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Abstract

Phase 2 of the CASH benchmark was dedicated to the response prediction of multi-storey reinforced
concrete (RC) walls used as seismic resisting members in nuclear power plants. Nonlinear static and
dynamic analyses have been carried out to check the reliability of non-linear finite element analysis
(NLFEA) to assess the seismic capacity of reinforced concrete walls. Authors attended the benchmark
by modelling RC walls using multi-layered shell elements and by adopting a self implemented crack
model. The paper describes modelling strategies and some critical issues of the Eurocode 8 prescrip-
tions for the shear demand and shear capacity evaluation of multi-storey RC walls.

1 Introduction

Nonlinear finite element analysis (NLFEA) is a more and more used tool in engineering practice for
the structural response prediction. The NLFEA trustworthiness must be verified by means of compari-
sons with experimental test and via benchmark experiences. Indeed, the reliability of response predic-
tions assisted by numerical simulation, depends both on the analyst capability to set up an appropriate
modelling of the structure and the facilities of the adopted software. Certainly the result of NLFEAs is
strongly influenced by the models implemented for the nonlinear prediction of the material behaviors.
For this reason, a fixed crack model, called PARC CL 2.1 [1]-[2], for reinforced concrete (RC) ele-
ments subjected to cyclic and dynamic loadings was implemented at the University of Parma as a user
subroutine in the software ABAQUS [3].

The PARC _CL 2.0 has been validated by means the comparison with experimental results and
during numerous international benchmarks. In particular, in the context of the response prediction of
RC wall system, the University of Parma attented ConCrack2 [4], SMART-2013 [5], CASH [6]. This
paper reports the results obtained on the international benchmark CASH-phase 2 organized by OEDC-
NEA (Nuclear Energy Agency) [7]. The main objective of the CASH benchmark was the evaluation
not only of the reliability of finite element commercial software but also of the ability, in current engi-
neer practice, to calculate the resistance of RC walls subjected to various seismic loading.

During the CASH-phase 2 participants carried out pushover, cyclic and dynamic analyses to assess
the capacity of full scale RC walls extracted from a nuclear power plants (NPP) building subjected to
various seismic loading intensities. 9 teams participated at the benchmark, using both commercial soft-
ware (ATHENA, ABAQUS, SOFISTIK, SOLVIA, Ls-Dyna) and open access software (CAST3M,
Aster, VecTor2). NLFEA have been carried out using plasticity based model or crack models available
in the software material libraries; only the team from the University of Toronto and the team from the
University of Parma adopted crack models self-implemented in user subroutines. Finally, during the
workshop held in June 2017, the results obtained from various teams coming from academia, industry
and nuclear research organizations showed that the predictions of about a half of the participants were
in good agreement. During the workshop the results obtained from the University of Parma were in
good agreement with the results obtained by the majority of the partecipants, confirming the validity of
the adopted numerical model.

The CASH-phase 2 was organized in three different tasks with increasing complexity, in order to
allow participants to check, improve and assess their own modelling technique. In this paper, only the
results obtained from spectral and pushover analyses are presented and used to conduct shear verifica-
tions according to normative requirements.

CASH-Phase 2 outcomes prove that today adequate tools for structural analysis are available,
though they still have to be improved in order to optimize the nonlinear response prediction. On the
other hand, there is a need for NLFEA guidelines (such as those published for static analyses by the
Dutch Ministry of Public Works, [8]-[10]), to reduce modelling uncertanties.
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2 Description of the analysed RC walls

The geometry of the two specimens (one regular and one irregular) is indicated in Fig. 1. The walls
represent the facades of a NPP building with four floors and a total height of 16 meters. The total width
of the walls is 12 meters and the thickness is 0.4 meters. Two 0.4 x 1.0 m side flanges simulate the
presence of perpendicular walls in the NPP building, while 0.4x1.0 m beams simulate the RC dia-
phragm. The irregular wall differs from the regular one due to the absence of the shear wall on the level

2 at the second bay.
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Fig. 1 Geometry description of regular and irregular wall.
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Fig. 2 Shear wall total reinforcement.
Table 1 ~ Mechanical properties of materials.
Concrete Steel
ﬁ Ec ﬁ 14 P ﬁ/ Es En P
[MPa] [MPa] [MPa] [kg/m®] | [MPa] [MPa] [MPa] [kg/m?]
35.0 30000.0 2.0 0.2 2300.0 | 500.0 | 200000.0 | 1000.0 7500.0

