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Abstract

An investigation is presented into the coupled thermo-mechanical behavior of a fiber-
reinforced composite solid, with specific consideration given to the influences of gravity
and thermal preconditions under inclined loading. The theoretical foundation of this work
is based on the generalized dual-phase Green-Naghdi theory for constitutive modeling.
Normal mode analysis has been utilized in the fundamental equations of coupled thermoe-
lasticity. Ultimately, the derived equations are expressed as a vector-matrix differential
equation, which is subsequently solved using the eigenvalue method. The outcomes of
this analysis are then interpreted through numerical simulations, the details of which are
presented graphically and discussed comprehensively to draw pertinent conclusions. A
detailed parametric study was conducted to elucidate the individual and synergistic effects
of these parameters on the material’s behavior. The findings confirm the model’s efficacy
in capturing complex thermo-mechanical couplings, providing a robust framework for the
design and optimization of composite structures in different environments. Analysis of the
results indicates that the gravity field, reference temperature, and inclined load all exert a
notable influence on the physical field variables. Furthermore, the numerical calculations
performed in MATLAB R2013a demonstrate close consistency with the theoretical solution,
verifying the model’s accuracy.

Keywords: thermoelastic fiber-reinforced composite; the dual-phase Green—-Naghdi
framework; reference temperature; an eigenvalue-based formulation

MSC: 74F05; 74E30; 74B05

1. Introduction

The field of thermoelasticity has undergone significant theoretical evolution, driven
by the development of increasingly sophisticated models to characterize the intricate
coupling between thermal and mechanical fields in advanced engineering materials. Foun-
dational work in this domain was established by Biot [1] through the pioneering principles
of thermoelasticity and irreversible thermodynamics. In parallel, seminal research on
fiber-reinforced composites by Belfield et al. [2] provided critical frameworks for stress
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analysis and mechanical behavior in these complex, anisotropic media, forming a corner-
stone for subsequent analytical studies. Chattopadhyay and Choudhury [3] examined the
spread of magnetoelastic shear waves in an infinitely self-reinforced medium. Sengupta
and Nath [4] conducted a study on surface waves within anisotropic, fiber-reinforced,
solid elastic media. The study by Singh [5] examined the spread of Rayleigh waves in
a thermally insulated, fiber-reinforced thermoelastic medium half-space. An advanced
application within this context is demonstrated by the work of Sarkar and Atwa [6] who
employed the Green-Naghdi hypothesis to investigate the consequence of a crack on the
two-temperature thermoelastic behavior of a fibre-reinforced composite. Numerous studies
on fiber-reinforced thermoelastic media can be found in Refs. [7-11].

A cornerstone of this evolution is the Green—-Naghdi theory [12], which introduced
a rigorous framework for thermoelasticity without energy dissipation, thereby ensuring
finite wave speeds and enabling more realistic modeling of transient thermal-mechanical
interactions. This foundational work has catalyzed the development of numerous gener-
alized models tailored to specific physical complexities. The spreading of time-harmonic
plane thermoelastic waves with a specified frequency in a boundless rotating material is
analyzed using the Green—-Naghdi model of linear thermoelasticity without energy dis-
sipation, as studied by Roychoudhuri and Bandyopadhyay [13]. Magneto-thermoelastic
interactions in an initially stressed isotropic elastic half-space with dual temperature effects
were analyzed using mathematical approaches within the framework of the Green-Naghdi
hypothesis, as discussed by Atwa [14]. Abo-Dahab et al. [15] discussed a problem of
magneto-thermoelastic half-space subjected to time-dependent heat source via Green-
Naghdi’s second model (GN-II) of thermoelasticity. Zenkour [16] introduced innovative
multi-single/dual-phase-lag frameworks to explore the thermoelastic diffusion behavior of
a solid. The effect of gravitational body forces on the thermoelastic response, a factor of
paramount importance in structural and geotechnical applications, was rigorously analyzed
within the Green-Naghdi framework by Othman and Said [17]. Recently, Tzou [18] pro-
posed the dual-phase-lag (DPL) model, which describes the interactions between phonons
and electrons on the microscopic level as retarding sources causing a delayed response
on the macroscopic scale. Green-Naghdi (GN) Type IIl and dual-phase-lag (DPL) models
are essential for modeling accurate thermoelastic behavior in advanced materials under
extreme, fast-acting, or ultra-short pulse conditions. These theories improve upon classical
Fourier heat conduction by providing finite heat wave speeds, eliminating nonphysical
instantaneous heat propagation. They are critical in high-tech fields like nano-material
manufacturing, laser technology, and aerospace. Numerous studies utilizing the Green—
Naghdi theory to analyze various thermoelastic materials are available in the literature, as
referenced in [19-21].

