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ABSTRACT

A finite element method designed to assist reactor
safecy analysts in the three-dimensional numerical
simulation of reinforced concrete containments to nor-
mal and off-normal mechanical loadings is presented.
The development of a lined reinforced ccncrete piate
eiement is described in detail, and the implementation
of an emperical transverse snear failure criteriz is
discussed. The method is applied to the analysis of a
1/6th scale reinforced concrete containment model sub-
jected to static internal pressurization.

INTRCDUCTION

The containment structure is the final barrier
petween fission products released inside the contain-
men: during accidents and the atmosphere. Containments
have peen designed in ecylindrical configurations,
spnerical configurations, and rectilinear configura-
tions. Penetrations such as equipment hatches, person-
nel locks, etc. disrupt the smoothness of the pressure
poundary and can create stress and/or strain concentira-
tions. Reinforced concrete (RC) is used as a building
material for nuclear reactor containments throughout
the world because cf the wide availability of reinforc-
ing bars, cement, and gravel. Compared to other con-
struction methods, it is relatively economical.

In order to determine the performance of these
structures to normal and off-normal loadings, it is
necessary to perform numerical simulations. Because of
the complex three-dimensional geometry of the contain-~
ment structures anc the presence of penetrations, it is
necessary to perform three-dimensional analysis. This
paper describes a finite element method that may be
used to analyze the structural respanse of RC contain-
ment structures to pressure loadings. The method has
peen coged in the NEPTUNE computer program {Kulak and
Fiala, 1988), which is a three-dimensional nonlinear
mecnanics finite element code.

The second section describes a lined, reinforced
concrete plate element that is used to model concrete
structural components such as walls, floors, ceilings,

etc. A terse formulation of the basic 2iement is first
presented; the formulation for arbitrarily positioned
reinforcing bars is then developed; and a liner model
that accounts for thne liner's membrane response is dis-
cussed. The third section describes tne material mod-
els used to represent concrete, reinforcing bars, and
liner steel, The failure criteria for each of the
above components is discussed as well as an emperical
criteria for transverse shear failure. The solution
algorithms for statie and dynamic lcadings are de-
scribed in the fourth section. The fifth section de-
scribes display tecnniques used to visualize the lay-
ered reinforecing bars within the concrete sections and
tne predicted cracking and crushing patierns during
loading. The application of the method to pretest
simulations of the response of a RAC con:tainment model
is described in the sixth section.

LINED REINFORCED CONCRETE PLATE ELEMENT

Most containment structures can be mcdelled with
piate elements. Thick RC sections, such as the base
mat, would have to be modelled with continuum elements,
wnich are not here considered.

Quadrilateral Plate Element ’

Our evaluation of the available formulations indi-
cated that the bilinear four-node guadrilateral plate
eiement (Fig. 1) formulation proposed by Belytschko
et al. (1984} posesses all the ingredients needed to
model reactor type structures; so we coged their formu-
lation into the NEPTUNE code. The element is based
upon Mindlin plate theory and uses a velocity strain
formulation that permits large strains.

The above element was primarily developed for
metallic structures. For the purpose of modelling RC
structures, the above element was enhanced with a model
to represent arbitrarily pesitioned reinforcing bars, a
liner model to represent a liner's memprane response,
and a material modei for concrete, which is described
in the next section.



It will be helpful to our subsequent development
to first present some key results obtained by
Belytschko et ai. {1984) for the element. The velocity
strain, d. is given by
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Wwhere Vig and 8., are the velocity and angular velocity
at pode I in the ith local coordinate direction and

z 15 the depth coordinate. The forms for B;; are given
by
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wnere xI is the local x coordinate and xIJ is the dif-

ference between nodal coordinates (e.g. X, =
Xy = x5).

. The nodal internal ferces are given by
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where k is the shear factor, and A is the planar area
of the element. The element's internal forces, f
and internal moments, gt are obtained from
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in which ous are corotational stresses.

