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Hydro-thermal coupling model test and field validation of
uneven frost heave of pavement structure

LONG Xiaoyong, CEN Guoping, CAI Liangcai, LIU Jiying

(Aeronautics Engineering College, Air Force Engineering University, Xi’ an 710038, China)

Abstract: In order to understand the basic law of temperature field, water field, and the coupling effects of airport
pavement structure, and to provide theoretical basis and measure suggestions for the prevention and control of
uneven frost heave damage of airport pavement structures in seasonal frozen regions, we designed a test box and
conducted the test of external water infiltration and a model test of uneven frost heave of an airport pavement
structure. The reliability and applicability of the model were verified by the results of on-site frost heave monitoring.
Results showed that the model test intuitively simulated the phenomenon of faulting of slab ends between runway and
shoulder with the reasons and mechanism clarified. It objectively revealed the law of temperature field, water field,
and the coupling effects of airport pavement structure. The external water infiltration exhibited a great impact on
water field redistribution. Uneven frost heave of airport pavement structure is the result of the coupling of
temperature field and water field inside the airport pavement structure. The cooling rate and temperature gradient
impact the moisture migration and accumulation, and in turn, the water field redistribution affects the delivery of
temperature. The research method of combining the physical model test and the on-site monitoring test not only
provides a theoretical basis for the prevention and control of the uneven frost heave of the buildings in the frozen
area, but also enriches ways of exploring the law of hydro-thermal coupling.
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Fig.1 Particle gradation curve
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Fig.4  Variation in the amount of frost heave of runway and

shoulder with time

2.3 BER
2.3.1 REAME

Bl 5 4 B4 LRI KR FR RS
&G T-1.T-3 T-5.T-7 F T-9 A Wi I i) 7l 2 A8k
T, B S LB AR IR s AL A% T-
2. T-4.T-6.T-8 Fl T—10 Fr Wi i 4 5 B AR fb 175 1.
P LS T BT A A e P (A I ] i 326 ik,
T BEAEUREE I T AR, Bl R 285 2R AT, o T
BTN 5 A% B R IR BE  BR R LD R
A (T-9) , KR 32 FREEHE IR BE A 52 M Je K, WiCH IR B
TR, U AR K, W ARF T X SRR R A T
T LS4 (T-10) , HOIR B A 02, Uk 3
AN UMD B8R A 1 EE IS HRE R, LR e
TREE 1 B T-9 Al T-10 Z4h, HoAl A% B 4 52 3
RSO [F] PR AR 2 [m]— R BE AL, 1T XA I B KT
BB X AR

framsE &l 5, AT AL B — A @B 4 . 4
Jr DU (T-1~T-8 SAE &SR ) MIREREZE 0 C
ZeAr i R R I i AR /N B SRR R A5
e — BT RL. A3 BT A R X Pl B 4 1 A Jo S 7K A
AEH IR 2 0 °C I, AKAESS VKA [R] RS 3k
IR TR AT B IE R R AR AR T T 58
TR RTINS, AN LA, T-1 ~
T-8 ‘T & B R 5 3 AR R S5 1 4R 16 h
DU, U8B VKK AHAE XA 25 v s 199 0 B i 31—
IR, SRR 25 SRR, T-9 M T-10 51%
ST A B A IR A A R 4, e M A R T
(AT - T 23 0 T DX 08 ) 1 KR I ] LA AL Ry
0, VKK MAASVE FHIF AR B . 53 AMF AL 5 24
e BT LT a2k (T—1) FldRe b 07 B 5 (B 504k (T-
2) AT LL S BRTE R 4 2k A v, Al A] 0% L B (B BR 4 K
T 0 C,mifbAITFI5H T-3 Fl T-4 IR AR RS
AP ZIF%ZE 0 C LA, 3R IE AR T A B R 45 4 1)
HREMAER BT, T-3 Al T-4 SAL RS A0 B N
H =255 cm, XTI 12 10 B4 ROELBIAT 2.5 m [R5
TR, S e T 2455 80 33X 6 119 R T R 7 4 s 1) 45
75 52 B 0 FL RS HRAT

