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ABSTRACT

The paper describes the work performed at Politecnico di Mikaithe field of seismic isolation of nuclear
power plants buildings. Within this activity, the dey@nent of reliable and efficient FE models in ANSYS® has
been pursued along with the definition of a limit statendim for first damage in High Damping Rubber Bearing
(HDRB) devices. The paper is settled into a wider promediming at providing a reliable, effective and robust
method to evaluate the seismic fragility of base isolated nuoteeer plants.

INTRODUCTION AND SCOPE

This work is framed into the research activity performed &tegeaico di Milano within the field of seismic
isolation of NPP (Nuclear Power Plant) buildings, wéhecific attention to the IRIS™ project (International
Reactor Innovative and Secure™), a medium size pressurized water teater development by an international
consortium [1]. The work presented here is part of a proeedascribed by F. Perotti et al. [2], proposing an
innovative approach for the evaluation of seismic fragitit isolated buildings, based on the following steps:

- step 1: performance of laboratory tests on high dampintgeridnd HDRB isolating devices;

- step 2: development of a reliable and efficient isolator FHalhdaking into account all significant sources
of mechanical and geometrical nonlinearities; the model, afténdndpeen validated against experimental
data, will be used to simulate additional and more complexericat tests;

- step 3: FE model calibration based on laboratory tests;

- step 4: statement of the limit state condition for théatso, expressing the interaction between horizontal
and vertical load at first damage and failure;

- step 5: performance of the fragility analysis for theagoh system.

A first set of laboratory tests on 1:2 scale HDRB devitesigned for IRIS™ NPP was performed by
ENEA and CIRTEN at CESI-ISMES [3] (Bergamo, Italy) ari@ Fhdustriale S.p.A [4] (Padova, Italy) laboratories,
in June 2010. The test results, integrated, where necesstirgxperimental data from the literature, were analyzed
in order to define the future experimental test campaiguired to accomplish step 1, and to tune the analytical and
numerical models of HDRB devices.

In a previous work by this research group [5], a robustedure for developing a FE model of a HDRB
device, properly tuned on experimental data, was addreBsednost suitable element type, mesh refinement and
analysis control parameters were identified and verified bypeoimg numerical results to laboratory tests.

In the present paper, the development of a new FE mbdeHBRB device has been pursued in ANSYS®,
mainly aimed at the definition of a reliable limit state domander seismic excitation, which represents step 4 in
seismic fragility evaluation procedure. A comprehensive safdhe global and local behaviour of numerical and
analytical models is first presented, under the hypothdsfallg incompressible rubber material. Delamination
damage condition is then accounted by Yen-Caiazzo limit state nldt#[13], tuned to rubber tensile strength
provided by the manufacturer and maximum tangential sta&ss from experimental tests under vertical load [4].
First damage domain is finally addressed, in terms of HIgRBal actions, by means of combined FE modelling
and analytical treatment.

HDRB DEVICE PROPERTIESAND LABORATORY TESTS

Geometrical data for the IRIS™ designed HRDB devi@e taken from [4] and are listed Trab. 1
Mechanical properties were retrieved from experitaeests performed by ENEA on 1:2 scale devic¢sujdl from
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the analysis of a set of literature experimentstisten rubber specimens [6][7][8][9]. Mechanicalgmaeters are then
used to calibrate the rubber constitutive law bynseof a fitting procedure, performed in ANSY S® iervment [10].

full scale 1:2 scale
Isolator external diameter 1000 500 [mm]
Design vertical load 8000 2000 [kN
Steel reinforcing plate diameter 980 480 [mm]
Thickness of the internal steel plates 4 2 [mm]
Number of elastomeric layers 10 10 []
Thickness of one elastomeric layer 10 5 [mm]
Total rubber thickness 100 50 [mm]
First shape factor 24 24 [1
Second shape factor 9.6 9.6 [
Dynamic shear modulus (at 100% def.) 14 14 [MPa]

Tab. 1: Full scale and 1:2 scale HDRB parameters

Six 1:2 scale isolators were tested in two sessibne first [3] comprised vertical loading testaagi-static
horizontal loading tests and dynamic horizontaling tests. The second [4], also aimed at invetigasolator
failure, comprised a vertical loading failure tastl a horizontal quasi-static loading failure test.

Tests showed a vertical failure mode consisting radial expulsion of internal steel plates andeunl§ig.
1b). Horizontal failure occurred during the secondle at 350% deformation, when the external rubtmrer
suddenly broken, revealing the failure due to tdial detachment of an internal plakéq. 1a).