Recent studies have underscored the critical importance of accounting for the
temperature-dependent nature of material properties in accurate modeling. Subsequent
research has significantly extended this framework to incorporate a wider array of physical
phenomena. The thermal stress on a material with temperature-dependent properties
has been thoroughly investigated by Noda [22]. Key material properties, including the
modulus of elasticity and thermal conductivity, are observed to change with temperature.
The critical influence of a material’s elastic properties varying with a reference temperature
was formally integrated into generalized thermoelasticity by Ezzat et al. [23], addressing a
key aspect of material behavior in non-isothermal environments. The study by Othman
et al. [24] examined a thermoelastic solid with temperature-dependent properties, consid-
ering various hypotheses under the influence of a gravitational field. Numerous studies
have explored various thermoelastic materials with temperature-dependent properties, as
documented in references [25-33].
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We introduced a comprehensive model for the thermomechanical behavior of fiber-
reinforced composites that simultaneously incorporates the influences of gravitational
body forces and variable temperature-dependent material properties within a dual-phase
Green—Naghdi framework. This study’s purpose is to develop a theoretical framework
that integrates these critical factors, seeking to provide a broader analytical framework
for understanding the behavior of such composites under a more comprehensive set of
physical conditions. The continuous advancement of thermoelasticity theory is marked by
the development of refined frameworks capable of analyzing material performance under
combined thermal and mechanical loads. Analysis of the results indicates that the gravity
field, reference temperature, and inclined load all exert a notable influence on the physical
field variables.

2. The Description of the System

A problem of a fiber-reinforced thermoelastic medium under varying reference temper-
ature in xz plane under the impact of gravitational and inclined loading as in Figure 1. The
field equations and constitutive relations are given by Belfield et al. [2] based on the princi-
ples of generalized thermoelasticity. The constitutive relations take the following form:

fo
/2
o

fiber-reinforced thermostatic medium

S

X
Figure 1. The diagram of the problem.

I The material constitutive laws

1)
‘Bbkbmekmb,'bj*’)/GCSij.
II.  The equations of dynamic equilibrium
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III. The governing equation for heat transfer

According to the dual-phase-lag (DPL) extension of the Green-Naghdi hypothesis, the
governing heat conduction equation takes the following refined form, which is employed
(see also Zenkour [16]):
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Some special cases may be obtained from Equation (3), such as:
(a) Dual-phase-lag G-N type Il model: M = N > 1.
(b) Simple-phase-lag G-N type Il model: 7p =0, M =1.
(c) Simple-phase-lag G-N type Imodel: 79 = K* =0, M =1.
(d) G-N type Ill model: 7y = 7; = 0.
(e) G-Ntype Il model: K* = 79 = 7, = 0.

We acquire that as Ezzat et al. [23]:

w=npo f(T), ur = pry f(T), ur = p1, f(T), A= Ao f(T),B=PBo f(T), a=uapf(T) (4

where f(T) = (1 —6pTp) and 6, is an empirical constant of the solid. In this case, the elastic
modulus is temperature-insensitive if 6y = 0.
This relationship is obtained by substituting Equation (1) into Equation (2), resulting in:

821/11 azul 82u3 82u1 a0 d Us

Pap = Mg TG T G T 5y TR ©)
9%u; 0213 0%, 9%u; a6 0 uy

Pgp T G T T T g TS ©)

where,
Ay =A+20+4ur —2ur +B, A=A+, A3 = A+ 2ur, Ay = A +a+ .

