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Abstract. In this paper, the generalized thermoelasticity problem for an infinite fiber-
reinforced transversely-isotropic thick plate subjected to initial stress is solved. The
lower surface of the plate rests on a rigid foundation and temperature while the up-
per surface is thermally insulated with prescribed surface loading. The normal mode
analysis is used to obtain the analytical expressions for the displacements, stresses and
temperature distributions. The problem has been solved analytically using the gener-
alized thermoelasticity theory of dual-phase-lags. Effect of phase-lags, reinforcement
and initial stress on the field quantities is shown graphically. The results due to the
coupled thermoelasticity theory, Lord and Shulman’s theory, and Green and Nagh-
di’s theory have been derived as limiting cases. The graphs illustrated that the initial
stress, the reinforcement and phase-lags have great effects on the distributions of the
field quantities.
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1 Introduction

In modern times, attention has been given to the problems of generation and propaga-
tion of elastic waves in an anisotropic elastic solids or layers of different configurations.
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There is a different between the isotropic and anisotropic media for the propagation of
elastic waves. The information obtained from such studies is important to seismologists
and geophysicists to find the location of the earthquakes as well as their energy, mech-
anism etc. and thereby gives valuable insight into the global tectonics. Available infor-
mation suggests that the layered media, crystals and some other materials such as fiber-
reinforced materials, fluid saturated porous materials etc. exhibits anisotropy. Belfied
et al. [1] gave the idea of introducing a continuous self-reinforcement at every point of
an elastic solid. Different problems concerning the surface waves in a fibre-reinforced
anisotropic elastic media have been discussed in the literature [2-7].

The inclusion of the temperature change yields what so called the classical theory
of thermoelasticity (Nowacki [8,9]). The next step is to present the theory of coupled
thermoelasticity. This was done by Biot [10] to overcome the first shortcoming of the
classical theory. The third step is to modify the coupled thermoelasticity theory and to
introduce a generalized thermoelasticity theory with one thermal relaxation (Lord and
Shulman [11]). An extension is made by Green and Lindsay [12] to introduce two thermal
relaxations for the generalized thermoelasticity theory. The fourth step is made by Green
and Naghdi [13] to formulate the generalized theory of thermoelasticity without energy
dissipation. The important step is made by Tzou [14-16] when he proposed the dual-
phase-lag (DPL) model. This model includes two phase-lags, one of them is the heat flux
7; and the other is the temperature gradient 7p. Many investigators have applied the DPL
heat transfer model for different structures [17-20].

The wave propagation in solids subjected to initial stresses has been investigated by
many authors for various models [4,21]. In this article, the dual-phase-lag (DPL) gener-
alized thermoelasticity theory is applied to study the 2-D problem of a fiber-reinforced
thick plate subjected to initial stress. The problem is solved numerically using a normal
mode analysis method. Numerical results for the temperature, displacements, and stress-
es distributions are illustrated graphically. The results obtained for field quantities may
be used as benchmarks for future comparisons. They offer a significant theoretical basis
and suggestions for the design of various fiber-reinforced thermoelastic elements under
load to meet special engineering needs.

2 Basic equations

The linear governing equations of homogeneous, transversely isotropic, fiber-reinforced

solid are presented here. The solid subjected to hydrostatic initial stress and treated with-

out the inclusion of incremental body forces and heat sources. The basic equations in the

context of generalized thermoelasticity with dual-phase-lags take the following form.
The equations of motion are given by

0y — Pu; 21
‘71],]+(”1,kakj)’j_p¥/ (2.1)
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where 0;; are the stresses, (7,9]- denotes the initial stress tensor, p is the density, u; are the dis-
placements and i,j,k=1,2,3. The comma followed by an index denotes space-coordinate
differentiation with respect to this index and the repeated indices in the subscript implies
summation.