(b) b .
Fig. 1: Horizontal (a) and vertical (b) loading HDRB faduests

Since no experiments had been already performddtesmine actual rubber properties, an analysibree
standard experimental test curves (Uniaxial Tensith Biaxial Tension: BT, Pure Shear: PS) was qrentd on
literature data [6][7][8][9], for different G* sheanoduli. The analysis identified similar experirta@ncurves by
scaling each case by corresponding G* ratio. Thtiss G.4 MPa rubber tests were generated by scéiliagture
rubber tests. The Simple Shear (SS) test has laimed from horizontal loading test on 1:2 scadgdtors.

HDRB STRESSANALYSIS

Constitutive law and hyper elastic parameter s assessment

In a previous study performed by this research group {&den, Mooney-Rivlin and Polynomial
hyperelastic constitutive laws for elastomeric materials weatysed by an analytical and numerical HDRB model,
in order to identify the most promising law in repuothg experimental behaviours. Benchmarks identified the
Polynomial 2-Parameters (POLY-2P) constitutive law as thst suitable model for the scope. The present study
confirmed previous results, for a different HDRB geometry terms of quality of simulation of the HDRB
experimental behaviouElastic potential function for POLY-2P is reporiqgl 1:

W= Y 6 -9' (-9 + Y -9* €
i = di

C10, Co1, Co2 Coo @ndcy; parameters depend on the actual material, whilevthumetric partd; andd,) is
ignored in fulfilment to the hypothesis of fullydampressible rubber. Parameters have been evalbgtétting
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laboratory rubber specimen curves quoted in theigus paragraph. Four fitting combinations (Tabhaye been
defined by including different experimental teststihe fitting procedure, in order to evaluate tka&bgity and
convergence sensitivity of the constitutive law.n@ergence and accuracy tests were performed by admgp
numerical and analytical solutions with the expemtal curves, in terms of global reactions. Fittamnbination
301 has been identified as the most suitable ahde&assumed in all subsequent analyses.

FITTING TESTS POLY-2P PARAMETERS[MPag]
uT BT PS SS % Co1 Coo Ci1 Co2 d | do
301 X X X X 7.97E-01 | -5.91E-02 | 1.61E-02 | -5.29E-03 | 1.10E-03 | - -
302 X - X X -8.99E-01 1.72E+00| -1.46E-01 8.85E-01| -7.30E-01 - -
303 X - X 6.84E-01] 8.82E-02 3.80E-(02 -6.90E;0242E-02| - -
304 - X X X 1.40E+0Q -4.10E-01 -7.22E-PB.38E-02| -1.10E-02 - -

Tab. 2. Fitting combinations for Polynomial 2P hgglastic constitutive law

Numerical model

A parametric FE model of the full scale HDRB waseasbled according to geometrical properties listdab.

1 and to the following criteridHg. 2):

Finite elementsSOLID185 element for bricks (linear 3D 8-nodesneént with 3 DOF at each node, with
hyperelasticity, large deflection and large streapabilities; allowing a mixed formulation for sitating
deformations of fully incompressible hyperelasti@aterials). The integration method is the Uniform
Reduced Integration with hourglass control. SHEL128r steel shell elements (4+4 nodes element with
3+3 DOF at each node, allowing for finite membratrains); overall number of DOF is about 220'000;
Constraints.At top and bottom face a 20 mm steel plate has Ibeedelled as a node with a rigid link to
the corresponding rubber disc; at each steel-ruistberface, the connection between the upper awério
nodes and rubber surfaces is provided by meansds-to-node rigid links;

Material. POLY-2P hyperelastic constitutive law has beespaeld (Tab. 2, fitting combination 301);
Boundary conditions and loadBoundary conditions and loads act at top andbotiodes. The horizontal
action is applied as an imposed horizontal displer# inx direction. Bottom node is always fixed, while
upper node constraint prevents displacement alanrgl all rotations.

The global response of the model was investigayecbimparing the numerical solution with experiménta

results, for the following cases:

vertical load up to 80’000 kN (Fig. 3b): the agreshis poor since compressibility was not included;
horizontal displacement up to 350% of the rubbaktiess (0 kN and 80’000 kN vertical load, Fig.:3a)
there is a good agreement between the experimantathe numerical solution which confirm POLY-2P
constitutive model ability to reproduce the HDRBolgdl behaviour, when properly tuned; moreover,
vertical load does not affect the horizontal s#fs, mainly due to the HDRB high second shaperfacto

Fig. 2. HDRB FE model. Approximate number of DOE20’000
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Fig. 3: Numerical, analytical and experimental HDR@izontal (a) and vertical (b) stiffness

Analytical model

Corradi et al. [11]proposed two approximate analytical solutions fasirgle rubber layer subjected to
vertical load (linear elastic incompressible maerismall displacements), and to horizontal dispiaent
(hyperelastic incompressible material, large disgataent), as shown irig. 4 The two solutions, applied also in [5],
are here further developed in order to reprodueestiess distribution evaluated by numerical FByaea. The main
purpose is to obtain a reliable analytical solutmassess an analytical limit state domain.

