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Abstract—An ensemble-average statistical method is used to calculate the overall effective mech-
anical properties of fiber-reinforced composites with interfacial cracks. The cracks here are specifi-
cally the fiber-matrix interfacial cracks which occur during the manufacturing process or are from
inherent material defects. The problem starts with the establishment of the Helmholtz equations
and boundary conditions followed by a full scale solution of the multiple scattering equations. Then
by considering the low frequencies limit and the statistics of randomly spatial distribution of the
fibers, a manageable homogeneous linear matrix equation is obtained. In a homogenized point of
view the macroscopic mechanical properties of the composite system are derived. The calculated
average mechanical properties include the overall effective shear modulus y, the average shear wave
phase speed B, and the average specific damping capacity ¥ of the composite system. The shear
modulus corresponds to the elasticity of the static state, while the shear wave phase speed and
damping capacity correspond to the viscoelasticity of the dynamic state of the composite. The
results show that, among others:

1. the fiber-reinforced composites with interfacial cracks are transversely anisotropic material
systems possessing viscoelastic behavior

2. the axially shear modulus of the composite, as the half crack length (6) increases, is in a
‘decreasing steps’ fashion for which finite numerical jumps exist between those steps

3. for a fiber-reinforced composite with interfacial cracks, the composite system with 1/2n half
crack length is the least attenuated and is nearly transversely isotropic

4. the composite is a non-dispersed material system in low frequency ranges. © 1998 Elsevier
Science Ltd.

1. BACKGROUND

Wave propagation methods, among others, can be used to calculate the mechanical
properties of a composite. The fiber distribution of a fiber-reinforced composite is either
periodic or non-periodic. In our study, we concentrate on the cases where the fiber dis-
tribution is non-periodic and random. For random distributions, many studies have con-
tributed to the calculation of a composite’s effective overall mechanical properties by the
use of the multiple wave scattering method combined with the statistical-average technique.
(Bose and Mal, 1973 ; Bose and Mal, 1974 ; Datta et a/., 1984 ; Yang and Mal, 1994). These
models assumed perfect bonds between the fiber and matrix. Theories for waves in a
variety of debonded situations have also been studied extensively. Waves in materials with
interfacial cracks between two different phases are of interest in many applications, e.g.,
welding, nondestructive evaluation (NDE) and earthquake studies. Solution techniques
include an integral equation method (Krenk and Schmidt, 1982 ; Neerhoff, 1979 ; Angel,
1988) and a perturbation method (Coussy, 1984 ; Coussy, 1986a). A more straightforward
approach by Yang and Norris (1991) is the employment of the Helmholtz equations and
Bessel functions subjected to the relevant boundary conditions. Elastic wave propagation
in composites with the presence of imperfect bonding has been studied by many researchers,
with various solution techniques and points of emphasis (Angel and Koba, 1993 ; Aboudi,
1988 ; Mal et al., 1991 ; Coussy, 1986b).

In this study, we adopt the method used by Bose and Mal (1973) combined with the
approach by Yang and Norris (1991) in dealing with the bonding situations. For simplicity,
we assume an idealistic situation where all fibers in a composite have the same radius and
bonding situation. The bonding situation is determined by the half crack length, §, and the
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orientation, «, of the crack face. For a more realistic composite, not only the fibers are
distributed statistically in space. The crack for each fiber, for a damaged composite, is also
statistically distributed but crack orientation, «, is maintained. It will be more math-
ematically involved if the crack distribution 1s considered for our case and will be studied
in the future. The approach we use is straighiforward but mathematically rigorous. Starting
with the series solutions, i.e., the Bessel functions, of the wave equation, we seek to obtain
the scattering coefficients as functions of the geometrical and crack parameters and as the
dynamic response of the waves in the composite. The scattering coefficients thus obtained
are functions of themselves and of all the parameters involved. By performing the asymp-
totic analyses and, through the statistical averaging procedures, assuming the existence of
an effective plane wave, a system of simultaneous linear equations emerges. Both the static
property (shear modulus ) and the dynamic properties (shear wave phase velocity B and
specific damping capacity ¥, a measurement of waves attenuation) can be deduced from
this matrix equation. The average properties thus obtained are generally complex numbers
for the dynamic case and real numbers for the static case. For the dynamic case, the complex
numbers of the mechanical properties correspond to the viscoelasticity of the material. And
the real numbers for the static case correspond to the elasticity of the material.

2. BOUNDARY VALUE PROBLEM

2.1. Single fiber scattering

Consider a matrix-single-fiber composite where the interface of the fiber and the matrix
has a debonded crack length of 26, radians. The center line of the fiber crack face has an
orientation of angle of ¢, radians away from the horizontal radius line of the fiber as shown
in Fig. 1. The location of the fiber /" and a field point of interest as referenced to the center
of the fiber are expressed by the polar coordinate system. The radius of the fiber 15 ‘@’
Throughout this study, the material properties associated with the matrix will be denoted
as ‘1°, and those associated with the fiber will be denoted as ‘2’.

Let an antiplane plane shear displacement wave, ¢* 0 35m%) he incident upon the
composite. The shear incident wave is time harmonic with a frequency of w. The time factor,
e~ will be omitted because of the steady state of the dynamics. Then the displacement both
in the matrix and in the fiber can be written as

(1

u -y, ¥ >a
u, =

Uy iy rn<a

where u™ is the incident wave, u, , is the scattering wave in the matrix from the fiber i, and

Harmonic incident
displacement waves

ik, (x cos 84+ ysin 60)

©

4

©

Transversely anisotropic

direction Ot=90-—¢.
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X

Fig. 1. Schematic representation of the incident shear displacement waves and the polar coordinate
of the fiber ‘" in the composite system.
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u,, is the scattering wave inside the fiber. The incident wave, «”, and the scattering wave,
u,;and u, , are solutions of Helmholtz equation:

Viu,+ku =0.

