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Fatigue of Cracked Plates Repaired with Single-Sided
Composite Patches

T. Y. Kam,* K. H. Chu,’and Y. C. Tsai’
National Chiao Tung University, Hsin Chu 300, Taiwan, Republic of China

Fatigue of cracked plates repaired with single-sided composite patches is studied via both analytical and exper-
imental approaches. A finite element model, which considers out-of-plane bending effects induced by asymmetric
repair, is presented to determine the crack tip opening displacements of the repaired plates subjected to in-plane
loading. The modified crack closure technique is used to calculate the stress intensity factor of the repaired plates.
Fatigue life of the repaired plates is studied via the use of Paris law for crack propagation. The effects of cracked
plate and composite patch thicknesses on the fatigue crack propagation of repaired plates containing different
types of cracks are investigated. Fatigue tests of aluminum C-T specimens repaired with single-sided composite
patches are performed, and the test data are used to validate the analytical approach. It has been shown that the
repair of a cracked plate with a single-sided composite patch may have beneficial or adverse effects on the fatigue
life of the repaired plate depending on the thicknesses of the patch and the cracked plate.

Introduction

UE to many merits of composites, repair of cracked or ag-

ing structures with bonded composite patches has shown great
promise to become a viable method for life extension of such struc-
tures. In recent years, many researchers have studied different as-
pects of repair with bonded composite patches.!~!! A number of
researchers have proposed different numerical techniques for stress
analysis and the subsequent derivation of stress intensity factor of
repaired structures 2~8 For instance, Sun et al.® developeda finite el-
ement model for analyzingthe stressdistributionand stress intensity
factor of cracked plates repaired with a single-sided patch. On the
otherhand, severalinvestigatorshave studied the fatigue behaviorof
cracked structures repaired with bonded composite patches.”~!! For
instance, Baker'® studied the fatigue crack propagation of centrally
cracked aluminum panels patched with boron/epoxy composites.
Most of the previous work on fatigue behavior of repaired plates,
however, has been concentrated on the fatigue of double-sided re-
pairsorsingle-sidedrepairs but withoutconsideringthe out-of-plane
bendingeffectinduced by the asymmetric patching. It is not difficult
to realize that the bending effect induced in a repaired plate with a
single-sided patch will introduce additional tension in the cracked
plate, which will then reduce the effectivenessof the patchingrepair.
Thus, the neglect of the out-of-planebending effect may mistakenly
underestimate the stress intensity factor and lead to unconservative
fatigue life prediction for the repaired plate.

In this paper, a method is presented to study the fatigue crack
propagationof crackedplates repaired with a single-sidedcomposite
patch. The method includes out-of-plane bending effects for the
repaired plates subjected to in-plane loading. The composite patch
is assumed to be perfectly bonded to the cracked plate. Fatigue tests
of C-T specimens of various thicknessesrepaired with single-sided
composite patches of different thicknesses are performed, and the
test results are used to verify the accuracy of the proposed method.
The effectsof patch or plate thicknesseson fatigue crack propagation
of repaired plates containing different types of cracks are studied
via the present method.

Stress Intensity Factor

The stressintensity factorof a crackedplaterepaired with a single-
sided composite patch is determined in a finite element analysis.
To illustrate the finite element formulation, consider the plate in
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Fig. 1, which contains a center crack of size 2a and is repaired with
a single-sided composite patch via adhesive bonding. Herein, the
cracked plate and the composite patch are treated as Mindlin plates
that have the following displacementfields:

u®(x,y,z) =ug(x,y) +zwi(x,y)

vi(x, ¥, 2) = v, ¥) + 2y (x, y) (1)

wx, y, 2) = wy(x, y), a=c,p

where x, y, and z are the local reference coordinates for the plate
or patch; ug, vo, and wy are midplane displacements; v, and v, are
shear rotations; and the superscripts a = c, p stand for the cracked
plate and patch, respectively.In the finite elementmodel, the cracked
plate is modeled by four-nodedplate elements, the composite patch
four-noded quadrilateral and/or three-noded triangular plate ele-
ments, and the adhesive layer three-dimensional rectangular brick
elementsof eightnodes and/or triangularsolid elements of six nodes.
The aspect ratio of the three-dimensional brick elements is chosen
in such a way that no numerical instability will occur. The compat-
ibility conditions at the interfaces between the cracked plate (or the
composite patch) and the adhesive layer are observed by enforcing
the following constrained equations:

