insight into this subject and report that the madwdertainty is much larger. Furthermore it, iDasgued
that the model uncertainties should be relateailare mode. According to JCSS the model uncestaint

related to shear failure is represented by stetispparameters of meaw, = 14 and coefficient of
variation V, = 025. Schlune (2011) found for shear failure of corerety, =0.7+10,
V, = 020+ 040. Such significant differences require a furthescdission.

It should be noted that a mean model uncertaiggyifscantly different from unity represents a systgic
error of the model. This indicates that such modeks not validated and should be either avoided or
applied with caution. This is a typical outcomeimternational contests and bench marks, in whieh th
models cannot be calibrated because they providel fpiredictions (For example Collins et al. 1982,
Marti 2013). If the poorly validated models arelimted in the evaluation of model uncertainty they
inevitably produce high safety factor. Obviouslyistnot rational to apply such safety factor to lwel
validated models and the practical value of sugr@gh is questionable.

Therefore, the models based on different formutatichould be considered separately. The model
uncertainty should be related to a certain modeh (©onstitutive law, a software).

In the view of the above discussion, the presamysis related and limited to the specific resisean
model based on nonlinear FEM and constitutive moflAtena software.

2 Experiments

Recently a series of tests was performed on stabhatusanne under the guidance of Muttoni (Guaridilin
& Muttoni 2004). This experimental program servesbato formulate the punching resistance models
recommended in the nefib MC2010. The aim of the tests was to investigate libhaviour of slabs
failing in punching shear with low longitudinal nédrcement ratios. No transverse reinforcement was
applied. The size of the specimens and of the ggtgewas also varied to investigate its effect on
punching shear. The test series consisted of laregsliabs with dimensions shown in Fig.1. The
dimensions of the tested specimens were of thrpestyfull-size specimens (PG1, PG2b, PG4, PG5,
PG10, PG11), double-size specimen (PG3) and tadfspecimens (PG6, PG7, PGS, PG9).

During the punching test, the load was increaseda atonstant speed up to failure. It took
approximately 1 hour from the beginning of the iogdo failure in punching of specimen. The summary
of slab parameters is given in Table 1.
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Fig. 1 Geometry of tested slabs

Concrete compressive cylinder tests were carri¢dibthe age of slab testing. Compressive strewgkh
the only confirmed concrete parameter. In all specis except one, hot-rolled steel bars were used. T
the contrary- for Specimen PG-5 cold-worked barsewsed.

Tablel
Input parameters

fc(MPa) | fy(MPa) | fu(MPa) | h(m) | d(m) | dg(mm) |reinforcement |p (%)
PG1 27.6 573 656 0.25) 0.21 16 @20 @10p 15
PG2b 40.5 552 612 0.25] 0.21 16 @10 @150 0J25
PG3 32.4 520 607 0.5| 0.456 16 @16 @135 0J33
PG4 32.2 541 603 0.25 0.21 4 @10 @150 025
PG5 29.3 555 659 0.25] 0.21 4 @10 @115 0,33
PG6 34.7 526 607 0.12% 0.096 16 214 @110 15
PG7 34.7 550 623 0.12% 0.1 16 @10 @105 0J75
PG8 34.7 525 586 0.13] 0.11y 16 @8 @155 0{28
PG9 34.7 525 586 0.13] 0.11y 16 @8 @196 0{22
PG10 28.5 577 648 0.25 0.21 16 @10 @115 0J33
PG11 315 570 684 0.25 0.21 16 @ 16/18 @146.75

Legend:
d— distance from compression fibre to centroid ofjfitudinal tensile reinforcement.

dg— maximum diameter of aggregate.

