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Three-Dimensional Finite Element Analysis
of Crack-Defect Interaction
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A three-dimensional elastic analysis of crack-defect interaction was conducted using finite element methods.
The defect was modeled by setting the Young's modulus of the defect material equal to 0.1 psi. The effects of
the size and the location of the defect on the magnitude and the distribution of the mode 1 stress intensity factor
along the crack front and the stress distribution near the crack tip are evaluated and the results are discussed.

I. Introduction

A N important engineering problem in solid rocket motor
structural design involves evaluating structural strength

and reliability. It is well known that structural strength may be
degraded due to the presence of imperfections in the solid
propellant. These imperfections may be produced during man-
ufacturing of the rocket motor. In analyzing the strength of a
solid propellant, the localized imperfection may be idealized
as a crack in the material. Besides the idealized cracks, large
cracks can also develop in the propellant during storage, fir-
ing, etc. When cracks occur, whether resulting from the man-
ufacturing process or from the service loads, the stress near
the crack tip in a stressed body will be redistributed. Depend-
ing on the magnitude of the local stress and the local material
strength, various intensities of damage, or defects, can de-
velop near the crack tip region. And, depending on the sever-
ity of the defect, the crack growth behavior can be signifi-
cantly affected. Therefore, to obtain a fundamental under-
standing of crack growth behavior in solid propellants, the
interaction between the crack and the defects needs to be
determined.

During the past years, a considerable amount of work has
been done in studying crack interaction1'2 and crack-defect
interaction.3'5 In those studies, the effects of through-thick-
ness microcracks and defects on the stress intensity factors can
be increased or decreased. It is believed that the fluctuation in
the stress intensity factor is a contributing factor to the fluctu-
ation in crack growth rate that is observed during crack prop-
agation testing. Experimental observation also reveals that
voids of different sizes can develop either inside or on the
surface of the specimen. Therefore, to obtain a fundamental
understanding of how a nonthrough-thickness void will affect
the stress intensity factor at the main crack tip and how the
stress will transfer in the specimen, a three-dimensional analy-
sis should be conducted.

In this study, a three-dimensional elastic finite element com-
puter code, known as TEXGAP-3D, was used to determine
the stress intensity factor at the crack tip as well as the stress
distribution in the specimen. The specimen was 8.0 in. long,
2.0 in. wide, and 0.6 in. thick. A 1.5-in. crack, which was
parallel to the longest side of the specimen and perpendicular
to the loading direction, was cut at the center of the specimen.
The geometry of the centrally cracked specimen with a defect
near the crack tip is shown in Fig. 1. In the finite element
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analysis, a constant displacement of 0.25 in., which was nor-
mal to the horizontal center line of the crack, was applied at
the boundary of the specimen. The defect was modeled by
setting its modulus equal to 0.1 psi. The modulus of the un-
damaged material was equal to 500 psi. A constant Poisson's
ratio of 0.4999 was used in the analysis. For comparison
purposes, a 0.2-in.-thick thin specimen with a through-thick-
ness defect of the same size and location as the defect in the
thick specimen was also analyzed. The results of the finite
element analysis were analyzed and the effect of defect charac-
teristics on the value of the stress intensity factor as well as the
stress distribution near the crack tip were discussed. In addi-
tion, the effects of crack-defect interaction on crack growth
behavior were also discussed.

II. Finite Element Analysis
In this study, a three-dimensional elastic finite element com-

puter code, known as TEXGAP-3D, was used to determine
the stress intensity factor at the crack tip as well as the stress
distribution in the specimen. The TEXGAP-3D computer
code contains conventional and reformulated elements and
can be used to analyze both compressible and incompressible
materials. It also contains conventional crack elements derived
from a hybrid displacement model. These crack elements,
originally developed by Kathiresan and Atluri,6 were devel-
oped for modeling compressible materials. Therefore, they
cannot be used to solve problems involving incompressible
materials. However, for nearly incompressible materials, it
has been determined that the finite element solution and the
theoretical solution differ by 2.1% for a Poisson's ratio equal
to 0.4999.7 In addition, the finite element solution is also
compared with the photoelastic solution for the cracked biax-
ial specimen obtained by Theiss.8 It has been found that these
two solutions differ by 2.28%. However, it should be pointed
out that the photoelastic solution contains approximately 5%
experimental scatter.