-
b | H
h
I X
P P
@) R (b, R

Fig. 4: Single rubber layer analytical solutionkeme. (a): vertical load; (b): horizontal displaesrin

In terms of stresses induced by vertical load Gbeadi model shows a good agreement with the nicaler
solution (Fig. 5a, Fig. 6a). In terms of stressebiced by horizontal displacements, on the othedhtihe Corradi
model introduces an artificial constraint on diggla@ent along the-axis, thus the vertical resultant is not
necessarily zero. Comparing the behaviour of thmerical FE solution for HDRB device and the anabfi
solution for single rubber layer it can be noteakth

- the shear stress (Fig. 6a and b) does not depetigeanteraction among layers: all layers of thaator
can be modelled as individual single rubber lay€radi analytical model is thus in good agreemetit
numerical results;

- the Corradi analytical solution (not shown) is €int from the numerical complete HDRB behaviour in
terms of vertical stress,, due to horizontal displacement. In this resp#w, influence of multilayered
geometry cannot be neglected, leading to globalpcession and tension areas (Fig. 8) which are not
described by the analytical model.

The Corradi solution has been here extended bpdating a new hypothesis on the shape ofdhe
stresses under horizontal loading. A shape fundiias been defined on the basis of the generaksirasaviour
observed on the numerical results, and, in pagrculithin the area subjected to positive (tensiygtresses. The
normal tension stress due to horizontal load ha® Istated as a function of the value of the pamankefratio of
horizontal displacement to total rubber height)tleé heightz of the layer and on the absciss&Fig. 4b). The
function has a sinusoidal variation in termxpofvith a phase depending aandk (eq. 2, Fig. 5b):

o, :1D(E‘sin(z+k—”[z—i)] 2)
R 3R 2

The resultant force calculated on the symmetryicadrplane is always zero under horizontal loadiag,
the wave length of function in eq. 2 is equal to R.
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In terms of global reactions, Fig. 3a shows a goatching between the analytical and numerical &oigf
only for horizontal displacement. Concerning lostikssess, due to vertical load (Fig. 5a) ang due to vertical
load (Fig. 6a) and horizontal displacement (Fig) @ke in good agreement, when numerical FE solutan
complete isolator is compared with analytical Solutfor a single rubber layet, stresses due to horizontal
displacement (Fig. 5b), approximated by shape fandh eq. 2, are in good agreement with numerscddition, in
particular in traction zones (Fig. 8) fkr200%.
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Fig. 6: analytical and numerical, stresses in HDRB: vert. load 10’000 kN (&300% horizontal displ. (b)
HDRB LIMIT STATE DOMAIN

Rubber compounds may suffer damage and failurddtamination (detachment of rubber layers fromlstee
plates), tensile rupture (rubber ultimate strengtder tension), tearing (indefinite propagatioraafrack), fatigue
(indefinite propagation of a crack, induced by myéanumber of stress cycles) and cavitation (langendefinite
expansion of small holes due to hydrostatic terjsibelamination damage condition is accounted @sent study.

Y en-Caiazzo limit state domain

Failure tests on HDRB showed that delaminationiatés on isolator sides (Fig. 1a). Coherently, the
numerical and analytical stress fields exhibit iighest values in the same regions on sides (marishear and
tension stress). Th&'t limit domain in [12] [13] was adopted for firstmage (eq. 3a)

o Vo (15 )
]3]
Sar Siz0
o= 2Fh _ 2% 20000°5 _ 433MPa (3b)
R 71245
Ser =175MPa (3c)

whereaosy is the tensile stress orthogonal to rubber pl&ggeis the tensile strengthys is the shear stress
and 33 is the reference shear strength. Strength paramnetere determined from data provided by the
manufacturer [4]: tensile strength is 17.5 MPa wikihear strength was calculated from the vertiza (20’000 kN,
1:2 scale isolator) that caused the first changeenical stiffness. The analytical solution [14r fvertical load
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provides corresponding shear stress, at isoladesgieq. 3b). First damage is assumed to occur wisémgle point
of the isolator reaches the limit state conditiBegions with high compression stresses (Fig. 8nhateonsidered
in this study, since there was no experimentalence of damages in these regions for actual gepmaett loading.
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Fig. 7: Yen—Caiazzo first damage domain, fez$1.33 MPa and 55=-17.5 MPa ¢>0 compression, in figure)

