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Abstract: High temperatures in geothermal reservoirs increase the complexity of rock mechanical properties,
constraining the effectiveness of hydraulic fracturing stimulation for enhanced permeability in hot dry rock (HDR).
Research on the high-temperature rock mechanics relevant to HDR fracturing has primarily focused on two thermal
mechanisms: intrinsic high-temperature environments and fluid-rock thermal shocks. Studies have found that, in
general, heat treatment at =200 “C and real-time high temperatures of =100 “C significantly reduce the strength
parameters of granite under compression, and alter the initial and critical states of the yield surface as well as its
evolutionary process between them. This indicates that temperature alters the plastic mechanical properties of rock.
Other experiments observed that increasing real-time temperature initially increases and then decreases the rock
compressive strength. Thermal shock from lower temperatures leads to an approximately linear decrease in both
compressive and tensile strength. Temperature increase causes the rock fracture toughness to first increase and then
decrease, with the critical transition temperature generally lying between 100 ‘C and 200 °C. The fracture process
zone (FPZ) at the rock crack tip, characterized by plastic softening, notably expands with increasing temperature
above 150 °C, indicating enhanced rock thermoplasticity at high temperatures. Changes in rock microstructure with
temperature primarily manifest as three competing mechanisms: the release of different types of bound water, the
development of microcracks, and thermal expansion-induced mutual compaction of minerals. These competing
mechanisms cause the observed trend of initial increase followed by decrease in rock strength and fracture toughness
with rising temperature. Physical and numerical modeling of HDR fracturing indicates that thermal shock from
cooler fracturing fluid reduces fracture initiation pressure, induces earlier initiation and delayed propagation of the
hydraulic fracture, activates weak planes, alters the stress field around the fracture, and promotes the formation of
branch fractures. A temperature-dependent microcrack zone exists around the hydraulic fracture, suggesting that the
propagation of hydraulic fracture at high temperatures exhibits thermoplastic mechanical characteristics. Based on
the above high-temperature mechanical properties, a theory of rock thermoplasticity has been developed. Focusing
on the three thermoplastic zones around the hydraulic fracture—comprising the fracture process zone, the microcrack
zone, and the compressive-shear plastic zone—a framework for thermoplastic constitutive modeling has been
established. This includes fully coupled stress-strain-temperature constitutive relations and temperature-dependent
yield/hardening/unloading criteria that distinguish between hydrostatic pressure and deviatoric stress. By linking the
thermoplastic softening in the FPZ, a thermoplastic fracture model integrating plastic and fracture mechanics was
developed, characterized by seven parameters that comprehensively describe high-temperature rock fracture. Three
thermoplastic response factors were proposed to characterize the microcrack zone around a high-temperature
hydraulic fracture, to evaluate the permeability enhancement effectiveness through fracturing. Future research should
focus on the dependence of rock mechanical properties on thermal stress under boundary displacement constraints
and should distinguish, both experimentally and in modeling, between the effects of heat treatment and real-time
high temperature on rock mechanical behavior. It is also necessary to enhance the integration of thermoplastic theory
with fracturing models within a coupled Thermo-Hydro-Mechanical-Chemical (THMC) framework and to further
elucidate the mechanisms governing the formation and propagation of multiple fractures during HDR fracturing.
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Table 2 Summary of typical experimental tests on rock mode I fracture toughness and development characteristics of fracture

process zone at crack tip under thermal effects
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Table 3 Summary of typical physical simulation tests on granite fracturing under real-time high temperature conditions
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(a) 200 CHERIE I =HK I HEZ4% CT H8(fIE% A W. G. P. Kumaria Z50%)
(a) CT scanning of hydraulic fractures in 200 ‘C granite under pseudo-
triaxial confining pressure (replotted from W. G. P. Kumaria, et al(’l)

‘.‘f" ,._;

300 C 340 C 380 C
(b) NIRRT R A E AR AR 48 (B4 A S. K. Zhang Z5(811)
(b) Fracture morphology of granite injected with liquid nitrogen at different
temperatures (replotted from S. K. Zhang, et al®!l)
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(c) 100 CHER A BN CO, RALEETLAN CT Hfi(IB ik H B. L. A.
Isaka Z5[154))
(c) CT scans of fracture morphology in granite subjected to supercritical CO,
fracturing at 100 ‘C (replotted from B. L. A. Isaka, et all'>#)
X BRKOFHR ;
20 MPa
300 C

B /NS 7
20 MPa

55300 CHER A IR 57
(fEXH Y. Yang %))

(d) SEM images of fracture morphology in granite subjected to supercritical

CO; fracturing at room temperature and 300 ‘C(replotted from Y. Yang,

et all®3)
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'
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(e) 250 ‘CHER = H =Rk ) B REERELTL S K 3 T 5 T
(fE5 1 Z. Zhou %534
(e) Fracture morphology and weak-plane-induced diversion of hydraulic
fractures in granite at 250 ‘C under true triaxial confining conditions
(replotted from Z. Zhou, et all®¥)
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Fig.8 Fracture geometries of high-temperature granite obtained

from physical simulation of hydraulic, supercritical CO-
and liquid nitrogen fracturing
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Fig.9 Thermoplastic tri-zones surrounding hydraulic fracture

in high-temperature geothermal reservoirs
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Fig.10 Modeling framework of thermoplastic constitutive model
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Fig.12 Comparison between stress-strain curves from thermoplastic shear-compression constitutive model and experimental results

under varying temperature and confining pressure conditions (modified from Y. K. Xing, et all®* 168])
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Fig.13  Correlation between temperature-sensitive modulus

K13

and yield surface variation in the meridional plane
(modified from Y. K. Xing, et all®¥)
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Fig.14 Evolution patterns of initial and critical yield parameters at different temperatures (modified from Y. K. Xing, et all®!)
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Fig.15 Correlation between hardening parameters and internal variables at different temperatures(modified from Y. K. Xing, et al®)
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and confining pressure effects(modified from Y. K. Xing, et all’””l)
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Fig.25 Evolution curves of injection pressure and acoustic emission energy-frequency during true triaxial fracturing of granite at

varying temperatures(modified from Y. K. Xing, et al”!)
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