The element's internal forces and moments due to
the response of concrete, fzzn and mzzn, are _computed
from eq. (Y4) in which the concrete stresses, °2:n’ are
obtained from the concrete material model, which is

described below; thus
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Reinforecing Bar Model

The first enliancement to the element is a model
for the reinforcing bars. The rebars are represented
in the element by discrete layers of smeared reinforc-
ing steel (Fig. 2). Within the element, individual
layers are used to represent corresponding layers of
actual reinforcement. The following geometric informa-
tion is reguired for each layer of rebars: the dis-
tance, z (Fig. 3), from the centroidal plane, the

angle, 9, that the bars make relative to side 1 of the
element, the bar's true cross-sectional area, Ay, and
the spacing (pitch) between bars, p. The strain along
the bar direction is obtained from the following pro-

cedure. The velocity strain, di , in terms of the
elements corotational coordinate 'system at a rebar
level, 2z , is given by
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At this point it should be noted that the quantities
Bjy» vjp» ang ei] de not have to be computed for the

rebar response because they were previously computed
for the response of the concrete plate. The velocity
strain along the bar direction is given by
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Tne stress, E;, in the bars in layer L is assumed to be

uniaxial and to lie along the length of the bar. A
uniaxial elastoplastic constitutive relationship is
used to compute the stress from the strain along the

. ; s - .
bar direction. The discrete-bar stress, ¢y, is con-
verted into an eguivalent smeared reinforcing layer
-2 :
stress, Oge according to
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The internal

forces, E"'b' and internal momencs,
r -
m.g* i EG. (4) due to the smeared layers of rebars are

computed from
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where £ is a rebar layer number and L is the number of
repar layers.

Liner Mogdel

The second enhancement to the gquadrilateral plate
element was a model that accounts for the membrane
response of the liner. The liner is located on an
outside surface of the element at zlr. The veloeity
strains in the liner are obtained from Eq. (1) when z
is replaced by z T The velocity strains are then used
in our existing constitutive subroutine for metals to
obtain the current corotational membrane stress in thne
liner, ua; Tne element's internal forces due to the

memprane response of the liner are given by

PO% N “ir _

“lr “1r “
.ae-oaeh, m (11)

Y O I 1
where h is the thickness of the liner.
The element's internal forces and moments are

equal to the sum of the contributions from the respon-
ses of the concrete, rebars, and liner, that is
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The results of Eq. (i2) are used in Eg. (3) to obzain
the nocal internal forces for a lined, reinforced con-
crete plate element.

Now we would like to emphasize the fact that by
incorporating the rebar and membrane liner computations
into the subroutine that computes the response of the
concrete shell, a large reduction in computational
effort is achieved over that nesded if separate zle-
ments would have been used for the concrete snell,
rebar, and liner.

MATERIAL RESPONSE MODELS

This section describes the material response mod-
els used for concrete, for the liner plate, and for tne
reinforcing bars.

The material model for concrete implemented into
NEPTUNE was the model (Takahashi, 1983 and Pfeiffer,
1986) originally developed for the TEMP-STRESS code
{Marcnertas et al., 1988). Tnhe model accounts for the

significant difference in tensile and compressive be-
navior as indicated by a typical uniaszial compression-
tension stress-strain curve shown in Fig. 4. The
strain hardening part of the behavior is modelled with
a von Mises loading function (Fig. 5) ang failure is
detected with the Hsieh-Ting-Chen four-parameter model
(Hsieh et al., 1982). The post-failure response of
concrete in the tension regime (tension softening)
follows the element-size-independent cracking criterion
of Bazant and Oh (1983). The energy release rate is
used as a strain-softening parameter to control the
cracking behavior. To account for the orthotropic
softening in the element after cracking, an orthotropic
stiffness matrix (Pfeiffer, 1986) is employed. Com-
pression softening is modelled through the von Mises
loading funetion in which an isotropic stiffness matrix
is used.

The 1liner plate is usually constructed from
steel. two-dimensional elastoplastic strain harden-
ing material model with the von Mises yield criterion
is used to represent the liner steel. Failure of the
liner is assumed to occur when the calculated equiva-
lent true-strain exceeds the value for the ultimate
strain,

The reinforcing bars are assumed to be in a uni-
axial state of stress. Therefore, a uniaxial elasto-
plastic strain hardening material modei is wused to
represent the material response. A multilinear true
stress-true strain curve, obtained from experimental
data when available, is used in the constitutive algo-
rithm, kebar failure is assumed to occur in tension
when the calculated axial strain exceeds the value of
the ultimate strain.

An important failure mode that can occur in rein-
forced concrete structures is transverse shear fail-
ure. The transverse shear force acts perpendicular to
the surface of the plate, and it is usually largest at
wall-base Junctions and at corners. A comprehensive
treatment of this failure mode would have to include
the interaction among concrete cracking, friction and
aggregate interlock, and the dowel action of the
rebars.

