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QUASI-STATIC AND DYNAMIC BEHAVIOR OF
INCOMPRESSIBLE SATURATED POROELASTIC
ONE-DIMENSIONAL COLUMN ON LOCAL THERMAL
NON-EQUILIBRIUM

Lu-wu Hetand Xiao Yang?

ABSTRACT

Based on the thermo-hydro-mechanical coupled modd for incompressible saturated porous media on local thermal
non-equilibrium, the general analytic sol utions of quasi-static and dynamic responsesfor incompressible saturated
poroelastic one-dimensional column with adiabatic, fixed and impermeable at one end, subjected to mechanical
and thermal |oads and free permeation at the other end, arepresented. Then, according tothe general formulae, the
guasi-static and dynamic responses of poroel astic column under a periodic thermal load are numerically studied.
The variations and steady state amplitude ratios of the temperatures, solid displacements and effective stresses
under local thermal non-equilibrium and equilibrium conditions with different parametersare discussed. Theresults
show that, the differences between the temperatures obtained on local thermal non-equilibrium and equilibrium
conditions exist in whole evolution and are dependent on theratio of solid to fluid thermal diffusion coefficients,
the heat exchange coefficient between solid and fluid and the frequency of the periodic thermal 1oad. Those obvious
differences induce that the solid displacements and effective stresses obtained on local thermal non-equilibrium
and equilibrium conditions have evident changes, which alsorely on theratio of thermal consolidation to thermal
diffusion coefficients.

Keywords: Incompressible saturated poroel astic column, Local thermal non-equilibrium, Analytic solution, Quasi-
static and dynamic and responses.

1. INTRODUCTION

Thermo-hydro-mechanical coupled responsein a saturated def ormable porous medium isimportant in many branches
of engineering. Application can befound in diverseareas such as geothermal energy extraction, petroleum engineering,
chemical engineering, agricultural engineering, geotechnical engineering, hazardous waste management and
biomechanics. And this topic has also generated considerable attention in the field of high-level nuclear waste
disposal in recent years. Based on Biot theory, Kurashige®!, Bai? and Zhou®*4 established the coupled thermo-
porodastic models respectively, and numerically analyzed the thermal consolidation problemsfor saturated porodastic
one-dimensional column, and cylindrical and spherical cavitys under thermal loading. Bai Bing® discussed the
physical meanings of every coupling term and their effects for the coupled thermo-poroelastic model®, and
numerically studied thethermal consolidationfor layered, half-space saturated porous media subjected to exponential
decaying thermal loading™®. In addition, the numerical algorithm and its application for coupled thermal—hydraulic—
chemical-mechanical mode based on the hybrid mixture theory have been researched by several authors in detail,
see Schrefler[ 7] and Seetharam[8]. All those models are founded on the local thermal equilibrium condition, that is,
assuming the temperature of each phase is equal and using only one equation of conservation of energy to describe
the phenomenon of heat transmission. However, the situation of local thermal non-equilibrium (each phase has
different temperature) is more actual and ubiquitous. For example, if the velocity of fluid phase is high in porous
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medium or thereis a continuous variable thermal load, it cannot guarantee that the temperatures of solid and fluid
phases are equal. So the credible model of local thermal non-equilibrium should be established by applying two
equations of conservation of energy. Up to now, the heat and mass transfer problems under the condition of local
thermal non-equilibrium have plenty of researches®*?, while the thermo-hydro-mechanical coupling analysis of
porous media on local thermal non-equilibrium are few**14, Based on the porous media theory (mixture theory
with volume fractions) ), Yang Xiao™¢ established a fully coupling mathematical mode for incompressible fluid-
saturated porous medium on local thermal non-equilibrium, and also presented several Gurtin-type variational
principles respectively. According to this coupled model and Gurtin-type variational principles, Qiu Wei-dong!*”
developed a finite element numerical calculation procedure for general plane problems on local thermal non-
equilibrium .