E:=modulus of elasticity of concrete

fe = cylinder compressive strength of concrete

fi = tensile strength of concrete
v=Poisson’s coefficient

Es = modulus of elasticity of steel

E = hardening modulus of reinforcing steel
fy =yield strength of reinforcing steel

p = material density

The reinforcements ratio of beams, columns and walls are reported in Figure 2 and are obtained
from the design study considering a determined seismic ground motion. Steel rebars are distributed
symmetrically on both sides of each element (NECS [7]). Table 1 shows the mean values of concrete
and steel mechanical properties. The loads consist of self-weight of structural elements, vertical masses
applied on the floors to model the live loads (per floor M:= 60 t) and horizontal masses applied on the
floors to adjust the first horizontal frequency (per floor M = 500 t).
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3 Structural response provision

31 Modelling strategies

The adopted FEM models are reported in Fig. 3. 864 nodes and 644 multi-layered shell elements, with
average element size equal to 550 mm, have been used to model the walls. The analyses were conducted
using the ABAQUS 6.12 software where the PARC_CL 2.0 crack model [1] is implemented in the
UMAT .for subroutine. The Newton-Raphson method was adopted as convergence criterion.

The wall structures are clamped at the base and the out of plane displacements are prevented in all
mesh nodes. The self-weight of structural members has been applied as density while the horizontal
and vertical masses as lumped mass elements. The total mass in horizontal and vertical direction is
2248 t and 488t respectively.

a)
Fig. 3 Finite element mesh of a) regular wall, b) irregular wall and c) elements shell thickness.

3.2 Modal spectral analysis

The linear response spectrum results of the walls are presented in Fig. 4 and Fig. 5. The analyses have
been conducted with reduced Young modulus E./2 for concrete using the acceleration spectrum shown
in Fig. 4a. Fig. 4b-c shows the first mode deflected shape for the regular and irregular walls having
frequencies respectively equal to 4.03 Hz e 3.42 Hz.

Pseudo-Acceleration [g]
=3

+31333e-01
+2.5008-01
+1887e-01

0.01 Frequency [Hz] 8332202
Tl 1 10 100
a) b) o]
Fig. 4 a) Elastic response spectrum and first mode deflected shape for b) regular wall and c) irreg-
ular wall.

Fig. 5 illustrates the diagram of the shear force, the bending moment and the inter-storey drift for the
regular and the irregular wall, calculated with spectral analysis considering only the first vibration
mode. Fig. 5, highlights the substantial difference between the deformed shape of the irregular wall and
the regular one due to the presence of the opening at level 2.
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Fig. 5 a) Shear force, b) bending moment and c) inter-storey drift diagrams for the regular and
irregular wall height obtained by spectral analysis.

3.3  Pushover analysis

The nonlinear pushover analyses have been conducted in load control applying a first mode propor-
tional distribution of horizontal forces. The normalized force distribution at each level is (0.17, 0.43,
0.72, 1) for the regular wall and (0.11, 0.30, 0.75, 1) for the irregular wall. For the irregular wall, the
pushover analysis was permormed in direction +X and —X. In Fig. 6 the shear base—top displacement
curves (top displacement has been assumed equal to the displacement of P4B point indicated in Fig. 7)
are shown. The capacity, in terms of resistance and ductility, of the irregular wall is lower than the
capacity of the regular one because of the presence of the opening. The NLFEAs terminated after the
reaching of the ultimate rebar strain equal to 4% and the ultimate concrete strain equal to 3.5%o.
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Fig. 6 Pushover analysis of regular and irregular walls.
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Fig. 7 Crack width [mm] obtained in correspondence of the ultimate concrete strain: (a) regular,

(b) irregular +X, (c) irregular —X.
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In Fig. 7 the contour plot of the crack width in correspondence of the reaching of the ultimate
concrete strain is presented. The cracks appear particularly localized at the level 2 both for the regular
and irregular wall. Furthermore, the irregular wall presents high values of crack width in correspond-
ence of the opening.

4 VERIFICATION OF THE REGULAR WALL ACCORDING TO EUROCODE 8 DE-
SIGN RULES

The verification of the regular wall has been performed in accordance with Eurocode 8 [11] rules for
new structures and existing structures to verify if standard codes provisions are able to detect the actual
failure mode with appropriate safety margins in case of multi-storey RC walls. Safety verifications have
been performed using a linear model which is usually adopted in daily practice.

4.1  Verification according to design rules for new structures

The behavior factor go of the wall has been derived from Eq.(1), according to Eurocode 8 [11] and
results equal to 2.5:

My=2q0-1 T 2Tc 1)

where 77 is the fundamental period of the building and 7c is the period at the upper limit of the constant
acceleration region of the spectrum; i is the curvature ductility factor, equal to 6.19 and obtained from
the bilinearization of the pushover analysis.