The element described above cannot be used to
obtain the transverse shear failure mode tased upon a
comprehensive treatment of the mechanics for the fol-
lowing reasons. The plate element that is being used
to represent reinforced concrete sections is a Mindlin

type of element. The transverse shear stresses o
are computed from the shear strains, Yag by

1]
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wnere G is the elastic shear modulus, as opposed to
being coupled to the other stresses through a consti-
tutive relation. Also, the transverse shear stress
distribution through the thickness is assumed con-
stant. The reason for this is that the transverse
shear term acts as a penalty term to enforce the
Kirchnoff condition. 1In addition, the shear stress is
ignored in the modelling of the rebars and there is no
interaction between the rebars and concrete.

From the above it is seen that detailed modelling
of the transverse shear failure mode is not feasitle
with the simplified models for the rebars, concrete,
and their interaction that are currently being used in
the code. Therefore, an empirical approach was em-
ployed to evaluate the ultimate transverse snear



s:;ength. The method adopted is based upon an empiri-
cal fermula developed oy fAoyvagi and Yamada (1979) who
conaucted experiments on reinforced concrete flat plate
specimens subjected to combined shear and axial
loads. They found that the lower bound for the ulti-
mate shear strength, ™, is the smaller value computed
fram
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where 8,, By and 83 are cons.ants,'uhich depend upan
the d1menslona1 unifs being used, o is the reinforce-
ment ratio in the normal direction, which is the area
of steel divided by gross cross section area of the
element A, oY is the yield stress of the reinforcing
steel, o - is the average normal stress, and f) is the
ultimate shear strength of concrete. The constants 84,
6, and 8, are given in Table 1 for several sets of
dimensional units. The average transverse shear
stress, a,,, and tne average normal stress, cp,, in the
element are computed from
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Tne average normal stress is used in Eq. (14) tc evalu-
ate the ultimate shear strength. The computed average
shear stress of Eg. (15) is then comparec to tne ulti-
mate shear stress of Zg. (14) to determine if a trans-
verse snear failure occurred.

SGLUTION ALGORITHM

The eguations that are to be solved for a static
anzlysis are the equilibrium equations given by

~int ext 1%
.= [ o
L i1 (18)
wnere P%nt and re“t are the internal and external nogal

forces, respect1bel), of ncde I in the lth direetion.
for dynamic problems, the governing eguations are the
semidiscretized equations of motion wnich are given by

int ext
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where m;; is a diagonal mass matrix and uj; is a nodal
dispiacement. Superscript dots are used to denote

temporal derivatives. Here we note that NEPTUNE was
originally developed as a dvnamic code; static analysis
capability is a very recent addition. The eguations of
motion are solved using the central difference
formulas.

from the various methods that are available for
obtaining static solutions, we selected the method of
dynamic relaxation (DR), which was apparently intro-
duced by Otter (1965). & recent summary of the method
is given by Underwood (1983). The three main reasons
for this choice of method were: (1) it is applicable to
highly nonlinear problems, which occur in structural
safery evaluations, (2) it reguires minimal changes to
the NEPTUNE code's architecture, and (3) it does not
require additional storage beyond that reguired by the
cent::gl difference method. The eguations that are to
be solved for a static analysis are the static egquili-

brium equations given by Zgq. (16). Wicth the DR method,
the solution of £gq. (16) is obtained as :he camped
saiution to the equations of motion (i.e. Eq. (17)) in
which the mass matrix 1s chosen to minimize the number
of steps for convergence. Thus, in effect we are es-
sentially solving the same ecuations for poth the dy-
namic and static cases. Of ccurse there are some minor
differences in the solution procedure which we will now
hignlignt.

The updates for the acceleration, veiocity, and
displacement are given by

-1 ext,n int,n
U = omp, [ril r11 ], {no sum) (18)
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where At is the time increment and n is the step number
(n=0,N max’ Nmax = maximum rumber of steps). No:e, a

spec1al start;ng procedure is used since the value for

ﬁ211/2 when n=0 is not known. For n=0, Eg. (19) is

replaced by
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-1/2 _ At 0
il 2 i

1

The parameters oy and a, in Eq. (19) take on different
values for static and dynamic analysis. For tne dy-
namic case, both a; and o, are equal to one (ay = ay =
1.0) and the updates in Egs. {19) and (20) are reauced

to the standard central difference updates. For the
static case, a4 and a, are given by
2 - ¢ At o = 2 122)

8y T 23 cat ' %2 %IF ot
where c¢ is the damping.
mined from

The damping value is deter-

c=z2uw (23)

where w, is the lowest participating frequency of the
system. The lowest freguency is determined each step
using an approximate Rayleigh quotient (e.g. Underwood,
1983} according to

