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Thousands of cubic meters of fluid are continuously injected for a long term to create
complex fracture patterns in hydraulic fracturing of hot dry rocks. However, the physics and
mechanics behind the interaction of fluid–rock are not fully understood at present. To reveal
the related damage mechanisms of saturated rock samples such as damage initiation and
evolution at various alternative stress levels, a series of in-house laboratory tests were
performed on a TAW-series triaxial rock mechanics testing system, combined with ultra-
sound measurement and acoustic emission (AE) monitoring. After saturation with nano-
emulsion and distilled water, ultrasound velocity of longitudinal wave was increased by 40%.
Saturation weakens these mechanical parameters such as the crack damage stress ratio,
fracture toughness and cohesive strength under different stress conditions. Fluid-saturated
rock sample has higher AE hit rate than dry rock sample. Meanwhile, many step-like jumps
appeared on the curve of cumulative AE events. Failure envelop, b-value and frequency
spectrum were analyzed out to compare the mechanical difference between fluid-saturated
and dry rock samples. The experimental results demonstrate that the saturation increased
the pore pressure in rocks and further promoted crack propagation in hydraulic fracturing.
Moreover, nano-emulsion liquid is more advantageous than distilled water for enhancing
fracture complexity. This investigation provides for better understanding of the mechanisms
of complex fracture formation in deep geothermal reservoirs.

KEY WORDS: Hot dry rock, Rock mechanics, Experimental study, Acoustic emission, Hydraulic
fracturing.

INTRODUCTION

Hot dry rock is a kind of igneous or metamor-
phic rock with a temperature higher than 200 �C.
Burial depth of hot dry rocks is normally between 3

and 10 km, with little or no fluid inside (Wan et al.
2005; Yang et al. 2019). The thermal energy stored
in hot dry rock in China is equivalent to about 856
trillion tons of standard coal energy (Gong et al.
2020), which accounts for about 16% of the world�s
energy resources. Thus, hot dry rock is expected to
become a strategic alternative energy source.

Hydraulic fracturing treatment is a key tech-
nology to extract deep-subsurface geothermal en-
ergy (Jupe et al. 1992; Wang et al. 2019a, b, c; Zhang
et al. 2019; Wang et al. 2020a, b, c, d). Generally, a
large volume of fracturing fluid is continuously in-
jected to high-temperature rock mass for several
days, reported in the project of enhanced geother-
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mal system in Europe and the USA, such as the 2006
Basel Project in Switzerland (Mignan et al. 2015; Xie
et al. 2015). It follows that water–rock interaction is
widely present in hydraulic fracturing of geothermal
reservoirs. Therefore, it is a key problem to inves-
tigate the mechanical properties and rupture mech-
anisms of water-saturated hot dry rocks.

The interaction between fluid and hot dry rocks
mainly involves physical effect, mechanical effect
and chemical effect (Althaus et al. 1994; Zhang et al.
2018; Hasan et al. 2019). The variation of tempera-
ture caused by cold water injection is a typical
physical process, which brings about the effect of
thermal stress cracking in hot dry rocks (Gringarten
et al. 1975; Bauer and Handin 1983; Kohl et al.
1995). In the past decades, many rock mechanics
experiments have been performed to investigate
deformation behavior at various temperatures
(Menéndez et al. 1999; Chaki et al. 2008; Yu et al.
2015). These investigations showed that thermal
stress, variation of mineral composition and
microstructure at high temperature cause the varia-
tion of rock mechanics characters and degradation
of hot dry rocks (Zhang et al. 2014; Yu et al. 2015).
The transition from elastic deformation to elastic–
plastic deformation is usually observed from the
stress–strain response as temperature increases
(Yang et al. 2017; Wang et al. 2019a, b, c). When the
temperature is beyond a critical value, mechanical
parameters such as elastic moduli, failure strength
and stress level at the onset of dilation decrease
sharply and the permeability increases dramatically
(Chaki et al. 2008). In addition, the phase change of
quartz occurs at 573 �C. Meanwhile, acoustic emis-
sion (AE) monitoring showed that frequent thermal
cracking appears in the pre-peak period (Yang et al.
2017). Microstructure analyses demonstrated that
several micro-fractures with short lengths and nar-
row apertures are formed in hot dry rocks after the
above-mentioned critical value of temperature
(Bauer and Handin 1983; Zhang et al. 2018; Wang
et al. 2020a, b, c, d). Moreover, our semicircular
bend test showed that new artificial crack does not
initiate from an initial predefined crack and propa-
gates along a different direction from the predefined
crack path (Wang et al. 2019a, b, c).