The purposes of the present study, according to the coupled moded on local thermal non-equilibrium condition¢,
are to develop a general analytic solution of quasi-static and dynamic responses for incompressible saturated
porodastic one-dimensional column with adiabatic, fixed and impermeable at one end, subjected to mechanical
and thermal loads and free permeation at the other end. Those analytic solutions can provide a judgment criterion to
verify thevalidity and precision of numerical methods. Finally, for the quasi-static and dynamic problem of porodastic
column under a periodic thermal load, the steady state amplitude ratios of the temperatures, solid displacements and
effective stresses on local thermal non-equilibrium and equilibrium conditions with different parameters are studied.
The differences between the temperatures, solid displacements and effective stresses obtained on local thermal
non-equilibrium and equilibrium conditions are discussed.

2. BASICEQUATIONS

Now consider a fluid saturated poroelastic column with finite length, as shown in Figure 1. Assume that it be
permeable and subjected to combined mechanical and thermal loadings on its top end, and impermeable, heat
insulation and displacement fixed at its bottom end. Neglecting bulk gravity, the governing equations for
incompressible saturated poroglastic column on local thermal non-equilibrium can be written as follows*¢
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Figure 1: Fluid Saturated Porodastic Column
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and the boundary conditions can be expressed as
u(y.n), , =0, T,(v.0)] , =-a(t) 2)

w(y.t)|, =0, p(y.p)],, =0 3)

In addition, assume that there be not heat source in the porodastic column and the influences of fluid velocity
and solid deformation on temperature fiedd are ignored, the governing equations for temperature fiddd on local
thermal non-equilibrium can be written ag*®

—S AnS (I SSA20S 2 | I, FA2nF 2y_&(oF _pS) =
p. 00~ /ot (k_ae/ay +k_69/8y) §(6 -6°)=0 (t>0,0<y<l) (@)
pr oo™ /ot —(kFo%0°%/oy* +kTo%" Joy?) +8,(07 -0°)=0

and the boundary conditions are

00°(y,t)/0y| =0, 03(y,t)|  =6,(t); 367 (y,t)/3y| =0,07(y,5) =6,(t) (5)
y=0 y=I y=0 y=I
Without loss of generality, the initial conditions are taken as:
u(y,t),_, =0, au(y,t)y/et|_ =0,w(y.t)| =0 (6)
S F
0°(y,1)|_, =0, 67 (y1)| =0 )

In the above equations (1)-(7), all variables and parameters are dimensionless, and their definitions and physical
meanings can be found in literatures [ 16-17] in detail. Here, t istime factor; n® is the porosity; u(y, t) and w(y, t)are
the dimensionless solid displacement and fluid relative velocity, respectively; 6(y, t) and 6%(y, t) arethe dimensionless
solid and fluid temperature, respectively; p(y, t) is the dimensionless porefluid pressure; Ty(y, t) is the dimensionless
total stress iny direction, and Ty(y, t) = oSEy(y, t)- p(y, t), oSEy(y, t) is the dimensionless solid effective stress in y
direction.

3. SOLUTIONSOFTEMPERATURE FIELD

For thelocal thermal equilibrium condition, that is 6S (y, t) = 6%(y, t), setting 6(y, t) = 8(y, t) = 6%(y, t), equations (4),
(5) and (7) are reduced to

00/t = a20%0/ ot (t>0,0<y<l) 6)
20(y.)/ |, =0,0(y.1)],, =0,(t): 0(¥.1)], , =0 )
where, a® =k /p,, k=k=+2k¥ +k™,p, =pS +p; . By using the separation variable method, the solution of

initial-boundary value problem (8) and (9) can be obtained as follows

0(y,t) =0, (t) + iTe(”) (t)cosh,y, T (t) =B e @ (j; (86, (1) ot) €™ *dt + 60(0)) (10)

n=0

where, B, =4(-1)" /(1 +2n)rw, A, =(1+2mn/2l (n=0,1,2, ...... , 00).

For the local thermal non-equilibrium condition, assume that the general solutions of temperature field are

05(y,0) =0,() + STV (D) cosh,y, 07 (y,1) = B,(1) + 3 T (1) cosh,y (11)
n=0 n=0

Obvious, equations (11) satisfy the boundary conditions (5) automatically. Substituting equations (11) into
equations (4) and (7) resultsin
peoTM ot + (kAT + kFAAT) - (T —T{) + pS B.00, (1) /dt =0

_ _ t>0 12
5EOTO 10t + (REAZT) + KAL) + 8 (T ~T0) + 5 B,20, 1)/t =0 & ) (12
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T )], =-B0,(0), T ()] _, =—B.0,(0) (13)

