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Abstract 

Characterizing the evolution of mechanical properties of hot dry rock (HDR) 
after supercritical  CO2  (CO2(sc)) injection is crucial for assessing the heat extraction 
rate and reservoir security of  CO2 based enhanced geothermal systems. This study 
designed the experiments of triaxial seepage and mechanical properties consider-
ing no  CO2(sc) injection,  CO2(sc) injection, and alternating injection of water-CO2(sc) 
(AIWC) in granite at 150–300 ℃. The experiments can reveal the mechanical properties 
of HDR in single-phase  CO2 zone,  CO2-water two-phase zone and dissolved  CO2 liquid 
phase zone in HDR reservoir. The results indicate that the failure mode of the rock 
samples primarily exhibits sudden instability after no  CO2(sc) injection and AIWC, 
whereas it predominantly manifests progressive instability after  CO2(sc) injection. 
Compared with 25 ℃, the uniaxial compressive strength (UCS) after no  CO2(sc) injec-
tion at 150–300 ℃ decreased by 13.86%–32.92%. After  CO2(sc) injection, the UCS 
decreased by 40.79%–59.60%. After AIWC, the UCS decreased by 27.74–40.48%. This 
shows that the strength of rock mass in the single-phase  CO2 zone is lower than that in 
the other two zones, and this weakening phenomenon increases with the increase 
of temperature difference. At the same temperature, the elasticity modulus after AIWC 
was greater than that after no  CO2(sc) injection and  CO2(sc) injection. With no  CO2(sc) 
injection, when the temperature was increased to 200 ℃ and 300 ℃, intergranular 
cracks and transgranular appeared respectively. After AIWC, mineral crystals such as cal-
cite were precipitated on the surfaces of the connected large cracks, accompanied 
by kaolinite clay minerals. This increases the frictional contact of the mineral particles 
and enhances the stability of the HDR reservoir.
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Introduction
Hot dry rock (HDR) geothermal energy is a low-carbon renewable energy with abundant 
reserves. The use of supercritical  CO2  (CO2(sc)) instead of water as a heat extraction 
fluid can make HDR reservoirs potential geological carbon sinks (Brown 2000; Xu et al. 
2014a). After a fractured reservoir is formed in the HDR via hydraulic fracturing, a small 
amount of  CO2 injected is dissolved in the fractured water during heat extraction. Under 
the water–CO2–rock interaction, reservoir minerals dissolve and precipitate, such that 
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 CO2 is mineralized and stored as carbonate in the HDR reservoir (Fig.  1) (Wu et  al. 
2021). The  CO2(sc) injection and the resulting water–CO2–rock interaction inevitably 
cause significant changes in multiple physical fields in the reservoir, including the stress, 
temperature, seepage, chemical, fracture, and energy fields (De Simone et al. 2013; Xie 
et al. 2015; Gao et al. 2024). These multifield coupling effects further affect the rock mass 
strength, elasticity modulus, porosity, permeability, and other mechanical properties of 
HDR (Li et al. 2023a; Yin et al. 2023). This may have two implications: (1) to enhance 
or deteriorate heat extraction and (2) to affect reservoir stability, such as by triggering 
earthquakes (Boyet et al. 2023; Cao et al. 2022; Jiang et al. 2022). Recently, many scholars 
have conducted fruitful studies on the mechanical properties of HDR under different 
conditions.

Granite is a dense hot rock mass widely distributed in deep strata and has great poten-
tial for geothermal exploitation (Li et al. 2023b). The injection of heat extraction fluid 
affects the mechanical properties of granite in two ways: (1) the generation and expan-
sion of cracks caused by thermal stress and (2) the fluid–rock interaction caused by 
the chemical effect. The temperature change in granite caused by the injection of heat 
extraction fluid is a key factor causing thermal stress. The degradation of the mechanical 
properties of granite is largely attributed to the occurrence of intergranular and trans-
granular microcracks in the rock caused by thermal stress (Freire-Lista et al. 2016; Rong 