They can be expressed as the series representation of Bessel and Hankel functions:

o0
um — elk, Rcos(®;—0,) Z l'me (kl r’_)ezm(f?‘ —ty)

n= —x

o
U ;= Z AnﬂHm(klri)e””miia(')

m= —o

S By, (kar)e ™, @

m= —x

S
I

In eqn (2), k, is the wave number in the matrix, &, in the fiber. The coordinate system (r,, 6,)
is referred to the center of the fiber i. Note that &, = w/f. ky = w/f>, i =/ 1/p1,
B, = \/yz/pz where S is the wave speed, u is the shear modulus and p is the material
density. From the stress boundary condition on the matrix-fiber interface:

J . 0
H E (le‘i‘ul,f)v,zu = H ;{; (u2.1)r,:u~ (3)
¥ ¥

Substitute the relevant terms into the above and simplify,
et Reost®=0odiny, ko J, (k@) + Ayt K H (k@) = Boks J) (kya). 4

For displacement boundary conditions :

{(u""—}-ul_,—uz‘,)r/“ = A[jh “5:"'90; < 61’ < 5:+(r01'
(5)

(u"+uy =), =0 =0, other

where AU, is the dynamic crack opening displacement (COD) of fiber /. From elasticity,
the COD must be satisfied by the crack edge condition. Let x be the amount of radians of
angle measured from the center line of the crack face, x being positive if it is measured
counterclockwise, negative otherwise. Thus from Fig. 1, x = 0 corresponds to the center
line of the crack face, x = +1 to the broken lines indicated. Obviously, x can be expressed
as x = 0,— ¢,/0,. It can be shown (Neerhoff, 1979) that the order of magnitude COD around
the crack edge decreases proportionally as O(e'?), where 1 —|x| - ¢. Apparently ¢ denotes
the proportion of crack arc distances from some point to the edge of the crack. Since the
Chebychev functions of the second kind V,(x) (sece Appendix A) decrease proportionally
as O(e'?) when 1 —|x| — ¢, i.e., when near the crack tip, it is reasonable to use V,(x) as our
base function for the series expansion of COD. The COD, AU(f)), can then be expressed
as

AUL(0) = i} Brobas0) )

n=

where f,; is the coefficient of the COD series and
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_] 0, — g, _l . (nm . _,Bi—o _
¢"’i(6i)—nV”< 5 >—nsm<2 —nsin 5, ), n=1273... (7)

Substitute the relevant terms into the displacement boundary condition and simplify

in(Bg— ) «

2}7~ Z ﬂn’,iin’+1Jn’(_n5i)’ n#0

n=1

eikl RICOS(Qiiao)ian(kl a) + Am'Hn(kl a) = Bm'Jn(kza) +

e"k‘R’ms(o’AU“)Jo(kla)+A01'H0(k|a) = BoJy (kza)-l_%ﬁl,iaia n=0. (8)

Combining eqns (4) and (8) for m # 0 yields

mi Dr” mi
2i F, Jokia) < .
B — mi m im(0y — ;) L qn +1 A — )
n ﬂ:kla Dm 2mEm e ngl ﬁ”l Jl Jn ( M5l)7
= iklkicosl(D‘A('o)'m__Z_J:"&q‘) im(fy — ;) 3 BNLES N S )
F.=e o mE ¢ n;. Buii” I (—md) ©)
and for m = 0,
Ay =20F,
0 — D() 0f
2i Fo  Jolkia)
Boi = nk,a D, + 4F, B0
ik Rcos(®; - 2t (k a) 3
Fo,-=€k‘R’ @ ”0)—OTE:—ﬁ1,i()i (10)

where
Em = Z‘]m(kl a)J;n (kla) —Jm(kZa)J:n (kl a)
D,, = J,(k,a)H, (k a)—zJ, (k,a)H,,(k,a)

. Haka

z= .
mk,

The f terms in the above equations can be solved by requiring that, at fiber i, the stress on
the crack face is vanished. Therefore, at fiber *7,

0
aT(uZ,i)ri:a =0,—d+0¢;, <8 <d+o. (1

Substituting (2) into the equation above yields

—1)y"n3, 2 |
BO.iJ;)(kZQ)(—Ln—élm =2 B Jy(kaa)e 0000 e g (ps),
2m p#0 4

=04+, <8, <d+o,. (12)

Substitute B terms from (9) and (10) into the above equation and multiply both sides by
¢,(0).m=1,2,3.... Integrating with respect to 8, from —é,+ ¢, to §,+ ¢, we get
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(—1)'"5, «© i m+]
kaa)y——— AT o’ S)F,
L e IR ; ke ") 0 (PO,
Joltk,a) , (—1 )’"+l
= OS(E:) 5:‘2J0(k2 ) m 1mﬁ1.
= J (k,a)J. (k i
- 3 22) D e 1,p8) 3. Bud I (=p8). (1)
p#* P ne=

Simplify further and rearrange, and we get the matrix equation in j as

[an‘i]{ﬂn,i} = {Nm.i}

where
(0", Jollsd )0 o)
an,i - < kl (k2 ) D() 2 ]) m 4E0 51m5[n
i+ _ ﬂ_(@ e ™) v _.ip(gn_wl)Jm(Péi)
et ,,;, (D

& Jkia)J,(kya)
p#0 2p2 Ep

_jmt

—J (= pé)J (pé)]

. l)m eiklp,.cos((bi—-eo).

|:J0(k2a) Orm+ z J(k.a)e” ’”“’0“”’1)2—] (p 6):|

p#E0

(14)

Note that d,,,’s are the Kronecker delta. The § terms can then be solved numerically in light
of the above equation. Equation (14) can be simplified further for the quasi-static case, i.e.,
when the wave length is large compared with the fiber radius. In this case, it is reasonable
to assume that both k,a and k,a are small compared to 1 and that the order of £,z and k,a
are approximately the same. Therefore if the wave length is large compared with the fiber
radius,

kl Zm+ 1 im0y —0o,) e_’(ﬁo_“’f)

m—1
kz <'u2 1)( 1><kla>
Hy My 2
im+l 2 Jn( pél)Jm(pét)