Application of Laplace transform to equations (12) with theinitial conditions (13), the solutions of initial value
problem (12) and (13) are given as

T (@) =1 e {Bn ( j; (00,(t)/or)e ¥ "dr + 90(0))}— J e {Bn ( j; (00, (t)/dr)e = "dr+0, (0))}

700 =~ M,e" {8, ([, 00, )¢ ¥ dr+ 0,0 - Nt B, @0 (0100 “ e 0,0

where
a=kT/k® B=k¥ /k=,y=pFIpS

a2 =k=/p =a2(L+7)/(L+ 0+ 2B), & =& /pF = &, (49

2 (@ —yB)Aq 2 (v =B)*q
C,=a (1+1/y){(1+2B+a)+en},Dn_a (1+1/Y){(1+2B+oc)+e”}

(a+ D22 (o —B)(A+7)Ax N (16)
1+ 2B +a) (1+ 2B +a)?

En=a2(1+1/y){ +%},Fn=a2(1+1/y){

S = (-E, +\[E2 ~4F,)/2<0, " = —(E, +/EZ ~4F,)/2<0
= (87 +C )" ~7), 3, = (& + C ) (s - ) an
Mn = (an) + Dn)/(S_En) _Sén)) ’ Nn :(Sén) + Dn)/(sén) _an))

4. SOLUTIONSOFSOLID DISPLACEMENT AND EFFECTIVE STRESS

Substituting the second and third equations of (1) into the first equation of (1), the first equation of (1) can be

changed into
(AS+2n°)c%uloy® —(p+p I(n7)? —2p7 In")d%ul dyet® —[S, /(n")?16%u/ dyot +
+ By INF —3R5G%)0%0° /oy + (B /nf )50F 1y? =0 (18)

With the aid of the stress-strain relationship o = (21° +2°%)ou/dy —3K*a°6° and the boundary condition
(2), the boundary condition of u(y, t) at y = | can be expressed as
(ou/ 5Y)|y:| = (t) =[(BK°a°0° — q(t)) /(2° ers)]‘y:I (19)

Suppose that the general solution of solid displacement be

(Y. =0y + YT sink,y (20)

Obvious, equation (20) satisfies the boundary conditions (2) and (19) automatically. Substituting equation (20)
into equations (18) and (6) resultsin

T (t)/ot” + 2QaT ™ (t) /ot + 2QA T ™ (1) = £, (t)

TOW| =0T w/a_ =R, (21)

where
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A =[22(F P (2°5+289)]/S,, Q=8 /2"’ p+p" —2n 5]

f (t)=—(B,/4)0%q(t)/ot>+2Qf (1), R =2x(-D)"1/(4))?(oq, (ty/a)_, 22)

f.(t) =—(B, /2,00, (t) / ot =[4,(n")* I ] ][(Bs /0" —3K°a*)TE (t) + (B /n" )T (1)]

Now only consider the case: Q> — 2QA < 0, namely, the parameter Q is smaller (underdamping). Setting
£, =+/2QA —Q? >0, the solution of initial value problem (21) is given as

-I-u(n) (t) — %e—Qt S.nént + a_:l;J‘(:{ fn (’[)e_Q(t—T) S.nan (t — ‘C)} dt (23)

With the stress-strain relationship o} = (21° + 1°)ou/dy — 3K °a°6° and equations (11) and (19), the general
solution of solid effective stress o can be expressed as
oy (y,t) = (21° +1°%)du/ oy — 3K °a°0°
= (20° + 1) gy (t) — 3K &0, (1) + Zw:{(zns + 15T (0L, — 3K 5T ()| cosh,y (24)
n=0
Substituting equations (11) and (20) into the second and third equations of (1) with equations (3) and (6), the

general solutions of fluid relative velocity w(y, t) and pore fluid pressure p(y, t) can be obtained respectively.

For the local thermal equilibrium condition, the general solutions of solid displacement and effective stress can
be obtained by substituting T into equations (22)-(24) instead of T{™ and T™, respectively. For the quasi-static
response, omitting the terms 62u / ot> and ow/ot from the first and second eguations of (1) and the terms

au(y,t)/at|_ =0 and w(y,t)|_, =0 from equation (6), Similarly the above deductive procedure, the general
solutions of solid displacement and effective stress can be obtained respectively.

