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This paper is concerned with the effect of the T-stress in microcrack shielding problems in
anisotropic materials. The interaction between a macrocrack and associated microcracks
in anisotropic elastic material under the T-stress effect is analyzed and compared with
the results in the isotropic material. Three cases where a microcrack is in front of the
main crack tip, a microcrack is on the side of the main crack tip, and two microcracks
are on the both side of the main crack tip are investigated. The analysis is performed
by an extended Pseudo-Traction Method. The stress intencity factor of the main crack
tip and its incremental value due to the existence of microcracks and the T-stress are
computed. The T-stress determines the magnitude of shielding and/or amplification due
to the inclined near-tip microcracks. The effect depends on the positon of the microcrack,
the inclination angle of the microcrack, the sign of the T-stress, the magnitude of the
T-stress and the material ‘anisotropy.
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This paper is concerned with the effect of the T-
stress in microcrack shielding problems in anisotropic
materials. The interaction between a macrocrack and
associated microcracks in anisotropic elastic material
under the T-stress effect is analyzed and compared

with the results in the isotropic material.

T-stress is a background stress field whose normal
component is acting parallel to the crack. This is in-
troduced by Rice'). T-stress has been studied from
the point of view of its effect on the crack growth
mechanism. Rice! and Larsson & Carlsson? found
that the sign and the magnitude of the T-stress effects
the size and shape of the plane-strain crack tip plastic
zone. Bilby et al.®) showed that the T-stress extends
the range of validity of the small-scale yielding condi-
tions at finite strains. In fracture analysis it is known
that the T-stress governs the stability of a straight
crack path under the mode I loading condition®):5).
Tvergaard & Hutchinson® studied the effect of the

T-stress on mode I crack growth resistance in a duc-

vestigations were performed by continuum model
approach?34) or discrete model approach®:).
These investigations are associated with the release
of a general residual stress field as a result of the exis-
tence of microcracks in the neighborhood of a macro-
crack tip, but the T-stress effect is neglected.” The
T-stress may not be negligible when the microcracks
are located at some distance, and the T-stress is the
same order with the magnitude K/v/27r.

In the followings the effect of the T-stress in micro-
crack shielding problems in anisotropic materials will
be studied. The interaction between a macrocrack
and neighbouring microcracks in anisotropic elastic
material will be analyzed in three different arrange-
ments of cracks and the results will be compared with
those in the isotropic materials.

The numerical method to analyze the crack in-
teraction problems is based on the Pseudo-Traction
Method that is proposed by Ma & Chen®. That is
extended by taking the T-stress into account in the
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remote stress field.

2. T-Stress and Shielding Effects

Let us assume a crack parallel to the z-axis in
Cartesian coordinate system (z,y). According to
Williams®, the stress distribution near the crack tip

is expressed as
Ozz " Oxy | K f:z::z:( )
Oyz Oyy V2 fy=(0)

+

fay(6) ]
fu(®)

+ other terms (1)

where K is the stress intensity factor. The first term
in the right hand side expresses the singularity at the
crack tip; the second term is a stress field acting par-
allel to the crack plane. This stress field is named as
“T-stress” by Ricel).

effects on the crack growth mechanism.

It is known that T-stress has

In the investigation of the microcrack shielding ef-

fect Chen”) introduced a relation of the J-integrals:
S+ AT =Jx (2)

where J, is the contribution from the remote stress
field parameterized by K7° and K§7, J; is the contri-
bution from the macrocrack tip, and AJ is the con-

tribution from the existing microcracks (see Fig. 1).
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Fig. 1 Different J-integral contours in a macro-
microcrack shielding problem

Eq (2) reveals that there is a wastage AJ when
the remote J-integral Jo, transmits across the micro-
cracking zone from the infinity to the macrocrack tip,
that is different from the relation J; = J used in
49:12),13)  The wastage AJ

due to the microcracks can be used as a criterion to

the continuum modeling

determine the microcrack shielding or amplification
effect”.