3  Numerical ssmulations
3.1 Constitutive models

The punching resistance in this study is modellgdamon-linear analysis based on the finite element
method offered by the software Atena, Cervenka.ef2@13). The concrete is described by a fracture-
plastic constitutive model (denoted as C3DNonLin€stitious). In this model the tensile behaviour is
treated by fracture mechanics and compressive mirayy plasticity. The crack band approach is used
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for the strain localization in both, tension andnpoession. The Rankine criterion with exponential
softening is used for cracking. The confinemenedffon concrete compressive strength is treated by
Menétrey-Willam failure surface. The algorithm chandle the cases when failure surfaces of both
models are active, but also when physical changes as crack closure occur. The model can be wsed t
simulate concrete cracking, crushing under higHinement, and crack closure due to crushing inrothe
material directions. For details see Cervenka amhRikolau (2008).

The reinforcing bars are modelled by embedded telesments with a multi-linear stress-strain laweTh
bond model is based on a bond-slip relationshipwhich the model according to the CEB-FIB
ModelCode 1990 was used.

The concrete properties are described by the ndnsinangth of concrete obtained from cylinder
compressive tests. All parameters of constitutawe &re then obtained using a set of relations stgg

by codes) in order to provide required input d&ach relations form a part of the resistance maddl
consequently are potential source of model uncgytailhe relations and values used in this study ar
listed in Table 2, 3 and 4.

Table2
Relationsfor additional propertiesof concrete
Par ameter Formula
Cylinder compressive strength f, =—-085f ,
Tensile strength ft =-024f wg
Initial elastic modulus E. = (6000— 155f, )1/ feu
f 07 G, =25N /m, (d,,, = 8mm
= _Cc
Fracture energy G G“’(loj G, =30N/m,(d,, =16mm
G, =58N /m, (d,,, = 32mm

Table3
Additional concrete parametersderived from concr ete compressive strength
E f, Gi

(Gpa) | (MPa) | (N/m)

PG1 | 31.14 | 2.443 61.06
PG2b| 36.32 | 3.154| 79.86
PG3 | 334 | 2.718| 68.31
PG4 | 33.31| 2.707| 56.68
PG5 | 32.09| 2.542| 53.06
PG6 | 34.29 | 2.845| 71.67
PG7 | 3429 | 2.845| 71.67
PG8 | 3429 | 2.845| 71.67
PG9 | 3429 | 2.845| 71.67
PG10| 31.73 | 2.496 62.44
PG11| 33.03 | 2.668 66.98
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While parameters listed in Table 2 and their valinesn Table 3 are typical for concrete and are used
many other models, the parameters in Table 4 azeifggally related to the Fracture-plastic model in
Atena. They represent following features: Volumasfit factor describes a volume dilation during non-
associated plastic deformations within the plastitge; Shear factor relates the fracture energgdade
two (crack sliding) to mode one (crack opening);mpoession softening parametey represents a
deformation of compression zone after the com@etss fading.

Table4
Fracture-plastic model parameters

Parameter Value

Volume dilatation plastic factor [-] £=05

Compressive strength in cracked concretg [-IFj, =05

Shear factor [-] 20

Compression softening [m] w, =-0.002

3.2 Mesh size effect

The size of finite element, i.e., mesh density, éifsct on the results of analysis. In case ofdfiiftness
formulation used in the present study this is dué¢ht approximations applied to displacement fields
Therefore the mesh size effect was investigatedl. fitexahedral (brick) elements with 8 nodes aszlus
for concrete. A mesh size study was performedfecinen PG2b for three different mesh sizes wsh 3
and 7 cube bricks through the slab thickness. Téshrsize was the same in the whole slab. See ezampl
of mesh with 5 elements in Fig.3. The study condidnthat mesh with 5 elements was fine enough and a
further refinement did not bring a significant impement. Therefore, the model with 5 element thihoug
the thickness was used in the following model utadety study.