During the exploitation of geothermal reser-
voirs, water is flowed cyclically through hydraulic
fractures to achieve the heat exchange with hot rock
matrix (Richards et al. 1992; Evans et al. 2005; Ha-
san et al. 2019; Guo et al. 2019). The chemical
interactions between water and hot dry rock appear

in the forms of mineral dissolution, substitution and
precipitation, which affect the development of
geothermal energy (Zhao et al. 2020). The main
factors of those chemical interactions include the
circulation rate of aqueous solution, the mineral
composition of rocks and the chemical properties of
aqueous solution (Bai et al. 2012; Guo et al. 2015;
Zhao et al. 2020). Experimental results showed that
aqueous solutions with too high or too low pH can
damage the structure or composition of hot dry
rocks, leading to variation in physical property
(Pauwels et al. 1992; Bai et al. 2012). Field opera-
tions in borehole GPK1 in Soultz-sous-Forêts
(Pauwels et al. 1992) showed that dissolution of
minerals such as biotite was very fast in the first
100 min and then decreased after a few minutes.

Besides the physical and chemical effects of wa-
ter–rock interaction, our previous study showed that
fluid can alter the rock mechanical properties and the
associated fracture network patterns in brittle shale
(Wang et al. 2020a, b). Different from clay-rich and
organic matter-rich shale, hot dry rock is usually an
igneous rock that is rich in quartz and feldspar. To
investigate the rupture mechanisms of fluid-saturated
hot dry rocks, a series of in-house laboratory investi-
gation was performed on servo-controlled triaxial
rock mechanics testing system combined with AE
monitoring. The associated mechanical behavior of
hot dry rock with saturated fluid at different stress
levels were also analyzed in detail. This investigation
provides new insights into enhancing the thermal
extraction efficiency in geothermal reservoirs.

MATERIALS AND METHODS

Rock Sample

As shown in Figure 1a, a grayish white granite
rock outcrop (Wang et al. 2019a, b, c) from Yan-jiao
town, Hebei Province, north China, was drilled to
cylindrical samples (25 mm 9 50 mm), according to
the suggested standard in rock mechanics. Both ends
of a specimen were fine-ground and polished to
produce a smooth surface with minimum friction
during triaxial compression tests. Before the rock
mechanics experiment, the granite samples were
placed in a drying oven at a constant temperature of
90 �C. Then, the specimens were saturated with
distilled water and nano-emulsion fluid for seven
days (Fig. 1b). The saturated-fluid granite samples
were compared with a dry sample during the
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experiment. The rock permeability varied between
0.00095 and 0.0012 md and the porosity ranged from
1.22 to 3.43%, showing that the granite specimens
were very tight.

Fracture toughness (KIC) is an important frac-
ture mechanics parameter, which characterizes the
ability of rocks to prevent crack propagation in hy-
draulic fracturing (Atkinson 1987). To obtain frac-
ture toughness of saturated-fluid hot dry rocks,
semicircular bending test (ASTM D8044-16 2016;
Nejati et al. 2019; Wang et al. 2019a, b, c) was con-
ducted on a triaxial apparatus. The granite sample
was processed into a semicircular disk specimen with
40 mm radius and 35 mm thickness. An initial crack
with 20 mm length and 2 mm width was pre-cast in
the middle of specimen. The initial crack was normal
to the bottom edge of specimen (Fig. 2). Similar to
the above-mentioned saturated method, these
semicircular specimens were immersed in the fluids
for seven days before semicircular bending test.

