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Collapsibility characteristics and microscopic mechanisms of

loess in Ili region under freeze-thaw cycles

Bai Yibing, Zhang Zizhao, Xu Yuanpeng, Zhang Lifan
(School of Geology and Mining Engineering, Xinjiang University, Urumqi, Xinjiang 830017, China)
Abstract: [Objective] The mechanisms through which seasonal freeze-thaw cycles, coupled with initial water
content, attenuate the collapsibility of Ili loess were revealed, and a quantitative relationship between
microstructural reconfiguration and macroscopic collapsibility variations was established, in order to provide a
theoretical basis for prevention and control of loess landslides in seasonally frozen soil regions. [ Methods | Freeze-
thaw cycling tests were performed on samples with different initial water contents and cycle numbers,
accompanied by laboratory collapsibility tests and scanning electron microscope (SEM) observations. Image and
statistics-based analyses were conducted to quantitatively characterize microscopic parameters such as pore size

distribution, directional frequency, pore abundance, and pore fractal dimension. Correlations between these
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parameters and the collapsibility coefficient were established, forming an integrated macro-micro analytical
framework. [Results] D The collapsibility coefficient decreased significantly with an increase in freeze-thaw
cycles for all water contents, and samples with lower water contents were more sensitive. For loess with a water
content of 14.2% , the peak collapsibility coefficient decreased from 0.094 to 0.084 after nine cycles, a reduction of
approximately 10.6%. For loess with a water content of 20.2% , the peak collapsibility coefficient decreased from
0.079 to 0.076 after nine cycles, a reduction of about 3.8%. @ Freeze-thaw cycles weakened interparticle
cementation and altered particle connections and arrangement, thereby driving internal structural reorganization
toward a new stable state. @ The pore system underwent systematic evolution. The proportion of large pores
declined, the pore-size spectrum became finer and more uniform, pore directions were re-arranged, and both pore
abundance and pore fractal dimension changed accordingly. @ The microstructural statistical patterns were
consistent with qualitative observations and the macroscopic evolution of collapsibility. [ Conclusion] Freeze-thaw
cycles reduce interparticle bonding and remodel the pore-particle structure. Consequently, the reduction of large
pores and changes in fractal dimension constitutes the core mechanisms driving the macroscopic weakening of
collapsibility. Based on this, a physical process model of ‘freeze-thaw — microstructural reconfiguration —>
collapsibility response’ is established, providing theoretical support for the monitoring and prevention of loess
landslides in seasonally frozen soil regions such as the Ili area.
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Table 1 Basic physical indicators of loess
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Table 2 Mineral composition of loess
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Table 3 Collapsibility test scheme of loess
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Table 4 Microscopic parameters and calculation formulas
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Fig.1 Variation curves of porosity ratio with vertical load under different water contents
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Table 5 Peak collapsibility coefficients of loess with different water contents under different numbers of freeze-thaw cycles

wREOKR/ G REMEIR O REAEIS LR OREMIRIR3UC RRMSIRSIK URRMEIR 7O RRAE R 9 R
14.2 0.094 0.091 0.088 0.086 0.085 0.084
15.2 0.091 0.089 0.086 0.084 0.083 0.083
16.2 0.089 0.087 0.084 0.082 0.082 0.082
18.2 0.085 0.084 0.082 0.080 0.080 0.080
19.2 0.082 0.081 0.079 0.078 0.078 0.078
20.2 0.079 0.078 0.076 0.076 0.076 0.076
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Fig.3 Microstructure of loess before freeze-thaw
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Fig.4 Microstructure of loess after freeze-thaw
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Fig.9 Microscopic mechanisms of loess before and after collapsibility test

3 45w

(1) VR Al 0G24 1 A 8%+ I Bk A= o ik Al
UL, B % VR ROE BR U0 B0 18 i, 45 A DX T) 35 7K 38 1Y 3
L B L B A, A AR T 5 A T R
S W BE ARG B AT 2 3G 0, 7E 300 kPa i R
DI R IR A . AEAR S KRS O B FE R AR