The design shear forces VEeq is obtained in accordance with Eq.(2):

Vea =& Vg @

where ¢ is the shear magnification factor calculated using Eq.(3) which results equal to 2.5:

2 2
J(_M_j or[S) ®

q MEd Se(Tl)

where yra is the factor to account for over strength due to steel strain-hardening; Mrs is the design
flexural resistance at the base of the wall; Mk is the design bending moment at the base of the wall;
Se(T) is the ordinate of the elastic response spectrum.

Fig. 8 reports the seismic actions demand on RC wall, obtained from response spectrum analyses
results and modified according to the capacity design approach, together with the RC wall capacities.
Eurocode 8 [11] design procedure assumes that the plastic hinge has formed at the base of the wall,
precluding plastic hinges in the upper stories and, for this reason, all shear forces along the entire height
of the wall have to be multiplied by the shear magnification factor ¢. In reality, the regular wall object
of CASH-phase 2 benchmark, exhibited flexural failure at the level 2, as illustrated in Fig. 7. So to
consider the development of plastic hinges at higher levels, Rutenberg [12] proposed a not uniform
envelope of the shear forces over the building height as a function of the fundamental natural period
T1, Eq.(4). The comparison between the design shear force V4, obtained using a uniform value of ¢,
and the design shear force obtained according to Rutenberg [12], VEd Rutenberg, is shown in Fig. 8b.

£=1-03-11 205 @

The shear resistance has been evaluated according to the variable truss formulations currently
adopted by Eurocode 2 [13] and Eurocode 8 [11]. The design value of the shear resistance, Vrd, is the
minor between the values given by Eq.(5) and Eq.(6) which respectively provide the design shear force
which can be sustained by the yielding shear reinforcement, V4, and the maximum shear force limited
by crushing of the compression struts, Vramax.

A .
VRd,S=%Z'fywd'COt6 (5)

where Aswis the cross-sectional area of shear reinforcement, s is the spacing of the stirrups, fywa is the
design yield strength of the shear reinforcement and z=0.9d, where d is the effective depth of the cross-
section.

VRd .max = ey by -2 V1 - foq /(cotO + tand) (6)
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where acw is a coefficient taking account of the state of the stress in compression chord, by is the min-
imum width between tension and compression chords, v is a strength reduction factor for concrete
cracked in shear and f.. is the design value of the concrete compressive strength.

From a collection of experimental evidence on RC walls comes a study published by Fardis [14]
demonstrating that the shear resistance of RC walls reduces as the damage and therefore the ductility
increases. For this reason, in Eurocode 8 [11] the design value of shear resistance, as controlled by
diagonal compression failure of the web, Eq.(6), is taken as 40% of the value given by Eurocode 2 [13]
in case of high ductility class (DCH).

Fig. 8a shows that the wall does not fail for bending because the flexural capacity Mrq is higher
than the demand MEa at each level. Fig. 8b demonstrates that the wall does not fail neither for shear.
Indeed, the design shear demand calculated according to Eq.(2), V4, and according to the demand shear
distribution over the length, VEd, rutenverg , is less than the design shear resistances calculated according
to Eurocode 8 [11] both for medium ductility class (DCM), Vz4pcm, and for high ductility class, Vzrapcn.
Fig. 8a reports, using a dashed grey line, the scaled flexural demand, MEdscatea, which causes a flexural
failure mode at level 2. On the basis of this scaled value, equal to 2.38, the shear demand has been re-
calculated according to Eq.(2) and the scaled shear demand, VEascatea, has been plotted in Fig. 8b using
a dashed grey line. Fig. 8b shows that the amplification of spectral acceleration, considered on the basis
of ductile flexural failure modes, causes an anticipated shear failure if the design shear resistance is
calculated in case of high ductility class (DCH). Since the regular wall does not experience brittle shear
flexural modes during NLFEA, it results that the coefficient equal to 0.4 (adopted to reduce the diagonal
compression resistance) is too conservative. Contrarily, if the design shear resistance is calculated in
case of medium ductility class (DCM) (without reducing the diagonal compression resistance), the ex-
pected failure mode, obtained using linear model and simplified verification, is in agreement with
NLFEA outcomes.

N 16
. My —Via
% — My; v-05%) = = Vid rutenberg
0 . - = My scatea 1oL = = Vidscated
N —V;
— — Rd.DCM
é ;E‘ - VRd,D('H
5 ¢ 58
L o
jen) =
4 ; 4
1
1
1
0 L L 0 i
0.0E+00 5.0E+04 1.0E+05 1.SE+05  0.0E+00 5.0E+03 1.0E+04 1.5E+04 2.0E+04
Bending moment [kNm] Shear force [kN]
a) b)
Fig. 8 a) flexural and b) shear verification obtained using design formulations adopted for new

structures.