2(&_1);’#0 p
U

Jm(éi)eik,R,cos((b,.—()U)k’a. (15)

an,i ~ in+l ZJn(_mél')Jm(éi)

and

i(— l)m e~ B—9)
(/12 + 1)
Hi

It is apparent that the order of f§ terms are O(k,a) in the quasi-static case, judging from the
equations above.

va,. ~
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2.2. Multiple wave scattering

For a composite in which there are N fibers embedded in the matrix, the effect of
multiple wave scattering should be considered. The scattering coefficients A4, and B, for a
multiple scattering case in eqn (2) are the same as in the single fiber scattering one, except
that F,,; terms should include the multiple scattering effects. Thus for the multiple wave
scattering case, the displacement both in the matrix and in the fibers is

N
"+ N u,,, r>a
b= . (16)

Us ;s r,<da

Introducing the stress and displacement boundary conditions for all the fibers, we have, for
each fiber /i and if m # 0,

A, = En F
mi T Dm mi
2 F, J(ka) ©
B = i m lm({)()—(p,) i +1J A - 5
mi nkla Dm 2 Em kgl ﬁn il u( m 1)
2 (ko) ,
F = ik Rcos(@; ) m m IIH(OU*(P,) ks lJ (— )
mi = € e 2]’)’1Em "Zl [))n it n ( mé:)
+Z Z m+n n+n/ m(O —()”)H (k V,/) (17)
Jj#in= - 0 n1+n
Ifm=0,
Ay =L0p
0i Do 0i
2i Fo, J()(kla)
By, = B
" wkaD, T 4E, P
. zJ k n
F()i = e’klRiCOS(¢17(}O) 0( 7a) ﬁl 101 Z z Eu eu ({)‘/70‘))Hn(kl rll)' (18)

Jj#Ein= —xm n

3. STATISTICAL CONSIDERATIONS

3.1. Random distribution of the fibers

The geometrical parameters that affect the distribution probability of the fibers in the
composite consist of the number of the fibers per unit volume, n,, and the radius of the
fibers ‘a’. Other than these two factors, a statistical parameter, s,, needs to be determined.
For simplicity, the statistical distribution is only limited to the distribution of the fibers in
the composite. Other parameters which in practice may be statistically distributed in the
domain of interest include the half crack length, 8, and the orientation, «, of the crack face
of each fiber. A mathematical model to accommodate the cracks distribution, if possible in
a limited fashion, will be studied in the future. For simplicity, we assume allinterfacial cracks
possess the same orientations and half crack length. The following statistical treatments are
similar to those in Bose and Mal (1973), except that the correlation term is defined with
more explicit geometrical information.

The domain we consider is physically a three-dimensional space. But throughout this
study, the derivation involves only two dimensions (polar R —®) due to the fact that the
fibers are unidirectional and that the shear component of the quantity concerned (the ‘z’
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direction component) is a function of the other two coordinates. Thus vector R, is appro-
priately regarded as R; = (R;, ®,), where the polar components are in a global sense in the
composite domain. For a uniform composite for which the fibers are randomly distributed
in the matrix,

p(R) =pR), 1<i<N
PR, |R) =pR;|R), T<ij<N, i#]
PR, R,,....Ry) = p(R))p(R,,R,,...,Ry|R))
= p(R)p(R, |R)p(Ry, Ry, ... ,RyR,R;). (19)

The first equation of (19) states that the probability that a fiber is located at R; is equally
probable for all randomly distributed fibers within the domain of the composite. The second
equation states that the conditional probability for any two concerned fibers is all the same.
The third equation is a generalized expansion of the joint probability of all the fibers
concerned. Therefore, as the probability density is normalized and the area occupied by a
fiber is neglected in a sufficiently large domain, p(R,) should be equal to 1/s, where s is the
cross sectional area of the composite domain. For definiteness, we have

1 1 1
Jp(R,-)dr,zjgdr,zsjdri:E><s=1. (20)

The above equation states, indeed, that the probability that a fiber 7 exists in the composite
domain is equal to 1.

3.2. Simulation of the correlation function

Considering the conditional probability p(R, | R,). For r,, (the distance between fiber
1 and fiber 2) — oo, the probability that fiber 2 exists at an infinite distance away from fiber
1 is the same as the probability that any single fiber exists in the composite without
considering any other fibers, which is 1/s. Yet for 7, < 2a, p(R, | R|) = 0 because of the
non-penetration condition of fibers. For the case where the fiber radius is smaller and the
number of fibers per unit volume n, larger, it is more likely to find another fiber at a given
distance away from an existing fiber. This corresponds to the steeper slope of the correlation
curve in Fig. 2. Accordingly, the correlation probability p(R,{ R,) can be simulated as an
exponential function of r,. Thus

1 ,
PRy [R) =" (1—f(r2)), ri>>2a
=O, rlzgza

where f(r,,) = Re 7@’ 0 < R < en,

p(ralr)
1/s

2a Fi2

Fig. 2. Simulation of the correlation function.
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The above is usually referred to as ‘well-stirred” approximation (Datta et al., 1984) which
is not valid for high concentration of scatterers. For a large sample, or for a large domain
of the composite, R — ¢*/“/") due to the fact that the number of fibers surrounding the
existing fiber is small compared with ‘N°, the number of fibers in the composite. Note that
the statistical parameter ‘s,” needs to be determined statistically. Finally the normalization
requires that

lim _“J‘ Sr)rdr, =0.