For a finite crack of length 2a in an infinite plate,
the T-stress depends on the applied remote stress.
When the plate is loaded by a stress ¢ normal to the

crack plane and Ro parallel to it, we have

T=(R-1)0, Ki=oVma (3)

Thus, a biaxial parameter B can be defined as

p=1vm _p_,

K;

(4)

and in the following examples B is used to define the

magnitude of the remote T-stress T as

N

From Eq(4), -1 £ B <1 for 0 € R < 2; thus,
it is appropriate to take values of B in the interval
(—1,1) in the following calculation in anisotropic and
The remote stress field is also
and B (Kf? =0).

isotropic materials.

parameterized by K7°

3. Analysis Method

The numerical method to analyze the microcrack
shielding problems is based on the method proposed
by Ma & Chen®. The outline of the method is pre-
sented here.

Consider an interacting problem between a semi-
infinite crack and N randomly distributed microc-

racks as shown in Fig. 2. The remote loads are K{®

Kz#_»K: Kq"](, )
— /
S

%
it

lm:’ | ,‘

Flg 2 A semi-infinite crack interacts with N ran-
domly distributed microcracks '

-28 -



and K$°. By using the principle of superposition and
the Pseudo-Traction Method!”), the total stress state

is decomposed into N+2 sub-states

Oij =a§’;’+afj+Zafj (6)
k=1
where each stress state implies the followings as:

1. 039 is the stress state around the semi-infinite
crack that is due to the remote loads K{° and
K$°. The lateral stress component that causes
T-stress is added to this stress state.

2. J?j is the stress caused by pseudo-tractions Po(s)
and Qo(s) on the faces of the semi-infinite crack.
3. oz’-“j
Pi(tr) and Qx(tx) on the faces of the k-th mi-

crocrack.

is the stress caused by pseudo-tractions

The boundary condition on the semi-infinite crack

surface becomes

N
ni(s)ad;(s) + D _nj(s)oli(s) =0 (7)
k=1
and on the k-th microcrack surface becomes
N
(tk) O (tk) +'I’L3(tk) i tk + Zn] tk 1](tk) =0
=1
o ®)
where n; is the unit normal vector bn the crack sur-
face, and —00 < s < 0, —ax < tx < ax. These

boundary conditions lead to N + 1 integral equations

with respect to the pseudo-tractions as

(Po(s), Qols))
+Z/

= (0,0) (9)
0
/ (Po5), Qo(5)) Fou (5, ) ds

—0o0

+(Pe(ti), Qk(tk))

+z/

(Pr(tx), Qk tk))fko(tkv s) dtk

), Qi tz))f,:'k(tia tk) dti

L#k ~ak
= (Pk(tk)a%(tk)) (10)
where f%g,- -+ , [ are the fundamental solutions (in-

fluence coefficients) that are obtained by the Pseudo-
Traction Method!7).

leased stress components on the microcrack surface

pr(tx) and gx(tx) are the re-

Prte) = —ma(te)n; (t6)o5F () (11)
Qu(tk) = —a (b )7 (60)0 5 () (12)

where 7; is the unit tangential vector.

To discretize Eq (9) and Eq (10), Chebyshev expan-
sions of the pseudo-tractions are introduced. On the
surface of the semi-infinite crack, parameter u is in-
troduced as

s=(u—-1)/(u+1), -l<u<x<l (13)

and the Chebyshev numerical summation method is
used. Eq (9) and Eq (10) are discretized into linear
equations of 2M (N + 1) unknown pseudo-tractions

(Um + 1)2
2

N M
+ 37 3 (Peth), Qulth)) fro(th, um)d

k=1 1l=1

= (0,0)

(PO('U'm)a QO(um))

(m=1,2.M) (14)
M

> (Po(um), Qo(um)) fiok (um, th) 05"

m=1

+( P t?) Qx(t))

33 (RE. Q)

1;_4}: r=1
= (pe(tk), ak(t8))  (n=1,2,..M)  (15)

where M is the number of the Chebyshev collocation

ik (175t )0

points, and M = 21 in the following computations.

