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Tests on thermal and rheological responses on bearing characteristics
of pile in frozen ground
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Underground Engineering of Gansu Province (Lanzhou Jiaotong University) , Lanzhou 730070, China; 3. State Key Laboratory of
Frozen Soil Engineering (Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences), Lanzhou 730000, China)

Abstract: To reveal the effect on the bearing characteristics of piles from thermal and rheological properties of
frozen soil, experimental analysis on thermal and rheological responses was conducted. Using a self-designed large-
scale test apparatus, several laboratory model tests on the bearing characteristics of piles in the frozen ground were
performed under different temperatures and loading processes. The thermal and rheological responses of axial force
and shaft resistance were analyzed. Results show that, firstly, the ground temperature has a significant effect on the
foundation stiffness. With a higher ground temperature (about —3 °C), the pile stiffness reduces to only 1/10 of
that when the temperature is lower (about —6 °C). Secondly, with the lower ground temperature, the axial force
decreases rapidly along the depth, and shaft resistance is large on the top and small on the bottom, that is, the
upper part of the pile ( about upper 1/3) bears the major load. On the contrary, with the higher ground
temperature, the axial force distribution becomes relatively gentle along the whole pile length, and the shaft
resistance on the deeper pile obtains an increasing exertion correspondingly. Thirdly, the rheological effect has a
significant influence on the development and variation of shaft resistance. Due to the rheological effect, shaft
resistance has a significant decrease of more than 200 kPa in the load-holding stage. Furthermore, the rheological
effect is also affected by ground temperature and load level. When the ground temperature increases, the relaxation
of shaft resistance resulting from the rheological effect is nearly 50% of the initial value. When the load level
increases, the rheological effect presents a developing trend that increases first and then decreases. The bearing
characteristics of piles in frozen soil have significant thermal and rheological responses, which must be considered
in practical engineering design, operation, and maintenance. The results of this study can provide theoretical
support for engineering practice.

Keywords: frozen ground; pile foundation; bearing characteristics; thermal effect; rheological effect; laboratory
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Fig. 1  Deterioration of pile in Qinghai-Xizang Plateau
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Fig.2 Dimensions of model pile
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Tab.1 Granulometric composition required to simulate roughness of pile shaft
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Fig.3 Temperature controllable model box
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Fig.4 Arrangement of monitoring components and some photos during tests
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Tab.2 Different conditions of model tests
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Fig.6  Typical profiles of pile foundation temperature field in
two tests
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Fig.7 Curves of accumulative settlement against load(s-Q)
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Fig.8 Curves of secant flexibility and tangent flexibility of pile foundation against load level
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Fig.9 Time-history curves of load, shaft resistance on different pile sections in test 1 and partial enlarged view
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Fig. 10  Ratios of creep response and loading response of shaft resistance against load level in test 1

HHRAME S kKN VEF T, o EEBTE 20 ~ <25 cm AbHE
ANEERE 7 fe K, LA MBS B ) 25 5 AN BH S 5 (H Y i 2%
92 10 kN I, b ERAUEE BH AR o, TR R AE
50 ~74 em AbR Z SR JGHKIK R R B 40 ~ <50 em
H EFR25 ~ <40 em &b, 4055 2 bR R I AR A
JEEBH D W R B R R



557 3]

fti i, A5 VR b HEAE B 2R AR TR 5 IS o - 139 -

AN TR R JBE P9 ATE ) 58 BEL 7 & JRe 1 460 vk L 4% NI
JE SR E KR RN G R TR 5 PR A 4 fk T P B
SR B2 4 TR, BOR AR SRt AS [R] R B2 A MR
X AN AR B A A 4 i T 7 2 ek AV FH SO, B L
ZSEW, B (b) $i% T IR G it fin o F v
ANV IR B PO 8 BE T A8 A I 5, PR PR O R
FE25 ~ <40 cm PNANEERH g & A BERE 7 h i T
155 R Z AN Y+ F 45 Ak 5 AT 5 oA B R

200+ - 20~<25 cm =-25~<40 cm
- 40~<50 cm +50~74 cm
150
<
-V
<, 100+ JJ
&
50+ |
0 -
5/2517:00 5/2519:00 5/2521:00 5/25 23:00
A 21
(a) {22 BE A7 s 72 Bl 2%

AAEMBR AT ST, IR EEAE 40 ~ <50 em 5 50 ~
74 cm PN FEE B 7 249 12 I Ak 49 O 5 L PR i v [
PN A e, LA e T 5 R AR, Tk K
AT 2, DRI [f) A 338 988 704y 2 0o )i & PR
JE AR A B v M JE o R AR, SO B TR Y
PEMUEERH 7 5 2 1A B0 S 00 FBE BHL 7 34 TR 56 7 1) Y
RN R RS