5. NUMERICAL RESULTSAND DISCUSSION
As an application of the above general solutions formulae, consider the quasi-static and dynamic problem of
poroelastic column subjected to a cosine periodic thermal load at y =1, i.e. 6,(t) =§0(1— coswt) and q(t) = 0.

In this case, from equations (10) and (14), T, (t) , T (t) and T.”(t) have the following forms

2 .
T (1) = AVe @t + B sinot + C{"” cosmt

(n) (n) )
TV ()= AV + Alle> ' + B sinwt + C{ coswmt

(25)
TO ()= AVt + A% + B sinwt + C" cosot
where
AP __ BB g Bo0B(@h)” iy Bo0’By A = 8,0°B, AL = — 6,0°B,J,
o' +(@h,)" T et H@,) T ot @)t T ot (") o ()
— (n) (n) _ ~ 2

Bén) ZOOO)BH( 2InSL(n) 2 + ansz(n) ZJ,CS) Zeo(’)an( 2 In(n) 2+ 2 Jn(n) 2J1A(=nl) == eg—w Bn(':)/lnz

o’ +(&") T 0+ () o +(&7) " 0+ () o+ &)

n 6 ('OZBnNn n n M n " Nn X n n M n Nn
A(=2) =_§—m)21 Bé = 0,0B,| — Sl(n) 2t 3 SZ(n) 2 ’Cé) = eOO)ZBn 2 myz T2 ()2
o +(s;") " +(57)" o +(s") " +(57)" o +(s")
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Using equations (10) and (14), the solutions of temperature fied for the local thermal equilibrium and non-
equilibrium conditions can be simplified to

(27)

0(y,t) =0,(y,t) + ry(Y)sin(ot + @, (y)) }
0°(y,t) =04 (V,t) + rps(Y)sin(et + g (y)) . 67 (,t) =0 (Y,1) + I (Y)Sin(wt + ¢, (Y))

Where, lLTel(W) = !Lrgem(%t) = ![LrgeFl(y!t) 260.

Similarly, the solutions of solid displacement and effective stress for the local thermal equilibrium and non-
equilibrium conditions can be written as

Ue (Y, 1) = Ui (V,1) + 1) (V) Sin(ot+ g (V)

@ (V) =i, (vt) + €U, (y,1) + 1) (Y)sin(ot + o) ()
U('lf? (Y1) = Ugy (Y, D) + 15 (V) sin(et + o (¥)) (28)
Uy (v, =uigy, (v, 1) + €U, (v, ) + 1 () sin(ot + g, ()

Sug (Y1) =0, (Y1) +15_(Y)sin(wt +og_(Y))

Sy (V1) =0, (1) + € %0, (V1) + 1@ _(Y)sin(ot + o) _(Y))
GC‘?Z) (y.0) =y, (y.0) + g (Y) sin(ot + ¢ _(Y)) (29)
ol (YD) =0, () +€ %o, (v.t) + g (y)sin(ot + o (¥))

where, the subscripts g and d denote the quasi-static and dynamic responses, respectively; the superscripts eq and
neq denote the responses on local thermal equilibrium and non-equilibrium conditions, respectively;

limog, (¥,0) =limof, (v.,t) =limo, (y,1) =lima, (v,1) =0, limug (y,t) = limug (y,t) = limu= (y,1) = limu (y,0)
=0, (1) Vs U, (¥, 1) Uiy, (Vst) o), (Vst) and o), (y.t) are limited functions, respectively.

From expressions (27), it is found that the solutions of temperature field for the local thermal equilibrium and
non-equilibrium conditions include two parts: transient and steady sate responses. All steady sate period are equal
to the period of thermal load, but their steady state amplitudes and phase angles are different each other. From
expressions (28) and (29), it is found that the solid displacement and effective stress have the same behaviors with
the solutions of temperature field. The only difference in dynamic response is that there exists a transient sate
response related to the inertial effect.

Due to many parameters involved in the quasi-static and dynamic analysis, specially takes®*" :
n" =0.4,1°=06,11°=0.4, K° =0.867, p=3.4x10°,p" =0.7x10% a°=8.9x10°,y=1.346, | =10, 0, = 25 and
= 0.005 in the following numerical calculation. In addition, to examine the thermal diffusion influence in the
thermal consolidation, introduces a dimensionless parameter ¢/« = (n")?p,/ Sk =(n")?/S,a®, in which ¢ and
are the thermal consolidation coefficient and the thermal diffusion coefficient, respectively.