The heat conduction equation corresponding to DPL model proposed by Tzou takes
the form [14-16]

aT d >, 22)

(1402670, (573 (rr o
where Kj; = K;d;; is the thermal conductivity, Cr denotes the specific heat at constant
strain, Tp is the reference temperature, assumed to be such as |(T—To)/T| =1, Bi; = Bid;;
denotes the thermoelastic coupling tensor, 7; is the PL of the heat flux, 7y is the PL of
gradient of temperature where 0 < 7y <7, and §;; is Kronecker’s delta.

The constitutive equations are given by

Uij :/\ekk(sij+2,uTeij +“(bkbmekm5ij +bibjekk) +2(pL—pr) (bkbiekj +bkbjeki)
+ Bbxbmexmbibj— Bii (T —To), (2.3)

where ¢;; are the strains, A and pr are elastic constants, and «, B, . —pr are reinforce-
ment parameters. The above relations are presented for a fibre-reinforced linearly elas-
tic anisotropic medium with respect to the reinforcement direction b = (by,by,b3), with
b2 4+b3+b3=1.

Strain-displacement relations are given by

1
ejj= E(ui,j+uj,i)' (2.4)

3 Formulation of the problem

Let us consider an infinite thick plate with traction free surfaces at x==+L (layer of thick-
ness 2L), which consists of homogeneous, transversely isotropic thermoelastic material.
The origin of the coordinate system (x,y,z) is located on the middle surface of the layer.
The y—z plane is considered as the middle surface and x axis is normal to it along the
thickness. Then, the components of the displacement vector and temperature are inde-
pendent of z and can be given by

u=u(xyt), v=v(xyt), w=0, T=T(xy,t). (3.1)
The constitutive relations in the present case are reduced to
ou v dv  du
Uxx:/\la‘i‘()\‘i‘a)@_ﬁl(T_TO)/ O'xy:,uL(a‘F@)/ (3-23)
ov ou
qw:4A+2uﬁgg+@»+@5;—ﬁxT—Tm, (3.2b)
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where b is chosen so that its components are (1,0,0) and

M=A+2a+4u; —2ur+p, (3.3a)
Br=(A+ta+A)a+(A+a)ar, (3.3b)
Bo=(2A+wa)ar+ (A+2ur)az, (3.3¢)

in which a7 and a; are the coefficients of linear thermal expansion. The equations of
motion can be summarized as follows:

ou o%u d%v oT  d*u
(A1+UO)W+(UO+VL)a—y2+(zx+ +yL>8x8y ﬁlax patz, (3.4a)
9% 9% 8 820
(A+2VT+UO)8—y2+(UO+VL)a > (Dé—f-/\-i—}lL) ﬁz atz’ (3.4b)

where 0y is the initial pressure. Also, the heat equation can be written as

(1) (G k) = (rag) b mg (B weg)] 09

For simplification, the following dimensionless variables are used

{x"y' =con{xy},  {u,0'}=con{u,0}, = I (3.6)
_:BI(T_TO) P2 / _@ ’.._ﬁ
0= )\1 ’ {t ,To,T q}_COﬂ{t/TGITq}/ UO_/\ll UZ]_pC%' (36b)

The governing equations, with the help of the above equations after suppressing the
primes, are given by

2%u o%u v 90 d%u
0%v 0%v 2%u 00 0%
(Bz+(70)a—y2+(¢70+34)a > (B1+B4)a 3y —Bs3 Sy~ oe (3.7b)
d 9%6 9%6 JdNrdf8 o Ju dJv
(t+m5) (52 +€18y2) (6+73) [5¢ +§<S2$+83@>]’ (.70
ou Jv ou Jdv ou dv
Uxx—a—l—Bl@—G, iy =B +Bag — B0, ny—B4<ay+g>, (3.7d)
where
1X—|—]/l )L—FZ]/IT ‘32 UL
B = , B , B3=-=, By="—, 3.8a
1= 2 " 3= 6 = (3.8a)
2T,
e — K> BiTo ,Bl,BZTO (3.8b)
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4 Initial and boundary conditions

The initial and boundary conditions for the present problem are given, respectively, by

u(x,y,0)=v(x,y,0)=6(x,y,0)=0,
ou| _du| 9 0 (4.1)

7

g t:O_g t:O_g t:():

and

d6
Uxx(L/y/t) - _PI ny(L/]/,t) _0/ a L — Y, (42)
u(—L,y,t)=0, o(—L,yt)=0, 6(—L,y,t)=0.