Fig. 1 Schematic diagram of  CO2 mineralization storage in a hot dry rock (HDR) reservoir (adapted from 
Ueda et al. (2005) and Wu et al. (2020))
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et al. 2018). A previous study suggested that increasing the temperature releases both 
free and bound water in granite, which reduces the relative sliding between rock parti-
cles and increases the peak stress (Gautam et al. 2018). When the temperature rises from 
25 ℃ to 400 ℃, the granite hardens owing to the loss of bound water, and its peak axial 
stress increases (Liu and Xu 2015; Wang et  al. 2020). When the temperature exceeds 
400  ℃, the mineral-bound water separates from the mineral skeleton, causing the 
decomposition and phase transition of the mineral. When the thermal stress exceeds the 
mineral bonding strength, it expands the thermal damage area, and reduces the strength 
of the rock mass (Wu et al. 2023; Zhang et al. 2016). Additionally, increasing the temper-
ature can considerably reduce the roughness and improve the permeability of the frac-
ture, which is conducive to heat transfer (Fang et al. 2018; Liu et al. 2023). Some studies 
have demonstrated that there are temperature thresholds for the changes in the mechan-
ical properties and thermal damage of granite. In the non-stress state, the temperature 
threshold is 400 ℃, and when the confining pressure is increased to 75 MPa, the temper-
ature threshold is reduced to 150 ℃ (Sun et al. 2015; Zhao et al. 2017). When the tem-
perature is lower than 450 ℃, a small number of tensile cracks appear at the boundary of 
quartz and feldspar. When the temperature exceeds 450 ℃, many tensile cracks appear 
inside the mineral particles (Wang et al. 2023). Moreover, high temperatures affect the 
granite fracture form. When the temperature exceeds 600 ℃, the granite exhibits duc-
tile failure, resulting in a brittle–plastic transition between 600 ℃ and 700 ℃ (Guo et al. 
2023; Li et  al. 2022). In addition to the temperature changes, the mineral microstruc-
ture of granite is also a factor that generates thermal stress. For granites containing a 
variety of minerals, increasing the temperature causes uncoordinated thermal expansion 
between the mineral crystals, resulting in thermal stress. However, the degree of impact 
of this process depends on the mineral content, mineral particle size, and shape (Shao 
et al. 2014; Vázquez et al. 2015; Yin et al. 2021).

Compared with the thermal stress, the chemical effect on the mechanical properties 
of granite is mainly reflected in the changes in the microstructure. When  CO2(sc) is 
injected into granite, it dissolves and ionizes in the geological water of the cracks, form-
ing an acidic solution with a pH of approximately 4.3 (Truche et al. 2016). At this time, 
the crack surface is exposed to the acidic solution, and the water–CO2–rock interaction 
occurs, resulting in the dissolution and precipitation of the minerals. This changes the 
microstructure of the granite, causing changes in its mechanical properties (Wu and Li 
2020). Previous studies have shown that under  CO2(sc) saturation conditions, the min-
eral particle cementation and particle size in the granite are reduced, decreasing the uni-
axial compressive strength (UCS) and elasticity modulus. The weakening of the strength 
and elasticity modulus of the granite is significantly dependent on the time of the 
water–CO2–rock interaction (Isaka et al. 2019; Li et al. 2020). Simultaneously, chemical 
effects can significantly affect the permeability and porosity of granites: firstly, this effect 
depends on the type and content of the minerals. If the rock is rich in minerals such as 
calcite and silicates that are soluble in weak acids, the porosity response is dominated 
by mineral dissolution; otherwise, it is dominated by stress corrosion cracking (Kim and 
Makhnenko 2022); secondly, this effect is related to the fluid flow state. In the non-flow-
ing state, the effect of  CO2 can generate clay minerals in the granite, causing blockage of 
cracks and reducing permeability (Ré et al. 2014). However, by stirring the  CO2–water 
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mixture to cause the solution to flow, it was found that the porosity and permeability of 
granite increased compared to those in the non-flowing state (An et al. 2023). Therefore, 
the temperature change and heat extraction fluid flow are important factors that affect 
the mechanical properties of HDR.

After  CO2 injection, the HDR reservoir is divided into single-phase  CO2 zone (zone 
I),  CO2-water two-phase zone (zone II) and dissolved  CO2 liquid phase zone (zone III) 
(Fig. 1). The zone II involves a  CO2 flooding water process and water–CO2–rock inter-
action, but few experimental studies have reported the mechanical properties of HDR 
reservoirs considering the influence of  CO2 flooding water. This study designed the 
experiments of triaxial seepage and mechanical properties considering no  CO2(sc) injec-
tion,  CO2(sc) injection, and alternating injection of water-CO2(sc) (AIWC) in granite at 
150–300 ℃. The experiments can study the mechanical properties of rock mass in zone 
II and III.