The parameters are defined by

o @2m-O)r ., o 2m-1)m
Um = €O 5 oy = Y, (16)
n_ 2n-m . wag . (2n—1)m
k= akcos—— =, O = - psint—rn (17)

Once the unknown pesudo-tractions are obtained,
the changes of the SIFs at the main crack tip can be
obtained by the following formulas®

AK; = 2\/57? Z Po(um)(1 +um)  (18)
AKp = 2V2T <

S Qolum)(L+um)  (19)
m=1

To calculate the J-integrals, consider the integra-
tion contours shown in Fig. 1. I';, I'™* and [ are
enclosing the macrocrack tip, microcrack and remote
field, respectively. Asssuming that the stress intencity
factors by the remote load are K§° and K77, the J-
integrals on the contours I'e,, I's and I'* are expressed
by

Joo = —E(\\S‘ [( ) (s1+ 32)§ So

+2K1 K113132 - (K??) (.5'1 + 32)] (20)



b
Jo =~ S (K + AK1 (51 + 52)5:52

+2(K7° + AK1)(KTT + AK1r)5152
+(K57 + AK11)2(81 + 32)} (21)

AJ = J} cosp — J3sing (22)

where s1, s2, §1 and 5 are the roots of the character-

istic equation

b11$4 + (2b12 + b56)$2 +byo=0 (23)

where by = 1/E11, bia = =12/ Ev1, bag = 1/E92 and
bes = 1/piz. Eni, Esg, v12 and py2 are the mate-
rial constants. J{ and J5 are z* and y* components,
respectively, of the J; vector in the local coordinate
system {z*, y*), that can be easily calculated once the
stress (strain) field is obtained.

4. Numerical Results and Discussion

Three cases of microcrack shielding problems are
examined both for isotropic and orthotropic materi-
als: a microcrack is at the co-axial front of the macroc-
rack tip, a microcrack is on the side of the macrocrack
tip, and two microcracks are on the both sides of the
macrocrack tip. In each case the stress intensity fac-
tors and J-integrals are computed for various inclining
angles. The material parameters, elastic modulus E

and Poisson’s ratio v, are shown in Table 1.

Table 1 Material parameters of orthotropic and
isotropic materials

Orthotropic Material

E; 1.72 x 10'°N/m?
Ey = E3 | 0.496 x 10'°N/m?

Vi 0.32

V23 0.44

Isotropic Material
E 0.372 x 101°N/m?
v 0.345

4.1 Macrocrack with a microcrack in front of
the tip

A macrocrack with a microcrack of length 2a that

is at the co-axial front of the macrocrack tip is con-

sidered as shown in Fig. 3. The distance between

K?T
x; E
2 "2 (B+1K?
B+DK® V
2' % X E,

Y
lKT

Fig. 3 Macrocrack with a microcrack of length 2a in
the co-axial front of the tip (d/a = 1.5)

the crack tip and the center of the microcrack is
dfa =1.5.

The stress intensity factors of the macrocrack and
the J-integrals for the inclination angle of the micro-
crack are shown in Fig. 4 and Fig. 5, respectively,
where the solid line indicates the result of the or-
thotropic material and the dotted line indicates the

result of the isotropic material.
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Fig. 4 The stress intensity factor K;/K§° of the
macrocrack-tip versus the microcrack inclina-
tion angle for d/a = 1.5