ut(x,y, —h,/2) =u(x,y, he/2) (2)

and

u'(x,y, hy!2) =u’(x,y, —=h,/2) (3)
where u’ = (u“, v*, w*) are displacements of the adhesive layer;
and &, h,, and h,, are thicknesses of the cracked plate, adhesive
layer, and patch, respectively. The commercial finite element code
NASTRAN!? is used to accomplish the preceding finite element
analysis. The compatibility conditions of Egs. (2) and (3) are han-
dled by using the command ZOFFS in the finite element code. The
command ZOFFS performs the task of offsetting the midplane of
the plate elements to a distance of half-plate (or half-patch) thick-
ness from the bottom (or top) surface of the three-dimensionalbrick
elements.

The modified crack closure technique'- '# is used to determine the
mode / stress intensity factor of the repaired plate. Figure 2 shows
a two-dimensional finite element model for the cracked plate near
the crack tip at point B. If the crack extensionA a is small, e.g.,A a
is less than 0.42% and 0.1% of crack size a for the edge and center
crack problems, respectively, the crack opening displacements at
node B can be taken to be the same as those at node A. The strain
energy release rate, which is defined as the work done by the nodal
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Fig.1 Centrally cracked plate repaired with a single-sided composite
patch.

Fig.2 Top view of plate elements A
around crack tip. A T
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forcesin closing the crack opening displacements, at the crack front
on the unpatched surface is assumed to be expressed as the sum of
two parts, i.e.,

Gir=G,y +Gv 4
with

Gy = (1124 a)[FF (v* — v")] (52)

Gy = (124 a)[MP(¥* — ¥*)] (5b)

where G is the total strainenergy releaserate; G, and G ;v are the
strain energy release rates induced by the in-plane nodal force and
nodal moment, respectively; Fy and M, arein-planenodal force and
nodal moment, respectively;and the superscriptdenotes node point.
Similarly, the mode I stress intensity factor K,z on the unpatched
surface of the repaired plate can be written as the sum of two parts,
ie.,

Kig =Kiv+ Krv (6)
with
G,y E.
Ky = |— (7a)
h,
3G, 4E.
Ky = ;l—ly (7b)

where E, is Young’s modulus of the cracked plate. It is noted that
the validity of the modified crack closure technique for stress inten-
sity factor predictions of plates with single-sided repair modeled by
plate elements has been demonstrated by Sun et al.® In their study,
they also showed that for a crack with symmetric fracture surface
with respect to the midplane of the cracked plate the distribution
of stress intensity factor through the thickness of a cracked plate
repaired with a single-sided patch is nearly linear. Herein, the suit-
ability of the modified crack closure technique for fatigue fracture
analysis of cracked plates repaired with a single-sided composite
patch will be studied, and the validity of the assumption of linear
distributionof the stress intensity factor through plate thickness will
be investigated.

Fatigue Crack Propagation

The Paris law'? of crack propagation s used to study the fatigue
behaviors of cracked plates with and without repairs:
da

oy = CaKr (8)

where N is the number of the fatigue cycle; C and m are material
constants;and A K is the difference between the maximum (K, )
and minimum (K ;,) values of the stress intensity factor during a
fatigue cycle. The stress intensity factors of the crack front on the
unpatched surface of the cracked plate with single-sided repair are
used to determineA K in the fatigue analysis of the repaired plate.
Because the cracked plate is modeled by two-dimensional plate
elements, the crack front is implicitly assumed to be symmetric
with respect to the midplane of the plate and the effects induced by
the asymmetric fracture surface are neglectedin the fatigue analysis.
It is noted that for a hot-cured composite patch repair, the induced
residualthermal stressesin the repaired plate may affectthe effective
loadingratio R(= K.x/ Kin), Which in turn affects the value of the
material constant C in Eq. (8). Nevertheless, in view of the repair
method, it is reasonable to assume that the residual thermal stresses
on the unpatched side of the repaired plate are small and they have
little effect on the effective loading ratio R of the unpatched surface.
Thus, based on the preceding assumption, the value of material
constant C for an unpatched plate can still be used for the fatigue
analysis of a patched plate. The integration of Eq. (8) yields the
fatigue life Ny of the cracked structure,