4. AVERAGING TECHNIQUE

4.1. Indistinguishability of fibers and quasi-crystalline approximation

From the third equation of (17) and that of (18), F,,; is a function of § terms and
themselves, in addition to the geometrical information and the dynamic input of the
composite system. It contains the scattering information associated with each fiber ‘” and
the geometrical relations with all the fibers other than fiber ‘. Therefore, it is the quantity
on which we perform the averaging process in order to gain an overall effective material
property for the composite system. The rationale for performing the averaging process is
based on the fact that (1) all the fibers are indistinguishable from a random point of view,
as stated in the first two equations of (19); (2) the multiple scattering in the composite
system is the dual combination of the coherent waves and incoherent waves. Apparently,
the averaging material property is the overall effective quantity due to the coherent waves.
And the coherent waves in the composite are the non-constructive part of the multiple
scattering waves in the composites. Throughout this study, elasticity is the only mechanism
involved before the averaging process is performed. After the averaging process, the con-
tribution from the incoherent waves is lost in the calculation of the effective property of
the composite. Hence, the viscoelasticity emerges as the end result to reflect the fact that
part of the multiple scattering energy, i.e., those of the non-coherent waves, is lost.

Therefore due to the indistinguishability of the fibers, one can choose any fiber to
investigate the expectation value of F,,; without loss of generality. Thus, for fiber ‘1°,

ik | R cos(®, —0,) ;m ZJ;n(k a) i w© N
le = ell\lRl (P, (’o)l —az—rnfzm—-g (6 ‘/’1)";1 an.ll FlJn(_mél)
) 5 E”l+n in(6,.~ 0 )
+ Z Z D E, . .;H, (klr1 ) e m#£0
j=2 —w Hmtn
ZJ kaa
Fy, = e* i Ricost® —p) _ 0( )ﬂ|151
N ES
+ Z Z I?JH (k,r] )em(f)“_” o) (21)

It
ra

g

First, take the conditional expectation value of F,,, i.e., {(F,, >, in light of eqn (21). The
conditional expectation value of a function f'is defined as

o :J"'pr(Rz""Ranl)dfz"'dfn
<o :J"'JfP(Rz"'Rn|R1,R2)dT3"'d‘fn (22)

where { />, is when the information (location in our case) of scatterer ‘1’ is given, and {f},
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is when the information of scatterers ‘1’ and ‘2’ are given. Using eqn (22) and the correlation
probability defined in the ‘well-stirred” approximation, (21) becomes

2J,,(k,a)

__ ik R D, -0 ;
<le>l -—ell 1cos(®, o lm 2 E

:m(()o—zpl) Z <ﬁn,1>1i"+l-]n(—m51)
n=1

© E., .. )
+n, D - J (1—e* ) Fy o Hy (kg 1y 3) 6727 %0 d1, 0 m #0
n=—w “mtn JiF, —F |2 2a
e zJ4 (k a)
(Fpyy = efrfieos®i=0o) 2 ——=—={ B 6
= E” 2u—r yiang)h in(8,,—8,)
+ny z D. (1= r2mI(F, 2 5 H (ke ryp) €270 dr,. (23)
n= —0 0 JIF, —F |2 2a

In obtaining the above equations, the indistinguishable property of (19) is again used for
the third term of the right hand side of both equations in (21). In addition, the quasi-
crystalline approximation

<Fmt'>ij = <Fmi>i> l ?&J

is employed and a large sample condition is considered.

4.2. Extinction theory

The extinction theorem states that the incident wave is vanished upon entering the
composite (Bose and Mal, 1973), or that the incident wave is canceled by waves generated
at the boundary (Waterman and Truell, 1961). By applying this theorem, we appeal to the
physics, not the mathematics, of eqn (23). The setup of the boundary value problem at the
beginning of this treatment is the initial step for gaining the multiple scattering information
inherited by the presence of the fibers and cracks. Once the scattering formula is established
(eqns 17 and 18), statistical-averaging techniques need to be introduced to obtain the
overall effective property of the composite system. By doing this, the energy of incident
waves is assumed to ‘transform’ to the scattering waves in the system and all the scattering
waves traveling to the infinite boundary of the system are canceled by the incident wave.
Thus in eqn (23) the quantities associated with the infinite boundary of the composite, i.e.
the upper limit of the integral term on the right hand side of both equations, are canceled
by the incident wave. Finally assuming the existence of an average wave such that
(F>, = i™F, eXReos® %) where K represents the overall effective wave number in the
composite system, eqn (23) then becomes

—z/,(k,a)
2mE,

I-mFm ez’KR,cos((DI —0y) ~

ei"'(()07(?]) Z <ﬁn,] >ltn+l‘]n(—m51)
n=1

. * E,..,
+ 21y e KR =0y " F |:k2 a <J (2Ka) H (2k,a)
2 _

D n+m
n= —oc m+n

] (0]
—H,(2k,a) (_3%']"(2Ka)>_J ezafr‘z'f(am“)“'-]n(Krl2)Hn(k1”|2)r|2 dr12j|’ m#0

2a

—zJy(kya)
4K,

F(] el'KRlcos(Ol -04) ~

S /Bian

) x E,
+2mngy e KRreost® — o) Z 5 l:; “ <J (2Ka) H 2k, a)
1

o
—H, (2kla) J (2Ka)— [ 2 VV”’/(a/r”)x‘Jn(Krlz)Hn(k1rlz)rlz drlz} (24)

o 2a
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5. CONSTRUCTION OF THE LINEAR SYSTEM OF EQUATIONS

5.1. Asymptotic analyses

If egn (24) is to be mathematically manageable an asymptotic analysis is desired. We
resort to the fact that, for wave length large compared to the radius of the fiber (low
frequencies waves), the Bessel functions can be approximated as a power order of ka,
i = 1,2. Therefore by approximating the Bessel functions in the low frequencies regime, the
F terms are assumed, based on eqn (24), to have order of Fy ~ O(ka) ™" and F,, ~ O-
(k,a)"~"™, where ¢ is 1 according to eqn (15) for the order of the quantity of § terms. The
statistical average of f§ terms in (24) can be obtained by requiring that the stress on the
crack face of each fiber is vanished. Thus bear in mind that in using equation (13) for the
vanished stress on the crack face, the F terms are referred to as in equations (17) and (18)
for the multiple scattering case. Performing the low frequencies analysis on (13) and
considering the order of magnitude of the F terms in the previous statement, we get