101

0 6 12 18 24 30 36 42 48 54 60 66 72
s} 8] /h
B 5 &iEE N SRR R R A A R 2L 2k
Fig.5 Variation of temperature with time of all temperature

monitoring points

o Uk A
T R I A B A3 B AN [ DX AN TR a5
AR B FE A (RT3 174 7 A ik 38 | AR S Rl 2 K
RS HR 5> 0~16 h Al 17~72 h X PHiA4
st ] L, SR 5 40l %o 19 A ek ) B P i) il 28 AT 3L
G3HT A9 B I RER R R B I R SR 54
AN B P A [] X388 AS ] 000 5074 o 903 38 22 ol B
WIRE AR ZIEE (K1 6.7). XA 1,0~ 16 h
DA R T 8 KT 17 ~72 h P R A UL 3 %% 3 B
RES I [ U5 T 00 KT VR 485 v I 300 i o i
RTINS RS, v 5 30T B4 vk K A 2R 1 FH G R R R
B —E IRZEE .

2.3.2



NN 5551 %

. 176 - MoK O T
0457 —
5 MU X
~ 043 B B iﬁgﬁlz
£ 041
# 0.39
] =
0.37F
0.35 w

8.5 em 17e¢m  255em 34 cem
W

B 6 0~16 h NFKEEN SBFEREESTLE

0 ecm

Fig.6  Comparison of cooling rates of all temperature monitoring
points in the period of 0-16 h
0.045
= B X
. 0.040 - T m X
T‘F -
& 0.035 - 7
# 0.030 - | B
i = |
2 = BE
0.025 - j l ; ;
= il E
0.020 L =0 .
Oem 85 c¢cm  17ecm  255cem 34cm
W

B 7 17~72h A&BENSHPEREZERT b
Fig.7 Comparison of cooling rates of all temperature monitoring
points in the period of 17-72 h

FE 0~ 16 h B[] B N, #6038 DXOFN 4 T8 DX 7Y 3 i
TR 23R BT TR 19 B0 7 326 D, 33K 2 PR Sy A O ] B
W UKKAHZAS 1 A & AR SO AE 12 24 B R R AR
U AT 368 1A AL 2 H AN BT R i, DR O 5 000 e g ok 3 o
T TR PR 1T T 388 D 5 7 [v) — TR BE AL B X el
F/NT A DX R B R 3 Ak Sl K U TR B T
JZFIK e Ao B2 B — o ORI AE AT, X i
DX R Tl A 31— I G AR .

FE 17 ~72 h BB Y, AS R0 85 46 AN [) O B
L DAY F14) AR 0 0 0 2 AN ] ) AR AR R 7 VR &G
DCIRBEYG N (14 ~26 em) |, BT D187 XY R iR
TR A YA VR TR 1 o v sk i, R D R R RO
T B A% sk R K K R 7 X R R 8 Uk R AR 5 7E A
TR DX IR T Y (26~ 36 em) |, JTHE DX A+ 1 X 1Y
ok ok o R A VR VAR B ) 8 I T s 3, I LR R 25 4 B
I (H =25.5 cm) , B IR #0R K 2 i /ME, 70 Bk
TR R A K AR5 LS R VRS X I 7K 43 7 IR
BEEEMIPERT T B R i LB, K S AR 1 51 i
JESIMCA K5 A R _EIERS , RIZK 2 ABE it 7
2, FE—E R LISE T A i AR A
TV G a3, TR A 3 R 25 2 BRI, DI 7K 433 A k)
F DGR R A R B I DRI PR 28 2 B 1) R