T KRB, O B R VR B PR O B0 3 g
W/

(2) WG VR Rl AE 2R OB 56, B 69 1 2R R0k
KR EE R S BRI R BRI RN R A
AR A FORE 22 18] 9 32 425 J7 2K P DA 9 - 42 fih o
AR N 31 - 300 % i, RS 8] £ 2 25 LB 328 i /) 5 AURE B
JER A AN KL I T AR 2 8 1 2k A | TRE AL, BURE TR L



%2 3

I — S5 VR RGP0 A5 10 T AP 2 0t DX 3 3 8 4 D e A 2 SO L 3 41

TG ¥ 19 73 A 1) B AT — 7€ B 07 1) PR 8%, fLAR B Ak
U5 E P 41— B

(3D ¥ LI PR AE Sy — b 45 4 T 20 VR T, 3 3l ol 2>
T B B9 AL B =S [ O 4 0 45 A 59 LA &2
2, DT 3K 2 A i B AR RE AR A R AL, R B R
Iy 2 B 1 T 2 RS

(4) B A A 20 25 £L L 45 AL 7 33 L SRR ] 9 HE
51 75 XA A R 8 R B AR B B AS o, O 1 I R N
A (] . U RO B KON 0, 440 A 9 5k R R AR
Py kL B NG £ 3K S A /N R JE BB TR AR
KL AT, 58O BORE 2 T A AL B, S BT B
B IE

5 % 3Lk (References)

(1] SZadtde MRS, S m b, 55 . 20 4 M B9 3 W58 v 1 G

B ) R0 B R (7). TR M BT R, 2014, 22(4) ¢
684-691.
Peng Jianbing, Lin Hongzhou, Wang Qiyao, et al. The
critical issues and creative concepts in mitigation research
of loess geological hazards [J]. Journal of Engineering
Geology, 2014,22(4):684-691.

(2] JE &, BT 7 R0 A 2 A TR b 5 AR E S B AL BT
FELRR[T]. TR b T~ 4l , 2023, 31(4) : 1247-1260.
Zhou Chang, Huang Shun. Mechanical properties and
disaster-causing mechanism of loess in Ili, Xinjiang,
China [J]. Journal of Engineering Geology, 2023,31(4):
1247-1260.

[3] Xu Jian, Li Yanfeng, Ren Chang, et al. Influence of
freeze-thaw cycles on microstructure and hydraulic con-
ductivity of saline intact loess [J]. Cold Regions Science
and Technology, 2021,181:103183.

(4] HRSS, L, MF 2. R RLOE BR AT L 25 M PRS2 i B HL IR 5

RS R LT]. vk R L 2015,37(1) 1 132-137.
Zheng Yun, Ma Wei, Bing Hui. Impact of freezing and
thawing cycles on the structures of soil and a quantitative
approach [J]. Journal of Glaciology and Geocryology,
2015,37(1):132-137.

(6] TR, EEAL, SRISH. W 4R B 7K 5 B VR R4 2005 3¢ 4
i [T B R 5 TR, 2018, 18(5) : 285-290.
Ning Jun, Wang Yuhua, Zhang Congmin. Effects of ini-
tial water content and freeze-thaw cycles on the micro-
structure of loess [J]. Science, Technology and Engi-
neering, 2018, 18(5):285-290.

(6] HARNE S, 3R RAVIEPAE T 3 LB A 1k
MAELT]. UK R £, 2014,36(4): 907-912.