4.2  Verification according to Eurocode 8-part3 design rules for existing structures

To check the acceptability of the adopted linear model, the ratios p; = Di/C; values have been calculated
at each level of the regular wall. The ductile demand has been calculated from linear response spectrum
analysis while the flexural capacity has been calculated by assuming mean values of material strength.

Fig. 9a shows that, the capacity is higher than the demand for ductile mechanisms and p; results
lower than 1 at each level; therefore, the demand for brittle mechanism can be obtained from the anal-
ysis, as illustrated in Fig. 9b.

The capacity for brittle mechanisms is then calculated in terms of strength by using the mean values
of properties divided by the confidence factor, CF, (equal to 1 in this case where a full knowledge,
KL3, is assumed) and by the partial factor.

According to Eurocode8-part 3 [15] prescriptions for existing walls, the shear strength Vz, as con-
trolled by the stirrups, is given by Eq.(7):
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ZLX min(N;0.55- 4, f, )+ (1—0.05min(5;yf’))~

1 v
Vg =—o (M
Vel . L
0.16max (0.5;100p,,,) 1-0.16min S [N fede+Vy

where £ is the depth of cross-section, x is the compression zone depth; N is the compressive axial force;
Lv=M/V is the ratio moment/shear at the end section; f- is the mean values of the compressive strength
of concrete, A. is the cross-section area, taken as being equal to bwa for a cross-section with a rectangular
web of width (thickness) b, and structural depth d; u4?!is the plastic part of the displacement ductility
factor; pw: is the total longitudinal reinforcement ratio; ¥y is the contribution of transverse reinforce-
ment to shear resistance.

The shear resistance of a concrete wall, 'z, may not be taken greater than the value corresponding
to the web failure due to concrete crushing Vg max, Eq.(8):

- 0.85(1 —0.06min(5; ul! ))

VR max {1 +1 .8min[0. 1 S;ALD(l +0.25max (1.75100p,,,))-
Vel eJe

®)

[1—0.2 min(Z;%jJ\/Tc b,z

where z is the length of the internal lever arm.

Fig. 9a reports, using a dashed grey line, the scaled flexural demand, MEdscaled, Which causes a
flexural failure mode at level 2 and a ratio p; = Di/Ci =1. The corresponding scaled response spectrum
acceleration is therefore the maximum value for the evaluation of shear demand from spectral analysis,
which results Ved scatea in Fig. 9b. Finally, Fig. 9b shows that in case of verification, in accordance with
Eurocode 8-part3 design rules for existing structures, the analysed wall is not resulting a critical shear
member and the expected failure mode is governed by ductile mechanisms at level 2 according to non-
linear analyses outcomes.
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a) b)
Fig. 9 a) flexural and b) shear verification obtained using design formulations adopted for existing
structures.
5 Conclusions

In this paper the results of the CASH-phase 2 blind prediction obtained by the team of the University
of Parma are illustrated. The non-linear response of multi-storey RC walls has been predicted using
PARC_CL 2.0 crack model implemented in user subroutine UMAT.for of Abaqus software. The main
outcome of the research presented in this paper are listed in the following:

. The response prediction of complex structures like multi-storey wall with and without open-
ing can be reliably obtained using NLFE tools.

. The response prediction of complex structures, like multi-storey wall not exhaustively inves-
tigated via experimental tests, obtained from NLFEA could lead to un-expected failure mode and dif-
ferent capacity and ductility evaluation than assessments obtained from analytical formulations pro-
vided by standard codes (like Eurocode 8).
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. In particular too conservative calculation of maximum compressive shear web resistance
(adopted in case of high ductility class) could lead to un-safe verifications. Indeed, simplified ap-
proaches could cause an erroneous evaluation of the failure mode: for example for the analysed multi-
storey walls it results governed by shear instead of by flexure.

. More sophisticated calculation methods can detect more realistic failure modes than expected
with code like formulations and therefore more effective and optimized design strategies.

. Considerable efforts are still needed to understand the behavior of seismic-resisting wall sys-
tems. Normative prescriptions are often based on few experimental campaigns carried out on isolated
elements. In order to better understand the non-linear behavior, numerical methods able to predict the
response of seismic-resisting wall systems and their interaction with diaphragms and secondary struc-
tural elements are required hopefully supported by experimental evidences.
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