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Abstract

In assessing the safety of a l i q u i d metal fas t breeder reactor (LMFBR), a major concern

Is the behavior of concrete st ructures subjected to high temperatures. The potent ia l of

concrete cracking is an important parameter which could s i g n i f i c a n t l y inf luence the safety

assessment of thermally attacked concrete. A new modif ied J - in teg ra l approach for the b lunt

crack model has been derived to provide a general procedure to accurateTy pred ic t the d i rec-

t i on of crack growth. This formulat ion has been Incorporated in to the coupled heat t rans fe r -

stress analysis f i n i t e element code TEMP-STRESS. A descr ip t ion of the formulat ion is pre-

sented in t h i s paper. Results for the problems of a Mode I and mixed mode crack in a p la te

using regular and slanted meshes subjected to uniax ia l and shear loading are presented.

Energy release rates calculated by the J - in tegra l agree well with the theore t i ca l pred ic t ions

for a Mode I crack, problem with d i f f e r e n t mesh representat ions. However, engineering judg-

ment and great care must be exercised in g r id d i s c r e t i z a t i o n for a mixed mode crack problem

to capture the shear s i n g u l a r i t y .
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1. Introduction

The effects of high temperature on the integrity of concrete structures is of vital

concern 1n the design of a safe and reliable LMFBR plant. Such effects can become manifest

by exposure to high temperatures in the reactor cavity under cavity cooling system malfunc-

tions or core melt accidents and spillage of large quantities of hot reactor coolant onto

steel-lined concrete structures. An important parameter which must be addressed in the

safety assessment of concrete structures 1s the potential of cracking due to this thermal

attack. Cracking, in general, reduces the integrity of the structure plus provides pathways

for hostile attack of the coolant upon the concrete. The prediction of crack Initiation and

crack propagation in concrete is, therefore, very important in the safety assessment of a

LMFBR.

Concrete cracking in finite element analysis can be modeled as a blunt crack where the

element represents the crack. The element has uniform crack distribution throughout its

area. In contrast to the sharp crack model where the crack loses all its load carrying

capacity, the blunt crack model allows the cracked element to transmit stress parallel to the

crack direction. 8azant and Cedolin [1] developed a blunt crack model Based on the energy

release rate and the effective strength concepts. This model is Insensitive to the element

size. Difficulties were encountered in implementing their approach into a general purpose

finite element code due to the absence of a general procedure to accurately predict t;ie

direction of crack growth [2]. A procedure based on a modified J-integral has been developed

to overcome this difficulty.

This modified J-integral formulation has been incorporated into the general purpose-

nonlinear finite element code TEMP-STRESS [3]. The basic framework of TEMP-STRESS has been

taken from the STRAW computer code [4,5,6]. TEMP-STRESS is a weakly coupled heat transfer-

stress analysis code. The code uses an explicit integration scheme, coupled with dynamic

relaxation to solve problems of structures subjected to high temperatures. The J-integral

procedure and numerical computations are described in the follow! ig sections.

2. J-Integral for the Blunt Crack Model

A blunt crack of length a is assumed to advance a small amount aa in an arbitrary direc-

tion x. After the crack advances, the material in the incremental volume &V is assumed to

retain only its capability to transmit the stress <?- parallel to the crack direction. The

energy change associated with the crack advancement in this case was shown in Ref. [1] as

" " H ' ° i j £ i j - o x e ^ d v 4 { s
a T i ( u i - u ? ) d s - m

where aV is the volume change, AS is the change in surface area, OJJ is the stress, e^j is

the s t ra in , Uj is the displacement, &Tj is the change in surface traction and the super-

scr ip t , o, denotes the original state before the crack advances.

I f a is assumed to be Inf ini tesimal ly small as in the J-integrai approach [ 7 ] , the

second integral 1n Eq. (1) reduces to zero and the following expression can be obtained for

the energy release rate at the crack t i p :
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G - . i H . I / (o°.e°. - s-e-ldy , (2)da Z ' l u IJ x x- J

t i p

where y is normal to the crack direction x. I t is noted that the f i r s t term in Eq. (2) is

equal to the well known J-integrai and the second term accounts for the remaining load carry-

ing capacity of the cracked element. Therefore, the f i r s t term in Ea. (2) can be evaluated

by integrating the following equation around an arbitrary loop r surrounding the crack t i p

where

In deriving Eq. (2), i t is assumed that the shape of the crack t ip remains the same before

and after the crack advances. Hence, the second term in Eq. (21 is only a constant. G and J

are related by

G = k • J . (4)

Although the constant k can be obtained by numerically evaluating G and J , i t s determination

is not necessary since J can be used directly in the crack propagation c r i te r ion .