In this study, by using high-temperature and high-pressure triaxial seepage experi-
ment equipment and MTS816 rock mechanics test equipment from China University of 
Mining and Technology, the UCS, elasticity modulus, failure characteristics, and acous-
tic emission (AE) characteristics of granite under no  CO2(sc) injection,  CO2(sc) injec-
tion, and AIWC were studied at 150–300 ℃. The microstructure of the granite crack 
surface after AIWC was analyzed using a scanning electron microscope (SEM). The evo-
lution of the mechanical properties of granite under the effects of temperature change 
and  CO2 flooding water flow was analyzed. The results provides technical guidance for 
assessing the heat extraction rate and reservoir security of HDR.

Methodology
Rock sample

The rock samples used in this study were obtained from high heat flow granite in Zhang-
zhou, Fujian Province, China. Fujian Province is the primary distribution area of high 
heat flow granites in China, with more than 70% of the land area consisting of high heat 
flow granites. The first HDR scientific drilling project in China was conducted in Zhang-
zhou (Zhuang 2016).

According to international rock mechanics test standards (Zheng et  al. 2015), the 
obtained granite block was cut and polished to obtain a cylindrical standard specimen 
with a diameter of 50 mm and a height of 100 mm. The surface parallelism and flatness 
of the rock samples were within 0.05 mm and 0.02 mm, respectively. Subsequently, the 
wave velocities of the rock samples were measured using an ultrasonic instrument, and 
the rock samples with similar wave velocities were selected as the experimental samples 
for this study (Fig. 2). The measured wave velocities are shown in Table 1. Rock samples 
with wave velocity ranging from 3.833 to 4.348 km/s were selected in this study.

Experimental design and procedure

As shown in Fig. 3a, the experimental process consists of three parts. First, high-tem-
perature and high-pressure triaxial seepage experiments were conducted on the rock 
samples. Then, the UCS and AE characteristics of the rock samples after seepage were 
tested. Finally, the microstructural changes on the crack surface were characterized in 
the AIWC experimental group. The specific experimental steps are as follows:



Page 5 of 19Li et al. Geothermal Energy           (2024) 12:27  

(1) Experimental process for high-temperature and high-pressure triaxial seepage. 
First, cracks were created in the rock samples using the Brazilian splitting method, 
and then the rock samples were placed in a high-temperature and high-pressure 
triaxial seepage chamber (Fig.  3b). An axial pressure of 35  MPa and a confining 
pressure of 30 MPa were applied to the rock samples. Then four high-temperature 
scenarios (150 ℃, 200 ℃, 250 ℃, and 300 ℃) were set to represent the HDR reser-
voir temperature changes. Three fluid injection modes were established for each 
high-temperature scenario: no  CO2(sc) injection,  CO2(sc) injection, and AIWC. 

Fig. 2 a Sampling sites and b granite sample and its microscopic minerals

Table 1 Wave velocity of the rock sample

Rock sample No Wave 
velocity 
(km/s)

1 3.571

2 4.000

3 4.255

4 4.348

5 3.226

6 3.849

7 4.194

8 4.219

9 3.760

10 3.537

11 4.258

12 4.318

13 3.833

14 4.034

15 4.307

16 4.223

17 4.290

18 3.869

19 3.478

20 4.288
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During the experiment,  CO2 was injected at a temperature of 40 ℃ and a pressure 
of 7.5 MPa, while water was injected at an injection rate of 20 mL/min.

(2) UCS and AE tests. After the triaxial seepage test under each scenario, the rock sam-
ples were sealed with plastic wrap, and the UCS was tested using the mechanical 
experimental machine shown in Fig. 3c. A control group was set up at room tem-
perature (25 ℃), and AE sensors were installed on the rock samples at 250 ℃ and 
300 ℃ to monitor the AE characteristics during the UCS test. Thus, by collecting 
the load, deformation, and AE data during the experiment, the influence of differ-
ent situations and different  CO2 injection forms on the rock sample strength and 
failure mechanism were analyzed.

(3) Observation and analysis of mineral microstructure on the crack surface. Bulk sam-
ples were collected at different positions of the cracks after AIWC, and changes in 
the mineral microstructure and composition on the crack surface were observed 
using SEM. Moreover, the type of reaction of the water–CO2–rock interaction was 
revealed by analyzing the original mineral species in the vicinity where the mineral 
precipitation occurred. The SEM magnification can reach 1,000,000 times and the 
resolution can reach 3.0 nm.

