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Analysis of one-dimensional thermal consolidation of saturated soil considering
heat conduction of semi-permeable drainage boundary under varying loading
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1. Department of Civil Engineering, Shanghai University, Shanghai 200444, China

2. School of Urban Railway Transportation, Shanghai University of Engineering Science, Shanghai 201620, China
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Abstract: In order to study the influence of the temperature change on the consolidation for saturated soils, this paper presents a
semi-analytical solution to the one-dimensional thermal consolidation equations considering the heat conduction of the semi-
permeable drainage boundary on basis of the seepage and heat transfer equations. The semi-analytical solutions of excess pore
pressure, temperature difference and soil settlement are firstly derived by using the Laplace transform upon the one-dimensional
thermal consolidation equations considering the coupled and uncoupled thermo-mechanical models, respectively. Then the analytical
solutions for a given time domain are obtained by the Crump’s method. Verification is conducted by reducing the proposed solutions
into those under the conditions of the single drainage boundary and the assumptions of Terzaghi’s consolidation, which shows that the
proposed solutions are reliable and in good agreement with the existing solutions from literature. Finally, several examples are
analyzed to investigate the effects of semi-permeable boundary parameters, thermal diffusion coefficient, consolidation coefficient
and temperature increase on the consolidation process of saturated soils under varying loading. All results demonstrate that the
consolidation behavior is significantly affected by the investigated parameters.
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1 Introduction

Since Terzaghi ™1 established the one-dimensional
consolidation theory of saturated soil, scholars have
carried out a large number of theoretical and exper-
imental researches on it and extended it to complex
situations such as variable loads, semi-permeable
boundary, stratified foundation, and nonlinear rheo-
logical constitutive models®®l. However, these theo-
ries do not take temperature into account in the
mechanical properties of soil. Considering the effect
of temperature, thermal consolidation involves many
aspects of the interaction between heat, water and
force [l Studying the effect of temperature on the
engineering properties of soil is of great practical
value in such fields as thermal energy storage, geo-
thermal resource development, nuclear waste disposal
and heat supply pipeline design ©l. Therefore, it is
necessary to analyse the thermal consolidation charac-
teristics of soil.

Paaswell ! first proposed the concept of thermal
consolidation by considering the effect of temperature
in soil consolidation tests. Subsequently, Campanella
et al. 1% studied the thermal consolidation of saturated
soil for volume and pore water pressure changes
induced by temperature changes. Since then, con-
sidering the effect of temperature on the consolida-
tion characteristics of geomaterials has attracted great
attention. Delage et al. ™I conducted experimental
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research on rapid heating and consolidation of satur-
ated clay and discussed the coupling effect of heat
conduction and consolidation by using Fourier's heat
conduction equation and Terzaghi's consolidation
equation. Monfared et al. *! after experiments, sum-
marized some basic laws of the thermal consolida-
tion characteristics of soil caused by temperature. Bai
et al. *®! developed an axisymmetric thermal consolida-
tion test device and carried out an indoor thermal
consolidation test for hollow cylinder samples. Zhang
et al. 4l analysed the influence of temperature on the
thermal consolidation characteristics of one- dimensional
saturated viscous soils through laboratory experiments.
In addition, other scholars conducted many theoretical
studies on thermal consolidation. Wu et al.[®l estab-
lished a mathematical model based on the consolida-
tion theory to analyse the thermal consolidation of
one-dimensional saturated soils under variable loads.
In the traditional consolidation theory, the boundary
condition of soil layer is treated as the two extreme
cases of completely permeable or completely imper-
meable, but in the practical engineering, the boundary
condition after the cushion is laid on the top surface
should be treated as a semi-permeable boundary®!. In
addition, the external load of tradetional consolidation
is constant, but in the actual construction process, the
load on the top of the soil will not remain unchanged,
so it is necessary to take the timevarying chara-
cteristics of the external load into consideration.
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In practical engineering, sand cushion is often laid
on saturated soil, which will affect the consolidation
characteristics and thermal conductivity of saturated
soil. Therefore, in this paper, based on the thermal
consolidation theory of one-dimensional linear elastic
saturated soil with coupled and uncoupled thermo-
mechanical models, the top surface boundary con-
ditions are considered as the semi-permeable boundary
conditions with thermal conductivity, and the cyclic
sectional loads more similar to the actual engineering
are considered. A semi-analytical solution to thermal
consolidation of one-dimensional saturated soil under
external load and constant heat source is derived by
analytical method. Then the semi-analytical solutions
are reduced to the results of relevant studies to verify
the correctness of the results of this paper. On this
basis, the effects of external load, semi-permeable
boundary parameters, temperature increment, thermal
diffusion coefficient and consolidation coefficient on
the thermal consolidation characteristics of one-
dimensional saturated soil are analysed by numerical
examples.