5/2519:52  5/2520:05 5/2520:18 5/25 20:31
fit %1
(b) BEAECR I

‘/l; l‘lC/kPa

B 11 K58 2 AR S X R U R BE ) B A2 B £k R R R A K

Fig. 11  Time-history curves of shaft resistance on different pile sections in test 2 and partial enlarged view
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Fig. 12 Distribution of initial and final shaft resistance under different load grades along pile length in tests 1 and 2 and partial

enlarged view

3 #wE5EWN

R E AT Y 2 [ R R R A R T
2 WRE TSI AT TN R M S i R A T Y
VR A M AR A AR RIS, ZEE U0 T

1) VR o e v v R il T R R 2 5 R R
DIASE , T BE BRI UL S fr O Pl R 2o e &2 B
FAAE ARG ; IR B i, AR LR PR 15 Y
K, BAFAEZ ARG 0 (450) 20, [o] 5 AR )P
W AE 2 A AR T3 K, I A A TN 48R
JEE BYAHS RN R 5 A KA O, BAFAE—ME
S R I AT 28, 1 AR 2 WA 22 1 R IC, HL
TULERRGHE N, 30 h JFEEARN L AN,

2) AL SN 5 A BSOS NS T A AN FEE BEL Oy B AT
ARG A L A2 2800 -5 ey 28000, 1) -5 iy 2K
KA S H B A A ) Herp 52— 2 Y
PRI — 2 fl 1T 37 3 7S 6 S W 38 A8 280 Y A
MR 2P w3 Kt 3 BB, IR EIR A RO,
W 77 23 7K P 14 i 25 7 ST 1 R Dol / N B 4 vy
A3 7 A R A ey 2o A o g S DN e R B T Ay
5 | 7B AP A 2 L 3 8 2 I 28K - £ 8 R T il
/I, X AN AR E T, S BV EE B Ty ol e S o
FARRVFF I ERT

3) ARV B P AR 2 L T3 FR AR 2 i 4%
WL R, DAL A% X B TR A R/ NG R e .
368 o X R A 2 M T R 5 B A9 4
LR REFERI R AL AR, AR08 T
S35 AN AR BE  TR] B o T A - 42 fik T 97 A8 85
O, 58 8 8 A A0 E L g 46 R (O HE A 28K P
) S SIOME S At 7 8 1) A A 7 1) B A o
R At AR AR A LR PRE PR, VR - M R
Bl Sz Bn TREBET 38 4RO HOR SR PE R IR 22
Wi 7T AP F:, AR5 245 2R ] O 28 {8 A 5 e e 1
LGS

5% ik

(VB0 B, v B R b oA e JHC o A 0 B 8 0 20 4R
[Cl//B R L% RS UGR SRS, M HI AR
Hi AL, 1945
XU Xiaozu, WANG Jiacheng. A preliminary study on the distribution
and zonal regularity of frozen soil in China[ C]//Proceedings of the
Second National Conference on Permafrost. Lanzhou: Gansu People’s
Publishing House, 1945

(2] #E S BEFE R T BLIE . GB 50007—2011[S]. Jb&T: RS
Tolk ik, 2011
Code for design of building foundation; GB 50007—2011 [ S].
Beijing: China Architecture & Building Press, 2011

[3 1R M ZEAEE R BT ;. TB 10093—2017[S].
[E k38 AL, 2017
Code for design on subsoil and foundation of railway bridge and
culvert; TB 10093—2017 [ S]. Beijing; China Railway Publishing
House, 2017

(4] - i IX 2 2 il P 2 e R i B3 BOR LR . DL/T 5501—2015
[s]. dbst. PRI R, 2015
Technical code for foundation design of overhead transmission line in
frozen soil region: DLT 5501—2015[ S]. Beijing: China Planning
Press, 2014

[5]SHI Rui, WEN Zhi, LI Desheng, et al. Effect of freeze-thaw cycles

on cast-in-place pile performance variation in permafrost regions:

Jemt:

working state and action effect sharing [ J ]. Permafrost and
Periglacial Processes, 2022, 33, 147. DOI. 10.1002/ppp. 2140

[6]YAO Tandong. Tackling on environmental changes in Tibetan Plateau
with focus on water, ecosystem and adaptation[ J]. Science Bulletin,
2019, 64(7): 5. DOI: 10.1016/j. scib. 2019.03. 033

(7 ]iRIEE , WIRTs, AV, A%, MR 5T T R SR 2R PR I
FRIE[T]. MRS, 2021, 40(5) ; 991
WEN Tingting GAO Xiaoqing, YU Di, et al. Circulation evolution
characteristics of the Qinghai-Xizang Plateau rainy season under the
warming background[ J]. Plateau Meteorology, 2021, 40(5) ; 991.
DOI:; 10.7522/j. issn. 1000 —0534.2020. 00096

