Rock Mechanics and Rock Engineering
https://doi.org/10.1007/500603-019-01813-9

TECHNICAL NOTE

=

Check for
updates

A Hydro-fracturing Tester for Rock Saturated with Controlled

Two-Phase Pore Fluids

Bing Bai'2® - Chenyu Xu® - Mingze Liu’ - Xiaochun Li’

Received: 2 September 2017 / Accepted: 5 April 2019
© Springer-Verlag GmbH Austria, part of Springer Nature 2019

Keywords Hollow cylinder - Unsaturated hydraulic fracturing tester - Two-phase fracturing - CO,—water two-phase fluids

1 Introduction

In recent years, an increasing number of engineering opera-
tions related to underground fluid injection have appeared.
These involve fields like not only traditional oil and gas
recovery, but also some unconventional engineering such
as CO, geological storage (Metz et al. 2005; Holtz et al.
2001; Spycher and Pruess 2010; Rogala et al. 2013) and acid
gas re-injection (Chakma 1997). In some of these processes,
the injection pressure should be controlled to prevent the
fracturing of the formations to ensure the mechanical stabil-
ity of sites (Hawkes et al. 2005; Li et al. 2014; Rutqvist and
Tsang 2002; Streit and Hillis 2004). In some others, artificial
fracturing is usually required to improve the permeability
of the reservoirs. In many occasions such as CO, fracturing
or injection, the formations are actually saturated with two-
phase pore fluids. Accordingly, one of the common issues
in such processes is the hydro-fracturing failure behavior
of the formation rocks under the action of gas—water mix-
tures, which might be significantly different from that under
a single-phase fluid. The hydro-fracturing failure behavior
of rocks under this condition would be influenced by effects
of partial pressures, the change of pore flow, and the physi-
cal and chemical reactions between the fluids and rocks.
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Therefore, a hydro-fracturing device and the test method
for rocks saturated with controlled two-phase pore fluids are
valuable for the experimental investigations.

The surrounding rocks at the bottom hole are generally
under a true triaxial stress state with a negative minimum
principal stress (Matthews and Kelly 1967). In the existing
test techniques, the method based on the hollow cylinder
could implement similar stress state on the specimen by
imposing the axial, the confining, and the internal pressures.
A series of this type of test devices have been developed
since the first hollow cylinder testing device for splitting
tests of sandstone by F. D. Adams (Adams 1912; Jingnong
and Mianba 1986; Périépj 1990; Lee et al. 1999; Song et al.
2001; Kanj et al. 2003; Monfared et al. 2011). Moreover,
many investigations of mechanical behaviors of rocks have
been conducted by researchers by the hollow cylinder tester
(Zhang et al. 2010; You et al. 2010). Therefore, the hollow
cylinder test method has been actually widely used. How-
ever, none of the existing hollow cylinder-based testers is
capable of testing the hydro-fracturing behavior of rocks
saturated with controlled two-phase fluids.

In this work, the traditional hollow cylinder tester was
upgraded to make a novel hydro-fracturing tester for rocks
saturated with controlled two-phase fluids to meet many new
emerging needs as mentioned previously. One of the high-
lights of this device is the additional function of saturation
control of the gas—water pore mixtures in the rock specimen.
The controlled stress state is built the same way as the tradi-
tional hollow cylinder tester, while the two-phase pore fluids
are controlled to form specific partial pressure or saturation.

@ Springer


http://orcid.org/0000-0001-5809-6736
http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-019-01813-9&domain=pdf

B.Bai et al.

2 Design and Implementation

The structure of the device is shown in Fig. la, b which
shows the manufactured test system. The device consists
of five parts, namely a triaxial loading subsystem, a two-
phase fluid controlling subsystem, a pressure chamber, a
data acquisition subsystem, and a temperature controlling
subsystem. The steel tubes with an external diameter of
3.18 mm (1/8 ft) and an internal diameter of 0.9 mm were
used as the pipelines. Both cutting ferrules and thread
jointers were used for connections. Needle valves and ball
valves were used as the control valves. The device can
function at a maximum pressure of 50 MPa. Consider-
ing the end frictional effects between the sample and the
lower pad may greatly affect the test results (Hao et al.
2013), copper sheet and polytetrafluoroethylene (PTFE)
film were used to reduce the end friction. Particularly, the
copper sheet was pressed against the end of the sample,
while the PTFE film touched the end of the pad. In the next
paragraphs, the primary parts of the device are detailed
as follows.