HOR /N [RARR, PR YR TR 12 FK Jefa e )2
MR IRAE T, FE TR — TR EE AL, 3 DX R TR R /N T
T DX R T R
2.3.3 IRERE

VEBUZR A I AR T 10 N2, 43 )k 2L )
{14 B DX T DX 3 S R R A5 B S5 SR Rl 8
7N, AT LA ) T DX 3 B A B AR T — N B 2 R
T DX TR 3 2 PR K 8 TR A 1T J2 R
IRV FE J2 X B A8 X ) B e LA — 2 B IR R AR
FH, =8 BAT AR A AR AR (i 2 T BE AR B A R 45
WIS B W K a3 FE ¢ = 8 h ZE A7 i is 3 i
FAE SR G EWTI/IN, ¢ = 24~36 h W E1A B/ MY,
SR DA 92 308 4 0 R A2 7 o] T, I S R A 4 R
TEZREEPIIN IR R A B SR AL 8, 1R B
MEFF RN WI G I, IEAE ¢ = 8 h A Ja i ik Bl ik
{8, T h o 2 TP UR RS, | W 7 A R VKoK M AR AR
FHS SRR S , PR I 4 2 100 R o 3 T 3k 3 Ho i
A Z 5 TEUE AU 5 05 A B8 A /N R B A (24 ~
36 h Hia]) 1A 2 VR 45 B B K 433 7% A R 20 ) B
A6 | SR K RS e A 8., 7K 235 1 o I 8 ) A ik
% T URGE B AR, DRI 2 B OA R R R D Bt
B HRESRE UET R A Il T (R th Tk
IKAHAS BIRFSLAEALE , UR 2 v s 0 A Il 3 6 B AT AR o
T8 /N T URGE 1 91 ()0 A

257

EH=14 cm @ H=28 cm )
20 I

15¢

10

T K %1%

5

0

14 cm 29.5 cm 45 cm

I s KL
B8 MEXMIEXEEHEITLL

Comparison of temperature gradients of all temperature

60.5 cm

Fig.8
monitoring points
7K 5335
AN IK 3 AB R IK 43 1 5
HNERIK 3 A8 5 B ML T 2548 7K 4343 A A
9 7. HR BRI A8 AL s IS 28 A MUK A 3R 1 [X
(X =14 ¢m,29.5 cm) GEFX (X =45 cm) \ HHIX
(X =60.5 cm) , 7E[A] — = FEAL , & 7K i AR B/
TR Ay« T X, 38 XOR I X 76 A ] 5 )
b, H=14 em RBE KRR T H = 28 em AbH)E
TR, KRR Ry 38 T T 2 ASB K, W 1) 38 TR 45 48 5=
THT P4 R -4/ NS A L 25 3 T 8 R i 30 3 1) 3 i 5530

24
2.4.1



53

Je/NGE A G TEIEHY AN ) VR KK AR A R 6 e IR Sk - 177 -

) T I FEE ST RAE R RER S K 43 I T 245
AN AR K AT U K T 10132385 2238 R DRI HMIE X, i
DI i1 > A2, B3> TR 387 7K 5343 A i .
XFEE T-2 F1 T-5.T-3 A1 T-6 . T-4 F1 T-7 M54
(RS S IRE 2 firzs) |, AT LLJ& B 25 4% Jdi 1 7K
SEIEE (15.5 em) FIREFLEIBE (14 em) KEOH 519
TBMT, T-25>T-5 T-3>T-6 T-4>T-7, BB E )7
8] (35385 R B Tk 7 ] 18 35 2R 8K

257

EH=14 cm @ H=28 cm
20 o

151

IR E KR %

14 ¢cm 29.5 cm 45 cm
W A5 PR 7K ST

B9 SMEBKRSNERHKS D

Fig.9 Water distribution after the external water infiltration
2.42  URESHTE KT G AR T