[8IRFEM, TR dat, X e, 7 5 R U I 5 vk - TR C R
[J]. TR, 2021, 29(2) : 342
WU Qingbai, ZHANG Zhonggiong, LIU Ge. Relationships between
climate warming and engineering stability of permafrost on the
Qinghai-Tibet Plateau[ J]. Journal of Engineering Geology, 2021,
29(2): 342. DOI: 10.13544/j. cnki. jeg. 2020 — 084

[9]PENG Hui, MA Wei, MU Yanhu, et al. Degradation characteristics

of permafrost under the effect of climate warming and engineering



557 3]

fti i, A5 VR b HEAE B 2R AR TR 5 IS o - 141 -

disturbance along the Qinghai-Tibet Highway[ J]. Natural Hazards,
2015, 75(3) : 2589. DOI: 10.1007/s11069 - 014 — 1444 -5
[10]KONDRATJEV V G. Strengthening railroad roadbed bases
constructed on icy permafrost soils [ C ]//Proceedings of 8th
International Conference on Cold Regions Engineering. Fairbanks:
ASCE, 1996 688
[11]JAYALEW L, YAMAGISHI H. The application of GIS-based logistic
regression for landslide susceptibility mapping in the Kakuda-Yahiko
Mountains, Central Japan[ J]. Geomorphology, 2005, 65(1/2) .
15. DOI: 10.1016/]. geomorph. 2004. 06. 010
(12 1 hta%e , WA, W, S5 B IEAER 4RI i VR b DCRE TEAE RN
RICAITFIREL)]. AL TSR, 2022, 44(10) : 1942
SHI Rui, WEN Zhi, GAO Qiang, et al. Correction calculation
method for axial force distortion of cast-in-place piles in permafrost
regions considering non-load deformation [ J]. Chinese Journal of
Geotechnical Engineering, 2022, 44 (10). 1942. DOI. 10.
11779/CJGE202210021
(137, wheak, BRI, 5. ASORAFEETh = 0 75 0Bk % 12 i %2
MBI T]. T EZ 2Rk, 2018, 28 (35T 2) ;1
MENG Chao, HAN Longwu, ZHAO Xiangqging, et al. Study on
influence of continuous rising temperature on transportation safety of
Qinghai-Tibet Railway[ J]. China Safety Science Journal, 2018, 28
(Sup.2): 1. DOI: 10.16265/]j. cnki. issn1003 —3033.2018. S2. 001
[ 14 17 4 b X 33 50 b B LA 8 T . JG) 118—2011 [ ST, b,
Hh A Tl R REAE, 2011
Code for design of soil and foundation of building in frozen soil
region: JGJ 118—2011 [ S]. Beijing: China Architecture &
Building Press, 2011
(151588, ERM, sk, & HmAbEIM]. deat. Rl
#t, 2014
MA Wei, WANG Dayan, ZHANG Jianming, et al. Mechanics of
frozen soil[ M]. Beijing: Science Press, 2014
(16 TR L. T MUK 2 4E R LXK R TR G R [ D], =
M 2R, 2005
ZHANG Junbin. Study on the key technology of bridge engineering
in permafrost area of Qinghai-Tibet Railway [ D ]. Lanzhou;
Lanzhou University, 2005. DOI: 10.7666/d. Y823837
(17 BHaM, SRL0RT, 9008 R 24ROk b DX T MERE - R A0 LA
HARICHN]]. A5 TSR, 2007, 26 (3 1) .
3134
JIA Yanmin, GUO Hongyu, GUO Qichen. Finite element analysis
of bored pile-frozen soil interactions in permafrost [ J]. Chinese
Journal of Rock Mechanics and Engineering, 2007, 26 (Sup. 1) .
3134. DOI: 10.3321/j. issn:1000 —6915.2007. z1. 082
(18] M=, B iiat. ZAF TR b DX AL 08 1) R 3R ) A TORAR R [ )]
HA 1%, 2009, 30(HT2) ;169
TANG Liyun, YANG Gengshe. A prediction model of vertical
bearing capacity of pile foundation in permafrost region[ J]. Rock
and Soil Mechanics, 2009, 30(Sup.2): 169. DOI. 10. 16285/j.
rsm. 2009. s2. 052
(191K B, S5k, XA, 45, MUk 110 kv fi il 4 v 4
BESERARNRIG DI [J]. A1 S IR R, 2004, 23 (35T 1)
4378
CHEN Yongfeng, LU Xianlong, LIU Huaqing, et al. Model test
study on pile foundation of 110 kV transmission line of Qinghai-
Tibet Railway in frozen soils [ J ]. Chinese Journal of Rock
Mechanics and Engineering, 2004, 23 (Sup. 1) : 4378. DOI; 10.
3321/j.1ssn:1000 - 6915.2004. z1. 022
[20] 08, Redflle, ZoQ, &5, A BRI IR IR AR R T HEEE IRl R
HRARBITHIRBTTEJ]. A1, 2015, 36(HET2) : 486