Confining pressure chamber
Constant temperature water bath

Semi-permeable
plate plate

Heat shrink

tubing

Inner chamber —

Sample

Anti-friction piece Filter

ISCO pump

(a) The structure of the test device (Liu and Bai et al. 2016b)

(b) The manufactured test system

Fig. 1 The test device
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2.1 Triaxial Loading Subsystem

The triaxial loading subsystem, the basic principle of
which is the same as the traditional hydro-fracturing
tester based on hollow cylinder specimen, was imple-
mented by combining two metering pumps (ISCO 100D
and ISCO 500D) and a manual hydraulic pump, which
were used for the loading of internal pressure, confining
pressure, and axial pressure, respectively. Both pressure
and flow rate can be accurately controlled by the metering
pumps. Moreover, the pressure, flow rate, and volume of
fluid can be recorded in real time. The internal pressure
pump had a pressure controlling range of 0-68.95 MPa
and a flow range of 0.01 X 107°~50 mL/min, while both
parameters had a controlling precision of 0.5%. The inter-
nal pressure was applied by pumping the fluid into the
inner chamber of the sample through the channels on the
device’s base plate, while the air in the inner chamber
can be discharged through the channels from the upper
pad to the base plate. The confining pressure pump had
a pressure controlling range of 0-25.86 MPa and a flow
range of 1.0 x 1073~204 mL/min, while both parameters
were controlled with a precision of 0.5%. The confining
pressure was applied by pumping the fluid into the con-
fining pressure chamber through the channels on the base
plate. The manual hydraulic pump had a pressure range
of 0-50 MPa. The axial pressure on the sample’s upper
surface was loaded using the manual pump through the
jack on the top of the pressure chamber.

2.2 Pore-Fluid Subsystem

The pore-fluid subsystem mainly consists of two meter-
ing pumps (ISCO 260D) and a semi-permeable plate.
These two metering pumps are used for controlling of
pore water and pore CO,. The pressure controlling range
is 0-51.71 MPa with a precision of 0.5%, while the flow
rate controlling range is 1.0 x 107°~107 mL/min with a
precision of 0.5%. After being preprocessed, the semi-
permeable plate was embedded in the circular holes on the
upper pad, as shown in Fig. 2a, b. Its entry pressure for
the non-wetting phase is 1.5 MPa, which means that when
the pressure difference between the gas and the liquid in
the rock pores is lower than 1.5 MPa, the gas cannot pass
through the plate, while the water can. During the fractur-
ing tests of two-phase pore fluids, the partial saturations
and pressures were controlled using this subsystem. First,
the rock sample and the semi-permeable plate were fully
saturated with water. Then, the gas was pumped into the
sample using the metering pump through the channel in
the lower plate. When being pumped into the rock sample,
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Fig.2 The inside of the pressure chamber. a Semi-permeable plate;
b the upper pad after the embedding the semi-permeable plate. ¢ The
pressure chamber before installation of top hood and specimen

the gas would drive and discharge the pore water into the
metering pump through the plate. During the tests, the
pressure difference between the gas and the water was con-
trolled to be smaller than the entry pressure. Therefore, the
gas would be blocked by the plate. During the driving pro-
cess, the saturation of the gas increased gradually. There-
fore, the capillary force, which the gas should overcome
to enter the rock pores, increased too. When the capillary
force increased to a value larger than the applied pressure,
the gas would no longer enter the rock and, thus, stop the
displacement. The saturation of the gas in the rock after
the displacement can be calculated based on the displace-
ment water using the following equation:

S = Vaf - Vbe

gas

x 100% 1)
P

where V,; denotes the volume recorded by the metering

pump after the displacement (ml), V},. denotes the volume
recorded by the metering pump before the displacement
(ml), and V,, denotes the volume of the sample pores (ml).

2.3 Pressure Chamber

Figure la shows the structure of the pressure chamber in
the test device. The manufactured test system is shown
in Fig. 1b. The pressure chamber consists of a top hood,
a specimen holder, and multiple fluid channels. The upper
and lower ends of the hollow sample are connected to the
pumps on the upper pad and the lower foundation support,
respectively. Thus, the sample can be fixed in the center
of the pressure chamber. If necessary, the space among the
confining fluid, the internal pressure fluid, and the sample
can be sealed using the Teflon heat-shrinkable tubes and

O-shape rings. Figure 2 shows the inside view of the pres-
sure chamber.

