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[ Abstract] Due to long-term freeze-thaw cycling in high-altitude cold regions, rock strength deteriorates, thereby compromising the
long-term stability of engineering structures. Granite along the Sichuan-Xizang Railway was selected as the research object, and triaxial
unloading tests were conducted on granite specimens subjected to different numbers of freeze-thaw cycles. Based on discrete element
numerical simulation, a frost heave numerical model that accounts for the swelling effect of water particles was established. By
systematically analyzing the evolution of stress-strain curves, micro-crack propagation, force chain evolution, displacement cloud
distribution, and energy transformation characteristics during the triaxial unloading process of freeze-thawed rock specimens, the
damage evolution law was revealed. The results show as follows. Freeze-thaw action causes a synchronous decline in the macroscopic
mechanical parameters of the rock specimens. After 60 cycles, the measured cohesion, peak stress, and elastic modulus decrease by
56.15% , 59.5% , and 60.2% , respectively. Freeze-thaw damage originates from the initiation and propagation of micro-cracks. The
failure mode gradually evolves from shear-dominated to tensile-shear composite, with particle displacement intensifying from the surface
inward, ultimately leading to macroscopic spalling. The micro-crack evolution in loaded specimens exhibits a three-stage characteristic
of “slow-steep-gentle”. As the number of freeze-thaw cycles increases to 20, 40, and 60, the initiation stress of tensile cracks
decreases by 49.9% , 97% , and 97.9% , respectively, while that of shear cracks decreases by 48.8% , 96.6% , and 97.3% ,
respectively. The initiation of new cracks is suppressed, and energy becomes more concentrated on the connection and propagation of
existing cracks. The proportion of elastic strain energy decreases from the initial 92. 8% to 76.47% after 60 freeze-thaw cycles,
indicating that freeze-thaw action significantly weakens the energy storage capacity of the rock, thereby revealing the essential cause of
its strength loss from the perspective of energy mechanism.
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Fig. 1  Test equipment and procedures
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confining pressures
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Table 1 Rock failure mode and crack evolution diagram
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Fig. 3 Schematic diagram of the freeze-thaw simulation
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Rt gm UL 2% fih A R JEE 452 FATEREE CFATRIESE MY PATE A L PATRRA I Ji 45 oy JEE
T MR /GPa J 1 ES BiRt/GPa  BIRIE I 3 i /MPa % ¥ /MPa /o)
ES ek 15.5 1.5 0.2 15.5 1.5 170.5 63. 14 58.5
KK Fh & 15.5 3.5 0 15.5 3.5 1 500.0 1 500.0 0
K4 15.5 3.5 0 15.5 3.5 1 500.0 1 500.0 0
300
= F{E = F{E
00k © ERRRK o F IR
0=6.70,+205.667 465 153
& 350 & 2501 : o
I &
R R
2l 2l
= 0=6.556,+203.333 P 0=4.80,+144.333
#F 300l R*=0.995 & R=0.993
200 F
|
230 10 20 30 10 20 30
il o /MPa [ o /MPa
(a) N=0 (b) N=20
250
= F{E B = HER
o ENRR o R
250
5 0=4.960.+97.667 < 200 F 0=4.80,+76.333
% R>=0.997 % R*>=0.996
S B
R 200 R
2l 2l
E ey
& 0=4.960,+105.333 # 150 0=4.80,+66
R=0.996 R=1
150
10 20 30 100 10 20 30
[ o /MPa F Feo /MPa
(c) N=40 (d) N=60

Ko AR URECT il -U6 (B g 18]

Fig. 6 Confining pressure-versus peak stress under different numbers of cycles
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Fig. 10 Displacement nephograms of specimens under different freeze-thaw cycles
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Fig. 11  Stress-strain curves versus microcrack evolution under freeze-thaw cycles
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Table 4 Statistics of microcrack initiation indices and peak
stresses in triaxial compression tests of specimens

under different freeze-thaw cycles
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Fig. 12 Fracture evolution process of unfrozen-thawed specimens
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Fig. 13 Fracture evolution process of 60-cycle freeze-thawed specimens
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Fig. 14  Energy evolution in granite under different freeze-thaw cycles
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Fig. 15 Energy distribution curves of granite specimens under different freeze-thaw cycles
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