The analysis is simplified by introducing the dimensionless quantities below:

0 o)
ZTB, oi=-"14¢ = %, )

(', 2/, u'y, w's) = conp (x, 2w, ua), (F, 7, 75) = g (t, 1, ), 0’ =
T LS

where,
With the aid of Equation (7), Equations (3), (5) and (6) are reformulated as follows:

9%, 0%, 0%u; %u; 060 dusz
“loa A A B !
9 M T T2 T ax T8y ®
82u3 821/[3 82u1 821/[3 d0 0 uy
ar - Ve Tl T2 T 5 8y ®)
9 N f 5 M A oA\ 2
Ag— + Aol 1 0 2= (1 L) S (Af+ A 1
< T °< +f; o))V +A; [ oA ) g (AT Aue), (10
where,
K4 n® (A42
As = pi%, As = pi%/ A7 = th A = pifg'A - COU“(rJrHT)’ Ao =
2 4 * .2 2
o Cer C[zy(/H’zl‘T) ,Ap = EK*y COW(AJFZP‘T) LA = ’YTocé 172‘
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3. Problem Solution Technique
The physical fields are expressed using normal mode analysis.
[u1,u3,0, 0jj] (x,2,t) = [ﬁl,ﬁg, 0, TTU} (z) exp (ig x — mt). (11)
Introducing Equation (11) in (8)-(10), we get
D21y = Myyily + Myails + Mz + MysD i3, (12)
D213 = My ily + Manilz + MoyDily + MygD 6, (13)
D?0 = Mz ii; + Msz 0 + M3sDil3, (14)
where,
2o » _ i .
My = At S, M = 45, Mz = 4, Mys = 11%7'46, My = %,
2 2 : : 2
My = 7A7GA8+m , Moy = —lt‘fsg, My = Ais, Mz = M}L‘ig, Mz = 7[‘“;3% ,
Ags N f)f £ 2 M TQA A
Mss = 73, Az = —Aom+ Ao(1+ ¥ =0 (=m)"), Aig = Ayom™(1+ ¥~ (=m)7),
A n=1 . A=1 .
M T
— 2 9 (A - d
A = Anm (1+A§l - (=m)7), D= g%

Following Das and Lahiri [34], Equations (12)—(14) can be combined and represented
in a compact vector-matrix differential form.

DV(z) = A(g,m)V(z), (15)
where,
V(Z) = [171, 173/ 5/ Dﬁl/ Dﬁﬁ’)/ DéJ}T
[0 o o0 1 0]
o 0 0 0 1 0
a0 0o 0 o 1 )
My Mp Mz 0 Mis 0
My Mp 0 My 0 My
_M31 0 Ms3 0 M35 0 ]

Introducing the eigenvalue formulation as Das and Lahiri [34], the characteristic
equation associated with the matrix formulation in Equation (16) is derived as follows:

F6—n1F4+ﬂ2F2—n3:0/ (17)

where

ny = Mas Mpe + Mis Moy + M3z + Moy + My,

ny = —My3Mszs May + MzzMis Moy + Mo Msz + MpeMasMi1 — MisMa Mae+
My1 M3z — M13M3s1 + M1 Moy — Moy Mo,

n3 = My1 My Mzz — My MypMsz — Mz M3z Moo,

Let I 12, r 22, r 32 be the roots of Equation (17) with real positive parts. Then all six roots
of the above characteristic equation, which are also the eigenvalues of the matrix A, will be
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of form I' = £ I3, &+ I3, & I3. For the eigenvalue I" of the matrix A, the six eigenvector
T
X = [x1,x2, X3, x4, X5,%6] " .

xp = =T} Mag(Mip + I} Mis) — (I7 — M) Mis,
xy = —Ij Mas(I'7 — M) — (May + [[Maq) My3,
x3 = (I7 = M) (I7 — M) — (May + I} Maa)( M1z + I Mis),
X4:FJC1, x5:Tx2, x6:Fx3.

To calculate the eigenvector xj, (j = 1, 2, 3) corresponding to the eigenvalue
+I5, (j =1, 2, 3), we use the following notations:

xi=Xr-rn, x2=Wr-—, x3=WXr-, xa= Wr——, 5= lr=r, X6 = Xlr——-

The bounded solution to Equation (15) satisfies the following condition: z — oo,

which yields
3
i1(z) = Y RjIj exp(—TIjz), (18)
=1
3
is(z) = Y R; I exp(—T; 2), (19)
=1
~ 3
0(z) = )_ Rj I3 exp(—T;z), (20)
j=1
where,

Hlj = [xl]F:,]’}./ HZ] = [XZ]F:*F]” HS] = [xB]Tszj'

Using Equations (18)—-(20), we get

3
02z(2) = ) Rj I exp(—Tj z), (21)
j=1
_ 3
sz(z) = Z Rj H5j eXP(_Fj z), (22)
j=1
where,
Iy = = (i¢ AaIlij — AsTiID; — (A +2ur)Ily;), Is; = B (ig ITy; — I T).