© = J, ‘1‘ J, ‘i 1
§ 5 RO (e g,

n=1p=1 p
Mo~y & Jn(po) (kia

p
=4 —_ 1—1)ytmer F —e™"F ). 25
251 +ﬂ1p;1 p! ( 2 ) « ) ? p) (23)

Note that in obtaining (25), « = §,— ¢, (defined as the transversely anisotropic direction)
in the above equation and the first term on the left and right hand side of (13) are neglected.
Equation (25) can be rewritten as [Q,,, ]{B..} = {N,..} where

= J.(pé)J,(pd;
Qus = 7= 1) (—1y) 3, P20

o=ty & Ju(poy) kla>p ; _
Nm,' = 4’—— 0 _‘1 p+melpotFW /‘_e lpaF)i - 26
. 'uz +#] 17;] p! 2 [( ) P 7 ] ( )

Take the conditional statistical average of the above equation and consider the fact that
(F,»; = i’F,e™*c@ =% yields

<ﬂn.i>i = Z ( Z qnm.ime)i_pF—peiKRiCOS(QiHO)(kla)p
1

p=1 \un=

+Y <Z Gom Ymp>ipF,,e""R'°°S“"'9°)(k.a)” 27
p=1

m=1
where

[qnm.z] = [an.i] !

Ho— Uy Jm(pél)(_ 1)p+m eil’“
Hat o pl2e

Xy =4

—_ _ —ipx
=T g DT (28)
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It will be beneficial, as will be seen later, to transform the F terms to a new set of
quantities. That is, we let

Fo = Fyx(kja) ~ O(k,a)'
F, =F,x(k,a)’ ~ O(k,a)’
F ,=F ,x(kay ~ O(k,a)'.

—p

Note that ‘p’ in the above equation is a positive integer. Thus the orders of the F terms are
asymptotically the same and (27) becomes

o Ee)
<ﬁn,i>i = Z < Z qn,,,,,-an) i 7[’F7p e’KRiCOS(‘D:*Oo)
p=1 \m=1
ez |

+ ( > Gomi Ym,,)i"Fpe"KR’c‘”“""°’(k1a)” - (29
p=1

Substituting (29) to (24) and considering the low frequencies limit, we get a homogeneous
linear equations in F. For m > 2,

Aima(_ kl 20

Fum - ze .)m . —om— 1 Z {
(m—l)!(&—l> :
H

+ i < i q,,m«,,-Y,,,/,,> F} "1 (md),

Mﬁ

( z Do’ i mp) .¥pF_7p

=1

m'=1

_ imoy —m k % 0 o _
Fm = = /j ;Lzm : Z {Z ( Z qnm',iXm/p>i“pr
(m_l)'<_£ ) 2 n=1 (p=1 \yw'=1
M

+i<z%mmJW}WUWMPU (30)

m=1

In obtaining the above equation, the positive and negative of m in the first equation of (24)
need to be considered separately. Also note that the second term of the right hand side of
both equations in (24) is neglected in obtaining (30). For m = 1,

—ze " k o [ ~
‘ZZ(me%QWW;Mm

& )an 1p=2 \m'=1
H

[ cu i e k2 [f& ~
+ _L‘_+1+ cu Jy— 1L Y (Z G i Xy 17 T8 | F-y
1 K 2 (i—l) 2a=1 \m=1
L kl .ul
K
I cuoll Fot|— 1
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_F“kz Zl ( Zl‘hm: ml)in+l']n(6i) F—l
A———l> n m =

H2 2n=1p=2 \yw'=1

——1
Hi

+< 7 ) K> (i qnml.iYm'p)"WFpJn(‘Sf) =0

For m = 0, the first term in the second equation of (24) is neglected, therefore
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Note that in (31), (32) and (33)

m =1

¢ = na‘n,

u(]:&_l

P

(3n

(32)

(33)
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- 1— s/
1+ us /0y

1

(1] ) o K
[n — J e2a7(x,/k|),/(a/no)‘:Jn <E__x> Hn(x)x dx, n= 0’ 1, 2. (34)

2kja 1

The 1, terms in the above equation must have magnitude of order equal to or less than O(1)
in order for the asymptotic analyses to be applicable. Thus eqns (30), (31), (32), (33) form
a homogeneous linear equation system in £. By stipulating that the coefficients of £ terms
form a linear matrix and that the determinant of the matrix is equal to zero, the quantity
of K/k, can be evaluated.

5.2. Computational technique

The determinant formed previously, by performing column and row operations
(addition, subtraction and multiplication) for the elements of the determinant, a simple
equation emerges as the following:

a,, dap
K\? as ay
— | = 14cuy+ (cu; + cugcu,) . (35)
k, ay dys

Ay di;

The numerator of the right-hand side of the above equation is a (2m—1) x (2m— 1) deter-
minant and the denominator is a (2m x 2m) determinant. More specifically, the a’s in the
above are all sub-elements structure (see Appendix B for the list of a@’s). The overall effective
wave number K in eqn (35) is a complex number, i.e.,

K = Re(K)+iIm(K)

where Re(K) = w/B, and B is the overall effective shear wave phase speed in the composite.
Note that a measurement of wave attenuation in the composite is the specific damping
capacity, which is defined as ¥ = 4n(Im(K)/Re(K)).

A Fortran program was written to perform the computation of (K/k,)* in (35). For
the static case, the probability correlation terms /7, are vanished. The normalized wave
number (with respect to the material property of matrix) in (35) can be transformed to
obtain the normalized shear modulus. The double summation in the computation of
elements of a’s (Appendix B) needs to be carried out for the same number of terms (for
our case, we give each summation 30 terms). And for the Q’s terms in (26) to be definite,
ten-thousand terms are used for the case where the crack length is larger than 0.01 degrees.
For crack lengths less than or equal to 0.01, we resort to the analytic calculation which
follows.