In this study, the specimen, shown in Fig. 1, was divided
into six 0.1-in. layers in the thickness direction. Because of
symmetry conditions, only 1/8 of the specimen was modeled
as shown in Fig. 2. The finite element model consisted of three
0.1-in.-thick layers, denoted as outside layer, middle layer,
and inside layer. The defect elements were elements 13 and 14
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Fig. 2 Finite element model.

in the outside layer, 31 and 32 in the middle layer, and 49 and
50 in the inside layer. In the finite element model, SLOPE
boundary conditions (the SLOPE boundary condition pro-
duces the same effect as the rollers shown schematically in Fig.
2b were applied on appropriate surfaces as indicated in Fig. 2b
as well as on the back face of the model as viewed in Fig. 2b.
A frictionless (shear-free) displacement boundary condition
(U= -0.25 in.) was imposed on the lower boundary. The
right boundary and the crack surface itself were modeled as
free surfaces. Two hybrid crack elements, denoted as CRACK
3 and CRACK 4, were used at the crack tip to model the
quadrant containing the free surface and the quadrant without
a free surface, respectively. As mentioned before, these crack
elements are not reformulated for incompressibility but they
provide a reasonably accurate solution.

In the analysis, a Poisson's ratio of 0.4999 and a modulus of
500 psi were used for the undamaged material, and the defect
was modeled by setting the modulus of the defect element
equal to 0.1 psi. It should be pointed out that since only 1/8 of
the specimen was modeled, there were actually eight defects in
the specimen and they were located symmetrically with respect
to the vertical and the horizontal planes of symmetry of the
specimen. In the finite element analysis, for comparison pur-
poses, a 0.2-in.-thick thin specimen with a through-thickness
defect of the same size and location as the defect in the thick
specimen was also analyzed. The results of the finite element
analysis are discussed in the following paragraph.

III. Results and Discussion
A summary of the calculated mode I stress intensity factor

KI at the crack tip is shown in Table 1. From Table 1, it is seen
that, for the baseline case in which there is no defect, the value
of KI varies along the crack front. The largest value (175.79 psi
Vin.) occurs at the center of the specimen whereas the smallest
value (164.12 psi Vin.) occurs near the surface of the speci-
men. It is interesting to note that the average value of Krin the
thick specimen, with a thickness equal to 0.6 in., is 171.08 psi
Vin., whereas the value of Kf in the thin specimen, with a
thickness .equal to 0.2 in., is 170.25 psi Vin. This indicates
that, on the first approximation, the average value of £/is not
affected by the two specimen thicknesses considered in this
study. This finite element result is consistent with the experi-
mental result obtained by Post et al.9 By using the photoelastic
method, it is found that the value of KI in a 0.5-in.-thick
specimen is approximately equal to that in a 0.25-in.-thick
specimen. This indicates that the photoelastic method tends to
obscure the three-dimensional nature of the stress field in a
thick specimen.

From Table 1, we see that, by comparing with the baseline
case, the presence of a through-thickness defect in the vicinity
of the crack induces a higher magnitude and different distribu-
tion of KI through the thickness of the specimen. For this case,
the values of KI in the inside, middle, and outside layers are
182.48 psi Vin., 184.69 psi Vin., and 182.66 psi Vin., respec-

Table 1 Summary of results of crack-defect interaction analysis

Inside Middle
Case Defect layer KI, layer KI,
no. element psi Vin. psi Vin.