In Fig. 4 the shapes of the stress intencity factor
graphs are similar both in isotropic and anisotropic
cases, that is, the tendencies of the T-stress effect
on the stress intensity factor of the macrocrack is
similar for both materials. It can be seen that the
results are independent of the T-stress values when
¢ = 0°(= 180°), i.e. the T-stress has no effect for
the parallel microcracks. However, there exists obvi-
ous difference between the results with the T-stress
and those without it for other inclination angle ¢,
and the effect of the T-stress is the most significant
when ¢ = 90°. As shown in Fig. 4, the T-stress
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has substantial influences on shielding or amplifica-
tion effect by the inclined microcrack, and the larger
the value of |B| the more influencial. The positive
T-stress (B > 0) increases the amplification effect,
whereas the negative T-stress (B < 0) decreases the
amplification effect. ‘

In Fig. 4 there exists obvious difference between
the T-stress effects in isotropic and orthotropic mate-
rials. The magnitude of the difference depends on the
value of B. The difference is minimum when B = 0,
i.e., T = 0, and the difference increase as the value
of {B|. The difference of B = 1 case is larger than
that of B = —1 case. In the orthotropic material
case, the amplification effect decreases when B = 1,
whereas the shielding effect decreases when B = —1.
These facts suggest that the material anisotropy af-
fects the T-stress effect strongly. In this case, where
the anisotropy is given by Table 1,ie., E; > Ey, the
“anisotropy decreases the T-stress effect. _

Fig. 5 shows the J-integrals J; and AJ for various
inclination angle ¢ in the orthotropic material with
d/a = 1.5. The relation Eq (2) is still valid if the T-
stress is considered, although the T-stress influences
the values of J; and AJ.

1.4 Jt o
1.2 4
1.0 4
2
9 0.8
o
2
= 0.8 -
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o 044
N
-g 0,2-'-
o 00
z
0.2 o
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1 AN
0.8 U T T T T T T T 1
0 20 40 80 80 100 120 140 160 180
) .

Fig. 5 The J-integrals J; and AJ (nomalized by Jeo)
v.s. the microcrack inclination angle ¢ in or-
thotropic materials

4.2 Macrocrack with a microcrack on the side
of the tip

In this case, a macrocrack with a microcrack of

length 2a on. the side of the crack tip is considered

as shown in Fig. 6. The distance from the crack tip

KTT % B
(B+1)K? (B+1)K?
- —
' F——— 1 B
|n

<| %/Z”’

Fig. 6 Macrocrack with a microcrack of length 2a on
the side of the macrocrack tip (h/a = 1.5)

to the center of the microcrack is h/a = 1.5 in this
example. '

The numerical results of the stress intensity factors
of the macrocrack and the J-integrals are shown in
Fig. 7 and Fig. 8, respectively, for the microcrack

inclination angle ¢.
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Fig. 7 The stress intensity factors K;/K§°® of the
macrocrack-tip versus the microcrack inclina-
tion angle for h/a = 1.5

From the results of orthotropic and isotropic ma-
terials (see Fig. 7), like in the previous case, the T-
stress has no effect on the stress intensity factors of the
macrocrack if the microcrack is parallel to the macro-
crack, i.e., ¢ = 0°. The effect of the T-stress depends
on the sign and the magnitude of the T-stress as well
as on the inclination of the microcrack. The curves
cross at the same point both in the isotropic and the
orthotropic materials, thus the T-stress effect is small
around a cirtain angle (¢ ~ 80°) of microcrack incli-
nation.

There exists obvious difference between the results
of the orthotropic and isotropic materials (see Fig. 7).
This difference depends not only on the magnitude
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Fig. 8 The J-integrals J; and AJ (normalized by
Joo) versus the microcrack inclination angle
in orthotropic materials

of the T-stress but also on its sign. Although the
difference is small when B = 0, the difference increase
with the magnitude of |B]. This anisotropy effect is
larger when B = 1 than when B = —1. The effect
of T-stress is larger in the isotropic case than in the
orthotropic case with the present material constants,
i.e., 1 > Ey, as in the previous problem.