YU Dezhong, CHENG Peifeng, JI Cheng, et al. Experimental
study of bearing capacity of island permafrost pile foundation before
and after refreezing in low altitude and high latitude area[ J]. Rock
and Soil Mechanics, 2015, 36 (Sup.2): 486. DOI. 10. 16285/
j. rsm. 2015. S2. 066

(201 BRsh, areRes, 2045, . FETHEEMRE R ZF % £ X -1
BT T]. A0 5 TRAR, 2020, 39(7) : 1483
CHEN Kun, YU Qihao, GUO Lei, et al. Analysis of pile-soil heat
transfer process based on field test in permafrost regions [ J ].
Chinese Journal of Rock Mechanics and Engineering, 2020,
39(7): 1483. DOI: 10.13722/j. cnki. jrme. 2019. 0903

(22 J3E B BT N LRSS 10 2 4R v b KRR TR T L 238 18
BORWIFE[D]. 220 2N R, 2022
FAN Changxin. Research on emergency repair technology for pile
foundation settlement diseases in permafrost area based on artificial
freezing[ D]. Lanzhou: Lanzhou Jiaotong University, 2022. DOI.
10.27205/d. enki. gltec. 2022. 001127

[23]GAO Qiang, WEN Zhi, ZHOU Zhiwei, et al. A creep model of
pile-frozen soil interface considering damage effect and ice effect
[J]. International Journal of Damage Mechanics, 2022, 31 (1)
3. DOI. 10.1177/10567895211019067

[24]SHEN Mingde, ZHOU Zhiwei, MA Wei. Experimental and
theoretical investigation on the unloading creep behaviors of frozen
soil[ J]. Rock Mechanics and Rock Engineering, 2023, 56 (8) :
5833. DOI: 10. 1007/500603 —023 - 03369 - 1

[25] R, XMk, £7°, 5. HRRK RSO BRI - R + AR

MBRIRATIE[ 1], A e S TREAR, 2016, 35(H I T)

3424
WU Yaping, LIU Zhen, WANG Ning, et al. Experimental study of
the thermal effect of pile bottom water on the rheological property of
model pile-frozen soil[ J]. Chinese Journal of Rock Mechanics and
Engineering, 2016, 35(Sup. 1) : 3424. DOI. CNKI:SUN:YSLX.
0.2016 - S1 - 095

(26 IR, BJs, ThEl, 5. s L X F0R 2 4Rk L 5
MABHRENTTE[J]. WJIERL, 2005, 27(2) ; 182
WEN Zhi, SHENG Yu, MA Wei, et al. Experimental studies of
thermal conductivity of undisturbed permafrost at Beiluhe testing site
on the Tibetan Plateau[ J]. Journal of Glaciology and Geocryology,
2005, 27(2): 182. DOI: 10. 3969/j. issn. 1000 — 0240. 2005.
02.005

[27]&75, Bar, BRER, %5, HDRe B XHREE L -0 LAl ) 244y
PRI TIE[ )], A A 5T, 2018, 37(3) : 754
JIN Zihao, YANG Qi, CHEN Shen, et al. Experimental study on
effects of the roughness on mechanical behaviors of concrete-sand
interface[ J]. Chinese Journal of Rock Mechanics and Engineering,
2018, 37(3) : 754. DOI: 10.13722/j. cnki. jrme. 2017. 1311

(28 ) ks T REFZEMEAS I F R ML . TB 10218—2019[S]. db&t:
[ B3l Hh R A AT BRA WD, 2019
Technical specification for testing of railway piles: TB 10218—2019
[S]. Beijing: China Railway Publishing House, 2019

[29 ]+ TREMAL: GB 50021—2001[S]. dbxt. hEHE#H T
A H RAE, 2002
Code for investigation of geotechnical engineering: GB 50021—
2001[S]. Beijing; China Architecture & Building Press, 2002

[3079KSBr, WBH, IRHE, & R L RGKETESEILRN
SRHIFELI]. UL, 1998, 20(2) : 124
ZHANG Lixin, XU Xiaozu, ZHANG Zhaoxiang. Experimental
study of the relationship between the unfrozen water content of frozen
soil and pressure [ J]. Journal of Glaciology and Geocryology,
1998, 20(2) . 124