Because equations (1) and (4) are linear, the steady state amplitude ratios of the temperatures, the solid
displacement and effective stress on between local thermal equilibrium and non-equilibrium conditions are

independent of 60. Under the situation of some parameters given above, the steady state amplitude ratios r (y) /
ry(y) and r (y) / r(y) are only dependent on parameters o, &’ /a’ and w/a? the steady state amplitude ratios

e, NIrS. (y) and g (v)/rg_(y) are dependent on parameters o, 8°/a®, o/a®, Bs, B, and c/k. Therefore,
the real value of a is not important to the analysis of temperatures and quasi-static response. The steady state
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amplitude ratios r(d) (y)/r(d)u(y) and r(d)c(y)/r(d) (y) are also dependent on parameter Q by contrast with

Fay o (N gy, () and 1l (V) /1g (Y)..

Table 1(a = 1) presents the steady state amplituderatios r (0) / r (0) and r,(0)/r (0) with different parameters
o, 8 /a® and w/a@. It showsthat r (0) / r (0) > 1 (<1) andr,(0)/r,(0) <1 (>1) when o/ y > 1 (<1), i.e thethermal
diffusion coefficient of fluid phaseis larger (smaller) than that of solid phase. Further numerical results show that
r,«0) /r,(0) andr(0)/r (0) arecloseto oneas &°/a” isincreases; the smaller w/a? is, the more obvious trends of

r,(0), r,(0) and r,(0) close to 60 are. For relatively larger w/a? > 1, though the variations of r (0) / r (0) and
r,+(0) / r,(0) with parameter o/y are complicated, r,(0)/0,. r,s(0)/6, and r,. (0)/0, are approximate to zero.

For w/a’=0.05,8°/a’=10"° and B =f. =1.0x10"S,, Table 2 presents the steady state amplitude ratios
(q)u(I)/r(q)u(I),r(d)u(I)/r(d)u(I),r(q) (0)/r(q)6(0) and r(d) (0)/r(d) (0) with different parameters o and c/x.
Considering the confined condition Q* —2QA, < 0, specially takea = 10 in Table 2, and the parameters § and Q are
determined by the given parameter c/«. Table 3 (a = 1) presents the steady state amplitude ratios " (1)/rg (1),
ey, (N11g, (), rey’ (0)/rg (0) and gl (0)/r3_(0) with different parameters o. and c/x. In Tables 2 and 3,
some T"(t) in equation (21) are overdamping when c/k < 40/a2 From Table 2, it is found that the variation of
My, (D 1G, (1), Ty (0)/rg_(0) and rgy (0)/rg) (0) with parameters a. is very similar to that of r,(0)/r,(0)
and r,. (0)/1,(0), but thevariationof rg (1)/rg (1) (c/x <2.0) with parameters o is oppositeto that of 1, (0)/r, (0)
and r,. (0)/r,(0) ; with the parameter ¢/« increasing, all go to their limit values, respectivdly; g (1)/rg (1) and
(q) (0)/r(q) (0) compared with r(d) (I)/r(d) (M and r(d) (0)/r(d) (0) have obvious different. For the given
parameter ¢/ , Q and [35 = BF in Table3is100 times of that in Table 2, respectively. By contrast to the corresponding
resultsin Tables 2and 3, it is found that theinfluence of parameter B, =, for rgy’ (1)/rg (1) and ri (0)/rg (0)

is evident, but the influence of parameter B, =@, for the limit value of rg’ (1)/rg () with c/k increasing is

feebler. From Table 3 (c/k = 50,100), it is found that the difference between the quasi-static and dynamic responses
is unobvious when the parameter Q is larger.