Xiao Donghui, Feng Wenjie, Zhang Ze. The changing
rule of loess’ s porosity under freezing-thawing cycles

[J]. Journal of Glaciology and Geocryology, 2014, 36

[7]

[14]

[15]

(4):907-912.
FEE, D, BER, S BT R DR S8 0
PERF T I S B[] vk R 1, 2014, 36(4) : 934-943.
Li Guoyu, Ma Wei, Mu Yanhu, et al. Progress and pro-
spects of the research on collapsibility of compacted loess
in seasonally frozen ground regions [J]. Journal of Glaci-
ology and Geocryology, 2014,36(4):934-943.
MRTETE, &F RIF . 7L 8 10 Fa v 2 9128 B (7). 7K 3¢
b 5T AR b BT, 1958(4) 1 1-7.
Lin Zaiguan, Shu Tiankai. Preliminary discussion on col-
lapsibility of loess in northwest China [J]. Hydrogeology
and Engineering Geology, 1958(4):1-7.
AR, 5l i B B 1 B TR N I B R ().
JK S Hb BT TR ML BT, 1989, 16(2) : 6-10.
Zheng Jianguo, Zhang Sumin. The strength characteris-
tics of collapsible loess during moistening process [J].
Hydrogeology and Engineering Geology, 1989, 16 (2) :
6-10.
S0 ERW e, T, AF L 10 A GO AL R 5 IR B
KR T] K SCHB BT T REHL T, 2022,49(5) - 144-156.
Fan Wen, Wei Yani, Yu Bo, et al. Research progress
and prospect of loess collapsible mechanism in micro-
level [J]. Hydrogeology &. Engineering Geology, 2022,
49(5):144-156.
VLI, 2% i TR B M B ) Y B LS 5 b ik 4
(] RHEAL S, 2017(21) 2 207.
Jiang Meiying, Li Cheng. Discussion on collapsible
mechanism and foundation treatment of collapsible loess
[J]. Science & Technology Vision, 2017(21):207.
TR R VA S — % PH b X B R ML SE (D ]
Jemt b [E e BORR A B L 2013.
Wang Zhiliang. The study on collapsible mechanism of
loess between Zhengzhou with Luoyang of Henan
region [D]. Beijing: Chinese Academy of Geological
Sciences, 2013.
IR R R FA M B 1 R R AL e AR AL PR T
BHEAF B,2011(23):330.
Su Xiaochun. Discussion on collapsible mechanism of
collapsible loess and engineering treatment measures
[J]. Science &. 2011
(23):330.
RS ATV ARG I A AR R 1 R L
FAFSE (D] BEVY P42 . P LK%, 2015,

Wang Yanshou. Study on the collapsible mechanism of

Technology Information,

loess including soluble salt impacting on microstructures
[D]. Xi’an, Shaanxi:Northwest University, 2015.

¥ & . DC BRI 4 0 B 0 B P e HG i AR S 16 F Y
(D] H R 2290 22 3 TR, 2016.