High‑temperature and high‑pressure triaxial seepage test equipment

The high-temperature and high-pressure triaxial seepage test equipment used in 
this study was independently developed by the authors. The preparation of  CO2(sc) 
and the specific operation of the experiment were introduced by Wu et  al. (2021). 
The experimental temperature and pressure of this equipment can reach 300 ℃ and 
60 MPa, respectively. The experimental temperature of the rock sample was achieved 
by electric heating and an oil bath, and the rock sample was wrapped in a sleeve to 
isolate it from the high-temperature oil (Fig. 3a). The inlet and outlet press rams were 

Fig. 3 a Experimental process design, b high temperature and high pressure triaxial seepage test 
equipment, and c MTS816 rock mechanics test equipment
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sealed with graphite rings. The experimental temperature and the pressure and tem-
perature of the injected fluid were adjusted using a control system.

Results and analysis
Failure characteristics of uniaxial compression

Figure 4 illustrates the uniaxial compression test process and failure morphology of the 
rock sample after treatment at 25 ℃, 150 ℃, 200 ℃, 250 ℃, and 300 ℃, respectively. 
Based on the classification of granite failure morphology and modes at high tempera-
tures by Xu et al. (2014b), it can be seen that the failure forms at 25 ℃ are mainly shear 
slips accompanied by cone cracks. After the three forms of  CO2(sc) injection at a tem-
perature of 150 ℃, the rock sample failure modes included axial splitting, shear sliding, 
and axial splitting. Multi-layer cracking occurred along the axis when no  CO2(sc) injec-
tion was performed. At 200 ℃, the failure mode was mainly hourglass cone cracking 
after the three forms of  CO2(sc) injection. After  CO2(sc) injection or AIWC at 250 ℃, 
the failure mode was axial splitting, whereas cone cracking occurred after no  CO2(sc) 
injection. At 300 ℃, the failure mode was mainly axial splitting after no  CO2(sc) injec-
tion and  CO2(sc) injection, while it was shear slip after AIWC. After  CO2(sc) injection or 
AIWC, the failure mode of the rock sample varied. With no  CO2(sc) injection or AIWC, 
the failure mode was mainly sudden instability, whereas the failure mode after  CO2(sc) 
injection was mainly progressive instability.

Change of UCS

The stress–strain curves of the rock samples under uniaxial compression at different 
temperatures are presented in Fig. 5. After no  CO2(sc) injection at 25 ℃, 150 ℃, 200 ℃, 
250 ℃, and 300 ℃, the peak strength of rock samples decreased from 182.78  MPa to 
122.08  MPa with the increase in temperature, and the corresponding peak strain also 
gradually decreased.

Combining the failure modes of the rock samples and the stress–strain curves in Fig. 5, 
it can be found that the failure mode of the rock samples is mainly brittle fracture when 
the temperature does not exceed 300 ℃. Owing to the difference in the thermodynamic 

Fig. 4 Uniaxial compression test of rock samples at a 25 ℃, b 150 ℃, c 200 ℃, d 250 ℃, and e 300 ℃
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properties of different mineral crystals in the rock sample (such as the thermal expan-
sion coefficient), the internal mineral particles undergo uncoordinated expansion at high 
temperatures, which easily produces small cracks and reduces their strength. Xu et al. 
(2014b) found that at high temperatures, three-dimensional tensile stress is generated 
inside the rock sample, resulting in intergranular cracks (below 200 ℃) or transgranular 
cracks (above 200 ℃). From the perspective of mineral crystal properties, the plasticity 
of mineral crystals increases with increasing temperature, which activates the properties 
of intercrystalline cement and decreases the overall strength of the rock samples (Xu 
et al. 2013).

However, the UCS of the rock samples after  CO2(sc) injection or AIWC was different 
from that after no  CO2(sc) injection. As shown in Fig. 5b to e, at the same temperature, 
the peak strength decreased successively after no  CO2(sc) injection, AIWC, and  CO2(sc) 

Fig. 5 Stress–strain curve of rock sample at a 25 ℃, b 150 ℃, c 200 ℃, d 250 ℃, and e 300 ℃
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injection. In addition, the change in peak strength with temperature after  CO2(sc) injec-
tion and AIWC was consistent with that after no  CO2(sc) injection; that is, the peak 
strength decreased with increasing temperature. Compared with 25 ℃, the UCS after 
no  CO2(sc) injection at 150–300 ℃ decreased by 13.86–32.92%. After  CO2(sc) injection, 
the UCS decreased by 40.79–59.60%. After AIWC, the UCS decreased by 27.74–40.48%. 
The reason for the above change in the peak strength is that the crack in the rock sample 
is stimulated by cold after the  CO2(sc) injection. The uncoordinated shrinkage of differ-
ent mineral crystals results in crack damage, which reduces their strength. After AIWC, 
the cold stimulation process is accompanied by a water–rock–CO2 interaction. In other 
words, the precipitation of minerals on the crack surface increases the frictional contact 
of the mineral particles, making their strength higher than that after  CO2(sc) injection.