When ¢ is small (6 < 0.01) the summation of Q terms in the second equation of (26)
can be rewritten as

& Ja(po),(pd) & J.(pd)].(pd)
= 3.
Pgl P p=1 P5

Let 5 — Ax, a differential form of x, then pé = x,. The above summation then becomes
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IRy r I

lim - (36)

k-»ocizl X;

Using the Weber-Schafheitlin formula (MacLachlan, 1934), the integral in (36) can be

written as
r 1
2(m +n)

2I'(n+ 1)I B(m—n+2)

]xFB(n—m), %(n+m), (n+1), 1:’ (37)

where I' is the Gamma function and F is the hypergeometric function

_ afz  ala+ DB+ 122
Flo, B,7,2) = {1+ i + e+ 1) 4o eh (38)
Note that Fis one of the solutions of Gauss’s equation
d’y dy
z(1 —Z)E +{y—z{x+ B+ 1)} e —afy =0, and that
MU —o—p)
F(O(,B,')),l)_' ! N (39)

T TH—-oIl(—B)

Using eqns (36), (37) and (39), we find that if the crack length is small (4 < 0.01 in our
program),

Tn(PO),(PO) _ Oy
P 2n’

(40)

o
p=1

For the dynamic case, where the frequencies of the incident wave are such that k,a is
less than 0.1 in our program, an iterative scheme needs to be employed. Because the 7,
terms in (31), (32) and (33) contain, in the integral in the last equation of (34), the K/k,
variable, eqn (35) cannot be solved explicitly. Hence an iterative method is used starting
with the static value of K/k,. Substituting the static value of K/k, in the last equation of
(34), initial values of I, are obtained. Then using these initial values for (35), we can get
the initial value of K/k,. Following the same procedures, converging values of Kjk, is then
obtained.

6. NUMERICAL RESULTS

In our program, we test the applicability of a composite material in which the fibers
have stiffer shear modulus and lighter weight than the matrix does (u;, = 1.28¢'" Pa,
w = 8.08¢'%, p, = 801 Kg/m?, p, = 234.7 Kg/m®). The two extreme debonded situations
are when there is no crack (6 = 0) and when the fibers are totally debonded from the matrix
(0 = n, regarded as the case when the space occupied by the fibers is void). For these two
extreme cases, the resultant computational shear moduli from our program coincide with
those obtained by Hashin and Rosen (1964). Obviously, these two extreme cases render
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Fig. 3. Using normalized shear modulus as a function of anisotropic directions to demonstrate the
transverse anisotropy properties for various cases of half crack length at 0.188 fiber vol. fraction.
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Fig. 4. Using normalized shear modulus as a function of anisotropic directions to demonstrate the
transverse anisotropy properties for various cases of fiber vol. fraction at 1/4rn half crack length.

the composite system as transversely isotropic. When the fibers are partially bonded, the
composite system becomes transversely anisotropic as can be seen in Figs 3, 4, 5 and 6.
The computational quantities obtained using eqn (35) are normalized wave numbers
and are generally complex. In the static case, the magnitude of the imaginary part of p/u,
(obtained from the normalized wave number K/k,) is extremely small compared to that of
the real part. This granted us the justification that, for the static case, the shear modulus is
a real number and it corresponds to the elasticity of the composite system. While for the
dynamic case, the magnitude of the imaginary part of y/u, is significant compared to that
of the real part and it corresponds to the dissipative part of the composite system. Only the
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Fig. 5. Using normalized shear wave phase speed as a function of anisotropic directions to dem-

onstrate the transverse anisotropy properties for various cases of half crack length at 0.188 fiber
vol. fraction.
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Fig. 6. Using specific damping capacity as a function of anisotropic directions to demonstrate the
transverse anisotropy properties for various cases of half crack length at 0.188 fiber vol. fraction.

fact that, for some ranges of half crack length, the calculated shear moduli, the shear wave
phase speeds and specific damping capacities are negative numbers or extremely high
conflict with the physics of the composite system (Figs 7, 8, 9 and 10). These ‘jumps’ occur
in some particular ranges of half crack length for a variety of cases. As it turns out, the
increase of the number of summation terms in our program does not change the resultant
magnitude of interest associated with the jumps (in other words, the converging is achieved).
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Fig. 7. Normalized shear modulus as a function of half crack lengths for various cases of fiber vol.

fraction at zero anisotropic direction. Note the ‘decreasing steps’ fashion as the half crack length
increases. Also, the jumps occur near 11/507%, 31/507.
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Fig. 8. Normalized shear modulus as a function of half crack lengths for various cases of anisotropic

direction at 0.188 fiber vol. fraction. Note the ‘decreasing steps’ fashion as the half crack length

increases. Also, for « = 1/2x, jumps occur 19.50%, 39/507. For o = 1/4p, jumps occur near 11/50x,
19/507, 31/50x, 39/50n. For & = 0, jumps occur near 11/50x, 31/507.

Therefore the mathematical facts of these ‘anomalies’ are confirmed and those jumps are
finite.

An interesting phenomenon of the transverse anisotropy of the composite system is
that it is less pronounced near three ranges of the half crack length. Two of them are,
expectantly, near 6 = 0 and § = n. The other one is near, surprisingly, é = n/2 (Fig. 3).
Another factor that affects the transverse anisotropy of the composite system is that of the
fiber volume fraction. As expected, the less the fiber volume concentration, the less aniso-
tropic is the system. Observing Figs 4 and 7, if the fiber volume fraction is small, then the
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Fig. 9. Normalized shear wave phase speed as a function of half crack lengths for various cases of

anisotropic direction at 0.188 fiber vol. fraction. The ‘decreasing steps’ fashion has the same
properties as those of the shear modulus. Note that for « = 1/37, jumps occur near 11/50%, 19/507,

39/50m. For o = 1/6m, jumps occur near 11/507, 31/50%. For o = 0, jumps cccur near 11/50x, 31/507.
0.025
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Fig. 10. Specific damping capacity as a function of half crack lengths for various cases of anisotropic

direction at 0.188 fiber vol. fraction. Note that the least lossy is near the mid-ranges of half crack

length. Also, for « = 1/3n, jumps occur near 11/50%, 19.50%, 31/50n, 39/50%. For « = 1/6x. jumps
occur near 11/50x, 31/507. For o« = 0, jumps occur near 11/50x, 31/50x%.

quantity of u/u, will be near 1 and the function line will tend to be ‘flat’ and near 1. While
for higher quantities of ‘c’, the u/u, curve will be increasingly less ‘flat” and the value of it
farther from 1.