He 3 TS5 A8 [ T IR S 8 K 5 AR Y 13
BSGHNRAK T NB G ORGSR & KRBT X 1L, 15
AR 10 Fros. i AR, TSR RS T, 1R
FARIRBEAL | & K AR HE 42 2 o 1 X > 38 JH X > #
BIX. WREEZJE , URES XIS ARG R T, TR YR 4
DAY /KR AN T, 33k J2 PR A 7 B 0 R /) 4
T REREE X YK I AN ] E AT RS 2 VR4S X - B4
K, B Z Ja AR UREE X, R EUE KR IR, X
AR A2 e LR g K B S B4R

23

60.5 ¢cm

= URES T, H=14 cm

URESTT, H=28 cm
21 F O R4S, H=14 cm
945, H=28 cm

45 cm 60.5 cm
HUYSYioF S AT

B 10 FEGERFEXKSTHITELE

Fig.10  Comparison of water content before and after freezing
2.4.3  REJESEMIK oA

W A SN AP 5 7K SR 4 T UV TR B 43 A RO
KA 11 Fros. il B, 7R 28 5 — A Rl
TEINZ 5, T T 45 8 - ik N PR K SF- 7 1) Y 75 7K 3850
A GO R - LT X > TE JE K> #LIE X, % 5 ) A
IR AG NG By 7 RS IR L RN (14 ~

26 cm) , 75 7K B EE I 0w/, D R A e S
N KRR 1 T BE R TR EE 4 s s , BAORE £
VRES DAY 25 7K SR A A T8 T 45 R 38 B A e Rk, X2
PR RS X B R K Al B, K 733 A% BRUR L A Ji)
S0, B LI R vk Bk e 22, I RS 2 JR S KR
R FER RS X TR E VL LN (26~ 36 om) , 3%
TR BETRIEE AT INT 48 K, VR4S TR I3 2 B 3l 1) 25 7K
HRepr/N  IXIE UM R BEAR BE A PR TR RIREEIX Y
KAWL RS | AR I R 4G S ) )2 K r i
P BRI ZN 5 e8I 45 F R 2 R BN (0~ 14 em)
L DORIE R DAY K PR TR BB 1 112 FUK e A3 E 2 2=
S KA ALY 0, fEA Tiie, R IXRZE £
J2 B 7K AR BETR L A Dol /IN R 7 08 )N TR DA 2% DX 3l
JERREE IR, K o0 AN B AR AR AR 2 1K, K
OIS FE IE BB 2E R AR K AR ME I RS %X,
SR KRR /N TR 45 DX P AR 43122

24 -
= B X
20 miEFIX
1 FE X

R 2/ (°C - h™)
(3=
(=}

oo
T

v
= |

L

|

|

I

14em 2lem 28 cm  35c¢m
REE
B 11 FERZMKIHTH

Fig.11 Measured water distribution after freezing

3 4

1) SN K 73 A8 X AL 18 1T 45 ¥ 7K 7 7 9 T
O SE R, A8 IR K7 1) 5 7K R g%
At B0« et X > 38 8 X > HUIE X B8 7 1A 39 5
7K AR Bt R IRE 1) 48 o T 128 el 5 T TR 45 A P A 349 B R
J I A PR A A P RIGE T 454 B R R 2R R
Yy , il 373 1) I 3 3 R 8 3 S Wi o R 4 i A
HK o AR FIAR S, B asd K oK 7339 9 B 73 A th 52
W 3 il JEE 1 12 138 A AR 4.