5 Normal mode analysis

The solution of the present problem for the field quantities is decomposed in terms of
normal modes as (see Cheng and Zhang [22])
[1,0,0,05] (x,y,t) = [u*,0%,6%, 0] (x) e T, (5.1)
where w denotes the frequency parameter, i =+/—1, a denotes the wave number in the y
direction, and u*(x), v*(x), 8*(x) and 0';;-(3() are the amplitudes of the field quantities.
Using Eq. (5.1), Egs. (3.7) and (3.8) take the forms

P . vt de
(g —s0)w o2 g =0 (5.22)
d? . du* .
(7 —s¢) v g =860, (5:20)
d? . du* .
(72 —97)" = 00" (529
and
B0t ot —By(ian+ 90, on =BT LiaByot— B0, (53
Opy = Ix +iabiv —06", ny— 4(15!14 + dx)' (TW— ldx +1abyv" — b3t (5.3)
where
a2(00+B4)+w2 iﬂl(Bl+B4) 1
_ _a(B1+bB4) — 4
81 T+00 S A T (>:42)
2 2 ; ;
_ (o +By) tw? __ia(By1+By) go= B2 (5.4b)
0o+ By 0o+ Ba 0o+ By
L, w(dtTw) _ aw(d+Tw) _iagzw(d+Tyw)
gr=w 81—%—71_'_1_9&] , gg_il%—l’gw g9——1_|_T9w (5.4¢)
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Eliminating 6*(x) and v*(x) in Egs. (5.2), one obtains

(D®~ AD*+BD?>—C)u*(x) =0, (5.5)
where
A hihs —g3hshe — g2h3 . B— hahs —hyhe —h3h4, o —hohe , (5.6)
he—g28s8 hs—g2gs hs —g2gs
in which
h=g4+g7, hy = 8487 — 8986, hs = g8ga+8589, (5.7a)
hy=g983+$287, hs = g288— 89, he =g189- (5.7b)
So, one can factorize Eq. (5.5) as
(D*~k})(D*~k3)(D* —k3)u* (x) =0, (5.8)
where k%, (n=1,2,3), denote the roots of the characteristic equation
k®— Ak*+Bk*—C =0. (5.9)
The solution of Eq. (5.8) is given by
3
u(x)=) (Mln(a,w)e*k”x+M2n(a,w)ek”x>. (5.10)
n=1
In a similar manner, one gets
0" (x)=Y_ (M’ln(a,w)e’k”x—kM’Zn (a,w)ek""), (5.11a)
n=1
3
vf(x)=) <M”1n(a,w)e*k"x+M”2n(a,w)ek”"), (5.11b)
n=1

where M;,, M';;, and M";, are different parameters. Substituting Egs. (5.10) and (5.11)
into Egs. (5.2) and (5.3), one gets the following relations:

M'1,(a,w) = Hy, My, (a,w), My, (a,w) = Hyy Moy (a,w), (5.12a)
M"1,(a,w) = Hz,My,(a,w), M"y,(a,w) =Hyy Moy (a,w), n=1,2,3, (5.12b)

where

_ —ggk% +h3kn
TRkt

1
Hay=—Hiy, H4n:g—9[(k$z—87)Hln_88kn]- (5.13b)

1
Hy, H3n:g_9[(k$z_g7)Hln+g8kn]/ (5.13&)
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Thus, one obtains

3
Z (Hlann a 60) 7knx+H2nM2n(a/w)eknx)/

n

3
Z (H3nM1n a,w)e ¥ 4 Hy, My, (a,w)ek”x).

Substituting Egs. (5.10) and (5.11) into Egs. (5.3), one obtains

789

(5.14a)

(5.14b)

(5.15a)

(5.15b)

(5.15¢)

(5.16a)
(5.16b)
(5.16¢)

(5.17a)

(5.17b)

(5.17¢)