Experimental Setup

A TAW-2000 electro-hydraulic servo-con-
trolled rock triaxial testing machine was utilized to

perform the conventional triaxial compression test
(Fig. 3). The TAW-2000 triaxial apparatus is sup-
plied by Changchun Chaoyang Testing Instrument
Co., Ltd. in northeast China. This testing apparatus
can provide a compressional load capacity up to
2000 kN, maximum pore pressure up to 70 MPa and
maximum confining pressure up to 140 MPa (Wang
et al. 2020a, b). The axial and radial strains were
measured by an extensometer named as YSZ-50.
The specimen was wrapped within a heat-shrinkable
tube in order to apply a confining pressure on the
lateral of specimen.

The ultrasound velocity measurement system
(Fig. 4) is composed of an electric pulser-receiver
(Olympus 5077PR), an oscilloscope and a pair of
sensors (Nano-30). The longitudinal wave sensors
were kept close to each end of specimen. To im-
prove the contact effect between each end of spec-
imen and each sensor, a special acoustic couplant
was uniformly coated on each face of sensor (Wang
et al. 2015a, b).

The PCI-2 system was used to real-time syn-
chronous monitor AE event, which is supplied by
Physical Acoustic Corporation (PAC). This AE
system has the quality of full waveform acquisition
(Wang et al. 2020a, b) and adopts an 18-bit analog-
to-digital (A/D) converter technique with broad-
band response between 100 and 1000 kHz. The
electrical signals from each sensor were amplified by
a low noise preamplifier at a 40 dB threshold level
(Lockner 1993). The filter bandwidths were set be-
tween 20 kHz and 3 MHz to improve measurement
precisions (Lockner 1993). This AE system can re-
cord AE parameters up to 20, including, among
others, ring counts, energy, peak frequency and
amplitude.

Figure 1. Samples: (a) cylindrical rock samples; and (b)
saturated-fluid–rock samples.

Figure 2. Semicircular disk specimen.

Figure 3. TAW-2000 triaxial testing machine: (a) triaxial cell;
(b) YSZ-50 extensometer.
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Experimental Methods

The saturated-fluid granite samples were com-
pressed by applying an axial load from TAW-2000
apparatus with a 0.04 mm/min displacement rate
under uniaxial and triaxial stress conditions,
respectively, compared to the dry granite samples.
For each specimen, the confining pressure was as-
signed as 0 MPa, 6 MPa, 25 MPa or 50 MPa in order
to determine the failure envelope in rock mechanics.
At the same time, the AE feature was also moni-
tored during the compression test. From the stress–
strain curve of rock samples, the volumetric strain
was determined by the sum of the axial strain and
twice the radial strain(Fjar et al. 2008), thus:

ev ¼ ea þ 2er; ð1Þ

where ev is volumetric strain, ea is axial strain, and er
is circumferential strain. As shown in Figure 5, crack
damage stress rcd can be determined as the axial
stress at the deflection point of volumetric strain,
where a rock sample is at the onset of dilatancy
(Wang et al. 2020a; Zhuang et al. 2020).

In the experiment of semicircular bending test, a
concentrated load force was imposed on the top of
semicircular specimen at a 0.04 mm/min displacement
rate. The AE feature was also monitored at the same
time (Fig. 6). Once the loading force exceeded a
specific value, the artificial crack grew along the pre-
defined path of the initial crack, as expected. The
relationship curve of displacement vs. axial force canbe
derived from the semicircular bending test. Based on
the experimental result, the fracture toughnessKIC can
be calculated as (Daiet al. 2015;Wanget al. 2019a, b, c):

KIC ¼ Pmax
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where KIC is the mode-I fracture toughness of
specimen, Pmax is peak value of axial load in theFigure 4. Ultrasound velocity measurement system (Wang et

al. 2015b).

σCD

Figure 5. Determination method for crack damage stress rcd
from volumetric strain curve.

Figure 6. Semicircular bending test via the TAW-2000 series

triaxial apparatus.
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semicircular bending test, Y* is the dimensionless
coefficient, R is radius of semicircular specimen, S is
distance between two supporting point on the bot-
tom edge, which maintains a constant value of
38 mm in the experiment, and B is thickness of
semicircular specimen.