2) LG HLIE 5 1 A AN 2 5 HOE T )5 it T
P83 TR 45 ) 3 R B B AN ER K 0B ATEJR T &
B ORI AN ST I, B SCR B 5 E R
— ARG AYIE T2 3 A BEIE AR T H S
P [R] T, REAT AR AN KB ATE IR T L2,
NIDEEES SRS GRS R S S RN S

3) DOKHHES B0 A1 RE , BERTIE T 45 A A2 ST ik
[T T 28 4 R B 6 , -5 B R
MO AESREAT T X HL AT S0 1 AR ) S A

16

4em 9cem



- 178 - MR O T M ok % % R

51 %

PP, ASCOFSE R B AN ST 126 A T — 2B E 50K
PERS IR T BRI S Uik R R A T 2%
5% ik

(1] Je/hes A ESE S55600 , 4. BT L M ik 8 T 254 A 19 20 R ik
Prin(J]. = E TR AARAT, 2018, 1(19): 106
LONG Xiaoyong, CEN Guoping, CAI Wantong, et al. Prevention of
uneven frost heave of pavement structure on gravel soil foundation
[J]. Journal of Air Force Engineering University; Natural Science
Edition, 2018, 1(19): 106

XGRS, BT A PRI S AR 10k [ 7], BRI iT Al R,
2006, 4. 37

LIU Xiaodong. The facultative frost heave and uneven frost heave of

—
S}
[

pavement[ J ]. Journal of Heilongjiang Transportation Science and
Technology, 2006, 4. 37

X, WK B GE R S I RS IR E SR R ()], B
M, 2016, 10, 79

LIU Yong. Analysis on relationship between frost depth and track de-

—
W
s

formation for Harbin—Dalian High Speed Railway[ J]. Railway Engi-
neering, 2016, 10, 79

SAARENKETO T, MATINTIPA A, VARIN P. The use of ground
penetrating radar, thermal camera and laser scanner technology in

7th  RILEM

—
~
i

asphalt crack detection and diagnostics [ C ].
International Conference on Cracking in Pavements. Rovaniemi:
Springer, 2012 137

[5] ROY L P, BURN C R. A modified landform development model for the

[

topography of drained thermokarst lake basins in fine-grained sediments

[J]. Earth Surface Processes and Landforms, 2016, 41 1504

WANG T F, LIU J K, TIAN Y D, et al. Frost jacking characteris-

tics of screw piles by model testing[ J]. Cold Regions Science and

Technology, 2017, 138 98

PHILIP J R, VRIES DAD. Moisture movement in porous material

under temperature gradient [ J ]. Eos Transactions American Geo-

physical Union, 1957, 38. 222

[8] HARLAN R L. Analysis of coupled heat-fluid transport in partially
frozen soil[ J]. Water Resources Research, 1973, 9(5) ; 1314

[9] ®eEm, X4, HRUBURL R AR ZS S R BUER [ T]. TR
AR, 2007, 1(28) : 128

CAO Hongzhang, LIU Shi. Numerical simulation of saturated granu-

6

—

[7

[

lar soil freezing process[ J]. Journal of Engineering Thermophysics,
2007, 1(28): 128

[10]JANSSON P E, MOON D S. A coupled model of water, heat and mass
transfer using object orientation to improve flexibility and functionality
[J]. Environmental Modelling & Software, 2011, 16(1) ; 37

(ULDIRE, B, Dhah, &% R ME 20 40 VR e b X2 e e it b YL AT
IR T]. A s S TR AR, 2009, 7(28) : 1477
WEN Zhi, SHENG Yu, MA Wei, et al. Ground temperature and
deformation laws of highway embankments in degenerative permafrost
regions [ J]. Chinese Journal of Rock Mechanics and Engineering,
2009, 7(28) . 1477

[12] 5, B8, BT, 55 BT pF meter BT HE AR 1Y TR 17K 53
TEHOIET]. LHGER, 2014, 2(45) : 370
WEN Zhi, MA Wei, XUE Ke, et al. Studyon moisture migration in
frozen soil by soil matric potential sensor [ J]. Chinese Journal of
Soil Science, 2014, 2(45): 370

[13] BT, BREEs, S50, 5. BT /RPVE LAY N 05 B 5
1 REE B SR IN BT [T ], PH 2B TR %2244, 2014,

3(30): 340
MAO Xuesong, CHEN Yanqin, FAN Yushuo, et al. The Qinghai-
Tibet Highway subgrade longitudinal cracks hydrothermal field tes-
ting and cause analysis based on moisture and heat changes[ J].
Journal of Xi’ an University of Technology, 2014, 3(30) : 340