2.4 Temperature Control and Data Acquisition

The temperature control subsystem includes a constant-
temperature water bath and an external circulator bath. The
pressure chamber is put in the water bath for heating and
maintaining a constant temperature, while the constant-tem-
perature water can be circulated to the constant-temperature
chamber in the metering pump for achieving the constant
temperature of the fluid in the metering pump. The water
bath temperature is monitored by the temperature-sensing
platinum resistor in the constant-temperature water bath,
such that the output power of the heater can be controlled,
which, in turn, maintains the temperature at a given value
within the range of 10-95 °C. The fluctuation of the tem-
perature is less than 0.1 °C. The constant-temperature water
bath can display the real-time values of the temperature.

The data acquisition subsystem includes a pressure gauge
of the manual oil hydraulic pump, a water bath thermom-
eter, a pressure sensor, a flow sensor, a volume sensor on
the metering pump, and the data acquisition software. The
pressure sensor, the flow rate sensor, and the volume sensor
were installed on the top of the ISCO metering pump, which
could collect real-time data of the metering pump’s pressure,
flow rate, and volume at a sampling frequency of 2 Hz. The
acquired data were transmitted to the computer, and then
recorded in real time by the control software embedded in
the ISCO pump.

3 Function Tests

The basic function of the tester was preliminarily demon-
strated in some early experimental studies of sandstone
under CO,—water conditions (Liu et al. 2016a, b). In this
section, two new experiments are presented to further dem-
onstrate and validate the functions of the test facility inde-
pendently. The engineering background of both experiments
comes from geological storage of carbon dioxide. During
the injection process, CO, displaces the formation of water
forming two-phase pore flow of CO, and brine in the rock
formations. The partial pressure or saturation of CO, is usu-
ally not uniformly distributed in the reservoir, which would
affect the fracturing behavior of the formation rocks. The
first experiment is to demonstrate the control of two-phase
pore fluids in a rock specimen, which is a critical link to
conduct the hydro-fracturing tests. In the second experiment,
a hydro-fracturing test of sandstone considering CO, infiltra-
tion into the rock is presented to fully show the hydro-frac-
turing function involved in controlled two-phase pore fluids.
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3.1 CO,/Water Displacement in Sandstone
3.1.1 Specimen and Test Scheme

The sandstone with sound homogeneity was used in this
test, which was sampled from Zigong, Sichuan province,
China. Figure 3 shows the rock specimen used in the cur-
rent work. The porosity and permeability of the specimen
were 10.16% and 4.35 mD, respectively. According to the
X-ray diffraction tests, the sample contained 97.73% silica,
1.82% kaolinite, and 0.45% sodalite. The mercury injec-
tion test results revealed that the pore diameter was 10 um.

The whole test included the sample installation, water
saturation, CO, displacement, and fracturing the speci-
men. The specific test procedures were described By Liu
et al. (2016a).

3.1.2 Saturation Control

For this tester, the control of overall saturation of CO, in
rock specimen could be indirectly implemented by con-
trolling the displacement pressures of CO, and water. The
rock specimen is initially saturated with water of a given
pressure P, at the outlet side. Then, CO, is injected into
the inlet side of the rock specimen at pressure P, and CO,
will displace the water. Because of the blocking effect of
semi-permeable plate on CO2 (Fig. 2a), only water will
come out of the rock specimen. With the continuous dis-
placement, the CO, saturation will gradually increase and
the capillary resistance to be overcome will also increase.
When the capillary resistance increases to a value greater
than the pressure difference (P,—P;) between CO, and
water, the displacement will stop and the overall satura-
tion of CO, will be maintained. At this moment, the over-
all saturation of CO, could be obtained by the recorded
amount of water discharged.

Fig.3 The sandstone sample
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3.1.3 Water Displacement by CO,

Three groups of fracturing tests in two-phase fluids of CO,
and water were conducted, where the pressure of CO, was
set at 3.0 MPa, 3.4 MPa, and 3.7 MPa, respectively. The
water pressure was set at 2.5 MPa, while the axial and the
confining stresses were 2.5 MPa and 20 MPa, respectively.
The temperature was set to 25 C.