EXPERIMENTAL RESULTS

Longitudinal Wave Velocity

Ultrasound velocity can effectively detect vari-
ation of pore structure in rocks (Nur and Simmons
1969; Kahraman 2007; Wang et al. 2015a, b). The
longitudinal wave velocities (Vp) of fluid-saturated
hot dry rock samples were measured and compared
with the ultrasound velocity of dry samples (Fig. 7).
This figure shows that Vp of fluid-saturated samples
was 30–50% higher than that of dry samples. This
result is consistent with the previous studies of
granite samples. Kahraman (2007) conducted
experimental investigation of eight different types of

granite samples with porosity in the range of 0.35–
3.59%. It merits mentioning that the variation of Vp

induced by water saturation in low-porosity samples
(generally less than 1%) is much greater than that in
high-porosity samples.

The increase percentage of longitudinal wave
velocity is defined as:

DV=V ¼ Vp;saturated � Vp;dry

Vp;dry
; ð4Þ

where DV/V is the increase percentage of ultrasound
velocity, Vp, dry is ultrasound velocity of dry samples,
and Vp, saturated is ultrasound velocity of saturated
samples. The results of DV/V of different fluid-sat-
urated samples are listed in Table 1, compared with
the ultrasound velocity of dry samples. We observed
that the variation range of nano-emulsion saturated
samples was between 53.5 and 67.9%, and the vari-
ation of distilled water-saturated samples ranged
from 48.1 to 61.3%. Thus, we can deduce that the
increase ratio of ultrasound velocity saturated by
nano-emulsion is greater than that saturated by
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Figure 7. Comparison of ultrasound velocity Vp between dry samples and samples saturated with (a) nano-
emulsion and (b) distilled water.

Table 1. Comparison of increased proportion of velocity between dry and fluid-saturated samples

Sample Vp, dry (m/s) Vp, saturated (m/s) Fluid type DV/V (%)

G11 2866 4400 Nano-emulsion 53.5

G12 2909 4793 64.8

G13 2944 4705 59.8

G14 2812 4723 67.9

G15 3134 4644 Distilled water 48.1

G16 3080 4828 56.7

G17 2926 4720 61.3

G18 2894 4470 54.5
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distilled water. This is because nano-emulsion can
enter into micro-nano-pores in rocks samples easier
than distilled water. Variations in Vp are a good
reflection of water absorption in hot dry rocks. In
the next analysis, we report that the ultrasound
velocity significantly affects AE characteristics of
hot dry rock samples.

Rock Deformation and Mechanical Parameters

Under uniaxial stress conditions, the deforma-
tion behavior of fluid-saturated samples is shown in
Figure 8. We observed that fluid-saturated and dry
samples were characterized mainly by brittle defor-
mation. There was no obvious difference of stress–

strain curves between fluid-saturated and dry sam-
ples. However, the uniaxial compressive strength
(UCS) of fluid-saturated samples was lower than
that of dry samples. This indicates that fluid can
weaken the mechanical strength of hot dry rocks.
Our result is in accordance with the previous study
by Zhou et al. (2016). They observed that free water
inside rock samples increases pore pressure. The
increased pressure can further boost crack initiation
and propagation, and therefore, the failure strength
of specimen is significantly reduced (Zhou et al.
2016). In addition, fluid saturation can weaken the
cementation strength between mineral grains in
rocks and, thus, results in a lower failure strength
(Zhuang et al. 2020).
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Figure 8. Deformation behavior of rock samples under uniaxial stress conditions (Pc = 0 MPa): (a) dry; (b) saturated with nano-

emulsion; (c) saturated with distilled water.
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When a confining pressure (Pc) of 50 MPa was
applied on fluid-saturated samples, the stress–strain
curves are shown in Figure 9. This figure shows that
plastic deformation occurred on the stress–strain
curves under triaxial stress conditions. There was an
obvious deflection point of volumetric strain curves,
while the deflection point was difficult to observe
under uniaxial stress conditions. As previously de-
scribed, this deflection point showed that rock
damage initiated in rock samples. Beyond the level
of damage stress, rock deformation shifts from
brittle behavior to plastic behavior. Similar to the
results under uniaxial loading, we could not identify

the difference of stress–strain curves between fluid-
saturated and dry samples. The failure strength of
fluid-saturated samples was also lower than that of
dry samples, indicating that the mechanical strength
of hot dry rocks is affected by fluid saturation. This
variation is in accordance with the result of the in-
crease ratio of ultrasound velocity in ‘‘Longitudinal
Wave Velocity’’ section.