2 Y1 Y1 Kyp
w
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where K;; is a diagonal approximate stiffness matrix

whose terms are computed at each step by

0 int,n int,n-1

N . +h=1/2 =
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Note, if k? is less than zero, it is set equal to
2ero. i

In order to reduce the number of steps required
for convergence, the element densities are chosen such

e
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hat the element transit times are all iaentical, In
ou: work we have chosen At = 1. Convergence is assumed
when the following criteriaz are satisfied.

i e,
—— x 100 < ¢ (28)
‘ e2xt,n f
|1 il 2
l “ne+i/2 . ,l !
il 2
x 100 = ¢ (27
uNf1 u
e 12
where || {|> indicates the Euclidean norm. We have

found that ep = 0.1 and ¢, = 0.001 usually produce
accurate results without excessive computations.

VISUALIZATION

The safety analysis of reactor structures often-
times leads to the use of large complex Tinite element
mogels that must be piloctted to verify their correct-
ness. In addition to the normal display reguirements
of finite element meshes, reinforced concrete struc-
tures resuire two additional plotting features: the
display of the topology of the reinforcing bars and the
dispiay of the computed cracking pattern.

The apove features have been incorporated into our
preprocessor code, PRENEP and postprocessor code,
POSTHEP (Kulak and Fiala, 1988). Typical reinforced
concreze sections contain multiple layers of reinforc-
ing steel. The following scheme was aceveioped tc dis-
piay the orientation of the rebars. The [inite ele-
ments of the mesh are indicated by dotted lines and the
repars by a solid line passing through the center of
eacr ziement. For the purpose of maintaining clarity,
only one repar per cdirection per element is drawn
through the center of the element, and a maximum of two
repar lavers can be displaved. Tne orientation of the
resars is shown relative to the global axis, wnich
corresponcs to its location in the physical worid.
Illustrated in Fig. 6 is a representative display of an
eiement cantaining orthogonal reinforcement,

In order to graphically capture the degradation of
RC structures, the capability to display cracking and
crushing of concrete has been adoed. Figure 7 shows
that a crack is represented by a dashed line within the
eiement, and crushing is represented by dots within the
element, Hote, multiple cracks are i1llustrated in some
of the eiements.

Additional illustrations of the above display
features are provided in the sample problem. These
feature provide the analyst with significant visual aid
to understand the response of complex RC structures.

CONCRETZ CONTAINMENT RESPONSE TO STATIC OVERPRESSURE

Here we describe pretest numerical simulations of
the response of a 1/Eth-scale reinforced concrete con-
tainmen: model, designed and constructed for the U. S.
Nuclear Regulatory Commission, and tested to failure by
static overpressurization. The test was conducted at
Sandia National Laboratories during the middle of
1987. One of the purposes of the test was to validate
current analytical and numerical methods for predicting
response up to failure.

Description of Containment ZIxperimental Model

The 3 scale concrete containment mocel is
depicted in Fig. 8. A steel liner provides a leak
tignt poungary. Headed studs attached to the liner are
used to affix the liner to the concrete along the
ecylinder and dome. & thick reinforced foundation mat
is the botzom pressure boundary. Several penetrations,
such as eguipment hatches, personnel airlock repre-
sentations, and smailer pipes, are located in the cyl-
inder. The wall sections around the equipment hatches
are thickened.

9~
O
(4]
3

A ~onsiderable amount of reinforcing steel was
placed in the c¢ylinder, dome, basemat, and around the
penetrations. Specifications for the placement of the
repars is given by Clauss (1987).

Material Properties

Both the liner and rebars were modelled as iso-
tropic hardening elastopiastic materials. The 1liner
properties are taken to be as follows: Young's modulus
= 30 x 10° psi (203 GPFa}, Poisson's ratio = 0.3, yield
stress z 50.2 x 10° psi (346 MPa), ultimate strength =
70 x 10° psi (483 MPa) at a strain of 16.4%. The rebar
properties are given by: Young's modulus = 31 x 10° psi
(2%4 GPa), Poisson's ratio = 0.3, yield stress = 5.6 x
10° psi (459 MPa), ultimate strength = 99 x 10° psi
(6563 MPa) at a strain of 4.6%.

The Hsieh-Ting-Chen four parameter failure surface
is used to characterize tnhe strength of concrete. The
properties of concrete are given by: Young's modulus =
4,8 x 16° psi (33.1 GPa), Pgisson's ratio = 0.2, com-
pressive strength = 6.8 x 10° psi (U46.9 MPa), and ten-
sile strength = 500 psi (3.5 MPa).