Change in elasticity modulus

From the slope of the elastic stage of the stress–strain curve shown in Fig.  5b to e, 
the average elasticity modulus of the rock sample at 25 ℃ and 150–300 ℃ after the 
three forms of  CO2(sc) injection were obtained. The uniaxial compressive elasticity 
modulus of granite after no  CO2(sc) injection was compared with those in previous 
studies (Chen et al. 2012; Liu and Xu 2015; Miao et al. 2021), as shown in Fig. 6. Pre-
vious results suggest that the elasticity modulus of different granite samples decreases 
with an increase in temperature. In this study, the elasticity modulus decreased rap-
idly when the temperature increased to 150 ℃, which is due to the thermal expan-
sion of mineral particles. The thermal stress generated by the uncoordinated thermal 
expansion of different minerals causes many microcracks, reducing the linear elastic 
behavior of granites (Liu and Xu 2015). It is worth noting that the elasticity modulus 
of the rock sample increased when the temperature increased from 200 ℃ to 250 ℃. 
This is because of the large loss of free and bound water in this temperature range, 
which reduces the relative sliding between the mineral grains, increasing the elastic-
ity modulus. This result is consistent with that of Miao et al. (2021). It has been found 

Fig. 6 Evolution of elasticity modulus with temperature after no  CO2(sc) injection (Er is the elasticity modulus 
at 25 ℃, ET is the elasticity modulus at various temperatures, and ET/Er is the normalized elasticity modulus)
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that when the temperature exceeds 250 ℃, the cohesion of mineral grains decreases 
rapidly because of thermal softening, resulting in sliding and a sharp decline in the 
elasticity modulus (Gautam et al. 2018).

As expected, the injection of the heat extraction fluid significantly affected the elastic-
ity modulus of the rock sample. Figure 7 shows the evolution of the elasticity modulus 
at different temperatures and fluid injection forms. At temperatures less than 200 ℃, the 
cooling shrinkage effect of  CO2(sc) injection is slightly greater than the thermal expan-
sion effect, which reduces the effective contact between mineral particles and leads to 
a sharp reduction of the elasticity modulus. When the temperature exceeds 200 ℃, the 
thermal expansion effect of mineral particles is enhanced, which offsets most of the 
cooling shrinkage effect. Therefore, the decreasing trend of elasticity modulus slows 
down. After AIWC, at the same temperature, the elasticity modulus of the rock sample 
was higher than that after no  CO2(sc) injection and  CO2(sc) injection. However, the elas-
ticity modulus exhibited a decreasing trend with increasing temperature. This is because 
the mineral dissolution causes mechanical damage to the rock skeleton, weakens the 
mechanical properties of the rock sample, and reduces its elasticity modulus. However, 
at the same time, the precipitation of insoluble minerals increases the contact between 
the mineral particles and makes the reduction of elasticity modulus not too large. When 
the temperature does not exceed 150 ℃, considering the flow effect of water and  CO2, 
there is less mineral precipitation in the connected large cracks, which is prone to rel-
ative sliding, leading to a decrease in the elasticity modulus (Wu and Li 2020). When 
the temperature rises to 150–200 ℃, the dissolution and precipitation of minerals are 
enhanced, and the mineral precipitation in large cracks is increased. This increases the 
contact between the mineral particles, resulting in a small increase in the elasticity mod-
ulus of the rock sample. When the temperature exceeds 200 ℃, the influence of tempera-
ture on the elasticity modulus is greater than the chemical effect. With an increase in 
temperature, the mineral grains slide relative to each other owing to thermal softening, 
resulting in a sharp decrease in the elasticity modulus.

Fig. 7 Evolution of elasticity modulus at different temperatures and  CO2(sc) injection forms
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Change in AE

The AE event count and stress–strain curve correspondence can indirectly reflect the 
internal failure and energy release process of a rock sample (Tang et al. 2019), and the 
AE events are affected by the mineral particle size, major cracks, and lattice structure 
of rock samples (Kao et al. 2011). Figure 8 shows the AE event count during the uniaxial 
compression of rock samples at 250 ℃ and 300 ℃ after no  CO2(sc) injection (the hori-
zontal coordinate in the figure replaces the strain with the corresponding time).