Figure 4 shows the pressure variation of the pore water
pump with time during the displacement process under
the CO, pressure of 3.0 MPa. It can be observed that the
whole displacement process has three stages. First, at
t=15732 s, the valve was switched on. The CO, began to
enter the rock and the pore water pressure increased sud-
denly. Then, at t=5752 s, the pore water pressure reached
a maximum value of 2.60 MPa, which then decreased
rapidly and tended to stabilize because of the adjustment
of the metering pump’s constant-pressure mode. During
this stage, the pressure and the flux rate were not stable,
indicating that this stage was an unstable displacement
stage and lasted for 30 s in total. The appearance of this
unstable displacement state might be due to the fact that
the water in the system’s dead volume and the rock’s large-
scale pores would be first and quickly displaced by CO,.
Next, the pore water pressure remained at a relatively
stable level of approximately 2.50 MPa, indicating that
this stage was a stable displacement stage and lasted for
18.92 h. Finally, the displacement stopped at =20.32 h.
At this stage, the pore water returned to the preset pressure
value (2.50 MPa) and was no longer displaced.

Figure 5 shows the relationship between the CO, satura-
tion after the displacement and the displacement pressure
for each test. It can be observed that the CO, saturation
after the displacement range from 44.15% to 68.43%, i.e.,
the CO, saturation goes up with the increase of CO, dis-
placement pressure. This is because higher pressure could
make CO, enter more rock pores and displace more water.

3.2 Hydraulic Fracturing Test of Sandstone
Considering CO, Infiltration

After being injected into the formation, CO, would infil-
trate the pores in the formation rocks and displace the
pre-existing water. The CO, infiltration process would lead
to seepage force which might contribute to formation frac-
turing. The seepage force shows some differences from the
traditional seepage force of water due to the larger com-
pressibility and lower viscosity of CO,. However, this has
still been poorly investigated and understood. The fractur-
ing tests on the porous media induced by the infiltration of
fluid can be carried out using the current device.
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Fig.5 Relationship between the calculated CO, saturation and flood-
ing pressure in the CO, flooding step

3.2.1 Test Sample and Scheme

To accumulate sufficient internal pressure to make the frac-
turing take place in the experiment, the rock specimen with
low permeability is preferred. Figure 6 shows the sandstone
specimen used in the current tests. The selected sandstone
sample has a permeability of 0.0069 mD, and is composed
of 59.38% quartz, 9.66% kaolinite, 7.87% calcite, 7.57%
dolomite, 7.41% albite, 5.23% illite, and 2.88% chlorite
according to the X-ray diffraction test.

Most of the specific test procedures were described in
the previous sessions. The difference is, in this test, that the
sample was not surrounded with the heat shrinkable sleeve
inside the rock hole, and thus, the inner chamber, the rock
pores, and the confining pressure were interconnected. When
being injected into the inner pressure chamber, the CO, was
infiltrated into the sample’s pores and then displaced the
pre-existing water into the confining pressure chamber. In
this test, CO, was injected into the sample which was pre-
saturated with 10 MPa pore water at a rate of 20 ml/min to
fracture the rock specimen. As the rock pores were directly

Fig. 6 Sandstone used in the infiltration-induced fracturing tests
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connected to the confining pressure chamber, the confin-
ing pressure was also 10 MPa. In addition, both the pore
pressure and the confining pressure were controlled by the
metering pump in a constant-pressure mode.

3.2.2 Test Results

Figure 7 shows the variations in internal pressure and con-
fining pressure with time at a water injection rate of 20ml/
min. The orange curve in this figure denotes the variation
of internal pressure. It can be observed that, after the fluid
was injected, the internal pressure increased gradually from
the initial pressure of 10 MPa. This can be attributed to the
rock’s low permeability. In other words, the injected fluid
cannot dissipate outwards rapidly through the rock sample,
thus leading to the increase of pressure. At 76 s, the internal
pressure reached up to 13.7 MPa and then suddenly dropped
to 12.3 MPa. This is because, at this moment, the sample
was fractured and the interconnected fractures were pro-
duced from the sample’s internal wall to the external wall.
Therefore, the permeability increased suddenly, and a sig-
nificant amount of the internal fluid ran off, leading to the
sudden decrease of the internal pressure. Accordingly, the
peak pressure of the curve can be regarded as the sample’s
fracturing pressure. The purple curve in this figure denotes
the variation of confining pressure. The confining pressure
showed no significant variation before fracturing because
of the constant-pressure mode of the pump was set. Due to
the breakdown of the sample at 76 s, significant amount of
the internal fluid flowed into the confining pressure cham-
ber through the sample, leading to a sudden increase in the
confining pressure to 12.3 MPa. Although the volume of
the fluid in the confining pressure chamber exceeded that
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Fig.7 Variations in internal pressure and confining pressure with
time during the sample fracturing (CO,-injection rate: 20 ml/min)
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in the inner chamber, as the compressibility of CO, in the
internal pressure chamber is much greater than that of water
in the confining pressure chamber, the sudden increase in the
confining pressure was larger than the sudden decrease of
the internal pressure. It can also be observed from the figure
that, after breakdown, the internal pressure was almost equal
to the confining pressure. This is due to the fact that the pres-
sure drop of the CO, leaked to the confining chamber is not
notable, because the viscosity of CO, is small and, the flow
resistance is therefore very small, too.