2 Thermal consolidation calculation model

As for the analysis of the thermal consolidation
theory, Wu et al.l®l supplemented the assumptions of
Terzaghi’s one-dimensional consolidation theory based
on the seepage consolidation theory. In this paper,
based on the assumptions, the boundary conditions are
considered as follows: the top surface of the soil layer
is semipermeable, heat-exchangeable, and the bottom
surface is impermeable and adiabatic. In addition, the
external load is considered as a physical quantity that
varies with time.

This paper intends to analyse the thermal con-
solidation problem of one-dimensional saturated soil
under semipermeable boundary condition, and its
schematic diagram is shown in Fig. 1. In the figure, H
is the thickness of soil layer; k, and L, represent
the permeability coefficient and thickness of the semi-
permeable boundary layer, respectively; Q(t) is the
external load changing with time; T, and T, are
the instantaneous temperature increment applied at the
upper and lower surfaces of the cushion, respectively;
k, is the permeability coefficient of soil layer; y, is
the unit weight of water; and E, is the compression
modulus, which can be expressed as

. :M (D
A+ p)(1-2p)
where 4 is Poisson's ratio; E is the deformation
modulus of saturated soil.

According to studies [7-8], a one-dimensional
thermal consolidation equation of saturated soil with
coupled and uncoupled thermo-mechanical models
under arbitrary loads can be obtained.

The coupled thermo-mechanical model is expressed
by
c, 620(5,‘{) _ oo(z,t) AaT(z,t)

0z ot ot

2
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Fig.1 1D thermal consolidation model of saturated soils
with semi-permeable boundary
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where & is the effective stress in the soil; T is the
temperature difference between the soil temperature
and the initial reference temperature; T, is the initial
reference temperature; C, is the consolidation coe-
fficient, C,=k,E,/y,; A=p-aE,. f=aE/(1-
2u) , is the thermal coefficient; «=(1-n)a, + ne,, ,
is the thermal expansion coefficient of soil;, «, and
a, are the thermal expansion coefficients of soil
particles and water; respectively. n is porosity; K is the
thermal conductivity of the soil; C is the specific heat
of soil; z is the ordinate; and t is time.
The uncoupled thermo-mechanical model is

%o (z,1) _Oo(z,1) AaT(z,t)

C (4>
v ozt ot ot
2
C6T(z,t):K6T(§,t) (5)
ot oz

For the semi-permeable top surface, heat transfer,
undrained bottom surface, adiabatic, temperature
increment and external load as shown in Fig.1, the
initial condition and boundary condition are as
follows:

t=0:0(z,t)=0, T(z,t)=0 (6)
B B oo(z,t) R _
2=0:T(z,t)=T,,, T—ﬁ[a(z,t)—Q(t)]—O

(D
JoH . ao—(z,t)zo, aT(z,t):0 (8
0z 0z

where R, =Hk, /(Lk,) reflects the drainage rate of
semi-permeable boundary layer.

Considering the heat transfer in semi-permeable
boundary layer, based on a one-dimensional heat
transfer theory 5171, we have

q;':Kl—TS'1 Tsz €D
L,

where q; is the cushion heat flux and K, is the

thermal conductivity coefficient of cushion, it shows

heat conduction rate in a semi-permeable boundary

layer.
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3 Solution of mathematical model

3.1 Solution of coupled thermo-mechanical model
The Laplace transform of Egs. (2) and (3) is,
respectively

2 ~

Z—? =a,s6 —a,sT (10
z
o

‘2 I =-a,56 +a,sT (11
z

where 6 and T are the results of &« and T by
Laplace transforms, respectively; a =1/C, , a, =

v 2
AIC, .a,= BT, /(KE,) .a, = (CE, + f'T,)/(KE,): and
s is the Laplace variable.
From Eqg. (10), we could get

(12)

Substituting Eq. (12) into Eq. (11), we could get

4 ~ 2 ~
! af—a1+a4af+[ala4—a3js,&=o (13)
a,s 0z a, oz a,

Solving Eqg. (13), we could get
G=Ce’ +C,e* +De” +D,e ™" (14)

where C,, C,, D, and D, are undetermined coe-
fficients.
Substituting Eqg. (13) into Eqg. (11), we could get

. 24 -z nz -nz
T=chs +chbs+Dph S +Db,° (15)
aZ a‘Z 2 2
where
\/(ai +a, —\/a2 +4a,a,-2a,a, +a,’ )s
¢= >
(16)

\/(al + a4+\/a2 +4a,a, —2a,a, +a,’ )s
77 =
2
blzai_gz/s’ b, :al_ﬂz/s
Taking the first derivative of Eq. (14) and (15),
respectively leads to

Z—u: §Ce™ —£Ce7* +7D,e™ —7D,e (A7

A

81: ez.f e—zf ezrl e—ZW

—=¢&bC,—-¢bC +nb,D, ——7b,D

pe 1 a, 2 a, 1 a, e’ )
(18

Laplace transforms of the boundary conditions Egs.