The symmetry was utilized in order to reduce thedehcsize to one quarter of the geometry. The
symmetry assumption reduction can also have aneinfle on resistance in case of a brittle failurdeno

If we expect a chain-type of failure only one wesglot occurs in a full model, while in our symmetdtic
model at least four weak spots are included. Théstion was investigated by comparing a model rediuc
to one quarter with a full model in which a mindffefence was observed and consequently the quarter
model was used.
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Fig. 2 Slab PG2t- Mesh sensitivity test (slab thickness waths and 7 elemer)
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Fig. 3 Typical mesh (slab thickness divided into 5 britdneents

3.3 Solution method

The load was applied by imposing a prescridisplacement at the column head and the resistaas
found as areaction at the loading poi The sliding vertical supports were applied at supjpates.
NewtonRaphson iterative solutiowas used with a tangent stiffness aadmissible error of residu
forces at 0.01 (1%Before reaching tt ultimate strength the prescribed ertoleranct was satisfied in
majority of stepsAfter the peak the error exceeded the li

3.4 Results of simulation

Loaddisplacement diagrams of slab punching test sinaunatcompared with experiments are show
Fig.4.
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Fig. 4 ATENA numerical simulations compared with experinamesults
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The specimens covered a wide range of punchingvimira(see Fig.1 and Table 1). Reinforcing ratio
varied from 0.25 to 1.5 % and the thickness frofi28.to 0.5 m. In all specimens the failure mode &ad
quality of punching failure with formation of a astike surface. In two tests with low reinforcement
ratio, PG2b and PG4 the reinforcement failed irsitem In other cases reinforcement yielded durirg t
punching process. In highly reinforced slabs thimfoecement did not yielded and the maximum
resistance was marked by a concrete failure. Ircadles (except the excluded slab PG6) the analysis
provided a good simulation of experimental behawiou

The size effect could be directly observed by caingaspecimens PG5 and PG3, with identical
reinforcing ratio but size scale factor 2, where lirge slab has shown more brittle response.

Interesting results are shown in tests PG2B and.R&th specimens are identical except of the
aggregate size and slight difference in concretength. These properties, including the aggregate s
were duly considered in the input data. The araytturves for both simulations are almost idexhtic
However, the experimental curve of PG4 is terng@dagarlier then in PG2b. This difference is not
discussed in the test report, but it can be sptamljldhat the small aggregate concrete had motiebri
response then in the analysis. In any case a diowlaf two almost identical cases provide a valeab
contribution for a the assessment of model unaetai

3.5 Exclusion of outliers

In case of test PG6 strong discrepancy betweernytizsland measured data were observed in the early
loading stage. This could not be rationally exptdinand could indicate some unknown difference
between the model and the test. It is known froneiovalidations that simulation should well capttire
initial elastic response. This can be observedtirerotests in this series. From this reason thedks
specimen PG6 it was excluded from the statistieal s

4 Modd uncertainties

4.1 Probabilistic analysis

Model uncertaintyd according to Eq.(2) was calculated for each tedisted in Table 4 and allowed to
determine the statistical parameters of model taicty, namely mearu, and coefficient of variation

V,. The mean value close to 1 indicates a good myuigity. These data can serve for an assessment of
partial safety factor of model uncertainty as Wil shown later.

4.2 Statistical sensitivity to input parameters

The assumption of a random nature of the modelrtaingy can be investigated by correlation between

the model uncertaintyy and model parameteX¥s The correlation coefficients for relevant paraengtare
listed in Table 6.
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Table5
M odel uncertainties
Ultimate strength (kN 0 model
ATENA | Experiment uncertainty
PG1 957.5 1020.9 1.066
PG2b 425.6 440.7 1.035
PG3 2442 2153 0.882
PG4 412.6 407.9 0.989
PG5 563.1 550 0.977
PG7 283.9 240.9 0.849
PG8 141.3 141.4 1.001
PG9 110.5 118 1.068
PG10 568.3 540.4 0.951
PG11 898.8 763.3 0.849
mean ug 0.966
Varistion Vs 086
Table6
Correlation coefficients between input parameters X and model uncertainty &
X Cor r_el ation X Cor r_el ation
coefficient B(X) coefficient B(X)
fe 0.088 p -0.009
f, -0.087 E 0.040
h -0.282 fi 0.077
d -0.276 G 0.077

It may be concluded that almost none dependency olsasrved for the material parameters. This
confirmed the robustness of the model under coreida. Nevertheless it should be noted that thgea

of input parameters was relatively small. Certairab dependency was found for dimension parameters
h andd. However this might be due to the fact that omig ¢est for large size was investigated.