For a.=4.0,0/a*=0.05,8°/a*=10" and B,=p,. =0, Figure2 and 3 (a = 10) present the variation of solid
effective stresswith timefactor t at (y = 0) for ¢/ = 0.5, 3.0 in the quasi-static and dynamic responses, respectively.
Figure 2 and 3 show that the solid effective stress at (y = 0) is firstly compressive stress at the beginning stage
because of the heat expansion effect; the vibration amplitude of solid effective stress in the dynamic response at the
beginning stage is far larger than that of solid effective stress in the quasi-static response; and when the parameter
c/k increases (namely, the parameters §v and Q decrease and the permeability increases), the vibration amplitude of
solid effective stress in the dynamic response increases, but the vibration amplitude of solid effective stress in the
quasi-static response decreases. Figure 2 and 3 also show that the steady state amplitude of solid effective stress in

the dynamic responseis larger than that of solid effective stressin the quasi-static response; rgy' (0), rg)_(0), 15 (0)

and rg)_(0) aredecreasing when the parameter c/k isincreasing. As c/k—o, ((q) 0), 1.0, rgy (0), (d)G(O))—>
(0.0, 0.0, 3.294 x 1073, 5.586 x 107). Further numerical results show that the solid displacement at (y = 1) in the
dynamic response till has the possibility of u(t) < O at the beginning stage in despite of 6,(t) > 0; the steady state
amplitude of solid displacement in the dynamic response is smaller than that of solid displacement in the quasi-
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static response; and r(:‘iqu(l) ) r(‘;q)u(l) , r([]e)qu () and r(‘ff)u(l) are increasing when the parameter ¢/ is increasing. As

ol —> oo, (1 (1), 13, () 1 ()1, (0)(28° +2%) > (3K°a°8,! )(0.313,0.487, 0.198, 0.200).

6. CONCLUSIONS

Based on the thermo-hydro-mechanical coupled modd for incompressible saturated porous media on local thermal
non-equilibrium, the general analytic solutions of quasi-static and dynamic responses for incompressible saturated
porodastic one-dimensional column with adiabatic, fixed and impermeable at one end, subjected to mechanical
and thermal loads and free permeation at the other end, are obtained. For cosine periodic thermal load, the quasi-
static and dynamic responses of porodastic column with different parameters are numerically studied. The study
results show that

(1) the differences between the temperatures obtained on local thermal non-equilibrium and equilibrium conditions
exist in whole evolution and the steady state amplitude ratios are dependent on the parameters o/y ( ratio of solid to
fluid thermal diffusion coefficients), €°/a’ (ratio of heat exchange coefficient between solid and fluid to thermal
diffusion coefficient on local thermal equilibrium) and w/a? (ratio of frequency of the periodic thermal load to
thermal diffusion coefficient on local thermal equilibrium). As &°/a* is increasing, the steady state amplitude
ratios are approximate to 1; the smaller (or larger) w/a? is, the more unobvious the differences of steady state
amplitudes on between local thermal non-equilibrium and equilibrium conditions are.

(2) the apparent differences between the temperatures obtained on local thermal non-equilibrium and equilibrium
conditions induce that the solid displacements and eff ective stresses obtained on local thermal non-equilibrium and
equilibrium conditions have obvious changes, which also rely on the parameter c/k (ratio of thermal consolidation
to thermal diffusion coefficients). The steady state amplitudes and ratios in quasi-static response compared with
thosein dynamic response are also different. At the beginning stage, as the parameter Q is decreasing, the vibration
amplitude of solid displacement at top and effective stress at bottom in the dynamic response is increasing, and is
far larger than that of solid displacement at top and effective stress at bottom in the quasi-static response. As the
parameter c/xk is increasing, the steady state amplitudes of solid displacement at top is increasing and the steady
state amplitudes of effective stress at bottom is decreasing, but they are all going to their limit values.

The study results also reveal that it is important to consider and distinguish the difference of between results
obtained on local thermal non-equilibrium and equilibrium conditions in the thermal stress analysis for porous
medium or structures.

Table1
Seady Sate Amplitude Ratios of Temperatures on Local Thermal Non-equilibrium and Equilibrium

