ST s
=i 2006 4F 526 % 4511 M) oy o R 5 T O# ISSN 1671—1815 3
% 2026, 26(11) :04782-10 Science Technology and Engineering CN 11—4688/T :,..a-u

A

DOI;10. 12404/j. issn. 1671-1815. 2504811

SR ki, HEEER, BRI, 5 URAVET T 2B a8 X A A pLE SR B A (1], FlEdoR 5 DR, 2026, 26 (11) ;
4782-4791.
Wang Yiru, Kang Zhiqiang, Wang Zhenkun, et al. Chain-like mechanical deterioration mechanisms and intelligent predictive analysis of frac-

tured sandstone under freeze-thaw cycles[ J]. Science Technology and Engineering, 2026, 26 (11) . 4782-4791.

FRERATREVEEHXNNFESHINHES
B sE Tl 43

E‘%‘_%I,Z, ){%I:&g 1,2, ia‘t)f/ﬁi 1,2 , _j%ii%i‘ll’ _@Ej@‘i‘lﬁ
(1 ABAEE T R2E0 L TARZBE, JE il 0632105 2. WHbE 7 (L4 8 BEFF R B ARAH .0, FE 1L 063210)

W B ABTABERTARA EZHFGENE METHMAEM IR F fok LT HR X LKL LE LG RAR
%, 3L PFC M BE L L RAV BH AR FRABBIRAR Z ) EE BN LR, BIBAANX , 0B ERERS LR AER
BAFBGEAR TR BT, RIAMRIRA E I F H % (extreme gradient boosting, XGBoost) 3 5. /& Sk ZL R 2V & % B AR TR 4%
AR E A E R T 0.97), IR bk B o ik ( Shapley additive explanations, SHAP) | AT Rk K E 45 5 % & L
B, AFREI, FERAER T L IRE & s R AR Wy Wb 5 Ay 3 M R H PR ER R 38 m | B AR 69 5 Ak iR R4
EHYG R A ie, R XMGERAE TELE A BN AETEARDBDBAEFSLE S RERALST RS A4 MNE K
WAL R Bt EENETEINARBAG TR, @ SHAP RE/AMN#t—F MR TR ERERE LW =LK TR E,
PPk G EER RS A dk LRI E AMKE BEZ AR SRR &k PEER RS SR A (KT 45°) 218 % @4 A
B AME R R R A S A A F R RS r ATl B R, % R XGBoost-SHAP # RAEZE , FF X % BAFTM L5 £ %
ST E  AERR BRBEEIFFERBET HRALT L,

Yellinl LA &, A RMEIR, AL, SHAP; XGBoost

b S TU4S  TP391.41; SCHRERERS A

Chain-like Mechanical Deterioration Mechanisms and Intelligent Predictive
Analysis of Fractured Sandstone under Freeze-thaw Cycles

WANG Yi-ru'?, KANG Zhi-giang'>, WANG Zhen-kun'*, LI Shi-tong"*, YAO Xu-long'~

(1. School of Mining Engineering, North China University of Science and Technology, Tangshan 063210, China;
2. Hebei Innovation Center for Green and Intelligent Mining Technology, Tangshan 063210, China)

[ Abstract] To investigate the damage evolution mechanism of fractured sandstone under freeze-thaw cycles, an integrated research
framework combining numerical simulation, machine learning, and decision logic analysis & interaction effect analysis was established.
Numerical models were constructed using PFC software, through which freeze-thaw cycle tests and uniaxial compression simulations
were conducted. A deconstruction formulation was developed to isolate the contributions of freeze-thaw damage and pre-existing fis-
sures. The XGBoost algorithm was employed to build a multi-objective prediction model achieving a test set R* exceeding 0. 97, while
the SHAP method was applied to interpret decision logic and variable interactions. Results indicate a transition from brittle to ductile
failure modes under freeze-thaw action, with mechanical property deterioration rates gradually decelerating and showing damage accu-
mulation saturation. The micro-macro chain damage evolution mechanism is summarized as frost heaving forces driving particle bond
degradation, triggering crack propagation and force chain network failure. The cumulative effect of this progressive damage manifests
macroscopically as a significant reduction in load-bearing capacity. SHAP analysis further reveals three interaction effects on compres-
sive strength: synergistic deterioration between freeze-thaw cycles and upper temperature/fissure length/fissure thickness; synergistic
compensation between cycle count and high dip angles ( >45°) ; and antagonistic effects between cycles and fissure quantity. Finally,
an integrated XGBoost-SHAP platform was developed, providing an intelligent tool for rock mass stability assessment in cold regions.
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Fig. 1 Indoor triaxial compression test
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Fig. 2 Numerical modeling of fractured sandstone
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indoor and simulated experiments
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Table 1 Details of micro-parameter calibration of fractured sandstone
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Fig. 4 Stress-strain curves of freeze-thaw fissured sandstone under multivariate influences
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Fig. 5 Crack extension and particle contact in freeze-thaw fractured sandstone under multivariate influence
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Fig. 6 freeze-thaw damage D, in fractured sandstones
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Fig. 9  Contribution map of characteristic variables based on the

compressive strength of freeze-thaw fractured sandstone
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