Observing Figs 7, 8 and 9, the shear moduli and the wave speeds are decreasing in a
step-by-step fashion. For each step, the function line is generally leveled before it reaches
the jump area. The same feature occurs for the damping capacity in Fig. 10, except that the
minimum quantity of the damping capacity occurs at the middle step where 1/2x half crack
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Fig. 11. Normalized shear modulus as a function of fiber vol. fraction for various cases of anisotropic
directions at 1/3n half crack length. Note that a ‘critical pair’ exists when 6 = 1/37 and when a
specific anisotropic direction is between ‘0" and *1/67".

length locates. In Fig. 7, the jumps, given a fixed anisotropic direction o = 0, occur at the
same ranges of half crack length for various fiber volume fraction. Figures 8, 9 and 10
show that the jumps locations are generally different for different anisotropic directions.
Interestingly, the numerical jump regions always occur near one or more of four half crack
length regions, i.e., 11/50x, 19/507, 31/50% and 39/50x.

The influence of fiber volume fraction (‘¢’) on the normalized shear modulus. as can
be seen from Figs 4 and 7, has different trends for different ranges of half crack length and
anisotropic direction. Roughly, there exist ‘critical pairs’ of ¢ and x that the quantity of
w/u, stays approximately constant for any ‘¢’ (as long as ‘¢’ is low-—c¢ < 0.25 is sufficient
for our case). More specifically, in Fig. 7, a normalized shear modulus of approximate
magnitude of | exists when « = 0 and ¢ is near 28/50x%. Two other critical pairs of « and §
exist in the ‘jump area’ where different constant quantities of u/u, exist. This means that
the shear stiffness of a composite system, with zero anisotropic direction and § = 28/50m,
stays constant for any fiber volume fraction if ¢ < 0.25. Similarly in Fig. 4, two critical
pairs of é and « (6 = 1/4n, a near 12/50% or 38/507) render a normalized shear modulus of
approximately 0.94 for 0.075 < ¢ < 0.25. This ‘critical pair’ phenomenon can also be seen
in Figs 11 and 12. In Fig. 11, the influence of ‘¢’ on y/u, is in an inverse fashion for o = 0
and not for « = 1/6m. Therefore we predict that, given a known half crack length of 1/3x,
there exists an « between 0 and 1/6m where the magnitude of the fiber volume fraction ( for
¢ < 0.25, at least) does not have any influence on the stiffness of the composite. Similarly,
in Fig. 12, there exists a ¢ between 1/2n and 1/37 where the change of ‘¢’ (for ¢ < 0.25)
does not affect the shear stiffness of the composite.

The influences of anisotropic direction (x) and half crack length (J) on the stiffness of
the composite can be observed in Figs 11 and 12, respectively. Figure 11 shows that the
composite system is stiffer for larger anisotropic direction. And this is generally the trend
in Fig. 8 except on both end sides of half crack length. Figure 12 shows that, at « = 1/4nr,
the lesser the half crack length the stiffer the composite is. This generally reflects the fact
that the stiffness of the composite decreases as the half crack length increases (Figs 7
and 8).

For dynamic mechanical properties, Fig. 13 shows that the higher the fiber volume
fraction (we fix the quantity of the fiber radius and vary the number of fibers per unit cross
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Fig. 12. Normalized shear modulus as a function of fiber vol. fraction for various cases of half crack
lengths at 1/4x anisotropic direction. Note that a ‘critical pair” exists when o« = 1/4n and when a
specific half crack length ¢ is between *1/37” and *1/2r".
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Fig. 13. Specific damping capacity as a function of wave frequencies for various cases of fiber vol.

fraction at 1/5x half crack length and 1/5z anisotropic direction. Note that the normalized shear
wave phase speed does not change for the low frequency ranges.

sectional area) the more damping of the composite and the faster the shear wave phase
speed. Figure 14 shows that, given a fixed half crack length, the shear wave phase speeds
are roughly the same for various anisotropic direction. And the change of damping capacity
as a function of « is an inverse relationship when 4 = 1/8z. In Fig. 15, the change of the
wave speeds, given a fixed anisotropic direction of o = 0, also show the ‘decreasing step’
fashion as a function of the half crack length. Also in Fig. 15, the damping capacity has
the lowest quantity in the middle section of & (where & is near 1/2n)—this reflects the same
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Fig. 14. Specific damping capacity as a function of wave frequencies for various cases of anisotropic
directions at 1/8n half crack length and 0.188 fiber vol. fraction. Note that the normalized shear
wave phase speed does not change for the low frequency ranges. Also, the change of anisotropic

direction does not influence the shear wave phase speed.
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Fig. 15. Specific damping capacity as a function of wave frequencies for various cases of half crack
lengths at zero anisotropic direction and 0.188 fiber vol. fraction. Note that the normalized shear
wave phase speed does not change for the low frequency ranges. Also, the least lossy is near the
mid-ranges of half crack length and normalized shear wave speed is in a ‘decreasing steps’ fashion

as the half crack length increases.

trends as in Fig. 10. Finally, from Figs 13, 14 and 15, the influence of frequencies (low
frequencies such that kg < 0.1) on the wave speeds is non-existent, while it is significant
on the damping capacity. Therefore the composite system is non-dispersive and highly

viscoelastic in the low frequency range.
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7. CONCLUDING REMARKS