4. Application

For the purpose of parameter determination, R; (j = 1, 2, 3) with the boundary con-
ditions used in the analysis at z = 0 are applied:

(@) The surface of the solid remains at a constant temperature.
6 =0. (23)

(b) Mechanical constraint enforcing a prescribed load on the external boundary of the
solid as Lata and Kaur [35]

Opy = —fo COS((P()), Oxz = _fO Sin(‘PO)/ (24)

where fj is a constant and ¢y is an inclined load angle.
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Substituting the defined variables into the boundary conditions (23) and (24) gives the
parameter equations:

3 3 3
Z ITI3,R, =0, Z Iy, Ry = _fO Ccos (‘PO)/Z Ils, Ry = _fO sin (‘PO) (25)

n=1 n=1 n=1

The solution is obtained by applying the matrix inverse method, resulting in:

1

Rq I3 Ilz 1lz3 0

Ry | = Iy Ilyp Il —fo cos (¢o) | - (26)
R3 Ils; Ils; Ils3 —fo sin (¢o)

5. Numerical Computations and Analysis

To demonstrate the previous theoretical findings and investigate them using different
versions of the dual-phase Green-Naghdi theory, we present numerical values for the
physical constants, as in Othman et al. [8]. This analysis studies the effects of gravity,
reference temperature, and inclined loading on a fiber-reinforced thermoelastic medium.

A =776 x10°N-m 2, 1yp=2386x10°N-m 2, puo=786x10°N-m 2, pur=286x 10’ N-m~2,
Cp=3831]-(kgk)™!, K=386w-(mk)™', m=mo+i&, mg=—-15 §=-05 1,=09s 15=07s,

Bo=2 x 10°N-m 2, K*=386wm K 1s!, a;=178 x 105k™}, p=7400kgm=3, Ty=293K,
fo=25 ¢=03 ay=-178 x 10°N-m2, x=05 t=101s.

Figures 2-5 analyze the differences in vertical displacement u3, thermodynamic tem-
perature 6, as well as the stress components ¢, and oy, under both gravitational and
zero-gravity conditions. The behavior is discussed via three theoretical hypotheses: the
dual-phase-lag Green-Naghdi type III (DPL G-N type III), the Green-Naghdi framework
with single-phase-lag type III (SPL G-N type III), and classical Green-Naghdi (G-N) type
III theories. Figure 2 introduces the spatial variation of vertical displacement 13 in a con-
tinuous medium that is both thermoelastic and fiber-reinforced under the influence of
various heat conduction frameworks in the presence and absence of a gravity field. In the
presence of the gravity field (¢ = 9.8 m - s~2), all models exhibit a significant downward
and then upward displacement near the surface, with a smooth decline as the distance
z increases. Among them, the SPL G-N type III and classical G-N type III frameworks
predict slightly higher displacement magnitudes compared to the DPL type III framework,
indicating their sensitivity to phase-lag effects in heat transport. When a gravity field
g = 9.8 is applied, a noticeable reduction in vertical displacement is observed across all
frameworks. In the absence of the gravity field (g = 0), all models exhibit a decrease
during the interval 0 < z < 10. This suppression is due to the gravity field’s damping
impact, thereby inhibiting the motion of the medium. Figure 3 presents the distribution
of thermal temperature across a range of heat conduction hypotheses in the presence and
absence comparing scenarios with and without the effects of a gravity field. All models
exhibit a significant upward reach maximum magnitude and then downward to reach
a minimum magnitude near the surface, with a smooth decline toward zero as the dis-
tance z increases. At larger values of z, all curves converge asymptotically to the same
equilibrium state. Figure 4 displays the normal stress distribution ¢, under gravitational
and non-gravitational conditions. In the presence of the gravity field, the curves exhibit
a clear dip to a minimum magnitude, indicating the location of maximum compressive
stress, followed by a gradual recovery toward zero as z increases. When gravity is ab-
sent, the curves show an increasing trend within the interval 0 < z < 10. Overall, the
gravity induces magnification and localizes the mechanical stress effect, while the choice
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of hypothesis significantly affects the predicted stress magnitude and profile. Figure 5
presents the variation in the shear stress component oy, in relation to the spatial coordinate
z, comparing the consequence in the absence of gravitational effects. The curves initially
decrease sharply in the negative direction, reaching a peak before oscillating upward and
gradually decaying, forming a wave pattern that starts downward. Conversely, in the
presence of the gravity field, the curves start by increasing into the positive region before
decreasing, maintaining the wave-like shape but with an initial upward trend. In both
cases, the stress gradually decreases as increases z, indicating spatial attenuation of the
stress response.