3
o)=Y <H5nM1n(a,w)e’k"x+H6nM2n(a,w)ek”x>,
n=1
s k k
Oy (x) = Z:l <H7nM1n(a,w)e_ "+ Hgy Moy (a,w)e ”"),
n=
> k k
U;‘y(x) = Z (Hgann(a,w)e_ "+ Hygn Moy (a,w)e ”x),
n=1
where
Hs, = —kn+iaB1Hsn — Hip, Hen =kn+iaByHap — Han,
Hyy=—Biky+iaByHs, — B3Hyy, Hyon =iaBy+ Byky Han,
Ho, =iaBy— Byk, H3y, Hgy = B1ky +iaByHyy, — B3Hpy,.
The boundary conditions given in Eq. (4.2), with the aid of the field quantities, are sum-
marized by
3
Tl = (Hg,ann(a,w)e’k”L—i—HénMZn (a,w)ek"L) =—P*,
n=1
3
U;y|x:L Z (Hgann(a,w)eik”L—FH]oann (a,w)ek"L) =0,
n=1
00" = B —kaL knl ) —
el B Y (—knHinMiy(a,00)e ™" +ky Hyy Moy (a,00)e" ) =0,

3
Il
—

*
=
\
i
e

My, (a,w)et + My, (a,w)e _""L> =0,

3
Il
—_

e}
*

||
gk

P

3
Il
—_

QZ
><—

I

||
e

(
<H1nM1n a,w)e k L+H2nM2n(a w)e” k”L) =0,
(

H3, My, (a,w)e k L+H3ann(a w)e” k”L) =0.

3
Il
—_

(5.17d)

(5.17¢)

(5.17f)
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The above system of equations can be written in the matrix form. That is
[E{M}={F}, (5.18)
where {M} = {M]l,Mlg,M13,M21,M22,M23}p and {F} = {—P*,0,0,0,0,0}p in which the

Ui

supper index “p” denotes the transpose of its vector. The elements E;; of the coefficient
matrix [E] are given in Appendix. After applying the inverse of matrix method, one can
get the values of the six constants Ml-]-, (i=1,2, j=1,2,3). Hence, on can obtained the
expressions for the temperature, the displacements, and stresses in the plate muscles.

6 Particular cases

6.1 Generalized thermoelastic isotropic medium with hydrostatic initial
stress

Substituting ur =ur=u, K1 =Ko=K, f1=p2 and « =B =0, one obtains the corresponding
expressions of displacements, stresses, and temperature in this case.

6.2 Generalized thermoelastic fiber-reinforced medium

Letting 0p — 0, the present medium reduces to the case of a fiber-reinforced generalized
thermoelastic medium.

6.3 Generalized thermoelastic isotropic medium

Substituting ur =ur=u, K1 =Ko=K, 1 =p2 and a = =0, and letting cp — 0, the present
medium reduces to an isotropic generalized thermoelastic medium.

7 Special cases of thermoelasticity theory

7.1 Coupled thermoelasticity (CTE) theory

The equations of the coupled thermoelasticity theory are obtained when 19 =17, =0 and
o=1.

7.2 Lord-Shulman (LS) thermoelasticity theory

The Lord-Shulman theory is given by setting 79 =0, =1 and 7; =1 >0, where T is the
first relaxation time.

7.3 Green-Naghdi (GN) theory

The equations of the Green-Naghdi generalized thermoelasticity theory without energy
dissipation are obtained when 79=0, § =0 and 7, =1.
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7.4 Equations of the dual-phase-lag (DPL) model

For dual-phase-lag generalized thermoelasticity theory, one putts 6 =1 and 7, > 75 > 0.

8 Numerical results

The numerical results depict the variations of normal displacement, normal force stress
and temperature distributions in the context of thermoelasticity theory with phase-lags.
To study the effect of reinforcement on wave propagation, we use the following physical
constants for generalized fibre-reinforced thermoelastic materials:

A=5.65x10"N/m?, 1t =246 x10°N/m?, 1 =5.66x10"'N/m?,
a=—128x10""N/m?, B=220.9x 10N /m?, Cr =0.787 x 10% / (kgK),
p=2660kg/m°, x1=0.017 x 10~4(1/K), wp=0.015x10"4(1/K),

K1 =0.0921x10%]/(msK), K»=0.0963x10%]/(msK), To=293K.