(7) and (8) are expressed as

a&(g,s)_r[&(o,s)_Q(s)]:o, T(0s)=¢ (19
06(Hys) _, aT(Hs) o (20)
0z ’ 0z

where r=R /H, ¢=T,/s.
Substituting Egs. (14) and (15) into Egs. (19) and

Published by Rock and Soil Mechanics, 2020

(20), we could get

6—(2,5):71{;(1 cosh[&(H —z)]- z, cosh[r(H - z)]}
A)
~ 1
T(z,s):azyl{blglcosh[g(H -17)]- (22)
b, x, cosh[n(H - 2)]}
where,
¥, =bympcosh(H &) sinh(H7) + cosh(H7) - (23)

[ (b, —b,)rcosh(HE) —b,&sinh(HE) |
2 =(a,c —b,Q)rcosh(Hz) +a,gnsinh(Hp)  (24)

7, =(a,6 —bQ)rcosh(H¢&) +a,g& sinh(HE) (25)

The settlement w(t) of foundation at a certain time
t can be calculated using the following formula:

w(t) =, &,dz (26)

where ¢, is the strain of soil layer.
According to the generalized thermoelastic Hooke's
law of thermo-elasticity theory, there is

w(t) = [ "‘EﬁT dz 27
After the Laplace transform, we could get

W(s) =Ei [, 6(z,5) - BT (z,5)dz (28)
Substituting Egs. (21) and (22) into Eq. (28), we

could get

W:

[Zl(az — Bb)nsinh(HE) + x,(—a, + Bb, )& sinh(H 77)]

a2 Es?/lgﬂ
(29

3.2 Solution of uncoupled thermo-mechanical
model

For the uncoupled thermo-mechanical model, the
thermal diffusion coefficient is definedas C,= K/C.
Laplace transforms of Eqgs. (4) and (5) are expressed
as

2 ~

ZT?: a,56 —a,sT (300
e

Z—I:—a355-+a4s'f (3D
z

where a =1/C,, a,=A/C,, a,=0,anda, =C/K .
Solving Eq. (31) ,we could get

T(z,5)=Ce™ +C,e™ (32)
where m, =./a,s.

Substituting Eq. (32) into Eg. (30), we could solve
8,5(Cie™ +C,e™)

m? —m,’

G(z,5)=De™ +D,e ™ +

(33)
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where m, :\/5 .
Substituting Egs. (32) and (33) into Egs. (19) and
(20), we could get

5(2,5):%{lscosh[ml(H -7)]+ )
2

zacosh[m, (H-2)]}

T (z,5) =g cosh[m,(H —z)]/cosh(Hm,) (35)
where
X3 =,65[—m, cosh(Hm,) + r cosh(Hm, )] (36)
Tu= {[(ml m; )Qr azgrchosh(Hml) a7
a,cm;ssinh(Hm, )}
7, = cosh(Hm,)(m? —m; )- (38)

[m, sinh(Hm,) + r cosh(Hm,)]

By substituting Egs. (34) and (35) into Eq. (28),
the analytical solution of the thermal consolidation
settlement of one-dimensional saturated soil with
uncoupled thermo-mechanical model in the Laplace
transform domain is obtained:

_ - fy,my¢tanh(Hm,)

W (39
E;y,mm,

where

A =m, y;sinh(Hm, )+ m, %, sinh(Hm,) (40)

3.3 Inverse numerical transformation

In this paper, the analytical solution of the thermal
consolidation problem of one-dimensional saturated
soils with coupled and uncouple thermo-mechanical
models in the Laplace transform domain is obtained
by analytical method. By inverse Laplace transform,
the solution in the physical space domain can be
obtained. As for numerical inversion of Laplace
change, Dubner and Abatel*®], Stehfest ' and Crump!?®!
have proposed their algorithms, respectively. Accord-
ing to the research of He et al.’Yl, the convergence
speed of Crump method is faster than that of Dubner
and Abate method. Moreover, compared with Stehfest
method, Crump method is more accurate and reliable,
and it can overcome the defects of oscillation and
dispersion when the curve of solution has a steep change.