1 None 175
2 13, 14 183
3 13, 14, 31, 32 195

79 173.33
00 183.29
19 172.61

Outside
layer KI,
psi Vin.
164.12
161.49
165.85

Thin speci-
men KI,
psi Vin.
170.25

4 13,14,31,32
49, 50 182

5 49, 50 169
6 49, 50, 31, 32 178
7 31, 32 182
8 31, 32 183

48 184.69
49 181.00
74 174.77
44 162.86
79 159.26

182.66
171.88
178.82
169.55
170.04

185.40

£" = 0.001 psi
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Fig. 3 Normal stress distribution (case 1): a) along crack plane; and
b) along defect plane.



LIU: ANALYSIS OF CRACK-DEFECT INTERACTION 715

tively. Similar to the baseline case, the average value of Kl9
which is equal to 183.28 psi Vin., in the thick specimen is
approximately equal to that in the thin specimen. Referring
back to Table 1, we note that, by comparing with the baseline
case, the presence of a defect in a given layer will reduce the
value of KI in that layer and increase the values of Kj in the
other layers. However, when there are defects present in two
of the layers, whether the values of KI increase or decrease in
the defect layers will depend on the location of the defect. But,
in general, the value of Kr will increase in the layer containing
no defects. For example, an 11 % increase in the value of Kt in
the inside layer occurs when a defect is present in the middle
and the outside layers, and an 8.96% increase in the value of
KI in the outside layer occurs when a defect is present in the
middle and the inside layers. Referring back to Table 1, we
note that the magnitude and the distribution of Kj along the
crack front depend on the location and the size of the defect.
Because of the complex interaction between the crack and the
defect, there is no consistent trend as far as the effect of the
defect on the magnitude and distribution of Kf is concerned.

As already discussed, the presence of a through-thickness
defect or the presence of defects in both the inside and the
middle layers induces a relatively uniform distribution of Kf
along the crack front. Since the crack growth behavior is
controlled by the local stress, or the stress intensity factor Kj,
the relatively uniform distribution of Kj along the crack front
will result in a relatively uniform crack growth front. For the
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Fig. 4 Normal stress distribution along crack plane: a) case 2; b) case
3; and c) case 4.
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Fig. 5 Normal stress distribution along defect plane: a) case 2; b)
case 3; and c) case 4.

other nonthrough-thickness defect cases, the irregular distri-
bution of Kr along the crack front is one of the contributing
factors to the irregular crack growth in the thickness direction
of the specimen. The relatively straight crack growth front has
been observed and reported by Post et al.10 in their study of
crack growth behavior in a composite solid propellant. Based
on experimental findings, Post et al. pointed out that a large
number of voids developed in the failure process zone which is
in the immediate vicinity of the crack tip. Consequently, the
transverse constraint is minimized, resulting in a relatively
straight crack growth front. The present finite element analy-
sis indicates that the presence of a large interior defect or a
through-thickness defect near the crack tip will also minimize
the transverse constraint.

This discussion is centered on the effect of defects on the
magnitude and distribution of Kf along the crack front. To see
how the defect affects the stress distribution in the specimen,
the results of the finite element analysis were analyzed. A
detailed discussion on the normal stress distribution, which is
thought to be most interesting, in the presence of a defect is
presented in the following paragraphs.

Plots of the normal stress oy along the crack plane (y = 0 in.)
and the defect plane (y = 0.0118 in.) for the baseline case (refer
to Table 1, case 1) are shown in Figs. 3a and 3b. For compar-
ison purposes, the distribution of oy in the thin specimen,
which has a thickness equal to 0.2 in., is also shown in Figs. 3a
and 3b. From these figures we see that the magnitude of oy
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increases as the value of Z decreases. In other words, the stress
is higher in the interior of the specimen. A close examination
of Figs. 3a and 3b reveals that the distributions of ay in the
thin specimen are very close to the distributions of the thick-
ness-averaged value of Uy in the thick specimen. This phenom-
enon is similar to that observed earlier when the effect of
specimen thickness on the value of the stress intensity factor
was investigated.

