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Coupling mechanisms for the one-dimensional nonlinear thermal consolidation
of saturated clay under thermal-mechanical loading with consideration of
effective void ratio
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Abstract: Clayey soils are widely distributed in thermal-related geotechnical engineering projects, and their
consolidation behavior under non-isothermal conditions significantly influences the long-term stability of
engineering structures. Additionally, clays commonly contain bound water, which occupies a portion of the pore

space and is incapable of free seepage. In this context, the effective void ratio is introduced to characterize the pore
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characteristics of saturated clay, and a one-dimensional model of nonlinear thermal consolidation under thermal-
mechanical loading is developed. This model first accounts for the impact of temperature variation on the
compressibility and permeability of saturated clay. To address the pore water migration caused by the temperature
gradient, the thermal-osmosis effect is considered to more accurately reflect the seepage properties. Furthermore,
the mechanisms of conduction, convection, and thermo-mechanical dispersion are integrated to investigate the heat
transfer process. By employing semi-permeable and semi-adiabatic boundary conditions that closely resemble
engineering realities, the coupled control equations and numerical solutions for the current model are derived, and
their accuracy is verified through degradation analysis and case studies. Subsequently, a parameter sensitivity
analysis is conducted to explore the influence of critical parameters on consolidation performance, revealing the
coupling mechanisms between nonlinear consolidation and heat transfer. The results indicate that the presence of
semi-adiabatic boundaries significantly alters the temperature distribution within the clay layer, which in turn affects
permeability at different depths. Moreover, an increase in the effective void ratio can facilitate the heat transfer
process, leading to higher final excess pore water pressure and increased final settlement. The inclusion of thermal-
osmosis slows down pore water dissipation and exacerbates soil swelling phenomena. Factors such as improved
drainage boundaries, shorter heating durations, fewer loading frequencies, or greater temperature gradients
contribute to faster consolidation.

Key words: soil mechanics; saturated clay; temperature effect; nonlinear thermal consolidation; effective void ratio;

thermal-osmosis effect; semi-adiabatic boundary

1 5| §

Bl A 3 T RE A AR S R =R R T, W
M#ETTREIE MR HEN 2, HAafhhii
TRTFF R T [ PRI AR R A B LR 5T
FnB KN4, B AE FIRIE M TR
AFAEE R RS, &2 3 TR B 0 s T Ak
THESRRARAS . B, PRI 7 8 2 ok
JRHBNE R, b W HER A A B AR = A [ R 22 1)
AL I A L E R R, TR, IR A B
EE LR TR, SEOUERERITIRE R
AR SO), R, BB AR AR SRR A TR
[i] & e Pk B EE A B AN AR SEER B -

SEBR b, W FE AR AN [ 54T A s
RZTTHN, W T —DNERIA - K - ST
@il R, E. Paaswelll'2I7E [&] 2538056 Hhoxk A4 20 4T
IR IR I ARCORH = ROk AR R 1 1) 22 e 2 7 A
FLBRIKE T, EIRGEH T “FAfE 4”7 & . B. Bai
X Y. Shil ™ RIR R B, ZEK I F [a) o] DA ik
FLBRZK B BT 4 i AR ZE M iR BE o (RIS, iR A
FE BIAEAE IR T B 2 RGBSR, 5] S 44 5
AL AT R, sk TR, SRS
T (1) B K 25 A2 T B A ) AR [ 25 R A
Ab, TR g5 AR R AR A ISR SR R AR T &,
A. Tsutsumi A1 H. Tanakal'8 )\ &% A1 172245 1HE AR (L

I EMR T IX—I%. EBEMNTTHE, MRS
RIS R —FeR Y], W B A
HRFLRR K R AN B, ki b s s g 2,
e AR, ARG - R i 1 8 AR A iR AR AL T B e R
AN AR FRBON I B AU, T Bl R B s BE IR
BT AR 223 B R SRR I PR, RIS
P S T 45 1 0 2 i PR A s PR 2425,