The inverse Laplace transform of this paper adopts the
Crump method (8, The inverse Laplace transform of
Egs. (21), (22), (29), (34), (35), and (39) are expressed
as

st

o(zt) = e—{i&(z, s)+ {Re[5(2.5 +@)]'

coskT—Im[ (z, s+—)]s nm}} 4

T(z, t)_ { T(z s)+Z{Re[I'(z s+—)]

kmt ~ ki, . kmt
cos— —Im[T (z,s + —)]sin—
T mlT (25 + <P }} 42

)= S 20s) + Rl + )

knt
cosT — Im[W(s + T)]SmT}

ki ket
} (43)

where i=+/-1.

Accordingly, the corresponding calculation program
is compiled, and the specific operation and parameter
selection are described in the study [4].

4 Vrification and examples

4.1 Vferification

In order to verify the correctness of the method
and numerical calculation program in this paper, the
semi-analytical solution is reduced to those for the
thermal consolidations of one-dimensional saturated
soil under permeable boundary condition and under
cyclic loading and semi-permeable boundary condi-
tion. The solutions are compared with the results from
the literatures. Wul'®! obtained the analytic solution of
thermal consolidation of one-dimensional saturated
soils by theoretical derivation. The parameters adopted
in this paper are consistent with those in Reference
[15]. In the verification calculation, the semi-permeable
boundary parameters are from Reference [2], as listed
in Table 1.

The relevant parameters in the formula can be
calculated by using the parameter values in Table 1, as
shown in Table 2.

Table 1 Parameters of saturated soil and semi-permeable cushion

Temperature

Permeability Permeability Coefficient Water line Thermal increase Unit Thick- Deforma-

- - . .~ Cushion Heatflux  Thermal - . . . Initial
coefficient coefficient of linear expansion . . . conductivity of upper External Poisson's weight  ness of tion
.~ thickness density of conductivity of . ) - . ) tempera-
of of soil  expansion coefficient L of cushion interface loadq, ratio of soil  soil layer modulus
- L, cushiong, soil layer K - 0 ture T,
cushionk,  layerk,  of soil a, m /(W-m*zs JWenTECY) K, of cushion /MPa u Vw H C
/m-a?t) /m-al) /(20 C‘l) /(10'4 CY WenrCh - T, /(kN-m=)  /m /MPa
/C
0.04 0.01 2 4 0.5 0.006 0.02 0.015 15 0.2 0.3 10 10 10 10
Table 2 Parameters of calculation model
Volume specific heat C Compression modulus E, Coef_nmgnt of Thermz_al 'd|f'fu5|on Semi-permeable Thern_1a] stress Coefficient A
/(1057 + m3 - T / MPa consolidation C, coefficient C, coefficient R coefficient 2 / (10 MPa - T
/(107"m?- s /(10°m? - sh /(10°MPa - CY
3.552 13.46 4.27 5.6 4 5 1.2308
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Figure 2 shows the influence of different initial
reference temperatures T, on the thermal consolida-
tion settlement of one-dimensional saturated soils with
the coupled thermo-mechanical model. As can be seen
from the figure, this indicates that the initial tempera-
ture has little influence on the thermal consolidation
of one-dimensional saturated soils with the coupled
thermo-mechanical model. Therefore, when the influ-
ence of initial temperature on thermal consolidation is
not considered (assume T,= 0 °C), the coupled
thermo-mechanical term can be ignored, namely, the
coupled thermo-mechanical model is reduced to the
uncoupled thermo-mechanical model.

0.08
0.06

0.04

w(t)/ m

0.02

0.00 4

. 2 L L L L ul L ul. RO
10° 10* 10° 10° 107 10° 10° 10% 10% 10%
time/ s
Fig.2 Effect of To on the settlement according to the
coupled thermal-mechanical model

For the analytic solutions of thermal consolidation
of one-dimensional saturated soils with the coupled
thermo-mechanical model, namely, Egs. (21), (22) and
(29), when T,=0 C is assumed, they can be
degraded to the analytic solutions of thermal con-
solidation of one-dimensional saturated soils ignoring
thermo-mechanical coupling, and their expressions are
the same as those of Egs. (34), (35) and (39). In order
to verify the correctness of the analytical method
presented in this paper, Egs. (34), (35) and (39) are
reduced to the solutions for the thermal consolidation
of one-dimensional saturated soils at the permeable
boundary and the cyclic loading consolidation of one-
dimensional saturated soils at the semi-permeable bou-
ndary.