af da
Ny = /ao C@aK)yn ©)

where ap and a are the initial and final crack lengths, respectively.It
isnoted thatthe magnitudeofA K may dependoncracklength.Thus
a series of finite element analyses of the cracked plate with different
crack lengths is performed to trace the history of A K. Once the
valuesof A K at different crack lengths are available, Eq. (9) is then
solved via the numerical integration method of the Gauss—Kronrod
rule' to yield Ny.

Experimental Approach

Fatigue tests of cracked aluminum C-T specimens repaired with
single-sided composite patches of different thicknesses were per-
formed to validate the analyticalapproach.The C-T specimens were
made of 7075-T7351 aluminum and manufactured in accordance
with standards'® of the American Society of Testing and Materi-
als. The composite patches were made of graphite/epoxy (Q-1115)
prepreg tapes supplied by the Toho Co. of Japan. The adhesive was
composed of MB1113 structure resin and 6762 base resin supplied
by Narmco of the United States. The properties of the aluminum
plate, the graphite/epoxy lamina, and the adhesive layer are listed
in Table 1. The C-T specimens without repair were first precracked
to the size of @ =30 mm. The crack size was determined via visual
inspection with the assistance of a microscope. Several of the pre-
cracked C-T specimens were then repaired asymmetrically with a
composite patch via the following cure cycle: temperature 120°C,
pressure40 psi, and curing time 1 h. The dimensions of the repaired
specimensare showninFig. 3. The distancelis 25 mmfork, = 0.3,
0.6, and 0.9 mm or 20 mm for 4, = 1.2 mm. The patch is made of
several unidirectional graphite/epoxy laminae with fiber direction
perpendicularto the crack. Herein, one specimen was made for each
type of repair. Specimens of thickness . = 12.7 mm (6.35 mm) with
and without repairs were subjected to cyclic load of mean 3300 N
(2200N), amplitude 2700 N (1800 N), and frequency 4 Hz viaa 10-
ton Instron testing machine. The fracture surfaces of the aluminum
plates with single- or double-sided repairs are shown in Fig. 4 for
comparison. It is noted that the fracture surface of the aluminum
plate with the single-sided repair is asymmetric with respect to the
midplane of the plate. It is obvious that the crack on the patched
surface is shorter than that on the unpatched surface of the repaired

Table 1 Properties of specimen and bonded composite patch

Aluminum plate h. =12.7mm, E = 71.7 GPa, v = 0.33,
C=2714x 1078, m =3.158

Adhesive E =2.702GPa, v=0.4, h, = 0.102 mm

Gr/Ep ply E, =132.5 GPa, E; = 7.9 GPa

Glz =42 GPa, G23 = 1.02 GPa
vip =0.28, h = 0.15 mm
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Table 2 Experimental fatigue life of repaired C-T specimens

Fatigue life, cycles

Patch hc_: 12.7 mm, hc_: 6.35 mm,
thickness, mm P =3300N P=2200N
0 23,281 9,385
0.3 29,900 65,300
0.6 20,403 —_
0.9 17,000 45,688
1.2 15,000 —_
I
P % 20 strain gage (FLA-3-23)
!
R /
I
72 33 % Al aﬁ 40
BE
A
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24 =10
a=30
Py w=60
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Fig.3 Cracked C-T specimen repaired with bonded composite patch.
(Units are in millimeters.)

fracture

fracture surface

surface

Single-sided repair Double-sided repair

Fig. 4 Fracture surfaces of aluminum plate with single- or double-
sided repairs.