[14]E=, ZEE, k&, F FWHRIXE AR 5
BEEALIEERFELT]. WK)IER L, 2014, 4(36) ; 1011
MAO Yuncheng, LI Guoyu, ZHANG Qinglong, et al. Research on
the moisture and temperature variation of loess roadbed in seasonally
frozen ground regions [ J]. Journal of Glaciology and Geocryology,
2014, 4(36) . 1011

[15] KONRAD J M, MOGENSTERN N R. A mechanistic theory of ice
lens formation in fine-grained soil[ J]. Canadian Geotechnical Jour-
nal, 1980, 17 437

[16] BEH, I, SEAME, 45, IR £ oK 4r 37 i B2 3 i &
BRI SEN S [ J]. %L, 2003, 1(25) : 55
MAO Xuesong, HU Changshun, DOU Mingjian, et al. Dynamic ob-
servation and analysis of moisture and temperature field coupling
process in freezing soil[ J]. Journal of Glaciology and Geocryology,
2003, 1(25): 55

[178AM0, B =T, XIde. H 9 b R o 72 v oK 43 3 78 150 F 5T
[J]. R R R (A SRR , 2009, 2(40) : 519
ZHAO Gang, TAO Xiaxin, LIU Bing. Experimental research on wa-
ter migration in remoulded soil during freezing and thawing process
[J]. Journal of Central South University ( Science and Technology) ,
2009, 2(40): 519

[18]W1%, ZEARIK. ARMAIER - — 4k B SR ikge (1], h
BRI HARAM) | 2014, 3(45) : 889
MING Feng, LI Dongqing. Modeling and experimental investigation
of one dimension coupled moisture and heat inunsaturated freezing
soil [J]. Journal of Central South University ( Science and Technolo-
gy), 2014, 3(45) : 889

[19]THOMAS H R, CLEALL P, LI'Y C, et al. Modelling of cryogenic
processes in permafrost and seasonally frozen soils [ J]. Geotech-
nique, 2009, 59(3) . 173

[20]Je/NgE A 7 350 0%, 2. s 52 B2 Rk 43 %o i 6 v i 22 R IXC
Bk - AR PERIE R [ J]. BHESHR, 2018, 36(6) : 112
LONG Xiaoyong, CEN Guoping, CAI Wantong, et al. Influence of
compaction degree and moisture on frost heaving properties of gravel
soil in seasonally frozen region of Qinghai-Tibetan Plateau[ J]. Sci-
ence and Technology Review, 2018, 36(6): 112

(204, Je/NGE, SRR, 4. 5 et X R0 0k VR K A5 1 1 5 i)
[J]. BHL SR, 2015, 5(33): 78
CEN Guoping, LONG Xiaoyong, HONG Gang, et al. Influence of
silt content on frost heaving properties of gravel soil[ J]. Science and
Technology Review, 2015, 5(33): 78

[22]00/NBE, IEPE, ZERAT, S5 T8I 450 AR5 VR B 80 i 0
FBUERHLL )] MR Tk K224, 2018, 9(50) : 68
LONG Xiaoyong, CEN Guoping, CAI Liangcai, et al. Model test
and numerical simulation of uneven frost heave of pavement structure
[J]. Journal of Harbin Institute of Technology, 2018, 9(50) : 68

(2314, Je/hos, BERI, 4. 95 50 I ok IXCRD R b o ik e 4
RIG[T]. MR Toalk Kef244it, 2016, 3(48) : 53
CEN Guoping, LONG Xiaoyong, HONG Gang, et al.Frost heaving
properties of gravel soil in seasonal frozen region of Qinghai-Tibet

Plateau[ J ]. Journal of Harbin Institute of Technology, 2016, 3

(48): 53 (miE A i)