Based on the stress–strain data, some key
mechanical parameters such as elastic moduli,
compression strength and damage stress were ob-
tained. The crack damage stress ratio is defined as
the ratio of rcd to compression strength at different
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Figure 9. Deformation behavior of rock samples under triaxial stress conditions (Pc = 50 MPa): (a) dry; (b) saturated with nano-

emulsion; (c) saturated with distilled water.
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confining pressures (Zhuang et al. 2020), which
corresponds to the long-term rock strength. Fig-
ure 10 shows these mechanical parameters of fluid-
saturated and dry samples at different confining
pressures. We observed that the mean crack damage
stress ratio for fluid-saturated samples was about 4%
less than that for dry samples. Previous studies re-
ported that the value of crack damage stress ratios
decrease by 2.2–3.1% upon fluid saturation, which
indicates rock failure for fluid-saturated samples was
slightly earlier than that for dry samples (Zhuang
et al. 2020). In rock mechanics, the crack damage
stress ratio is normally in the range of 71–84% for
various kinds of granite samples (Cai et al. 2004;
Zhuang et al. 2020). Thus, our result is in line with
the previous studies. In addition, the crack damage
stress ratio for nano-emulsion saturated samples was
about 4–8% less than those for samples saturated
with distilled water, indicating that nano-emulsion
fills preexisting micro-cracks in rock samples easier
that than distilled water. Similarly, elastic moduli
between fluid-saturated and dry samples have the
same variation trend as that of the crack damage
stress ratios (Fig. 10b). Thus, fluid saturation can
weaken mechanical parameters of rock.

Acoustic Emission Characteristics

Both AE hit rate and cumulative ringing count
represent frequency and intensity of AE signals, and

characterize the intensity of AE activity (Lockner
1993). AE rate denotes number of AE events per
unit time. Figure 11 presents AE hit rate and
cumulative AE ringing count curves of specimens
under uniaxial stress conditions. We observed that
dry sample generated less cumulative AE ringing
count before peak stress, and several AE ringing
counts appeared once the stress level was up to
UCS. Compared with dry sample, fluid-saturated
samples have more steps on the curve of cumulative
AE ringing counts. These steps show that fluid sat-
uration can promote micro-crack initiation, propa-
gation and nucleation in rock samples. Zhuang et al.
(2020) reported that the maximum AE hit rate for
saturated samples was much higher than for dry
samples. This result is in accordance with our results
shown in Figures 11 and 12. We observed that AE
hit rate and AE energy have the same variation
trend for each sample. Figures 11a and 12a show a
relatively quiet period after 425 s on the curves of
the dry sample, and the fluid-saturated sample had
higher AE energy and AE hit rate than the dry
sample.

Compared with uniaxial stress conditions,
cumulative AE ringing counts under triaxial stress
conditions decreased by 10% due to the action of
confining pressure (Fig. 13). We observed that
cumulative AE ringing count of dry sample was
more than that of saturated samples. There was no
significant difference in the cumulative AE ringing
count between for dry and fluid-saturated samples.
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Figure 10. Comparison of mechanical parameters between fluid-saturated and dry rock samples: (a) crack damage stress ratio; (b) elastic
moduli.
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However, the dry sample had higher AE hit rate and
AE energy in the early stage of loading compared to
those of the fluid-saturated samples (Figs. 13 and
14). This variation indicates that fluid can restrain
the generation of AE events during the early loading
process, and maybe the released AE energy inside
samples is absorbed by saturated fluid. However,
fluid can promote micro-crack propagation and
coalescence under triaxial stress because mechanical
parameters such as elastic moduli and crack damage
stress ratio decrease (Fig. 10).

