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Abstract: In cold-region rock engineering, ice-filled fractures significantly weaken the mechanical properties of
rock masses, which severely impacts the safety and stability of projects. To investigate the mechanical behavior
and failure mechanisms of ice-filled fractured rock masses, uniaxial compression tests, acoustic emission

monitoring, and discrete element numerical simulations were conducted in this study. On this basis, the
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mechanical properties and failure mechanisms of ice-filled fractured sandstone were systematically examined,
with a focus on how fracture thickness (5-30 mm) and dip angle (0°-90°) influenced rock mass strength, elastic
modulus, energy evolution, and crack propagation. The results show that compressive strength, elastic modulus,
and pre- and post-peak energy all decrease non-linearly with the increase in fracture thickness, among which the
elastic modulus drops by 20%—-34%. The fracture dip angle was found to dominate the classification of failure
modes. Vertical fractures (90°) exhibit the highest strength (23.56 MPa) due to efficient stress transfer, while low-
angle fractures (15°-30°) experience a 30%-45% reduction in strength due to interface shear effects. Three failure
modes were identified: ice layer crushing (a<:15°), interface slip (15°-75°), and rock main fracture (a=75°). A
micro-parameter system for the ice-rock composite medium was developed based on the PFC discrete element
model, achieving over 90% agreement between simulation results and experimental data. By considering the
coupling effects of fracture thickness and dip angle, the D-P strength criterion was modified, and the theoretical
values deviate from experimental data by less than £5% These findings provide theoretical support for the
stability evaluation and disaster prevention in cold-region rock engineering and lay the groundwork for studying
ice-rock interaction mechanisms in complex freeze-thaw environments.

Key words: ice-filled fractured sandstone; mechanical behavior; failure mode; fracture thickness; fracture dip

angle; strength criterion

JLAE kRN 2 K i BV T, ek
PR R T B 2B, VKT i S L T
FCHBE G T AR 2 R, T S 2 E X
(24 SRaE, mE 1 TR, Sk AR
FISEAT N BN AR TR TR 12 26T, BB
T P

HADIFF RO TR, # 5T FE WT LA K
BER I RIT K % 05 T HA B o Bl TR
AREGAW AR, FEX T RERYIT AT B Ao B i 25 4
e FEFFE, FEXHIFR) Iz, BB /R Gk el
B2 A L I35 3 1 Dt S5 X, 33X LT DR N TR
ARG 2 B T URES R, FErP ok)R R BE R A

EQUJ?E%KE%
LIRS

D) 245
] L pk
Y

Bl ERCA A TR P & vk B TR s o™

Fig. 1 Engineering example of ice-containing fracture in rock mass engineering in cold region[s]
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Table 1 Mechanical parameters for ice-filled fractured sandstones
_— PUESR %/ MPa HMEA L/ MPa AT /) V)5 i /)

AR FHIE JE AR FHIE JR AR FHIE SRR FHIE
23.12 1682.35 0.14920 0.0489

SY-30-5 23.75 23.56 1731.46 1718.67 0.158 70 0.15507 0.0516 0.050 72
23.81 1742.20 0.15731 0.0517
16.78 1489.62 0.084 70 0.036 7

SY-30-10 17.32 17.23 1534.85 1526.49 0.089 60 0.088 45 0.0383 0.037 94
17.59 1555.00 0.091 10 0.0388
14.19 1318.75 0.067 80 0.028 4

SY-30-15 14.82 14.76 1366.38 1359.27 0.07120 0.07043 0.029 5 0.029 29
15.27 1392.70 0.072 30 0.0299
12.18 1198.56 0.057 30 0.0216

SY-30-20 12.73 12.67 1246.28 1239.45 0.060 10 0.059 86 0.022 6 0.022 39
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11.29 1119.83 0.049 40 0.0192
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10.94 1099.68 0.048 0 0.0184
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11.86 1165.80 0.052 10 0.0199
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Fig. 8 The failure modes of ice-bearing fractured sandstone with different thicknesses
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Fig. 12 Stress-strain curve of ice-filled fractured sandstones (numerical simulation)
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Fig. 13 Compressive strength of ice-filled fractured sandstones (numerical simulation)
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Fig. 15 Pre-peak energy of ice-filled fractured sandstones (numerical simulation)
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Fig. 17 The failure modes of ice-bearing fractured sandstone with different fracture dip angles (numerical simulation)
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Fig. 20  Acoustic emission of sandstone with ice-filled fractures of varying apertures at 90° dip angle (numerical simulation)
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