Numerical and analytical limit state domains

Regions where first damage due to delaminatiorxjgeted to occur are those where normal stresses ar
tractions and shear stresses due to vertical loadts shear stresses due to horizontal displaceméhtsame sign.
Fig. 8 shows locations of these critical point&iHDBR, where Yen-Caiazzo limit state [12][13]iisfly reached.
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Fig. 8: Critical points in a HDRB and qualitativieess state in a rubber layer located in the isokaip half

The numerical H-V domain (Fig. 10a) was computeghdring a vertical load and determining the
corresponding horizontal displacemér{Fig. 10b) that causes a single point to reacHitiiedamage condition.

For the analytical domain statement (Fig. 10a)astad normal stresses due to vertical load andrshe
stress due to horizontal displacement are retridkad Corradi analytical solution [11] for a singlebber layer,
while for the normal stress due to horizontal dispinentosr =1k is assumed (eq. 2, calculated at HDRB middle
heightz=H/2, at sidex=R). The procedure in Fig. 9 is applied to calauldie analytical domain in terms of global
forces, for a givek:

shear and normal stresses, total shear stress, shear stress due to horizontal (H) and
due to horizontal displacement (k) at first damage vertical vertical (V) force,
load, at first damage at first damage
hor _ 3 — hor 2
I, = 2k(ClO + C01) +4k (Czo et Coz) H=r." UR
\
o =10k o178 = Suo1- (02 /S | Lafrie =72 — 7l 2 0L, =72 OR*/2h

Fig. 9: Procedure for analytical domain calculationterms of global forces, for a giv&rorizontal displacement
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CONCLUSIONSAND FUTURE DEVELOPMENTS

The first part of the work addressed the strese $tathe HDRB device. A refined FE model of a $ing
rubber layer was set to perform preliminary evabmaton mesh sensitivity and potential sources aherical
instabilities (see also [5]). It has been shown hbe number of FEs adopted in thickness plays eiaruole in
tangential stresses due to vertical load, whosenitade affects the limit state domain significantiurthermore,
global behaviour of the FE model was compared peamental results performed at FIP laboratoried @nscale
isolator [4]. The comparison showed optimum agresnreterms of horizontal stiffness, while verticdiffness is
highly affected by the exact estimation of rubb@mpressibility.

Corradi et al. [11] proposed an analytical formiolatfor stresses in a single rubber layer, subjette
vertical and horizontal loading separately, basedapproximate solution in large displacement, fdfecent
hyperelastic constitutive laws. The Corradi solutiwas found to be accurate in predicting all bug stress state
also in the HDRB complete device, since rubberraypehave almost as a single individual rubberrkageting in
series. The present work extended and appliegthigion to the complete isolator, allowing preitigtalso vertical
normal stresses in the isolator, which is signiftbadifferent than the Corradi solution for a dmgubber layer.
The proposed Modified Corradi analytical formulatiwas compared to numerical solutions and was dereil to
be accurate in predicting the stress field in tfRB, subjected to vertical load and horizontal ispment, at least
in regions where first damage is more likely towcc

Extensive numerical tests were performed to vetlify possibility to decouple horizontal and vertical
actions (see also [5]) . The error due to supersimgpthe effects of each load condition was foumdlsenough to
confirm the validity of the analytical solution feirst damage domain assessment.

Rubber compounds may suffer damage and fail foardiglation, tensile rupture, tearing, fatigue and
cavitation. Delamination damage condition is actednn present study by a Yen-Caiazzo limit stabenain
[12][13], tuned against mechanical properties ptedi by the manufacturer, in terms of rubber terstilength and
maximum tangential stress due to maximum verticatll[3][4]. In the second part of the work, the HDRrst
damage domain was addressed by means of both tineoBElI and analytical solution. The two approadbdsto
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very close bi-dimensional first damage domainsresged in terms of maximum horizontal load foregivertical
load. The domain represents the combination oefothat generates the very first damage at a dinggg¢ion inside
the HDRB, whose bearing capacity and stiffness gntigs are still unchanged.

The study has been developed for fully incompréssilibber, although significant results were oledim
case of nearly incompressible rubber, which wittdrae a future development for the current research.

The results obtained from the first applicationstdp 1 to 4 of the seismic fragility evaluation ggdure
presented in Perotti et al. [2], also allows definivhich mechanical parameters are necessary tedagred from
the manufacturer.
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