2 ‘
Co —— DPL G-N type Il
9= SPL G-N type Il
- ! G-Ntype lll
= il
_05 Il Il L Il Il
0 1 2 3 4 Z5 6

Figure 2. Vertical displacement dispersion u3 in the absence and presence of the gravity field.

—— DPL G-Ntype ll
——— SPL G-N type lll
.......... G-N type Il

2 4 6 8

¥ g=9.8
N
o 0
-5
‘ ——DPL G-Ntype lll
-10 —— SPL G-N type il
.......... G-N type lll
-15 ‘
0 1 2 3 4 ° °

Figure 4. Organization of stress component 03, in the absence and presence of the gravity field.

Figures 6-9 illustrate the behavior of u3, 6, 03, and oy, comparing two different values
of reference temperature (§y = 0.1 K™!, 0.9 K™!). Figure 6 describes the fluctuation
of vertical displacement u3 with the spatial coordinate z for various frameworks. The
numerical results show that all frameworks display a damp oscillatory trend as z increases.
Furthermore, the reference temperature amplifies the displacement amplitude. The classical
G-N type III hypothesis is the most sensitive, followed by the SPL G-N type III framework,
while the DPL G-N type IIl is the least affected. Figure 7 describes that the fluctuation
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of thermodynamic temperature 6 uses a zero starting point, then optimizes the boundary
conditions. The curves start by increasing into the positive region before decreasing,
maintaining the wave-like shape but with an initial upward trend. The DPL G-N type III
hypothesis is the most sensitive, followed by the SPL G-N type III framework, while the
classical G-N type IIl is the least affected. Figure 8 presents the fluctuation as well as the
stress components; 0, starts assuming a negative magnitude and adjusts for the boundary
conditions. Overall, the reference temperature acts to amplify and localize the mechanical
stress response, while the choice of hypothesis significantly affects the predicted stress
magnitude and profile. Figure 9 presents the fluctuation for the stress component oy, which
begins at zero and modifies the boundary conditions. The values of oy, decreases sharply
to a minimum magnitude, then sharply to a maximum magnitude, and then gradually
relaxes toward zero. It can be noted that the presence of the reference temperature displays
a great impact on the magnitude of oy,. The classical G-N type III hypothesis is the most
sensitive, followed by the SPL G-N type III framework, while the DPL G-N type Ill is the
least affected.

05

—— DPL G-Ntype Il
——— SPL G-Ntype lll
.......... G-Ntype ll

.

2 z 4 6 8

Figure 5. Organization of stress component oy, in the absence and presence of the gravity field.

—— DPL G-Ntypel ll
——— SPL G—N type |l
— G-N type i

6 8

—— DPL G-Ntype Il
———— SPL G-N type Il
.......... G-Ntype Il

-----
-
”

0 2 5, 4 6 8

Figure 7. Thermodynamic temperature dispersion 6 in the absence and presence of reference temperature.
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» i —— DPL G-Ntype Il
——— SPL G-N type |l
.......... G-N type i
-15
0 2 z 4 6 8

Figure 8. Organization of stress component ¢ in the absence and presence of reference temperature.

0.5
NaoA T
bx 0 --------
-0.5
-1
—— DPL G—Ntype lll
15 -mm- SPL G—N type I
.......... G-Ntype Il
_20 2 Z 4 6 8

Figure 9. Organization of stress component oy, in the absence and presence of reference temperature.