Fracture Toughness

Fracture toughness is a very important fracture
mechanics parameter, which is the critical stress

intensity factor of a sharp crack where propagation
of the crack suddenly becomes rapid and unlimited
(Atkinson 1987). In this study, we tested mode-I
fracture toughness parameter KIC between saturated
and dry samples at different temperatures. Figure 15
shows that the value of KIC for saturated sample was
less than that for dry sample at each temperature
level due to the weakening effect induced by fluid.
We also observed that fracture toughness of nano-
emulsion saturated sample was less than that of
distilled water-saturated sample, which is in accor-
dance with the results in Figure 8. As previously
explained, this is because nano-emulsion fills pre-
existing micro-cracks in rock samples much easier
than distilled water.

Figure 16 presents the corresponding fracture
morphologies between fluid-saturated and dry sam-
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Figure 11. AE hit rate and cumulative AE ringing count curves of rock samples under uniaxial stress conditions (Pc = 0 MPa): (a) dry;
(b) saturated with nano-emulsion; (c) saturated with distilled water.
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ples. For dry sample, the artificial crack propagated
along the initial crack. However, compared with
fracture patterns in the dry sample, more complex
fracture patterns were formed in fluid-saturated
samples (Fig. 16b, c, and d). The artificial crack
initiated from a new direction, which was different
from the direction of initial predefined crack due to
the combined action of fluid and temperature.
Therefore, mechanical interaction between fluid and
rocks can enhance fracture complexity in hydraulic
fracturing of hot dry rocks. In addition, nano-emul-
sion saturated samples have more complex fracture
complexity than distilled water-saturated samples.

DISCUSSION

Failure Envelope

The Mohr–Coulomb criterion, which is widely
used in rock mechanics and rock engineering, de-
fines a failure envelope as (Fjar et al. 2008):

s ¼ rn tanð/Þ þ c; ð5Þ

where s denotes shear stress along the plane of
weakness, rn denotes normal stress on the plane of
weakness, c denotes cohesion of the rock, and /
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Figure 12. AE energy curves of rock samples under uniaxial stress conditions (Pc = 0 MPa): (a) dry; (b) saturated with nano-emulsion;

(c) saturated with distilled water.
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denotes angle of internal friction. Based on the
stress–strain curve at different confining pressures,
the Mohr–Coulomb failure envelope between dry
and fluid-saturated samples was determined
(Fig. 17). Figure 17 shows that fluid saturation
makes failure envelope to move downward, which
promotes crack propagation along the plane of
weakness. The failure envelope of nano-emulsion
saturated sample was lower than that of the sample
saturated with distilled water, indicating that nano-
emulsion fluid is more advantageous for promoting
crack propagation in hydraulic fracturing. The
parameters of the Mohr–Coulomb criterion between
dry and saturated samples are listed in Table 2. We
observed that fluid saturation decreases the cohesion
and angle of internal friction of rocks. It merits
noting that both dry and fluid-saturated samples
satisfy the Mohr–Coulomb criterion, although the

cohesive strength and internal friction angle of rocks
were changed by fluid saturation.

b-Value Analysis

When studying seismic activity, Gutenberg and
Richter (1950) proposed the famous statistical rela-
tionship between earthquake magnitude and fre-
quency, thus:

lgN ¼ a� bM; ð6Þ

where N is earthquake magnitude, M is number of
earthquakes with magnitude between M and
M + DM, which is defined by logarithm of AE
amplitude, i.e., lgA, and a and b are constants. The
b-value, which is derived from the slope of the lgN–
lgA plot, is positive (Fig. 18a). We observed that
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Figure 13. AE hit rate and cumulative AE ringing count curves of rock samples under triaxial stress conditions (Pc = 50 MPa): (a) dry;

(b) saturated with nano-emulsion; (c) saturated with distilled water.
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there was a good linear relationship between lgN
and lgA, and hence, the determined b-value was
very reliable.

Figure 18b shows that the b-value of fluid-sat-
urated sample was much less than that of dry sam-
ple, which indicates that fluid promotes AE activity
in rocks. In the early stage of loading, the b-value of
fluid-saturated sample fluctuated many times,
showing that micro-crack propagation occurred in
fluid-saturated samples.