Plots of the distribution of ay along the crack plane and the
defect plane for cases 2-4 are shown in Figs. 4 and 5. By
comparing Fig. 3a with Fig. 4, we see that, within the same
layer, the presence of a defect can significantly reduce the
magnitude of oy in the element directly above the defect ele-
ment. This indicates that the presence of a defect produces a
"shielding" effect on the element directly above the defect
element. However, the stresses in the layers which do not
contain a defect are higher than those in the baseline case,
especially near the crack tip region. When the distance in the
x direction is increased, the values of ay decrease and will
eventually equal the value of ay in the baseline case. The
distance A: at which the values of oy in cases 2-4 are equal to
those in the baseline case defines the boundary of the defect-
affected zone. According to Figs. 3-5, for a given length and
width of the defect, the size of the defect-affected zone in the
crack plane increases with increasing thickness of the defect.
For example, the defect-affected zone size is approximately
0.39 in. for case 2 and 0.45 in. for case 3.
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Fig. 6 Normal stress distribution along crack plane: a) case 5; b) case
6; and c) case 7.
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Fig. 7 Normal stress distribution along defect plane: a) case 5; b)
case 6; and c) case 7.

Referring back to Figs. 4 and 5, the presence of a defect in
one layer will induce a higher stress in the other layers. This
stress redistribution due to the presence of the defect is a
contributing factor to the decrease in the value of Kf in the
defect layer and the increase in the value of Kj in the other
layers. However, it should be pointed out that, although the ay
in the elements directly above the defect elements are reduced
wheri the defect is a through-thickness defect as in case 4, the
interaction between the crack and the defect produces higher
values of Kj along the crack front.

Plots of the distributions of oy along the crack plane and the
defect plane for cases 5-7 are shown in Figs. 6 and 7. By
comparing these figures with Figs. 4 and 5, we note that the
conclusions drawn for cases 2-4 apply equally well to cases
5-7.

Referring back to Figs. 5 and 7, it is interesting to note that
the stress in the defect elements for cases 5-7 is much higher
than that in the defect elements for cases 2-4. This implies
that, for the modulus (0.1 psi) used for the defect element, the
higher stress is probably due to the higher constraint imposed
on the defect element in the interior of the specimen. To see
how the modulus of the defect element changes the stress
either inside the defect element or in the adjacent elements, the
modulus of the defect element for case 7 was set equal to 0.001
psi. the result of the analysis shows that the stress in the
defect element is equal to 0.933 psi (case 8 in Fig.8). This
indicates that in order to simulate a void, the modulus of the
defect element should be set equal to or less than 0.001 psi.
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Fig. 8 Normal stress distribution at Z = 0.15 in. (case 8): a) along
crack plane; and b) along defect plane.

The result of the analysis also shows that, by setting the
modulus of the defect element equal to 0.001 psi, only the
stresses in the defect elements and the adjacent elements are
affected. By comparing case 8 with case 7, in the same layer,
the stress in the element directly above the defect element is
reduced from 121 to 99.2 psi whereas the stress in the element
adjacent to the right side (in the positive x direction) of the
defect element is increased from 220 to 230 psi as shown in
Fig. 8. It is interesting to point out that, for the two cases
considered (7 and 8) in this study, the presence of a void
produces a negligible effect on the magnitude and distribution
of KI along the crack front as shown in Table 1.

IV. Conclusions
In this study, a three-dimensional elastic analysis of crack-

defect interaction was conducted using finite element meth-
ods. The results of the finite element analysis reveal that,
depending on the size and the location of the defect, the
presence of a defect can change the magnitude and distribu-
tion of stress intensity factor along the crack front and can
significantly affect the stress distribution in the defect-affected

zone. The size of the defect-affected zone depends on the
thickness of the defect; the larger the thickness the larger the
defect-affected zone size. The result of the analysis also re-
veals that, in order to simulate a void, the modulus of the
defect element should be set equal to or less than 0.001 psi.
For the two cases (7 and 8) considered, the presence of a void
affects only the stresses in the adjacent elements and produces
a negligible effect on the magnitude and the distribution of Kf
along the crack front.
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