The results depict the variations of the real part of the thermal temperature 0, the dis-
placements u and v, the stresses oy, 0y and oy,. These quantities depend not only on
space x and time t, but also on phase-lags 7y and 7. Itis assumed that 19=0.02, a =1,
L=1, P=0.5, and w=wy+i¢ in which wg=2 and ¢=1.

Figs. 1-6 compared the results obtained for temperature, displacements and stresses
against the x direction for different values of 7; and 1y at y =1. The computations are
performed for one value of time, namely ¢ =0.3 and various values of the parameters T,
and 1p. The graphs represent six curves predicted by LS and GN theories of thermoe-
lasticity obtained as special cases of the general DPL model. The results of LS theory
(g =0, 7, =0.05, 6 =1), the GN theory (179 =0, 7, =0.05, 0 =0) and the generalized the-
ory of thermoelasticity proposed by Tzou (7; =0.05 > 19 = 0.02 > 0) are all presented in

without reinforced

DPL model /
------ LS model Pt
— ——— GN model )

with reinforced

DPLmodel
—————— LS model
———— GN model

El 06 02 oy 02 06 1 4 06 2y oz 06 1

Figure 1: The temperature 6 distribution for vari- Figure 2: The displacement u distribution for var-
ous models with and without fiber-reinforcement. ious models with and without fiber-reinforcement.
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0.25 2
-1 0.6 -0.2 ¥ 0.2 0.6 1 4 0.6 02 \ 0.2 06 1
Figure 3: The displacement v distribution for var- Figure 4. The stress oyx distribution for various
ious models with and without fiber-reinforcement. models with and without fiber-reinforcement.
07
1.05
with reinforced
0.85 0.5
0.65
03
0.45
04 44/  without reinforced
0.25
/ o,
c,. W without reinforced &
- 0.05 0.1
0.5
-0.3
035 DPLmodel DPImodel
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———— GNmodd 7 — ——— GN modsl
0.75 0.7
A 0.6 02 4 0.2 06 1 4 0.6 02 02 06 1
Figure 5: The stress oy, distribution for various Figure 6: The stress oy distribution for various
models with and without fiber-reinforcement. models with and without fiber-reinforcement.

Figs. 1-6. In addition, the variation of the physical quantities under two types of the in-
clusion of reinforcement and without (x =0, =0 and y —pur =0) the reinforcement is
also illustrated.

Figs. 1-3 show that the temperature and displacements are zero at the rigid base x =
—1, which confirms the assumed boundary conditions. The upper surface of the plate,
x =1, is assumed to be thermally insulated and the displacements are minimum which
supports the physical fact. The values of u and v due to GN model are smaller than those
for other theories in most positions through-the-thickness of the plate. Fig. 2 shows the
variations of u initially start with sharp increase in the range —1<x<0.2 and then follows
pattern with reference to x. Also the value of v increase slowly in the range —1 <x <04,
decrease sharply in the range 0.4 <x <1land as x.

Figs. 4 and 6 show that the stress components oy, and 0y, satisfy the boundary con-
dition at x=1. These trends obey elastic and thermoelastic properties of the solid under
investigation. Fig. 5 shows that at x =1, the stress 0, is maximum with the reinforced
thermoelastic material and minimum without it. The distribution in LS theory is closed
to that in DPL theory, whereas the distribution in GN theory is a little different. The
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=107

N N A _
~ _// 7 11 with initial stress
—_—— 0, = SJ
-0.6
-1 -0.6 -0.2 0.2 0.8 1 -1 -0.6 -0.2 0.2 0.6 1
X X
Figure 7: The temperature 6 distribution with and Figure 8: The displacement u distribution with and
without the initial stress. without the initial stress.