4.1.1 Thermal consolidation of one-dimensional satur-
ated soil with constant load permeable boundary

If there is no semi-permeable boundary layer and
the external load remains unchanged, then there is no
heat conduction, that is, T,=T, . For Eq.(39),
R, -, and Q(t) =q, the semi-permeable boundary
discussed in this paper can be reduced to a permeable
boundary. Then, the thermal consolidation settlement
of one-dimensional saturated soils with the uncoupled
thermo-mechanical model has an analytic solution in
the Laplace transform domain as follows:

We A tanh[Hm, ]+ A4, tanh[Hm, ]

(44)
E,m;fa, (m’ —m,?)m,
where
A =m, [_\/aﬂg(mlz - m22)+ azng\/g:| (45)

Ap=m [\/aq(mlz - mzz) - azng\/g:|

Published by Rock and Soil Mechanics, 2020

The calculation results in this paper are compared
with those in Reference [15]. The results are shown in
Fig.3. It can be seen that the settlement first increases
and then decreases with the development of time, and
finally reaches a stable settlement value. The results in
this paper are highly consistent with those in Refer-
ence [15]. Therefore, the solution in this paper can be
used to calculate the thermal consolidation problem of
one-dimensional saturated soils with different per-
meable boundary conditions by changing Ri.

4.1.2 One-dimensional consolidation under cyclic load-
ing of saturated soil at the semi-permeable boundary

When the increment of local surface temperature
T,=0C,and H=5m, z=05 m, R=400, Q(t)
adopts the triangular cyclic load with a period of 40 d
and a peak load g, =100 kPa, Eg. (39) can be
reduced to the solution for the one-dimensional
consolidation settlement under the cyclic load and the
condition of semi-permeable boundary in the Laplace
domain:

B Qrsinh(Hm,)
E.m,r cosh(Hm,) + E;mZ sinh(Hm,)
The calculation results are shown in Fig. 4. As can
be seen from the figure, the semi-analytical solution

inversion results derived by the method in this paper are
basically consistent with the results in Reference [16].

(46)

0.16
o Wultl

014 1 —— This study
0.12

0.10 |
0.08 |
0.06 |
0.04 |

0.02 |
0.00

w(t)/m

10° 10* 10° 10° 107 108 10° 10%° 101 10%2
Time/ s

Fig.3 Soil settlement degeneration of one-dimensional

thermal consolidation for semi-permeable saturated soil

layer
8r o Caietall'e]
70 | —— This study
60 [ ]

50
40
30 P
20 ¢
10 P

0 . . . )
0 50 100 150 200

time/ d
Fig.4 Variation of effective stress with time at different
types of load Q(t) for 1D thermal consolidation
of saturated soils

of kPa

4.2 Calculation examples
According to the analysis of the Section 4.1, a
one-dimensional thermal consolidation of saturated
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soil problem doesn’t need to consider the effect of
initial reference temperature. Therefore, in this section,
the solution to one-dimensional thermal consolidation
of saturated soil with the coupled thermo-mechanical
model is adopted to investigate the effects of semi-
permeable boundary heat conduction coefficient K,,
semipermeable boundary parameter R,, thermal diff-
usion coefficient C, and the coefficient of consolida-
tion C, on the thermal consolidation settlement, for
analyzing the thermal consolidation properties of
saturated soils. The calculated parameters are consis-
tent with those in Section 4.1.
4.2.1 Influence of different load types

In this example, three groups of typical loads are
selected, i.e., triangle, rectangle and trapezoidal cyclic
loads, respectively. Q(t) isshown in Fig. 5.

fvd
[=
x
BT
200 Fm--pmmmmmmmoRT oo
1
1
1
1
1
1
|
20 40 t/d
(a) Triangle cyclic loading
©
[a
4
A
200 —— —
1 1 1
I 1 I
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1
1 1 1 >
20 40 60 t/d
(b) Rectangle cyclic loading
©
[a
x
A
200 |- ————-----

>

10 30 40 t/d
(c) Trapezoidal cyclic loading

Fig.5 Three typical cycle loadings

By Laplace transform, the cyclic loads of triangle
Q,(t), rectangle Q,(s), and trapezoidal Q.(s) are
expressed as follows:

qmax tZOS
t) = —max_anp | -202 47)
Qa( ) tzosz an ( 2 j
qu tZOS
Q,(s)=-"21+tanh| -2~ (48)

https://rocksoilmech.researchcommons.org/journal/vol41/iss5/1
DOI: 10.16285/j.rsm.2019.5649

- 2qmaX
Q:(s)= t,, {coth(t,,s/2) + coth[(t,, +t,,)s/2]}s (49)

where q,,, Is the maximum peak value of cyclic
load and t is the time required to pass through i
days.