It can be seen that after no  CO2(sc) injection at 250 ℃ and 300 ℃, the cracks and 
micropores in the rock samples were gradually closed due to compression stress, and the 
micro-convex part of the cracks was squeezed and slipped, resulting in a small number 
of AE signals. In the linear elasticity stage, with an increase in temperature, the expan-
sion of mineral particles at 300 ℃ was more significant than that at 250 ℃, and the 
change in the mineral lattice structure was significant, which reduced the energy release. 
As a result, there were more AE events at 250 ℃ than at 300 ℃ at this stage. When the 
stress reached its peak strength, a sudden brittle failure occurred in the rock sample, and 
the AE event count reached its maximum at both temperatures. Furthermore, a cone–
crack failure mode occurred at 250 ℃, while at 300 ℃, the rock samples exhibited axial 
splitting failure mode.

Figure 9 shows the AE event count during uniaxial compression after  CO2(sc) injec-
tion at 250 ℃ and 300 ℃. After  CO2(sc) injection, the AE activity was not significant 
in the compaction stage of the rock sample. However, in the elastic stage, there were a 

Fig. 8 Acoustic emission (AE) event counts at 250 ℃ (left) and 300 ℃ (right) after no  CO2(sc) injection

Fig. 9 Acoustic emission (AE) event counts at 250 ℃ (left) and at 300 ℃ (right) after  CO2(sc) injection
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few relatively obvious AE signals at 250 ℃ and 300 ℃. Moreover, compared with the no 
 CO2(sc) injection condition, the strain proportion of the stress–strain curve at the yield 
stage increased at 250 ℃, and more significant AE signals were generated after local fail-
ure. With the continuous initiation and expansion of cracks, the AE signals continued 
to increase and appeared in large numbers near the peak strength. The stress–strain 
curve shows that at 300 ℃, a few obvious AE signals appeared at the peak strength, but 
the rock sample did not completely lose its bearing capacity. As the loading continued, 
cracks in the rock sample continued to expand, secondary cracks occurred, and several 
AE signals were generated. This further shows that after  CO2(sc) injection, cold stimu-
lation affects the mineral crystal morphology of the rock samples and produces more 
microcracks; the higher the temperature of the rock samples, the greater the impact.

Figure 10 shows the AE event counts during uniaxial compression of the rock sam-
ples after AIWC at 250 ℃ and 300 ℃. Compared with  CO2(sc) injection and no  CO2(sc) 
injection, after AIWC, the AE events during the compaction stage increased at 250 ℃ 
and 300 ℃. This is because the cold stimulation of the AIWC causes changes in the 
mineral crystal volume of the rock samples. Simultaneously, the water–CO2–rock 
interaction causes mineral dissolution and precipitation on the surfaces of cracks and 
micropores, resulting in changes in the mineral morphology and particle size on the sur-
faces of cracks and micropores. Therefore, under the combined effect of compressive 
stress and shear stress, dense convex structure extrusion and small dislocations occur on 
the surfaces of cracks and micropores, resulting in an increase in AE events; the higher 
the temperature, the more evident the increase. Compared with  CO2(sc) injection, the 
failure mode of the rock samples changed to sudden instability after AIWC, and the 
peak strength increased.

Microstructure change

The microstructure of pores and cracks significantly affects the mechanical properties 
of rocks. Increasing the temperature causes the development and expansion of pores 
and cracks and weakens the mechanical properties of the rock mass. Figure 11 illustrates 
the SEM images of the rock sample at temperatures of 150–300 ℃. At temperatures 
between 150 ℃ and 200 ℃, the free water inside the rock sample is lost with the increase 
in temperature, forming voids, but the thermal cracks are less (Fig.  11a). At 200  ℃ 
(Fig. 11b), the plastic properties of the mineral crystals increase, the properties of the 

Fig. 10 Acoustic emission (AE) event counts at 250 ℃ (left) and at 300 ℃ (right) after alternating injection of 
water-CO2(sc) (AIWC)
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intercrystalline cement are activated, and intergranular cracks occur along the crystal 
boundary. When the temperature exceeds 200 ℃, with the increase in temperature, the 
strongly bound water in minerals is lost and causes the decomposition and phase transi-
tion of mineral crystals (Zhang et al. 2016). Simultaneously, different mineral particles 
produce uncoordinated thermal expansion and generate many transgranular cracks 
(Figs. 11c and d). Transgranular cracks are connected with intergranular cracks to form 
a crack network, which significantly changes the integrity of the rock sample and affects 
its mechanical properties.