The material modeling of the composite system with interfacial cracks has been carried
out using straightforward yet rigorous mathematical treatments. An attempt is made to
characterize the overall effective mechanical properties of the composite system. For our
model, the computational results (normalized shear moduli) of the two extreme bonding
situations (0 = 0 and & = x) are exactly the same as those obtained by the classical formula
(Hashin and Rosen, 1964). Our model demonstrates the transversely anisotropic properties
of the composite system and it confirms the transverse isotropy at the two extreme bonding
situations and at a low fiber volume fraction. In addition, it predicts the transverse isotropy
of the material system when the half crack length is near 1/27. Further, the stiffness of the
composite (shear modulus y), as we increase the half crack length, is decreasing in a step-
by-step fashion from the state of perfect bonding (6 = 0) to the state of totally debonding
(0 = m). For each individual step, the quantity of y is generally leveled until it reaches the
jump region. Therefore, in general, the modecl predicts the weakening of the shear stiffness
of the composite as the half crack length grows in spite of the fact that there exists the
‘Jjump anomalies’. The wave speeds exhibit the same general trend as the shear moduli do.
And the damping capacity, generally, has the lowest quantity in the middle section of half
crack length ranges (near 6 = 1/2xn). In addition, the total debonding case has a higher
quantity of damping capacity than the perfect bonding one. Finally the model predicts the
composite system is non-dispersive in the low frequencies ranges. And the change of
frequency has tangible effects on the change of specific damping capacity.

In retrospect, our model does not claim to be quantitatively precise to predict the
behavior of the composite system, as the numerical jumps of the normalized shear moduli
clearly show. But more importantly the general trends of the calculated strength and the
dynamic properties are what we can take into account in designing or inspecting a composite
material system.
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APPENDIX A
The generating function of the Chebyshev polynomial (Arfken, 1970) is defined as

() +iV,(x0) = [x+i(1-x)"?], |x] <1 (AD)

where

T,(x) = x"— (”) A (1=xD + (H)x,,.. 4(1 —x)
n 5 ) 4 3

Vi (0 = /T-x2U,(x)

n41 n+1 . s n+1 ]
UN(X)=[( ' )x—( ; )r ‘(1—x')+( 5 )x”"‘(l—x“)2~"‘:' (A2)

T,(x) is the Chebyshev function of type I and U,(x) is the Chebyshev function of type 1I. Rewrite V,(x) as

V(x)=/1-x [(T)x"’ ! —(:).x””(l Ax2)+(:)x""S(]—xz)3~--}, n=1273... (A3)

Note that for x — £ 1, V,(x) » O(/1—(1 —#)%) ie., V,(x) > O("?) as x approaches + 1. Let x = cosf in eqn
(A1), then

T,(x)+iV,(x) = e™. Therefore

T.(x) = cos nf = cos(ncos™' x)

1

V.(x) = sinnf = sin(ncos™ ' x). (A4

Furthermore, let 6 = /2 —a. Thus x = cos § = cos(n/2—2) = sina. Accordingly
V,(x) = sinnd = sinn(n/2—a) = sin(nn/2—nsin~'x) n=1,2,3... (AS)

The following formulae are used to perform integration involving Chebychev function :

2n
J e cosnf df = 2mi"J,(z)

[

~

J = sinnf dg = 0
]

2n
j e ol 40 = Iqin ], (z)

0

Jp i )+ (x) = ﬁJu(X) (A6)

X

The integration of Chebychev function is performed as the following

1 0i—@\ 1 . (nm 8o ok,
==V [ ———=- —_— ) =1,2,3... 1 —ipt0,~ 1)
,(0,) i ( 3 > L Sin ( 5 —asin < ), n=1273 j ¢.(0)e do;

-8+

i

1 ‘if‘/’/ 9_
=e”’"~7J> sin <mr/2—nsin"' '5«)')9”””‘ dé, (A7)

—5,+ @,
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let sin™' 6,— /6, = 1/, then sint’ = 0,—¢,/3,, and df, = §,cost"dr’. In addition let 7" = v —n/2 then eqn (A7)

becomes

sin(nn/2 —nt’) e~ 700§ cos T de’

51 [ X
=(—= 1)+t e ;‘ Zf e [cos(n— )t —cos(n+1)t]dt.  (A8)

-x

Summarily, the integration of Chebychev function is

dizm =

<

('1)"”7‘{5,
. n - 61773 p= 0
J d,(8,) e " dl, = , on=123... (A9)
—3,+ @, f’”](”"iw');‘:l‘nikIJ,,(“pé,'). p 7& 0
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Shear waves in composites

i am [SANFIE IR
yyom - - Q122 Qa0
dy122  dap;
ay = . ody =
st A2 o
A2 1 Ariml
Z(’m k X L . o
e Y Y G BN DX+ YY)
&_] kln:]pf-l
Hi
n
—(14cu))+ Ei('ul(l2 L), r=m=1
:eH?KZ k AL o
=72 Y Y g md) (= 1)
Arym = Ha ks w1 p=t
(m—DH{~=—-1
1
x(Xpmi”’z'"“ + 7Y, D=1, r=m#1
ze"™ k' "— - - n
e T Y g L) ()
H> 2 ol ps
(m—1)! <~ - ])
H
L x (X’”l-n—r— m+ 1 + Y,,,l'”‘ r—m—l), r :'é m
Q01 Qazgz e o a2
(5352 B 3 )
Ay Q2222
dy = , @y =
a23.m2 22 mm
d22m1 22 pm
o™ k . Es . T,
o X X Vi LG 1 ek, r=m=
Ha 1) 221 p=1
151
zpime k v ox R
B = 4 22 L L Yod" ) (=) 1 r=m L
Hy > 2 ne=lp=1

i «
ze

k B3
—__(gklzml Z Zl G Y["in+r~m IJ,“(WI(S,)(*])" rEm
1) :

n=lp=

1449

(B3)

(B6)

(B7)

(B8)