Frequency Spectrum Analysis

To obtain more useful information from AE
signals (e.g., frequency of main amplitude and en-
ergy distribution), frequency analysis is a very
powerful signal processing technology. Based on the
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Figure 14. AE energy curves of rock samples under triaxial stress conditions (Pc = 50 MPa): (a) dry; (b) saturated with nano-emulsion;

(c) saturated with distilled water.
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AE waveforms at different stress levels, frequency
spectrum can be obtained by fast Fourier transform
(FFT) algorithm. Figure 19 shows that the main
frequency of dry sample was about 75 kHz at dif-
ferent percentages of failure load, i.e., 10%, 50%
and 90% failure load. However, the main frequency
of fluid-saturated samples became larger as the
failure load increased. This is very consistent with
the results shown in Figures 10, 11 and 15, indicating
that our experimental results were reliable. In
addition, the frequency spectrum curves of dry
sample at different stress levels were getting close to

each other, while that of the fluid-saturated samples
was separated as the stress level increased. This
separation shows that AE energy is released at ele-
vated loads due to micro-cracking induced by fluids.

CONCLUSIONS

In this paper, a series of laboratory experiments
were carried out on a servo-controlled triaxial rock
mechanics apparatus to investigate mechanical
properties and failure mechanisms of fluid-saturated
hot dry rocks, combined with ultrasound measure-
ment and AE monitoring. This study provides a
better understanding of the mechanisms of complex
fracture formation in hydraulic fracturing of
geothermal reservoirs. Fluid saturation can weaken
the cementation strength between mineral grains in
hot dry rocks, and thus can decrease the key

Figure 16. Fracture morphologies of semicircular bending test between fluid-saturated and dry rock

samples: (a) dry; (b) saturated with nano-emulsion; (c) saturated with distilled water.
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Figure 17. Comparison of failure envelopes between dry and

fluid-saturated rock samples.

Table 2. Comparison of parameters of Mohr–Coulomb criterion

between dry and saturated samples

Sample Cohesion (MPa) Angle of internal friction

(degree)

Dry 16.74 44.45

Distilled water 13.71 42.97

Nano-emulsion 12.03 42.22
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mechanical parameters, including elastic moduli,
crack damage stress ratio, compression strength,
fracture toughness, cohesive strength and angle of
internal friction both under uniaxial and triaxial
stress conditions.

Fluid type has a significant effect on crack
propagation of saturated hot dry rock samples. Our
experimental results show that the crack damage
stress ratio for nano-emulsion saturation was about
4–8% less than that for distilled water saturation.
Nano-emulsion is more beneficial than distilled wa-
ter for promoting the propagation of preexisting
micro-cracks in rock samples.

The increase ratio of longitudinal wave velocity
of fluid-saturated rock samples was about 40% more
than that of dry rock samples. The free water inside
rock samples increases pore pressure in rocks, which
further promotes crack initiation, propagation and
coalescence in hydraulic fracturing of geothermal
reservoirs.

Rock deformation is quite different between
dry and fluid-saturated samples. The value of crack

damage stress ratio decreased by about 4% upon
saturation. This indicates that rock failure for fluid-
saturated samples was slightly earlier than for dry
samples.

The AE characteristics were quite different
between dry and fluid-saturated samples. AE energy
and AE hit rate of fluid-saturated sample were
higher than those of dry sample. Many step-like
jumps appeared on the curve of cumulative AE
ringing counts of saturated sample, showing that
fluid saturation can promote micro-crack initiation,
propagation and nucleation in rock samples.

Fracture envelope, b-value of AE event and
frequency spectrum were analyzed in detail to
compare the failure mechanisms between dry and
saturated samples. Fluid-saturated samples were
characterized by lower fracture envelope, smaller b-
value and separated frequency spectrum with dif-
ferent main frequencies. The order of enhancing
fracture complexity was nano-emulsion saturation,
distilled water saturation and dry sample.
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Figure 18. Comparison of b-value between dry and saturated samples: (a) linear relationship between logN and

logA; and (b) b-value.
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Figure 19. Characteristics of frequency spectrum between saturated and dry sample: (a) AE waveforms; (b) dry; (c) nano-emulsion; and

(d) distilled water.
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