According to J-integral theory [ 7 , 8 ] , the crack wi l l propagate in the direction where

the J-integral value is a maximum and the crack propagates i f the J-integral reaches a c r i t i -

cal value. I t is also pointed out in Ref. [9] that the J value should be calculated by using

the elastic solution of a deflected crack, having a main branch and a propagating branch. I f

we assume that the distr ibut ion of +he elastic f ie ld of a blunt crack is similar to that of a

sharp crack, then the crack propagation directions predicted by the sharp crack model and the

blunt crack model would be the same.

The solution for a deflected crack would make the numerical programming extremely d i f f i -

cu l t . However, the energy release rate associated with a kinked crack was obtained in Ref.

[ 9 ] :

+ 8 sine coss KJKJ, + (9 - 5 cos2e) K | J ] , (5)

where E is the Young's modulus, 8 is the propagation angle, * = 3.14159, Kj and KJJ are the

stress intensity factors for Mode I and Mode I I cracks. Kj and KJJ are related to the J-

integrai.based on the original crack configuration and the global Cartesian coordinates with

x parallel to the crack direction by the relation
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J * 6 • (2K.K,) , (6)
y L L

where 6= j for plane stress condition and s x (1 - v )/E for plane strain condition. Hence

we can now obtain the J value and the crack propagation angle by evaluating Jx and Jy. In

the case where Mode I deformation dominates, the crack propagation direction will be small.

Eq. (5) reduces to

J * Jx cose + J sine (7)

and the propagation angle becomes

e » tan'1 -i ]

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. Therefore, the numerical integration

for the blunt crack model is similar to that for the sharp crack model. The second term in

Eq. (3) always vanishes on the top and bottom surfaces of the crack, whereas, the first term

vanishes only under the following conditions:

(1) if dy • 0, namely, the crack propagates in the same direction as before,

(2) if W on the top surface is the same as that on the bottom surface. This occurs in
both symmetric and skew symmetric conditions.

Hence the J-integral can be evaluated on an arbitrary loop which starts and ends on the

opposite sides of the crack surfaces under these conditions.

In the finite element discretization, an additional complication enters if the crack

direction is not the same as the mesh direction. In that case, the crack has to be repre-

sented by a zig-zag band. Once the direction is calculated, the crack is assumed to advance

to the element which introduces the least amount of accumulated error as defined by

<£rr ' I (91' " 9j) . (8)

where s\ is the cracking angle calculated by the J-integral approach, 91 is the angle sub-

tended by the reference axis and a l ine joining the centroids of the i t h and the last cracked

elements. The i t h element is adjacent to the last cracked element. The minimization of

error in Eq. (8) then forces the crack to take a zig-zag path which is close to the correct

cracking direct ion. After the prospective crack element and the crack direction are

determined, the crack is assumed to propagate when the energy release rate reaches a c r i t i ca l

value.

The above described approach has been incorporated into the general purpose f i n i t e

element code TEMP-STRESS [ 3 ] . A Gaussian integration scheine is used for the J- in tegra l . The

program is set up so that the user can select the integration path and the number of Gaussian
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integrat ion points. The subroutines are f u l l y integrated into the TEMP-STRESS code so that

the time history of the J-values can be p lo t ted . The application of these procedures to the

plane stress problem of a cracked plate using quadri lateral elements with one point

integrat ion and e last ic hourglass control [10] is described in the fol lowing sections.

3. Numerical Calculations for the J- In tegra ls

Mode I Crack

The plane stress problem of a Mode I crack in a plate subjected to uniaxial loading

was f i r s t studied. Two d i f fe ren t types of meshes as shown in Figs. Ha) and Kb) are used.

The sol id l i ne In F ig. Kb) indicates the coarse slanted mesh whereas the dotted l ine i n d i -

cates the f ine mesh. The Integrat ion loops for the J- in tegra ls are shown as the bold

l i n e s . A l l computations were performed for E * 2.193 MN/m2, v « 0 .2 , b = 0.24 m, h • 0.26 m

and J c * 0.0236 MH/m. The applied stress is kept at 5000 N/m^ for a l l runs.

From mesh l ( a ) , i t can be readfly seen that the J - in tegra ls over the top and bottom

surfaces of the crack vanished. For mesh Kb) th is is not so apparent. However, one can

argue that i f the s t ra ight crack shown in F ig. l (a ) can be represented by the zig-zag crack

band shown in F ig. K b ) , then the e las t ic f i e lds associated with the two models should be the

same and s imi lar in tegrat ion loops should y ie ld the same resu l ts . Therefore, one would

expect the J- in tegra ls over the top and the bottom surface of the zig-zag band to cancel with

aach other and the error associated with an integrat ion loop shown 1n Fig. K b i to be

small . Di f ferent sizes of integrat ion loops have been attempted, the numerical results i n d i -

cate that the J- in tegra l values are insensi t ive to the size of the integrat ion loop and that

the resul t for the zig-zag crack band is very close to that for the s t ra ight blunt crack.