Figures 10-13 illustrate the comparative behavior of the vertical displacement compo-
nent u3, thermodynamic temperature 6, and stress components ¢, and oy, in the presence
and absence of an inclined load. The behavior is discussed via three theoretical hypotheses:
the dual-phase-lag Green-Naghdi type III (DPL G-N type III), Single-phase-lag Green—
Naghdi type III (SPL G-N type III), and classical Green-Naghdi (G-N) type III frameworks.
Figure 10 introduces the spatial variation of vertical displacement u3 in a fiber-reinforced
thermoelastic solid. This analysis uses multiple heat conduction frameworks and considers
the effect of an inclined load. All models exhibit a significant downward and then up-
ward displacement near the surface, with a smooth decline toward zero as the distance z
increases. There is suppression due to the inclined load damping impact, thereby inhibiting
the motion of the medium. Figure 11 describes the fluctuation of thermodynamic temper-
ature 6 in the presence and absence of an inclined load versus the distance z. The curves
start by increasing into the positive region before decreasing, maintaining the wave-like
shape but with an initial upward trend. It is evident that the presence of an inclined load
exerts a considerable influence on the thermodynamic temperature. Figure 12 presents
the spatial distribution pattern for the normal stress component oy, in the presence and
absence of an inclined load. A distinct dip to a maximum magnitude is observed in the
curves, followed by a subsequent decline, then by a gradual recovery towards zero as z
increases. Overall, the inclined load acts to magnify and localize the mechanical stress
response, while the choice of hypothesis significantly affects the predicted stress magnitude
and profile. Figure 13 depicts the variation in the shear stress component ¢y in relation to
the spatial coordinate z comparing the consequence of the inclined load. In the presence of
the inclined load, the curves initially increase sharply in the positive direction, reaching
a peak before oscillating downward and gradually decaying, forming a wave pattern
that starts upward. Overall, the inclined load acts to amplify and localize the mechanical
stress response, while the choice of hypothesis significantly affects the predicted stress
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magnitude and profile. Figures 14 and 15 display 3D surface curves depicting physical
quantities such as displacement and thermodynamic temperature. The plots, generated
using the dual-phase-lag Green-Naghdi type III model, are critical for examining how
gravity and an inclined load affect a fiber-reinforced thermoelastic solid with variable
reference temperature, specifically focusing on their variation with vertical distance.

15

) —— DPL G-Ntype li

¢O =0
1 . —==- SPL G=Ntype Il
G-Ntype Il
05
3'-"'3 0 \.\
-05
-1
0 1 2z 3 4 ° 0

Figure 10. Vertical displacement dispersion u3 in the absence and presence of an inclined load.

0.6

——DPL G-Ntype ll
-==-SPL G-Ntype Il
.......... G-N type i

0 2 5, 4 6 8

Y — DPL G-Ntype

10 =0
b0 —— SPL G-Ntype Il
.......... G-N type Il
-15!
0 2 z 4 6 8

Figure 12. Organization of stress component o, in the absence and presence of an inclined load.

2 :
#o =0
N
bx 0
-2 ]
4 |
——DPL G-Ntype
. === SPL G-N type Ill |
........... G—N type Il
-8 : , ‘
0 2 4 ° °

Figure 13. Organization of stress component oy, in the absence and presence of an inclined load.
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0 0

Figure 14. 3D Vertical displacement dispersion u3 versus components of distance.

Wiy

Figure 15. 3D distribution of thermodynamic temperature  versus components of distance.

6. Conclusions

In the present study, we obtained from graphical results that the impact of the gravity
field, reference temperature, and inclined load in a fiber-reinforced thermoelastic medium,
via various forms of the modified Green-Naghdi framework play a great role in the
thermoelasticity field. We obtained the following remarks:

(@) The consequences of reference temperature to all physical fields play a great role in
increasing and decreasing the magnitude of these quantities.

(b) Itisrevealed that physical fields under consideration are sensitive to an inclined load.

(c) Itis found that different physical fields under discussion are sensitive to the gravity field.

(d) The normal mode method with the eigenvalue approach that is used in the current study
is applicable to a wide scope of problems in thermodynamics and thermoelasticity.

(e) Itisrevealed that physical fields under consideration are sensitive to the vertical distance.
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Nomenclature

ij stress tensor

€ij strain tensor

T thermodynamic temperature

To initial temperature |(T — Tp)/To| < 1,0 = T — Tp.
Ao, Mo constants of Lame

Jij Kronecker’s delta

o thermal expansion constant, ¥ = (3A +2p ) ay
K addition material constant

K* thermal conductivity

&, IBOI ( MLy — HTU)

reinforcement variables

Z = (b, by, b3) The fiber-direction is taken as Z =(1,0, 0).b% + b% + b% =1
u vector of displacement, u = (ug, 0, u3),aa—y =0.

[y density

Ce specific heat at rigid strain

i i=v-1

c wave number

m complex magnitude

i (z) physical amplitude of u (z)

u particle velocity of the medium
Ty phase-lag for the temperature
T heat flux phase lag

E a non-dimensional key number
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