By substituting Egs. (47)—(49) into Egs. (21), (22),
(29), (34), (35) and (39), the expressions of effective
stress, temperature increase and settlement of the above
three loads in the Laplace domain can be obtained.

It can be seen from Fig. 6(a) that the final settle-
ment of thermal consolidation is affected by the
combined action of two factors respectively. First of
all, the application of external load will obviously
cause soil subsidence. Secondly, with the rise of tem-
perature, the soil will undergo thermal expansion,
which will offset part of the settlement. When the
external load is small, the soil will eventually expand.
The process of thermal consolidation of soil can be
roughly divided into two stages: in the first stage, the
external load rapidly causes a certain amount of soil
settlement; in the second stage, as the compression
effect of external load weakens and the temperature in
the soil rises, the soil begins to expand to a certain
extent and finally reaches a stable settlement.
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0.08 | —— Trapezoidal loag
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Time/ (108 s)
(b) Local zoom of plot
Fig.6 Variation of soil settlement with time at different
load types Q(t) for 1D thermal consolidation
of saturated soils

Figure 6(b) illustrates that the load type has a
significant influence on the settlement process of soil,
and the settlement of saturated soil under cyclic
loading has a significant periodic characteristic. From
the macroscopic development of soil settlement, the
settlement process of soil has a close relationship with
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the average value of external load Q(t). The average
values of triangular and rectangular loads are equal, so
the two sets of settlement curves basically coincide.
The average external load of trapezoidal load is
slightly higher than the former two, so its settlement is
greater.

In order to analyze the influence of other factors
on thermal consolidation of cyclically loaded saturated
soils more effectively, triangular cyclic loads are
adopted as external loads in the following sections.
4.2.2 Influence of thermal conductivity coefficient of
semi-permeable boundary

To investigate the effects of thermal conductivity
of the semi-permeable boundary on the consolidation
process, considering the heat conduction property of
sand cushion material, the thermal conductivity coeffi-
cient K, of semi-permeable boundary is respectively
taken as 0.0150, 0.0030 and 0.0006, where 0.0150 for
semipermeable boundary material heat transfer
coefficient. In order to clearly compare the influence
of K, on the thermal consolidation of one-dimen-
sional saturated soil, K, values of 0.0030 and 0.0006
are taken as parameters, respectively. Figure 7(a)
shows the influence of thermal conductivity coe-
fficient of different semipermeable boundaries on
thermal consolidation of one-dimensional saturated
soil. The greater the thermal conductivity coefficient
K, of the semi-permeable boundary is, the smaller
the final settlement of thermal consolidation of one-
dimensional saturated soil will be. It can be seen from
Eqg. (9) that higher the thermal conductivity coefficient
K, of the semi-permeable boundary, greater the tem-
perature increment T ,, and greater the soil uplift
caused by temperature change in consolidation.
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Fig.7 Variations of soil settlement with time at different
values of thermal conductivity K1 of semi-permeable
boundary for 1D thermal consolidation of saturated soils
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Figure 7(b) shows that no matter how K, changes,
the change of K, in the consolidation process only
affects T ,, and does not affect the consolidation
speed of soil. Therefore, the effect of periodic load on
consolidation of different K, is roughly the same,
while the stronger thermal expansion effect of T, is,
the smaller the final settlement will be.

4.2.3 Influence of semi-permeable boundary parameters

In order to investigate the influence of semiperme-
able boundary parameters on the thermal consolida-
tion characteristics of one-dimensional saturated soil,
in this section, according to the common relative
thickness and relative permeability coefficient between
the sand cushion and the soil under investigation, R,
is calculated as 1, 4, 10, 50 and 100, respectively. The
calculation results of thermal consolidation settlement
under different semi-permeable boundary parameters
are shown in Fig. 8(a). During the development of
thermal consolidation of saturated soil, the settlement
of saturated soil first increases and then decreases, and
finally tends to a stable settlement value. Larger the
semipermeable boundary parameter R, is, higher the
permeability of the top surface boundary is, and easier
the pore water is discharged, so faster the settlement
develops. At the same time, smaller the semiperme-
able boundary parameter is, slower the consolidation
development will be, and smaller the maximum
settlement achieved in the consolidation development
of saturated soil will be due to the expansion of soil in
the later stage of thermal consolidation development.
Some of the numerical points in Fig. 8(a) are discon-
tinuous, and some of the curves are messy. In fact, the
data points cannot reflect the periodic characteristics
of the external cyclic load due to the wide range of
calculation time. Figure 8(b) can be seen in a specific
local enlarged view.