specimen. The development of an asymmetric fracture surface is
mainly due to the nonuniformdistributionofA K across plate thick-
ness. From experimental observations, the crack size of the un-
patched surface dominates the fatigue life of the repaired specimen.
The whole specimen will fail when the crack on the unpatched sur-
facereachesits critical value. The fatigue lives of the specimens re-
paired with single-sided patches of different thicknesses for a crack
propagatingfroma, = 3.0 mmtoa; = 40 mm are listedin Table 2.
It is noted that for the specimens of thickness 4. =12.7 mm only
the bonded composite repair with a patch of thickness 1, = 0.3 mm
was able to extend the fatigue life of the cracked specimen and
the increase in patch thickness would cause adverse effects on the
fatigue life of the specimens, i.e., a thicker patch yielded a shorterfa-
tigue life. When the thickness of the specimen reduced to 6.35 mm,
the out-of-plane bending effect became less obvious and both the
bonded composite repairs of 4, = 0.3 and 0.9 mm could extend the
fatigue life of the cracked specimen. The beneficial effect, however,
dwindled as the patch thickness increased.

Results and Discussion

The fracture behavior of the aforementioned C-T specimens re-
paired with a single-sided composite patch is analyzed using the

proposed finite element model. Because the stress intensity fac-
tor determined via the modified crack closure method depends on
the value of the crack tip element size A a in Fig. 2, it is worth
studying the relation between the stress intensity factor and A a
before proceeding to the fatigue study of the repaired specimens.
A series of finite element analyses of the C-T specimens of thick-
ness i, = 12.7 mm repaired with a single-sided composite patch of
h,=0.0,0.3,and 1.2 mm is performed using differentvalues ofA a.
The case of 7, =0.0 mm is for the C-T specimen without repair.
A typical finite element mesh of the repaired specimen is shown in
Fig. 5. The results of the convergencetests on the normalized stress
intensity factor of the unpatched surface for the specimens with dif-
ferent crack sizes, @ = 30 and 35 mm, are listed in Tables 3 and 4,
respectively. Herein, the normalized stress intensity factor for the
edge crack problem is defined as

_ K
= o a0
with
B=alw
and
7By = (2 + B)(0.886 + 4.648 — 13.328% + 14.723° — 5.6 %)

(1-B)?

It is noted that the normalized stress intensity factors for the cases
without repairtend to convergeasA a < 0.125 mm, where the error
is less than 1%. As for the cases with repair, the difference between
the normalized stress intensity factor of A a =0.125 mm and the
one of A a=0.625 mm is less than 0.5%. In view of the conver-
gence test results, it is thus reasonable to choose A a =0.125 mm
in the finite element analysis of the repaired C-T specimens. It is
noted that the results presented in Tables 3 and 4 also indicate the
beneficial and adverse effects of the repairs with 0.3 and 1.2 mm
composite patches, respectively. The out-of-plane bending effects
on the stress intensity factor of the repaired specimens with differ-
ent crack lengths are to be further studied. The relations between
the stress intensity factor and the crack length with or without the
considerationsof the out-of-planebending effects for the C-T spec-
imens of thickness 7, = 12.7 mm repaired with a single-sided com-
posite patch of #, =0.3 and 1.2 mm are shown in Figs. 6 and 7,
respectively. The stress intensity factor K;, of the repaired speci-
mens without the consideration of the out-of-plane bending effect
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i
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Fig.5 Finite element model for repaired C-T specimen.
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Table 3 Normalized stress intensity factor vs A a for repaired C-T specimens with different patch thicknesses
(@ = 30 mm and P = 5400 N)

Patch thickness, mm

0.0 (without patch) 0.3 1.2
Error, Error, Error,
1.0-1 0.9446 — 11 1.2262 — 111

Aa, Normalized o %  Normalized VT %  Normalized e %
mm SIFI . SIF IT : SIF IIT .
1.0000 0.9733 2.67 0.9273 1.8315 1.2019 1.9817
0.5000 0.9818 1.82 0.9339 1.1328 1.2125 1.1173
0.2500 0.9861 1.39 0.9366 1.0564 1.2152 0.8971
0.1250 0.9910 0.90 0.9405 0.4340 1.2209 0.4322
0.0625 0.9956 0.40 0.9446 —_— 1.2262 —_—