Furthermore, observing that the failure mode (dmecdncrete, or due to reinforcement) is strongly
dependent on the reinforcing ratio we can extemdlidlv sensitivity also to failure mode. This config
the approach adopted in this study, in which thel@hancertainty is investigated for all failure nesdn

one set.

4.3 Safety factor of model uncertaintased on log-normal distribution

Assuming a lognormal distribution the safety factae to model uncertainty can be obtained for &eho

reliability index and known statistical parameters:

10
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exp@,pfV,
de - p( RIB 49) (3)
Ho

The weight factor for resistanag, =0.4x 0.8= 0.3:, where 0.4 is a factor for non-dominant variabid a

0.8 is a weight factor for resistance (accordingl@5S 2001). The reliability index can be typically
chosen ag = 3.8. Entering these factors and statistical parameteriszed in Table 5 into Eq.(3) the

value of the model safety factor is obtained/gs=1.149 for the investigated slab punching.set

It is interesting to compare the probabilities dfréssible failures in the above probabilistic cquicé&or
chosen reliability index combined with a non-domminaeight factor the probability i® =0.112. This

is the probability of a faulty resistance modelatiged by model uncertainty factor,, , Eq.(3).

For the same reliability index the safety factoe do material uncertainty safety facgqr in Eq.(1)
corresponds to the failure probabilify, =0.001as shown in MC2010. (More information about safety

formats and determination of design resistancenfmterial uncertainty see paper by Cervenka 20189 T
means that we admit a lower safety margin for maohelertainty (by factor 100) then for the material
uncertainty. Such different probabilities are doie¢hte introduction of non-dominant description ajdal
uncertainty. In the view of the above it is recomaied to apply the non-dominant factor with caution.

4.4 Safety factor of model uncertaintased on Student distribution

The above probabilistic analysis is based on tiseraption of a sufficiently extensive set of stadit
data. However, in practical cases the model isnoftdidated on a limited number of tests. In thespnt
study we consider only 10 experiments. For limigetl of data it may be more justified to use a Situde
distribution which respects this fact. Student riistion depends on number of samptesFor large
number of samples the Student distribution is aggnimg to a originally assumed log-distribution.

_ 1
Ho eXp(tpzo:le(n _1) XVH)

Vrd 4) (

where tpzom(n—l) is the quantile of Student distribution for probdpip=0.112 withn-1 samples.
Using the statistical parameters found in Tabled mumber of samples=10 the safety factor according
to Eq.(4) is/zy =1.158. It may be concluded, that the value is very clmséhe one based on the log-

normal distribution and thus this method does mainge the resulting safety factor and the number of
samples is apparently sufficient.

5 Conclusions

Model uncertainty should be reflected in a safetyeasment of design resistance. When using nutnerica
simulations based on nonlinear finite element asiglif is suggested to use a validation by experime
for determination model uncertainty. The safetydaof model uncertainty should be limited to acfie
numerical models or software.

The authors performed a probabilistic analysis ofieh uncertainty for punching failure of reinforced
concrete slabs based on resistance model in sefth@dENA and validation by experimental data of
Muttoni et al. They found the global safety fadtmrmodel uncertainty/,, =1.15.

If only a low number of experiments is availableg fealidation, let say less than 10, the Student
distribution should be used for the determinatibaadety factor of model uncertainty.
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Extension to other resistance models based on enstiftware with different underlying constitutive
models would require additional adequate validatiburther research is needed for assessment aéimod
uncertainty for other types of failure.
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