BRIRIST7 VRS, [ S5 BRSO A A BT T A 2
Ttk - K - JIRE G B E IR AR, ML A
BiotI % 4t (1) — 4 [ 45 S BT YR, B RS
T ARSI AT N MR 2 £ PR S5 A . R4k
WEFEH, A RS IE A e P T T AR A 2
TR BIE PR RN B3 Rl 2 4232331
a3 K2 FLUBOSIRT AR A 3445, H 32 35S0 7T AR
SRS IR S FNFLR AR, 2 T IR AR TR
FEUERIS M. RN, TR S A A A
T, ST RN G S 2 e i 25 3O A FTAE XS
B, NIt Q. Liu ZEBET e-lgo’fl e-1ghk X £t
R, 152 75 RE IR 25 1 — 4 A 2 M FA ] 4 T A A
Wi 5, 2558 2R B AR XSS PR 46 PE Y
S, M. M. Lu S50 tH 1 Gt hn i A1~ 525 7K i 5
ZAF R B — YRR L B A5 A

SRTT, DA ORI 90K 22 0 2 T Ui R AR A 0[] &5
(PRIl 2, ARIRN IR AU AR A [ 25 1) A AR
FAMU . BRI, V13052 A B B v AN = T0R (1 il
FE RN #R LR MG, BENr T — A2 VR [ 25 A



Fa4 BT

PMREESE: - A B N 25 A LR EE R P AN 6 - — AR LM A 548 S DL BT 7

* 1935

WG . BjE, RS AR E SR
N, FAMEAREECSSR 7 A A ) — YRR TR B 4
PR, SR, SRR BAL RGBS A
(RISEI,  E F AR AL 1 20 A AR T 4% 3 A0XS
Wi, HARFEILBABIRIENT . schr b, &AL
PR BRI, 2 DR FL ISR I R TR0 22 e 7 AR
HUBERECL R, sehh, £ TR, FtREM
JRHB 2 555 2 B T KB 7 A — e R R I AL
e, TOREXS - P 8 10 A AT 5 R B2 o A 7 AR
E ML,

BeAt, EAERRE, DA A SRR
R 8 AN 2 - FLRSARR AL T ] 245 A0 A% #d RE 1 5
Wi, Ssg b, HARTRALBIF AR AR,
AR A 70 N TR AL AT R AL o X B T
o, BRELREE L SRS, A2 58T,
1 SO VF R ACE L R LB AR 7 A R LB s 15
SRR, ARECTHRLL, B i E A LBRAR R
SFUEIARILEGIEL D, XS E R A 2
MalST, EPRPRAEDL, R TR I T A RAL
BRELROME R, JREMBIE T A LB E R BA R
NI SR T ARATECN ARRVE B S5 EE . S5,
S5 E K AAAEIRRE ) | ARG - i I AE B L, B
& T XHRANHURGRBOLR, FF 8 1 R A
feFidRE. L, JEF & HF B A i B AR, C. Wang
AP J. FoxMOMa 1 25 FE VAN 1A LR 4
P A A . Rk m] L, ZERIT S U A b - [ 25 AN
PRI A, 5 25 8 RS LB A7 AE

B0 BRI, AR A AL LA &R
EREGK SHE SRR, AL 7K - T #fE
FITT BN £ HE 2 PRI 25 Y, AR T gl
AN VIR H AR TRERFIERIREM, JF5I AN
XHE G RIE BT R TIE 1L, ZRE5 8 T 1E%.
XPFAMANUGR L 3 e L], 58, AR
FEPIFARAFAN RN AN 0 S5 A T B
fifo ), BT PR R L BE BT IR
BLOIHT, RGHUIR FCARL M [ 45 5 At b FE 2 1A
RIS & VR B

2 -k - WBAERERLSHIE

VAN, - i - URE A FL ISR P B 4 RS, T AL
WK IRt — 45 N B K S 4 EK, E 1 R,
BARKAL, 456 7K $i5 PR3 - R0RE 3 T A o I B £
PO I — J2 KA, & i 1 FLBR A — 3B 73 22 1l

Cezlte
s T
%%%%:@gzig-’imﬁ

DQ& D&ﬁ@

C§§2§QC:§>C2Q S
B Mgl b R R 5 LK A s B

Fig.1 Schematic diagram for the distribution of soil particles

and pore water within saturated clay
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