In addition, the crack microstructure is affected by the chemical effects after the 
injection of the heat extraction fluid at high temperatures. Figure 12 shows the SEM 
observation results of the crack surface after AIWC at 200 ℃. Because of water–CO2–
rock interaction, the skeletons of some easily soluble minerals (such as feldspar sili-
cate minerals) dissolve, and the dissolved mineral particles gather near disconnected 
pores and cracks under the influence of flowing water–CO2. These mineral particles 
further dissolve and precipitate new mineral crystals (such as calcite). This process 
may also be accompanied by the precipitation of clay minerals (such as kaolinite) 

Fig. 11 SEM images of rock samples at temperatures of a 150 °C, b 200 °C, c 250 °C, and d 300 °C
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(Wu et al. 2021). Due to the flow effect, the reaction range of the dissolved mineral 
skeleton is gradually deepened, intensifying the damage range. Therefore, the con-
tent and distribution of soluble and insoluble minerals in the crack surface dominate 
the mechanical damage of the rock sample (An et al. 2022). However, the solubility 
is relative, and the dissolution of minerals, such as quartz and biotite, is affected by 
temperature and ion concentration. As analyzed in Sect. "Change in elasticity modu-
lus", when the temperature rises to 200 ℃, precipitation of minerals increases on the 
connected large crack surface, which increases the contact of mineral particles on the 
crack surface and enhances the strength of the rock sample.

Fig. 12 SEM images of rock sample after alternating injection of water-CO2(sc) (AIWC) at 200 ℃
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Discussion
After AIWC at high temperatures, many carbonate mineral crystals are observed on the 
fracture surface, which increases the frictional contact between the mineral particles 
and enhances the strength of the rock samples. The  CO2 mineralization storage during 
this process is conducive to the stability of the HDR reservoir, as suggested by Yarushina 
and Bercovici (2013). They suggested that carbon storage in a rock mass is beneficial 
for reducing earthquake risk. Because mineral precipitation increases the contact area 
between solid particles, the effective fluid pressure is reduced, deviational stress is dis-
persed, and frictional contact is increased. Therefore, mineralization storage has the 
potential to reduce earthquake risk when fluid pumping rates do not exceed critical 
values.

Under the three  CO2(sc) injection conditions, the mechanical properties of the rock 
samples deteriorate with increasing temperature. After no  CO2(sc) injection, the rock 
sample experiences thermal stress caused by mineral thermal expansion. Granite is an 
aggregate composed of quartz, feldspar, mica, and other minerals, and the coefficient 
of thermal expansion of each mineral varies (Yin et al. 2021). Thus, when the tempera-
ture increases, mineral particles undergo uncoordinated thermal expansion, resulting in 
thermal stress in the rock sample (Wu et al. 2023). And the above phenomenon is also 
affected by mineral grain size. Figure 13 shows the influence of fine and coarse-grain size 
on the mechanical properties of granite (Shao et al. 2014). It is found that the peak load 
of coarse-grained granite is lower than that of fine-grained granite. And the difference 
gradually increases when the temperature exceeds 600 ℃. For the elasticity modulus, the 
granite mineral grain size has little influence on it within 400 ℃. When the tempera-
ture exceeds 400 ℃, the elasticity modulus of coarse-grained is smaller than that of fine-
grained granite, and the difference increases gradually with the increase of temperature.

Simultaneously, an increase in temperature causes the loss of free and bound water 
in the rock sample, which activates the cement properties. When the thermal stress 
exceeds the limit, an intergranular crack appears at the crystal boundary of the mineral. 
As the temperature continues to increase, the strongly bound water in the mineral is 
lost, which causes the decomposition and phase transition of the mineral crystals, gen-
erating transgranular cracks (Zhang et al. 2016). However, at the same temperature, the 
UCS of the rock samples decreases after  CO2(sc) injection and AIWC compared to that 

Fig. 13 Effect of granite grain size on peak load and elasticity modulus (adapted from Shao et al. (2014))
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after no  CO2(sc) injection. This is because, in both cases, the thermal stress is controlled 
by the thermal expansion and cooling shrinkage of the mineral particles. Heat exchange 
occurs between the flowing  CO2 and the crack surface, such that the temperature of the 
crack surface drops quickly, while the temperature inside decreases more slowly. This 
temperature difference results in thermal stress. Consequently, tensile stress is gener-
ated outside the rock sample, and compressive stress is generated inside. Because the 
tensile strength of granite is less than its compressive strength, when the external ten-
sile stress exceeds the internal compressive stress, the damaged crack further expands 
inward, aggravating the internal damage of the rock sample (Wu et al. 2023). However, 
the UCS of the rock samples after AIWC is greater than that after  CO2(sc) injection. 
Therefore, the stabilities of zones II and III of the HDR reservoir are slightly higher than 
that of zone I (see Fig. 1). The mineral crystallization in zones II and III reduces perme-
ability and weakens heat extraction. Therefore, if the  CO2 injection pressure, flow rate, 
and temperature can be reasonably controlled to reduce reservoir damage in zone I and 
ensure the permeability of zones II and III, it is expected to improve the heat extraction 
rate and ensure the security of the reservoir.