a

0.1 0.5 2.0 4.0 8.0 10
(O]
z 0.005 g’/a*=10" r,«0) / 1,(0) 1.036 1.014 0.989 0.944 0.840 0.789
r,(0) / r,(0) 0.650 0.962 1.005 1.008 1.007 1.006
g°/a*=10" r,«0) / 1,(0) 0.985 1.001 0.996 0.982 0.958 0.948
r,(0) / r,(0) 0.907 0.985 1.001 0.999 0.991 0.989
(O]
P 0.05 g’/a*=10" r,«0) / 1,(0) 1.668 1.407 0.809 0.481 0.227 0.165
r,(0) / r,(0) 0.029 0.584 1.126 1.288 1.381 1.401
€ /a’=10" r,«0) / 1,(0) 1.466 1.271 0.874 0.647 0.441 0.384
r,(0) / r,(0) 0.257 0.709 1.082 1.185 1.246 1.260
2=10 g°/a®=10" 0)/r (0 7.912 3.713 0.360 0.069 0.043 0.038
2 T g /a" = r,0) / r,(0) . . . . . .
r,(0) / r,(0) 0.329 0.167 1.608 2.834 3.918 4.193
g°/a*=10" r,«0) / 1,(0) 7.746 3.627 0.391 0.061 0.060 0.055

r,.(0)/ r,0) 0.328 0.157 1.582 2.780 3.845 4115
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Table2
Seady Sate Amplitude Ratios of Solid Displacements and Effective Stresses on Local Thermal Non-equilibrium
and Equilibrium (a = 10)

o

0.1 05 2.0 4.0 8.0 10

c/x=05 1.441 1.224 0.937 0.878 0.813 0.778

e (1) /12 (1) c/x=20 1.603 1.347 0.853 0.638 0.500 0.463
c/x=10 1.536 1313 0.860 0.637 0.474 0.430

c/x =100 1518 1.304 0.863 0.641 0.476 0.432

[ (0) /& (0) c/x=05 1.564 1.338 0.839 0.555 0.324 0.265
c/x=20 1.623 1372 0.825 0.524 0.294 0.240

c/x=10 1.644 1.385 0.820 0513 0.284 0.231

c/x =100 1.649 1.388 0.819 0510 0.282 0.229

c/x=05 0.926 0.874 1.001 1218 1183 1132

e (1)1, (1) c/x=20 0.640 0.761 1.107 1.237 1.203 1153
c/x=10 0.916 0.946 1.020 1.021 0.936 0.888

c/x =100 0.950 0.969 1.008 0.990 0.896 0.848

c/x=05 1.467 1.278 0.866 0.624 0411 0.351

1% (0) /1, (0) c/x=20 1.535 1.316 0.853 0.602 0.400 0.345
c/x=10 1.563 1332 0.848 0593 0.395 0.343

c/x =100 1571 1.334 0.846 0.590 0.394 0.342

Table 3
Seady Sate Amplitude Ratios of Solid Displacements and Effective Stresses on Local Thermal Non-equilibrium
and Equilibrium (a=1)

o

0.1 05 2.0 4.0 8.0 10

c/x=05 1.184 1.082 0.974 0.943 0912 0.898

c/x=20 1517 1.290 0.885 0.726 0.627 0.600

e (1) /12 (1) c/x =10 1.534 1.310 0.863 0.646 0.489 0.447
c/x =50 1.520 1.304 0.863 0.642 0.478 0.434

c/x =100 1518 1.303 0.864 0.642 0.477 0.433

c/x=05 2521 1.743 0.696 0.280 0.355 0.412

c/x=20 2.497 1.798 0.670 0.230 0.364 0.431

[ (0) /& (0) c/x=10 2.505 1.820 0.661 0.216 0.368 0.436
c/x =50 2.507 1.825 0.660 0.213 0.369 0.437

c/x =100 2.507 1.826 0.659 0.213 0.369 0.438

c/x =50 1.520 1.304 0.863 0.642 0.478 0.434

e (1) /1%, (1) ¢/« =100 1.518 1.304 0.864 0.642 0.477 0.433
c/x = 1000 1516 1.303 0.864 0.642 0.476 0.432

c/x =50 2511 1.828 0.658 0.204 0.364 0.434

[ (0) /1, (0) ¢/« =100 2514 1.831 0.656 0.195 0.360 0.431

¢/ x = 1000 2.469 1.820 0.653 0.101 0.274 0.353




m Journal of Mechanics and MEMS

(1]
(2]
(3]
(4]
(5]

Dimensionless effective stress
o, F X10°

locd the'mal non-equilibrium
———local thermal equilibrium

Figure 2: Dimensionless Solid Effective Stress of Porodastic Column at y = 0 vs. Time Factor t
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Figure 3: Dimensionless Solid Effective Stress of Poroelagtic Column at y = 0 vs. Time Factor t (Dynamic Responses)
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