For a l l numerical integrat ions performed using mesh l ( a ) , J y is generally orders of

magnitude smaller than J x , resul t ing in a predicted crack angle nearly 0 ° . Hence, the crack

advances in a s t ra igh t l ine shown as the shaded area in F ig. l ( a ) . For mesh K b ) , J y i s

generally at least an order of magnitude smaller than J x , y ie ld ing a predicted crack angle of

less than 5° . Therefore, the crack takes a zig-zag path as shown in F ig. K b ) by applying

Eq. (8) for choosing the cracking elements. The calculated load mu l t i p l i e r a, where ao gives

the c r i t i c a l stress for crack extension, is plot ted in F ig. 2 (along with the theoret ical

pred ic t ions) . In th is f igure , the length of the zig-zag crack band is taken as the projected

length on the crack d i rec t ion . I t is noted that there is very good agreement between the

numerical results and the theoret ical predict ions ind icat ing that the J- integral approach can

be used with the blunt crack model and that the zig-zag crack band can be used to represent

the s t ra ight Mode I crack.

During th is study, i t is found that reasonable numerical resul ts can be obtai ad

without hourglass con t ro l . While an hourglass v iscosi ty of 0.05 does not s ign i f i can t l y

af fect the numerical resul ts for the mesh shown in F ig. H a ) , the same hourglass v iscosi ty

causes the plate containing the zig-zag crack band to be much s t i f f e r than the plate contain-

ing an equivalent s t ra ight crack. In general, an hourglass v iscosi ty of 0.001 or less should

be used in th is type of problems.
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M-fxed Hode Crack

The plane stress problem of a center-cracked plate subjected to both normal and

shear stresses was examined next. The material properties are the same as in the previous

section. The applied normal and shear stresses are made equal so that the crack angle is

expected to be -45 degrees [9].

Contrary to the good agreements between the theoretical values and the numerical

calculations for Mode I crack, the calculated crack angle 1s -12° for the mesh shown in F1g.

3(a). In order to gain insight into the relationship among various parameters and the J-

integrals, the effects of the hourglass viscosity, the size of the integration loop and the

grid discretization are studied. It is found that hourglass control is essential far a mixed

mode crack problem. An hourglass viscosity ranging from .001 to .005 is needed for the

uncracked elements. The numerical results are relatively insensitive to the hourglass vis-

cosity used in the cracked elements. Jx values are found to be Insensitive to the size of

the integration loop and the grid discretization, whereas, a small Integration loop surround-

ing the adjacent elements to the crack tip seems to yield more reasonable Jy values. Mesh

discretization is by far the most dominant factor in evaluating 0 y. In the parametric study,

the finite element mesh was first refined in the direction perpendicular to the crack surface

as shown 1n Fig. 3(b). The results of the parametric study on mesh discretization are

plotted in Fig. 4. It is noted that the change in crack angle is mainly related to the

change in Jy. The observed behavior of the J-integral is consistent with the elastic field

associated with the mixed mode crack. The normal stress ahead of the crack generally shows

the singularity regardless of the grid discretization, whereas, the singularity of the shear

stress shows up only after the mesh shown in Fig. 3(a) is refined. This indicates that the

finite element mesh has to be chosen carefully to capture the elastic field associated with

the Mode II crack.

It can be deduced from these studies that the numerical errors associated with a

mixed mode crack could be large if a coarse finite element mesh is used. The error, however,

would reduce as the crack tends toward Mode I as one would expect under a static loading

condition. For demonstration purpose, the problem of uniaxially loaded plate containing a

23.6° slanted crack as shown in Fig. 5 is examined. The predicted zig-zag crack band is

indicated by the shaded area. It is noted that the overall crack pattern looks reasonable

even though the Initial crack direction is quite different from the theoretical value.

4. Conclusions

The following conclusions can be made from this study:

(1) The J-1ntegral approach works well with the blunt crack model.

(2) The approach works best for a Mode I crack where the numerical results are insensi-

tive to the size of the integration loop and the grid discretization. Also, there

is no hourglass problem.

(3) A zig-zag crack band can represent a straight Mode I crack.
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(4) Engineering judgment and great care must be exercised in grid discretization for a
mixed mode crack problem to capture the shear singularity. Proper hourglass vis-
cosity and integration loop must be chosen. For the particular problem studied in
this article, an hourglass viscosity of .001, a small integration loop and a fine
grid at the crack tip several orders smaller than the crack length are needed to
yield reasonable results for the incipient crack growth.
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Fig. 1. (a) Blunt Crack Model in Rectangular Mesh.
(b) Blunt Crack Model in Slanted Mesh.

Fig. 2. Variation of the Load Multiplier Versus the Crack Length to Plate
Thickness Ratio.

Fig. 3. (a) Mixed Mode Blunt Crack Model in a Coarse Mesh,
(b) Mixed Mode Blunt Crack Model in a Fine Mesh.

Fig. 4. Variation of the Incipient Crack Propagation Angle Versus the Grid
Size to Crack Half Length Ratio.

Fig. 5. Mixed Mode Blunt Crack Propagation.
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