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ABSTRACT
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An approach is presented for studying the cracking and
radioactive release of a reactor containment during severe acci-
dents and extreme environments. The cracking of concrete is
modeled as the blunt crack. The initiation and propagation of a
crack are determined by using the maximum strength and the J-
integral criteria. Furthermore, the extent of cracking is re-
lated to the leakage calculation by using a model developed by
Rizkalla, Lau and Simmonds. Numerical examples are given for a
three point bending problem and a hypothetical case of a concrete
containment structure subjected to high internal pressure during
an accident.

INTRODUCTION

Physical integrity and radioactive release are two major
concerns in the assessment of the performance of the reactor con-
tainment during severe accidents and extreme environments. The
behavior of the containment would be greatly affected by the
presence of cracks which not only reduce the load carrying capac-
ity of the containment structure, but also have the potential of
increasing the leakage rate of the radioactive materials. The
problem is further complicated if the cracks propagate during the
accident which will further increase the leakage rate.

At the present time, Argonne National Laboratory is engaged
in the development of analytical tools for predicting the behav-
ior of concrete structures under severe loading conditions [1].
One important aspect of the effort is the modeling of cracking.
Two distinct models have been incorporated into the computer code
to simulate cracking; namely, the conventional sharp crack model
and the blunt crack model. The blunt crack model considers the
crack to be uniformly distributed throughout the area of the ele-
ment. In the sharp crack model, the crack surface is treated as
the boundary of the finite element mesh. Despite the modeling
difference, the results of these two approaches are quite Compaq
able to each other [2,3], The blunt crack model is found to
particularly suited for large concrete structures due to its
of implementation and the fact that concrete cracking generally
does not have well defined crack surfaces like those of a sharp
crack. Four crack propagation criteria, the J-integral, the
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energy release rate, the effective strength and the failure sur-
face criterion, have been considered [4]. In this paper the max-
imum strength and the J-integral criteria are used to determine
the extent of cracking. The formulation developed in Ref. 5 is
then used to relate the extent of cracking to the leakage rate of
pressurized gases through the concrete containment structure.
Several numerical examples are given in this paper to demonstrate
the capability of the computer code In predicting failure and
leakage rate of a concrete structure containing cracks.

Modeling of Concrete Cracks

The initiation of a crack in a finite element analysis is
assumed whenever the principal tensile stress in an element
reaches the tensile strength of the concrete. The crack is as-
sumed to be smeared over the entire area of the element in the
blunt crack model. Hence, the element is assumed to lose its
load carrying capacity in the direction of the tensile stress
which is perpendicular to the direction of the crack. The pro-
pagation of a crack can be determined in a similar manner. How-
ever, it 1s found that the approach utilizing the J-integral cri-
terion would yield more accurate results which are less mesh de-
pendent.

If a crack of length a is assumed to advance in the x-
direction, the rate of energy change can be related to the well
known J-integral whether the crack is modeled as a sharp crack or
a blunt crack [2,3]

J - / (Wdy - T • -|J d*) , (1)

where x and y are Cartesian coordinates with y perpendicular to
the crack surface; W is the strain energy; T is the surface trac-
tion; u is the displacement; d£ is a line segment in an arbitrary
integration loop surrounding the crack tip. In the J-integral
evaluation, it is noted that the surface traction vanishes on the
blunt crack surface just as on the sharp crack surface. There-
fore, the numerical integration for the blunt crack model is sim-
ilar to that for the sharp crack model.

The J-integral is not path independent if extensive plasti-
city exists. In that case, a modified concept called J* integral
was introduced by Blackburn [6J.
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where r̂  is a circle
another contour beyond
the area enclosed by r," and r3. The Cartesian coordinates are
denoted by x^ and X£. 'he tensor notation is used in Eq. (2).

The J* integral is equal to the J integral for an elastic
case. Hence the amount of difference between the J and 0* inte-
gral values is also an indication of the degree of nonlinear de-
formation of the structures. The J-integral criterion states
that the crack will propagate if the J (or J*) integral reaches a
critical value which fs a material property to be determined by
experiments.

Leakage Model

Once the extent of cracking is determined by using the
aforementioned fracture criteria, the amount of leakage can be
found by the following equation developed for computing leakage
through concrete cracks [5].

,2
e CRT)n-1

2-n
(3)

where

P.,- = internal pressure (Ib/sq ft)
Pe = external pressure (Ib/sq ft)
L = thickness of concrete structure (ft)
k = surface roughness of the crack
y = dynamic viscosity of the radioactive gas (Ib.sec/sq ft)
R = gas constant (1716 ft'/sec'-'R)
T = absolute temperature of the gas (°R)
n = flow coefficient
Q = total flow rate through the concrete wall (cu ft/sec)
B = length of the crack along the wall (ft)
W = average opening displacement of the crack (ft).