Figure 8(b) shows that R, has a significant influ-
ence on the settlement cycle amplitude. Larger R, is,
better the water permeability is and larger the settle-
ment amount is under the same period, so the soil
settlement decreases with time. The periodic charac-
teristics of soil change with external load are more
obvious.

In addition, when R, increases to 50, the further
increase of R, has no significant effect on the con-
solidation rate. The study of the consolidation of satur-
ated soil at the semi-permeable boundary from Cai et
al.” suggested that the boundary condition can be
considered as the permeable boundary when the
boundary parameter is greater than 40.

4.2.4 Influence of thermal diffusion coefficient

In order to examine the influence of thermal diffu-
sion coefficient on the thermal consolidation of one-
dimensional saturated soil, The curve of the thermal
consolidation settlement of one-dimensional saturated
soil with different thermal diffusion coefficients over
time is analyzed (Fig.9(a)). It is shown that a larger the
thermal diffusion coefficient C, leads to a more
obvious thermal expansion in the soil layer is, and a
smaller maximum settlement in consolidation. Since
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changes of C, do not change T,,, the final settlement
amount of soil with different C, is approximately the

same.
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Fig.8 Variations of soil settlement with time at different
values of semi-permeable boundary coefficient R1
for 1D thermal consolidation of saturated soils
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The curves still have certain periodic characteris-
tics and the amplitudes between different curves are
consistent under the action of external load (Fig. 9(b)).
Since soil thermal diffusion coefficient C, has little
influence on soil drainage velocity and consolidation
velocity, the periodic characteristics of soil thermal
diffusion coefficient C, on soil settlement are con-
sistent.

4.2.5 Influence of consolidation coefficient

Figure 10(a) gives the variation of thermal consolida-
tion settlement of one-dimensional saturated soils. It
shows that thermal consolidation of saturated soil
develops faster and the maximum settlement is larger
with increasing the increase of consolidation coefficient
C, . Faster dissipation of pore water pressure results in
a greater consolidation coefficient. Therefore, the
consolidation rate of saturated soil in the thermal
consolidation process will be faster, and the effective
stress in saturated soil will also increase faster. As a
result, a larger maximum settlement amount is achieved
in the thermal consolidation process of saturated soil.
And C, does not affect Q(t) and T,,, so it has no
influence on the final settlement amount of soil.
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Fig.10 Variations of soil settlement with time at different
values of consolidation coefficient Cy for 1D thermal
consolidation of saturated soils

Some of the curves in Fig. 10(a) are as messy as
those in Fig. 8(a), for reasons shown in Section 4.2.3.
It can be clearly seen from Fig. 10(b) that C, has a
great influence on the settlement cycle amplitude.
Larger C, is, faster the soil consolidation will be, and
larger the settlement amount in the same period will be.
Therefore, larger the settlement amplitude with time is,
more obvious the periodic characteristics will be.
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5 Conclusion

(1) This article introduced semi-analytical solutions
of one-dimensional thermal consolidation of saturated
soils with coupled and uncoupled thermo-mechanical
models under semi-permeable boundary with thermal
conduction and varying loading, the solution has good
generality and can be reduced respectively by changing
the parameters of the boundary for the homogeneous
boundary problem of one-dimensional thermal consolida-
tion of saturated soil under half analytical solutions and
Terzaghi’s one-dimensional consolidation of saturated
soil solution of the problem.

(2) Semi-permeable boundary parameter R, and
consolidation coefficient C, mainly affect the settle-
ment development rate of thermal consolidation of one-
dimensional saturated soil. A larger R, or C, makes
the soil settle faster. The thermal diffusion coefficient
C, mainly affects the thermal expansion velocity of
one-dimensional saturated soil during consolidation.
The larger the C, is, the earlier the thermal expansion
of soil will be. The thermal conductivity of semiper-
meable boundary K, mainly affects the final settle-
ment of one-dimensional saturated soil. A greater K,
results in a smaller the final settlement.

(3) The external load Q(t) has an effect on the
thermal consolidation of one-dimensional saturated soil.
Firstly, different external loads will significantly affect
the settlement, and the settlement under cyclic load will
also have corresponding periodic characteristics. Sec-
ondly, the average external load will affect the final
settlement of soil. The greater the average pressure is,
the larger the amount of soil subsidence will be.

References

[1] TERZAGHI K. Theoretical soil mechanicsiM]. New
York: John Wiley and Sons Inc., 1943.

[2] CAI Yuan-giang, LIANG Xu, ZHENG Zao-feng, et al.
One-dimensional consolidation of viscoelastic soil layer
with semi-permeable boundaries under cyclic loading[J].
China Civil Engineering Journal, 2003, 36(8): 86-90.