15 / a, =0 \‘\
- . g, = ith initial \°
with initial stress 2 —_—_ g =3 with il stress N2
25
-1 -0.6 02 X 0.2 0.6 1
Figure 9: The displacement v distribution with and Figure 10: The stress oyy distribution with and
without the initial stress. without the initial stress.

temperature distribution decays along the direction of the transmitted wave propagation
for the effects of diffusion. The values of 7, and 7y can judge whether the wavelike be-
havior in the DPL heat conduction is dominant or not. However, it can found from the
numerical results that the shift times 7, and 7y may play a more important role in this
task. Also, it is clear that the surface waves in the fibre-reinforced medium are affected
by the reinforced parameters.

Figs. 7-12 show the sensitivity of the inclusion of the initial stress 0p. The figures
exhibit the variation of the temperature 6, displacement components u, v, and the stress
components 0yy, 0y, and oy, with distance x under the DPL theory at y =1 for three
different values of initial stress (cp =0,1,3). The field quantities depend not only on the
state and space variables t, x, and y, but also on the variation of initial stress 0y. It has been
observed that the initial stress oy plays a vital role on the development of temperature,
displacement, and stress fields. It is clear from these figures that the surface waves in the
fibre-reinforced medium are very sensitive to the inclusion of the initial stress op.
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/ ~—
/ o, =0
- /T % :{} with initial stress
[~ ——— o,=3
s E 06 02 02 06 1 -1 08 02 0.2 0.6 1
X X
Figure 11: The stress oy, distribution with and Figure 12: The stress oy, distribution with and
without the initial stress. without the initial stress.

9 Conclusions

Analytical solutions have been developed and utilized. The stress distributions and the
temperature are evaluated as functions of the distance based on the normal mode anal-
ysis for the generalized thermoelastic problem in solids. The effects of reinforcement,
hydrostatic initial stress and phase-lags are studied on all quantities. The computations
have revealed that:

e The presence of phase-lags parameters plays a significant role in all the physical
quantities. In addition, the presence of initial stress in the current model is highly
significant.

e The fibre-reinforcement is significant to the behavior of the distributions of the field
quantities.

e The method used in the present article is applicable to a wide range of problems in
thermodynamics and thermoelasticity.

e It is observed that all theories of coupled and generalized thermoelasticity can be
obtained as limited cases from the present one.

e The variations of all quantities show appreciable effect with and without depen-
dence of initial stress.

e According to the numerical results and graphs, a conclusion about the new theo-
ry of thermoelasticity has been constructed. The result provides a motivation to
investigate conducting materials as a new class of applicable materials.

e The DPL modelis near to LS model. This gives good agreement with the conclusion
of Hetnarski and Ignaczak [23] that the DPL model is an extension to the LS one.

e Results obtained in this paper may be considered as more general in the sense that
they include the combined effect of fibre-reinforcing and initial stress field.
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Appendix

The elements E;; of the coefficient matrix [E] given in Eq. (5.18) are

Ey =Hsie fE,

Eq15 = Hgpell,

Ep3 = Hoze oL,

Es = —kiHype M,
Ess5 = ko Hope®h,
Egg=ébl,

Esy = Hyiebk,

Ess = Hye ™2,

ksL
Ees = H3ze™",

E1p=Hze *L,
E16=Heze®",
Eys=HipeMtt,

Esp = —kyHype ™2,
Es6 = ks Hoze®F,
Ey=ce Rl
Esp = Hypel?l,
Ese = Hpse ™,

kL
Egs=Hge ™7,

Ei3=Hsze SL,
Ey = Hoe M,
Eps = Hypekt,
Ess=—ksHize ™,

kL
Egy=e"~,

—koL
Egs=e"2,
ks
Esz=Hjze™",
kL
Ee1 =Hsz1e"",

koL
Ees =Hye ™7,

E1s=Hgebl,
Ex = Hope F2L,
Ene = Hipse®",
Esq=kiHyeht,

koL
Ep=e"7,

Ego=e """,
kL

Esy=Hpye ™7,
koL

Egx = Hzpe™,

E66 = H43€_k3L.
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