Yang Xin. The test study on the collapsible and strength



42 JK A PR AR 5 46 &
deformation of unsaturated loess in Qingyang [D]. Lan- (247 BUP, B/ANAR  BRUGE , 55 . URARAE TR B0rE 4026 £ foulfL
zhou, Gansu: Lanzhou University of Technology, P45 4 e 4y TR FRAE R 98 [T]. 28 % T, 2024, 49(3)
2016. 153-161.
[16] o, Bha s, skE , 55 . 70 77 DX T34 A8 B R Pk & He Bo, Tang Xiaodong, Chen Feng, et al. Study on
TOREEF 73 A7 [T ], TRE M 2441 ,2019,27(4) :803-810. micro-pore structure and fractal characteristics of modi-
Gao Ying, Ma Yanxia, Zhang Wuyu, et al. Analysis of fied soft clay under freezing-thawing cycle [J]. Highway
humidifying deformation characteristics and microstruc- Engineering, 2024,49(3):153-161.
ture of loess in Xining area [J]. Journal of Engineering [25] BREE, R, BRI BT AT 8 B8 O il 3% + fL
Geology, 2019,27(4):803-810. BRRAE B 5T [T, vk )1 %R £ ,2020,42(4) - 1238-1248.
[17] Liu Zhen, Liu Fengyin, Ma Fuli, et al. Collapsibility, Chen Xin, Zhang Ze, Li Dongqing. Study on the pore
composition, and microstructure of loess in China [J]. features of freezing-thawing loess based on different frac-
Canadian Geotechnical Journal, 2016,53(4):673-686. tal models [J]. Journal of Glaciology and Geocryology,
[18] Li Ping, Xie Wanli, Pak R Y S, et al. Microstructural 2020,42(4):1238-1248.
evolution of loess soils from the Loess Plateau of China [26] XUMEMS , Eiz i, 22 /N3, 45 VRAlE T R 1 2B
[J]. Catena, 2019, 173:276-288. PR B 73 I R AE AT 52 [J/011.(2025-04-09) . T %2 Ha
[19] Li Xian, Li Lincui, Song Yanxun, et al. Characteriza- Jii22 4R ,2025:1-11. https: /link.cnki.net/doi/10.13544/
tion of the mechanisms underlying loess collapsibility for j.cnki.jeg.2025-0031.
land-creation project in Shaanxi Province, China: A Liu Jianpeng, Wang Yunmin, Li Xiaoshuang, et al.
study from a micro perspective [J]. Engineering Geo- Crack evolution and fractal characteristics of clayey soils
logy, 2019,249.:77-88. under freeze-thaw effect [J/OL]. (2025-04-09). Journal
[20]  xvg#s 45007 ik, U6t , &5 . B8 b 45 # o B 5 18 A PR ¢ of Engineering Geology, 2025: 1-11. https: //link. cnki.
FAWHRLI]. A £ 1% ,2008,29(3) : 722-726. net/doi/10.13544/j.cnki.jeg.2025-0031.
Liu Haisong, Ni Wankui, Yan Bin, et al. Discussion on [27]  XUZR o] @B M, 5 4248, 45 ORTR) 244 R B G 3 3 R o
relationship between structural strength and collapsibility T IEES A B ST (7] AR LAl KA 2= i, 2023, 54
of loess [J]. Rock and Soil Mechanics, 2008, 29 (3) : (7):58-72.
722-726. Liu Dong, He Yuheng, Zhang Liangliang, et al. Study
[21] RSP, uiat, S, 55 . R Al o fOU 25 48 28 1 B 1 on influence of freeze-thaw cycle process on soil struc-
Ko e Rt wE ot [T]. H R 25 il 5 TR 224, 2019, 15 ture under different conditions [J]. Journal of Northeast
(6):1680-1690. Agricultural University, 2023,54(7):58-72.
Zhao Luqing, Yang Gengshe, Wu Di, et al. Micro [28] Li Yetong, Yang Gengshe, Ye Wanjun, et al. 2023.
structure and fractal characteristics loess under freeze- Deterioration law and microscopic mechanism of hydrau-
thaw cycles [J]. Chinese Journal of Underground Space lic characteristics of undisturbed loess in Ili under freeze-
and Engineering, 2019,15(6):1680-1690. thaw action [J]. Journal of Engineering Geology, 2023,
[22] TR¥k, FhaKAE , XA ST, 55 AT GIS 52 BB 1 4 31(4):1261-1268.
7 B A M R R AT [T R R R 2018, [29] Duan Zhao, Li Zhenyan, Wu Yanbin, et al. Mechanical
36(3):423-434. and microscopic properties of soil according to the rate
Xu Lu, Sun Yongfu, Liu Shaowen, et al. Study on the of increase in pore water pressure [J]. Soil and Tillage
influence of collapsibility on coastal loess microstructure Research, 2023,225:105530.
by GIS [J]. Advances in Marine Science, 2018,36(3): [30] &, EWH], 5 4. D2 LB B RE 5 B
423-434. BIERFR [T B8RS T, 2021, 21(19) : 8138-
(23] BRAR,KRI T ALBURIE 09 38 L ROR S5 A [T]. 8144.

bRk ,2013,35(3):228-229.

Chen Guo, Zhang Chenzhao. Microstructure analysis of
loess based on pore characteristics [J]. Ground Water,
2013,35(3):228-229.

Lu Tuo, Tang Yaming, Li Xi’ an, et al. Relationship
between fractal characteristics of porosity and permeabil-
ity of Malan Loess [J]. Science Technology and Engi-
neering, 2021, 21(19): 8138-8144.