[31 XIE K H, XIE X Y, LI X B. Analytical theory for
one-dimensional consolidation of clayey soils exhibiting
rheological  characteristics  under  time-dependent
loading[J]. International Journal for Numerical and
Analytical Methods in Geomechanics, 2010, 32(14):
1833-1855.

[4] WANG L, SUN D A, LI P C, et al. Semi-analytical
solution for one-dimensional consolidation of fractional
derivative viscoelastic saturated soils[J]. Computers and
Geotechnics, 2017, 83: 30-39.

[5] WANG Lei, SUN De-an, XIE Yi, et al. One-dimensional
consolidation of fractional derivative viscoelastic
saturated soils under arbitrary loading[J]. Chinese Journal
of Geotechnical Engineering, 2017, 39(10): 1823-1831.

[6] LIU Zhong-yu, YANG Qiang. One-dimensional rheo-
logical consolidation analysis of saturated clay based on
fractional order Kelvin’s model[J]. Rock and Soil

Published by Rock and Soil Mechanics, 2020

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

Mechanics, 2017, 38(12): 3680-3687.

BAI Bing. Approximate solution of thermal consolidation
of cylindrical heat source with infinite length for saturated
soils[J]. Chinese Journal of Rock Mechanics and
Engineering, 2005, 24(6): 1004-1009.

WU Rui-gian, XIE Kang-he, CHENG Yong-feng.
Analytical  theory for  one-dimensional thermal
consolidation of saturated soil under time-dependent
loading[J]. Journal of Zhejiang University (Engineering
Science), 2009, 43(8): 1532-1537.

PAASWELL R. Temperature effects on clay
consolidation[J]. Journal of Soil Mechanics and
Foundation Engineering Division, 1967, 93(3): 9-21.
CAMPANELLA R G, MITCHELL J K. Influence of
temperature variation on soil behavior[J]. Journal of the
Soil Mechanics and Foundations Division, 1968, 94:
609-734.

DELAGE P, SULTAN N, CUI Y J. On the thermal
consolidation of boom clay[J]. Canadian Geotechnical
Journal, 2000, 37(2): 343-354.

MONFARED M, DELAGE P, SULEM J, et al. A new
hollow cylinder triaxial cell to study the behavior of
geo-materials with low permeability[J]. International
Journal of Rock Mechanics and Mining Sciences, 2011,
48(4): 637-649.

BAI Bing, ZHANG Peng-yuan, JIA Ding-yun, et al.
Consolidation effects of a saturated red clay subjected to
temperature loading with different amplitudes[J]. Chinese
Journal of Geotechnical Engineering, 2013, 35(11):
1972-1978.

ZHANG Yu-ning, CHEN Yu-long, LI Bo. Experimental
study of one-dimensional thermal consolidation of
saturated clays[J]. Journal of Northeastern University
(Natural Science), 2016, 37(12): 1794-1799.

WU Rui-gian. Analytical study on one-dimensional
thermal consolidation theory of saturated soil[D].
Hangzhou: Zhejiang University, 2008.

CAl Yuan-giang, LIANG Xu, WU Shi-ming. One-
dimensional consolidation of layered soils with impeded
boundaries under time dependent loadings[J]. Applied
Mathematics and Mechanics, 2004, 36(8): 855-862.
INCROPERA F P, DEWITT D P, BERGMAN T L, et al.
Fundamentals of heat and mass transfer[M]. New York:
John Wiley and Sons Inc., 2007.

DUBNER H, ABATE J. Numerical inversion of Laplace
transform by relating them to the finite Fourier cosine
transform[J]. Journal of the ACM, 1968, 15(1): 115- 123.
STEHFEST H. Algorithm 368: Numerical inversion of
Laplace transforms [J]. Communications of the ACM,
1970, 13(1): 47-49.

CRUMP K S. Numerical inversion of Laplace transforms
using a Fourier series approximation[J]. Journal of the
ACM, 1976, 23(1): 89-96

HE Guang-yu, WANG Wei-hong. Accurate numerical
Laplace inversion method and its application[J]. Acta
Petrolei Sinaca, 1995, 16(1): 96-103.



	Analysis of one-dimensional thermal consolidation of saturated soil considering heat conduction of semi-permeable drainage boundary under varying loading
	Custom Citation

	<4D6963726F736F667420576F7264202D20CBEFB5C2B0B22DBCBEBBDB2DD6DCC6BD2DCBEFB5C2B0B2D0A32DBBC6BBB62DD6DCC6BD312DD1EECEAAC3F1>