Fig. 8 shows the results of the J-integrals J; and

AJ normalized by J for A/a = 1.5. It can also .

be seen that the relation Eq (2) of the J-integrals is
still held even if the T-stress is considered while the

T-stress influences the values of J; and AJ.

4.3 Macrocrack with two microcracks on the
both sides of the tip

A macrocrack with two symmetrically arranged mi-
crocracks both above and below the macrocrack tip
with the same distance h/a = 1.5 is examined here,
as shown in Fig. 9.

The stress intensity factors of the isotropic and
orthotropic materials with T-stress are plotted in

Fig. 10, and the J-integrals are shown in Fig. 11.

The results are similar with the previous results
of the sided single microcrack case, but the peek-to-
peek value is larger than that of the previous prob-
lem (Fig. 10). In the isotropic case, the stress inten-
sity factor K;/K{ ~ 0.78 at ¢ = 0, the maximum
value is K;/K§° ~ 1.46 when B = 1, and the min-
imum value is K;/K§° =~ 0.54. On the other hand,
in the single microcrack case (Fig. 7), these values

(B+1) KV
—

.__..—)__'—’ x, El

KTl %/Zﬁ)

Fig. 9 Two symmetrically arranged microcracks of
length 2a centered above and below the
macrocrack-tip (h/a = 1.5)

169 = Orthotropic material
« « =« [sotropic materiat

K K®

T T T T T 1
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Fig. 10 The stress intensity factors K;/K§°of the
macrocrack-tip versus the microcrack incli-
nation angle for h/a = 1.5

are K;/K$ ~ 0.86,1.23 and 0.76. The difference of
these values are due to the number of microcracks.
Actually, in Fig. 11, AJ/Jy ~ 0.38 at ¢ = 0 and the
minumum value is about —0.76 when B = 1. They
are almost twice of the coresponding values of AJ/Jo
in Fig. 8: AJ/Js =~ 0.23 at ¢ = 0 and the minumum
value is about —0.36.

In Fig. 10 the graph figures are similar both in the
isotropic and othtropic cases, while the values differ.
All graphs cross at the same point where ¢ ~ 80° like
in the single microcrack case. The effect of T-stress
is larger in the isotropic case than in the orthotropic
case. The difference between the isotropic and the
orthotropic values are larger when B = 1 than when
B = ~1. The consistent relation Eq (2) of the J-
integral is also valid in this problem (Fig. 11).
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Normalized Jintegrals

Fig. 11 The J-integrals J; and AJ (normalized by
Joo) versus the microcrack inclination angle
in orthotropic materials

5. Conclusions

The T-stress effect in microcrack shielding prob-
lems in orthotropic materials is studied by consider-
ing the interaction between the macrocrack and the
near-tip microcracks. Three cases of the crack inter-
action problem are analyzed by an extended Pseudo-
Traction Method,

The results are summarized as follows:

1. The T-stress determines the magnitude of shield-
ing and /or amplification due to the inclined near-
tip microcracks. The effect depends on the posi-
ton of the microcrack, the inclination angle of the
microcrack, the sign of the T-stress, the magni-
tude of the T-stress and the material anisotropy.

2. When the microcrack is in front of the main crack
tip, the maximum T-stress effect occurs if the
microcrack is perpendicular. to the main crack.
On the other hand, when the microcrack is on
the side of the main crack tip, there is a stational
angle (near the perpendicular position) where T-
stress does not effect. The T-stress effect changes
its sign in both sides of the angle.

3. The effect changes its sign depending on the sign
of the T-stress, and the magnitude of the effect
is increased as the absolute value of the T-stress
is larger.

4. The material anisotropy effects on the magni-
tude of T-stress effect. In the present examples,
the material stronger axis is parallel to the main

crack, and the T-stress effect is weaker than in

the isotropic material case.

5. The conservation relation Jo, = J; + AJ is satis-
fied in all cases, although the T-stress influences
the contributions to the J-integral induced from
the microcracks (AJ ) and the macrocrack tip
(Je)-
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