Figure 8 shows the variations in flow rates of the inter-
nal pressure pump and confining pressure pump during the
test. The orange curve denotes the variation in the internal
pressure pump flow rate, while the purple curve denotes the
variation in the confining pressure pump flow rate. Dur-
ing the water injection process, the injected flow rate of
the metering pump was set at 20 ml/min in a constant rate
mode. As the confining pump was operated in a constant-
pressure mode, when the CO, flowed into the confining
pressure chamber through the sample during the fracturing,
the piston was moved back by the pump for stabilizing the
pressure, thus yielding negative flow rate. When the differ-
ence between the pressure of the confining pump and the
preset value was increased, larger flow rate for pressure bal-
ance was required. Therefore, the flow rate of the confining
pump represented the fluid’s seepage velocity from the inner
chamber to the confining chamber. During the process that
the CO, displaced the water in the specimen pores, the flow
is impeded by the capillary force and the water driven to the
confining pressure chamber was very limited. Therefore, it
was difficult to cause the large movement of the piston in
the confining pressure pump. Therefore, the flow rate—time

25

20

Internal pressure pump rate

Rate/ml/min

Confining pressure pump rate

-15 T T T T T T T T
0 20 40 60 80

Time/s

Fig.8 Variations in the internal pressure pump rate and confin-
ing pressure pump rate with time during the fracturing process
(CO,-injection rate: 20 ml/min)
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curve of the internal pressure pump was almost steady for
a long time, which can be seen from the figure. It can also
be seen from the figure that the flow rate of the confining
pump suddenly increases from 0 ml/min to 12.24 ml/min at
76 s. This is because the breakdown of the sample caused
much of the CO, to flow into the confining pressure cham-
ber, making the flow rate of the confining pressure pump in
the constant-pressure mode increase sharply to regulate the
confining pressure.

3.3 Short Discussion

Although the control of the overall saturation of the
gas—water pore mixtures in the rock specimen was effec-
tively implemented and two types of hydraulic fracturing
tests were, therefore, successfully conducted, the test work
was still preliminary, and further experimental investiga-
tions are required. First, we do not have the test condition to
obtain the actual distribution of water—CO, mixture along
the rock sample. However, as flooding is a slow process and
the cease of it needs good homogeneity of fluid pressure in
the rock sample, it might be reasonable to consider that the
water—CO, mixture also has good homogeneity when the
flooding ceased. Second, in each test, the observed crack in
the rock sample after fracturing is approximately vertical and
quite similar. We changed the pore pressure and fluid type in
each experiment and found that they seemed to remarkably
influence the fracturing pressure rather than the crack pat-
tern. Therefore, the crack patterns depend much more on the
stress state than the saturation of water—CO, mixture in the
rock sample. However, this is a quite preliminary observa-
tion based on limited tests, and the effect of saturation and
its distribution on the crack patterns is a valuable question
that requires much more experimental work in future, espe-
cially combining the analysis of material properties related
to fracturing process.

4 Conclusions

This study presented a novel hydro-fracturing tester for
rocks. One of the highlights of this new device is the func-
tion of saturation control of the gas—water pore mixtures in
the rock specimen. The device actually provides a power-
ful means to study the mechanical behavior of rocks under
multi-physics conditions. The test principle, design consid-
erations, and the main components of the device were first
detailed. The main functions and effectiveness of the device
were demonstrated with three typical tests. The device has
been proved to have outstanding repeatability and reliability.
Hydraulic fracturing tests of sandstones (saturated with CO,
and water, and considering CO, infiltration) clearly show the
novel functions of the new device are successful achieved.

In addition, it is worth noting that the developed equipment
can not only accomplish the traditional and the two-phase
hydraulic fracturing experiments, but also conduct a variety
of other kinds of experiments with minor modifications. For
example, permeability tests, capillary curves tests, and frac-
turing-seepage coupling tests, etc. Therefore, this device can
serve as an fundamental platform for various advanced tests.
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