Finite Element Model

The 1/6th scale concrete containment model
(Fig. 8) contains several large penetrations, such as
an equipment hatch and personnel lock, that will cause
deviations from a pure axisymmetric response and may
decrease the capacity of the containment. In order to
predict the behavior near these regions, a nominal 50
degree circumferential segment of the model was devel-
oped (Fig. 9). The segment includes the cylinder from
the basemat to the springline and the dome. The cylin-
der portion contains one-nalf of the penetration open-
ing for Eguipment Hatch "B". The basemat was not in-
cluded in this model; thus, its effects on the cylinder
at the cylinder-basemat junction are not taken into
account.

The topology of the reinforcement was specified
for each element by preseribing the location of each
layer in the depth direction and the orientation rela-
tive to side 1 of the element. The circumferential,
meridional, and seismic rebar topology is captured
fairly accurately in regions remote from the penetra-
tion. The curved shape of the rebars near the penetra-
tion is approximated by straight bars within each ele-
ment, but the orientation of the bars from small groups
of contiguous elements to adjacent small groups of
contiguous elements is varied to giobally capture the
curved shape. Figure 10 shows the layout of the rebars
in layer 4 and 5 within the cylinder and dome.

The model is subjected to a fixed boundary condi-
tion {no translations or rotations allowed) at the base
of the cylinder. Symme:ry conditions are enforced on
the nooges that lie in each of the two vertical symmetry



pl5hes; the first plane contains the meridional edge of
the mogel with the penetration opening, and the second
piane contains the other meridional edge. The symmetry
bouncary condition ls a roller condition in which mo-
tion (translational and rotational) is only allowed in
the symmetry plane. The apex node is only permitted to
move in the vertical direction; no rotations are
allowed.

The load is a pressure incrementally applied to
the inside surface of the containment and a line load,
which is eguivalent to the pressure load on the hatch
cover, applied in the radial direcfion to the dge of
the penetration opening in the updated geometr,. A
pressure of 20 psig is applied in the first load step,
and 5 psig increments are used thereafter,

Results

Tne model was pressurized incrementally up to
failure, which occurred at 185 psig (1.276 MPa). All
materials in the model behaved elastically up to 25
psig (0.172 MPa). Cracking at the inner diameter of
the boss at the 6 and 12 o'clock positions began at the
pressure of 30 psig (0.207 MPa). Meridional cracks
also formed at the base of the cylinder. The predicted
cracking pattern on the inside surface of the contain-
ment at 40 psig is visible in Fig. 11. It was noted
that the radial displacements of the cylinder near the
regicn of the boss and including the boss were less
than those further away. This deformation pattern
formed an inward dimple as shown in Fig. 12, in which
the displacements have been magnified by a factor of
5. Beginning at 40 psig (0.276 MPa), extensive crack-
ing oczurred in the boss, cylinder, and dome. Thne
liner material begins to behave plastically at 85 psig
(0.586 MPa). Stress in the hoop reinforcement reacned
the yield value at 125 psig {0.862 MPa), and the meri-
dional rebars were stressed to yield at 1U5 psig (1.000
MPa). A splice in a layer & (hoop) rebar failed at
poirt 4 shown in Fig. 12 during the load increment from
180 psig (1.281 MPa) to 185 psig (1.276 MPa). The
radiai and vertical displacements at the vessel spring-
line are shown in Fig. 13. Figure 14 shows the varia-
tion in diameter with pressure of the eguipment hatch
in the horizontal and vertical directions. This oval-
ization could create a potential leakage path if the
seal between the hatch and cover is distorted enough.
A more complete report of this simulation is given by
Clauss (1987).
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Table 1. Constant for Ultimate Transverse Shear
Strength Criteria

Units 84 8> a3

MPa 0.160 0.157 1.41
1b/in®  0.013 1.9 17.0
kgfrem® Q.05 0.5 4.5
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Fig. 3. Position of Rebar within Concrete Siab/Wall.
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Fig. 6.

Finite Element Model of 1/6th Scale Concrete

Containment Test.

- Fig. 9.

Display of Concrete Cracking and Crushing.
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Schematic of 1/6th Scale Concrete Containment

Model.

Fig. 10. Layout of Rebars for Layer 4 and 5.

Fig. 8.
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Fig. 14. Change in Horizontal and Vertial Diameters of
Element Containment Model.
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