Table4 Normalized stress intensity factor vs A a for repaired C-T specimens with different patch thicknesses
(@ = 35 mm and P = 5400 N)

Patch thickness, mm

0.0 (without patch) 0.3 1.2
Error, Error, Error,
.\ Normalined [1.0—1}7 Normalized [0.9642—11}7 Normalized [1.2521—111}7
a, ormalize (g ormalize o |7 ormalize 505 |7
mm SIF I 10 SIF II 0.9642 SIF III 1.2521
1.0000 0.9738 2.62 0.9493 1.5453 1.2298 1.7810
0.5000 0.9826 1.74 0.9545 1.0060 1.2399 0.9744
0.2500 0.9873 1.27 0.9565 0.7986 1.2439 0.6549
0.1250 0.9923 0.77 0.9602 0.4340 1.2470 0.4073
0.0625 0.9971 0.29 0.9642 _ 1.2521 e
1.4
1.0 - . —— [
o
8 u— " . ——m 1
L 1.2 ;— — n
5 1
51 2 i N
S 08 «~— —— ® IS 5 stress intensity factor:
2 * o E 1.0 without offsets K -~ -- -
g F B with offsets:
. é § I K=K tK, —8—
) R U E 08 Kxu —e— I(w A
£ o ]
- i : . 2 b e ° o« ————
5 stress intensity factor: B}
N S pe o
= sl without offsets E 06 -
E with offsets: E
Zo L K=K K, —n— 3 k A A——————4A 4
K, —e— K, —4— Z
04 b oo
0.2 e a A A—————4
i I 1 i 1
0.2 1 1 L 1 L 1 L
30.0 32.5 35.0 375 40.0 300 25 350 375 40.0
Crack length (mm)

Fig.6 Stress intensity factors of C-T specimen repaired with a 0.3-mm
patch determined by different methods.

is determined by assuming zero entries for the command ZOFFS in
the finite element modeling of the cracked plate and patch. The
force applied to the specimens is P =5000 N. Figure 6 shows
the beneficial effect of single-sided repair where the repair with
a two-layered patch reduces the normalized stress intensity factor
of the C-T specimen without repair. Nevertheless, K;; is about
four times larger than K;y, and thus the stress intensity factor of
the repaired specimen is dominated by the in-plane stress inten-
sity factor. It is also noted that the finite element model without
the inclusion of the out-of-plane bending effect (zero offsets for
the plate and patch) underestimates the normalized stress inten-
sity factor of the repaired specimen. The stress intensity factor of
the repaired specimen increases gradually as the crack grows in
size. On the contrary, Fig. 7 shows an ill-chosen single-sided repair
scheme in which the repair of the specimen with an eight-layered
patch increases the stress intensity factor of the specimen without

Crack length (mm)

Fig.7 Stress intensity factors of C-T specimen repaired with a 1.2-mm
patch determined by different methods.

repair. Again the stress intensity factor of the repaired specimen
increases gradually as the crack grows in size. Compared with the
preceding example of the two-layered patch repair, the gap between
K;y and K,y for this case becomes smaller (K;; =~ 1.4K;y), and
this demonstrates the importance of the out-of-plane bending ef-
fect. Furthermore, the neglect of the bending effects induced by the
thicknesses of the cracked plate and patch (no offsets for the plate
and patch) in the finite element modeling also yields erroneous pre-
dictions of the normalized stress intensity factor for the repaired
specimen as manifested by the fact that K, (with offset) is at least
three times larger than K, (without offset). Now consider the fa-
tigue life of the repaired specimens of two different thicknesses,
h.=12.7 and 6.35 mm, predicted by the present analytical method
using the material properties listed in Table 1. The fatigue lives of
the repaired specimens with a crack propagating from gy = 30 mm
to a; = 40 mm are listed in Table 5. For comparison purpose, the
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Table 5 Theoretical fatigue life of repaired C-T specimens?®