In this model, the opening displacement is assumed to be uniform
through the thickness of the concrete wall which is valid for
cracks generated by pure membrane stress. The surface roughness
and flow coefficient have been found to be

k = 2.907 x 107 (w3) °* 4 2 8

0.133

(w3) °-081

Numerical Results

To examine the performance of the blunt crack approach, a
three-point bend problem reported in a calculational round robin
in elastic-plastic fracture mechanics participated by 17 organi-



zations [7] is chosen for numerical study. The three-point bend
specimen is 2.54 cm wide, 10.16 cm high and 2.54 cm thick with a
1.27 cm Tong center crack. The calculated crack mouth opening
displacement and the J and J* values are plotted in Figs. 1 and
2, respectively. Also shown in the figures are the values re-
ported by the organizations participating in the calculational
round robin. It is noted that the current J and J*-integrals
calculations yield very reasonable results as compared with those
obtained in the round robin. Hence it is concluded that the J
and J*-integrals approach with both the blunt crack model and the
sharp crack model can be used for elastic-plastic fracture
mechanics problems.

The second problem studied is a hypothetical case of a con-
crete containment structure subjected to 150 psi {1 MPa) gas
pressure and 750°F (399*C) gas temperature during an accident. A
sketch of the containment structure is shown in Fig. 3. The con-
crete containment is a domed cylindrical structure 70 ft (21.3 m)
in radius, 214 ft (65.3 m) high and 3.5 ft (10.7 m) thick. The
containment structure usually has many penetrations such as the
equipment hatch, the emergency air lock and various piping pene-
trations. Selected for this study is a piping penetration which
is 5 ft (1.5 m) in diameter. Because of the stress concentration
at a hole, the area surrounding the piping penetration Is the
critical part of the structure. The thickness of the containment
wall and the radius of the penetration are much smaller than the
radius of the containment structure. Therefore, the problem is
reduced to a two dimensional plane stress problem shown in Fig. 4
where x is the circumferential direction and y is in the axial
direction. Only a quarter of the mesh is set up due to symmetry
conditions. Usually, a nuclear containment structure is rein-
forced. A 2% steel reinforcement would carry about 902 of the
load. However, the current model does not include the effect of
the reinforcement. Hence, only 102 of the pressure loading is
applied to the model which leads to circumferential and axial
stresses.

c = 2a = 300 psi (2 MPa) .
C cl

The material properties used in this study are

E = 2.5 x 1 0 1 1 dyne/cm2,
v = 0.18,
p = 2.326 g/crrJ,
ft = 2.41 MPa,

where E is the Young's modulus, v is the Poisson's ration, P is
the density, and ft is the tensile strength of concrete.

Due to its poor thermal conductivity, a concrete structure
responds much quicker to a pressure load than to a thermal load.
Therefore, the computer run attempted includes only the pressure
loading on the structure. The effect of the temperature is only
reflected in gas properties. The result is shown in Fig. 5 where
the straight line in an element indicates the direction of the
crack. Cracks initiate at the 6 and 12 o'clock position of the



circular penetration when the circumferential stresses reach the
tensile strength of the concrete and propagate through the model
in less than 20 ms. In a reinforced concrete structure, the
crack may be stopped by the reinforcing bars. However, that
effect is not included in the present model.

To demonstrate the leakage calculation for a more reasonable
case, we chose the crack length to 6 in (15.2 cm) in the next
computer model and calculated the J and J* values. In order to
study the sensitivity of the finite element mesh, the model shown
in Fig. 4 is further refined as shown in Figs. 6 and 7. The same
loadings are applied. The calculated J and J* values are 382 N/m
and 390 N/m respectively. Compared to a critical J value of 32
N/m, this indicates that the crack will propagate. The average
opening displacement of the crack is calculated to be 0.007 cm.
From Eq. (3), the radioactive leakage rate is calculated to be
0.00012 cu ft/sec. (3.4 x 10" 6 m3/sec) which is less than the
acceptable leakage rate of 1% of containment volume per day (0.01
m 3/sec).

SUMMARY AND DISCUSSIONS

1. This paper presents an approach to assess the physical in-
tegrity and leakage rate of a concrete containment structure
subjected to high pressure and temperature during an acci-
dent.

2. In an accident condition, the concrete structure responds
quickly to the pressure loading. Cracks Initiate as soon as
the tensile strength of the concrete is exceeded and propa-
gate under certain conditions through the structure in the
order of less than 1 sec which is several orders of magni-
tude faster than the change in thermal gradient.

3. J (or J*) integral criterion appear to be very reasonable
for crack propagation simulations.

4. The leakage rate can be related to the extent of cracking,
although more experimental data is needed to cover a wider
range of crack configurations such as cracks caused by
bending stress rather than by membrane stress.

5. The effect of reinforcement needs to be studied further
since it is not included in this study.
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Fig. 1. Crack Mouth Opening Versus Load (Curves are from Ref. 6)
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Fig. 2. J and J* Integrals Versus Load (Curves are from Ref. 6}
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Fig. 3. A Typical Concrete Containment Structure
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Fig. 4. Finite element model representing a piping
penetration in a containment structure

Fig. 5. Cracking pattern for the finite element
model shown in Fig. 3



Fig. 6. Finite element model representing a 6"
(15.2 cm) crack extending from a piping
penetration in a containment structure

Fig. 7. Refined finite element model representing
a 6" (15.2 cm) crack extending from a piping
penetration in a containment structure
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