The results of this study provide technical guidance for the safe and efficient exploi-
tation of HDR. However, in this study, the rock samples were first treated with high 
temperature and  CO2 injection, and then their mechanical properties were tested. This 
cannot accurately reflect the real-time common effects of  CO2 flow and rock tempera-
ture/pressure in an actual HDR reservoir. Therefore, in future studies, it is necessary to 
consider the evolution of the mechanical properties of the rock sample in real-time tri-
axial high-temperature seepage processes to obtain more accurate results.

Conclusions
The injection of the heat extraction fluid affects the mechanical properties of the HDR 
reservoir and changes its permeability and stability. Studying the evolution of the 
mechanical properties of reservoir rock masses is important to ensure the efficient and 
safe exploitation of HDR geothermal energy. In this study, the UCS, AE characteristics, 
elasticity modulus, and microstructure changes of granite samples were tested under the 
three forms of  CO2(sc) injection at temperatures of 150–300 ℃. The failure mechanisms 
of the rock samples were analyzed under these different conditions. The main conclu-
sions are as follows.

(1)  At 25 ℃, the failure of the rock samples was primarily a shear slip accompanied by 
a cone crack. At temperatures of 150–300 ℃, after  CO2(sc) injection and AIWC, 
the failure mode of granite became variable. With no  CO2(sc) injection and AIWC, 
the failure mode of the rock sample was mainly sudden instability, whereas the fail-
ure mode after  CO2(sc) injection was mainly progressive instability.

(2)  After the three forms of  CO2(sc) injection, the UCS of the rock samples decreased 
with an increase in temperature. Compared with 25 ℃, the UCS after no  CO2(sc) 
injection at 150 ℃, 200 ℃, 250 ℃, and 300 ℃ decreased by 13.86%, 26.15%, 23.29%, 
and 32.92%, respectively. After  CO2(sc) injection, the UCS decreased by 40.79%, 
47.85%, 58.33%, and 59.60%, respectively. After AIWC, the UCS decreased by 
27.74%, 27.86%, 40.48%, and 35.40%, respectively. Additionally, at the same temper-
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ature, the peak strength of the rock sample decreased successively after no  CO2(sc) 
injection, AIWC, and  CO2(sc) injection.

(3)  The elasticity modulus of the rock samples under the three  CO2(sc) injection sce-
narios generally showed a downward trend with an increase in temperature. How-
ever, the elasticity modulus increased slightly when the temperature increased from 
200 ℃ to 250 ℃ after no  CO2(sc) injection. The same result occurred when the 
temperature increased from 150 ℃ to 200 ℃ after AIWC. In addition, at the same 
temperature, the elasticity modulus decreased successively after AIWC, no  CO2(sc) 
injection, and  CO2(sc) injection.

(4)  After no  CO2(sc) injection, the AE events at 250 ℃ were more than that at 300 ℃, 
and the rock sample experienced a sudden brittle failure. Compared with the no 
 CO2(sc) injection, the proportion of strain at the yield stage of the stress–strain 
curve at 250 ℃ increased after  CO2(sc) injection, and more obvious AE signals were 
generated after local failure. At 300 ℃, the stress–strain curve of the rock sample 
showed a few obvious AE signals at the peak strength, but the rock sample did not 
completely lose its bearing capacity. At 250 ℃ and 300 ℃, the AE events during the 
compaction stage were increased after AIWC, compared with no  CO2(sc) injection 
and  CO2(sc) injection. Compared with  CO2(sc) injection, the failure mode of the 
rock samples changed to sudden instability after AIWC.

(5)  After no  CO2(sc) injection, at 150–200 ℃, a few voids and thermal cracks occurred 
inside the rock sample. When the temperature was increased to 200 ℃, intergranu-
lar cracks occurred along the mineral crystal boundaries. When the temperature 
exceeded 200 ℃, many transgranular cracks appeared on the crack surface under 
the combined effect of mineral crystal decomposition/phase transformation and 
uncoordinated thermal expansion. Carbonate mineral crystals precipitated on 
the surfaces of the large connected cracks accompanied by clay minerals. This 
increased the contact between the mineral particles and enhanced the strength of 
the rock samples.
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