h. = 12.7 mm

h. = 6.35 mm

Difference,

experimental — theoretical

Difference,

experimental — theoretical

Patch thickness, Theoretical fatigue life, - o Theoretical fatigue life, - o
experimental experimental

mm cycles cycles

0 23,545 1.11 9,293 0.98

0.15 34,136 —_ 72,764 —_—

0.30 27,185 9.080 61,147 6.35

0.60 21,502 5.386 —_— —_—

0.90 15,568 8.424 41,442 9.29

1.20 13,623 9.180 —_— —_—

4Experimental fatigue life is listed in Table 2.

Table 6 Normalized stress intensity factor vs A a for a center-cracked plate repaired with different patch
thicknesses (¢ = 25 mm)

Patch thickness, mm

0.0 (without patch) 0.254 0.762
Error, Error, Error,
.\ Normalized [1.0—1}7 Normalized [0.8240—11}7 Normalized [0.9770—111}7
a, ormalize 0 ormalize ee— 0 ormalize T 0
mm SIF I 1.0 SIFTT 0.8240 SIF TIT 0.9770
1.0000 0.9571 429 0.7619 7.5364 0.9161 6.2287
0.5000 0.9617 3.83 0.7835 4.9150 0.9357 42210
0.2500 0.9667 333 0.7960 3.3981 0.9487 2.8966
0.1000 0.9809 1.91 0.8144 17159 0.9661 1.1132
0.0500 0.9891 1.09 0.8215 0.3034 0.9750 0.2148
0.025 0.9918 0.82 0.8240 — 0.9770 —

differences between the theoretical and experimental fatigue lives
are calculated and also listed in Table 5. It is noted that the present
analytical method can predict reasonably accurate fatigue life with
an error less than 10% for the repaired specimens. Thus, the stress
intensity factor on the unpatched surface predicted by the modified
crack closure method together with Paris law is, in a macroscopic
sense, suitable for fatigue analysis of cracked plates with single-
sided repairs. In the present study, the optimal patch thicknesses for
the specimens of #.=12.7 and 6.35 mm are 0.15 mm (one-layer
patch). Next it is worth studying the validity of the assumption of
the linear distribution of the stress intensity factor through the plate
thickness for a fatigue crack. As expected, the crack sizes of the
patched and unpatched surfaces predicted separately by the present
method are different, and thus the fracture surface of the crack
becomes asymmetric with respect to the midplane of the cracked
plate. This phenomenon has also been observed from experiment
as indicated in Fig. 4. Nevertheless, the comparative study between
experimental and theoretical predictions of the crack size of the
patched surface shows that the difference between the theoretical
and experimental predictions may be too big to be overlooked. For
instance, when the crack growth on the unpatched surface of the
repaired specimen with i, =12.7 mm and &, = 0.3 mm is 14 mm,
the theoretical and experimental predictions of the crack growth
on the patchedsurfaceare 4.37 and 8.00 mm, respectively,and hence
the theoretical predictionis 45% less than the experimental predic-
tion. The inability of the present finite element model in producing
an accurate crack size for the patched surface of the repaired plate
can be attributed to the existence of the nonlinear distribution of
the stress intensity factor through the plate thickness. Local factors
such as the unsymmetry of the fracture surface, the residual thermal
stresses, the local debonding of the adhesive layer, etc., are likely to
be responsible for the development of the nonlinear distribution of
the stress intensity factor through the plate thickness. Nevertheless,
these local factors have less effects on the unpatched than on the
patched surfaces of the repaired plate. If an accurate description of
the growth of the crack surfaceis desired, the cracked plate must be
modeled by three-dimensional elements instead of plate elements
and all local effects taken into account in the fatigue analysis.

The fracture behavior of the centrally cracked plate repaired
with a single-sided composite patch in Fig. 1 is studied. A typ-
ical finite element mesh for the centrally cracked plate with the
single-sided repair is shown in Fig. 8. The material properties
and plate dimensions used in the analysis are listed as follows:

Table 7 Normalized stress intensity factors for single-sided repair
of centrally cracked plate (Aa = 0.025 mm)

Sun et al.®
Present Plate Three-dimensional
Location study model FEM Chue et al.”
Midplane K B 0.567 0.536 0.612 0.481
Free surface K 0.977 0.953 0.985 0.902

cracked aluminum plate, E. =71.02 GPa and v, =0.32; dimen-
sions L, =180 mm, W, = 120 mm, and &, = 2.29 mm; boron com-
posite patch, E; =208 GPa, E, =25.44 GPa, G|, = G35 ="7.24 Pa,
Gy3=4.94 Pa, and v;, =0.1677; dimensions L, =76 mm, W, =
38 mm, and i, =0.762 mm; adhesive, G, = 0.965 GPa, v, = 0.32,
and i, =0.1016 mm; and crack length: @ =25 mm. The normalized
stress intensity factor for the center crack problem is defined as

£, = L
"7 o J/ra

where o, is the loading stress in the x direction. After a thorough
convergence test as shown in Table 6, the size of the crack tip ele-
ment in Fig. 2 is set as A a = 0.025 mm, for which the error is less
than 1% for different types of single-sided repair. The normalized
stress intensity factors at the midplane and the free surface of the
aluminum plate are listed in Table 7 in comparison with those ob-
tained by other researchers®7 It is noted that the present solutions
of the stress intensity factors at the midplane and free surface are
better than those obtained by Sun et al.® using the plate model. Fa-
tigue crack propagation of the centrally cracked aluminum plate of
various thicknesses repaired with a single-sided composite patch
of different thicknesses subjected to cyclic stress of mean 0.5 MPa
and amplitude 0.5 MPa is studied using the values of the crack
propagation parameters, C and m, in Table 1. Figure 9 shows the
normalized fatigue lives for the repaired plate of two different plate
thicknesses, i, =2.29 or 3.5 mm. It is noted that the repair of the
centrally cracked aluminum plate of thickness 7, =2.29 mm with
a single-sided composite patch of thickness falling within the range
under consideration(/, <0.762 mm) canyield beneficial effectson
the fatigue life of the cracked plate. The beneficial effects, however,
start to dwindle as 2, > 0.127 mm (one layer patch) and may even-
tually cause an adverse effect on the fatigue life of the cracked plate
when A, > 0.762 mm (six-layer patch). A similar phenomenon has

(11)
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Fig. 9 Fatigue life of centrally cracked plate with single-sided repair.

also been observed for the repair of the cracked plate of thickness
h. = 3.5 mm where the adverse effect on the fatigue life of the
cracked plate is destined to occur when the thickness of the patch is
greater than 0.508 mm (four-layer patch).

Conclusion

Analytical and experimental methods were used to study the frac-
ture and fatigue behaviors of cracked plates repaired with a single-
sided composite patch. Fatigue tests of aluminum C-T specimens of
various thicknessesrepaired with a single-sided composite patch of
different thicknesses were carried out. The importance of the out-

of-plane bending effect of the single-sided repair was manifested
via the fatigue life data of the repaired specimens. A finite element
model was presentedto simulate the mechanical behavior of cracked
plates repaired with a single-sided composite patch. Fundamental
fracture mechanics techniques were used in the finite element anal-
ysis to predict the stress intensity factor and the fatigue life of the
repaired plates. The accuracy of the present analytical method in
predicting the fatigue life of repaired plates was verified by the test
data. The application of the present analytical method in predicting
the stress intensity factor and the fatigue life of repaired plates was
demonstrated by means of the repair of a centrally cracked plate.
The out-of-plane bending effect induced by the asymmetric repair
of the centrally cracked plate was also studied. It has been shown
that both plate and patch thicknesses might play important roles
on fatigue life of the cracked plate with an asymmetric repair. The
present finite element method, however, is inadequate to predict the
actual behavior of the fracture surface of a fatigue crack in a plate
with single-sided repair. Further study is required if a more realistic
prediction of microscopic fatigue behavior of cracked plates with
single-sided repair is desired.
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