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Abstract
Understanding spontaneous imbibition helps to determine the fracturing fluid volume and optimize the flowback design. At 
present, many studies have mainly focused on shale, but few on igneous rocks. As such, in this study, imbibition experiments 
were conducted on igneous rocks. The effects of KCl concentration, confining pressure, and imbibition direction on the 
spontaneous imbibition were systematically investigated. This study then introduces a new imbibition capacity index. The 
results show that KCl concentration has certain inhibitory effects on igneous rock imbibition, which reduce the absorption 
of clay minerals to liquid. Different imbibition directions result in distinct imbibition volumes. The co-current imbibition 
process is similar to fluid leak-off, but this rule is not satisfied in countercurrent imbibition, the n of which is fitted as 0.1.0.3. 
Increasing the confining pressure will slightly decrease the imbibition capacity of igneous rock. Rock imbibition causes a 
decrease in the surface hardness and physical properties of igneous rock, and increasing the KCl concentration in the fluid 
will effectively hinder clay swelling.
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Introduction

Unconventional reservoirs have become the focus of research 
seeking to explore and develop oil and gas (Zou et al. 2018). 
One of the key technologies for unconventional oil and gas 
development is the multistage fracturing of horizontal wells 
(Huang et al. 2019; Al-Fatlawi et al. 2019; Gao et al. 2018; 
Sobhaniaragh et al. 2016). In the multistage fracturing pro-
cess, a large amount of liquid needs to be pumped into the 
formation, but field practice has shown that a large amount 
of liquid remains underground. This has attracted attention, 
and scholars have conducted much research on fracturing 
fluid retention, the focus of which is spontaneous imbibition. 
Spontaneous imbibition refers to the process of absorption 
with no pressure driving the phase into the rock.

Dehghanpour et  al. (2012) studied the relationship 
between illite content, quartz content, and the amount of 
spontaneous imbibition. Both water absorption and oil 
absorption were positively correlated with illite content and 
negatively correlated with quartz content. At the same time, 
the effects of kerosene and low-concentration aqueous solu-
tions on spontaneous imbibition were studied. The results 
showed that the ratio of water absorption to oil absorption 
was much greater than the water-to-oil capillary force ratio, 
indicating the existence of osmotic pressure as a driving 
force. Dehghanpour et al. (2013) studied the spontaneous 
imbibition capacity of deionized water, KCl solution, kero-
sene, and other liquids. The results show that spontaneous 
imbibition in deionized water is larger than that in KCl solu-
tion and much larger than that of kerosene. Furthermore, 
fractures induced by water intake are one of the reasons for 
the increase in permeability. Makhanov (2013) studied the 
anisotropy of spontaneous imbibition. The anisotropy index 
in the 2% KCl solution is approximately 0.3–0.7, and in the 
direction of parallel lamination it is 1.4–3.3. Ghanbari and 
Dehghanpour (2015) also studied the anisotropy of sponta-
neous imbibition and ion diffusion. The results showed that 
the imbibition volume in the parallel bedding direction was 
higher than that in the vertical bedding direction. Meng et al. 
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(2015a, b) studied the co-current and countercurrent imbi-
bition by the nuclear magnetic resonance (NMR) method. 
They found that the amount of co-current imbibition was 
greater than the countercurrent. Roshan et al. (2015) tested 
the characteristics of spontaneous imbibition and induced 
cracks at a confining pressure of 6.9 MPa. The results show 
that the confining pressure can reduce the generation of 
cracks. Deionized water still induces fractures and clay 
swells; there is no obvious change and slight contraction at 
10% NaCl. Zolfaghari et al. (2016) investigated the effects 
of clay content and specific surface area on the spontane-
ous imbibition process. During the process of spontane-
ous imbibition, the conductivity of the solution increases. 
The increase in the conductivity is positively related to the 
clay content. Zhou et al. (2016a, b, c) studied the effects of 
capillary force and salinity on spontaneous imbibition. The 
results show that the capillary force is the control mecha-
nism in sandstone and carbonate rock and that the osmotic 
diffusion effect in clay shale cannot be ignored. Meng et al. 
(2015b) compared the spontaneous imbibition of shale, 
sandstone, and volcanic rocks. The results show that micro-
fractures are generated in shale, but there is no change in 
sandstone and volcanic rocks. Zhou et al. (2016b) studied 
the permeability of the matrix, natural fractures, and micro-
fractures. The results show that the permeability of the 
matrix and natural fractures decreases during spontaneous 
imbibition. Minardi et al. (2018) quantified the impact of 
the swelling and shrinkage of gas shales during imbibition 
and desiccation processes. They found that swelling of the 
shale rock leads to more than 40% imbibed water volume.

In summary, the current experimental research is mainly 
focused on the influencing factors of spontaneous imbibi-
tion, including rock sample composition, liquid type, and 
anisotropy. The research mainly focuses on shale and sand-
stone, and there are few studies on igneous rocks. The influ-
ence of the confining pressure and the direction of imbibi-
tion on igneous rocks is not clear.

Therefore, in this study, imbibition experiments were con-
ducted on core samples of igneous rock. The effects of KCl 
concentration, confining pressure, and imbibition direction 
on the spontaneous imbibition were systematically investi-
gated. A new imbibition capacity index Ct is introduced to 
characterize the experimental data.

Materials and methods

To investigate the influence of rock imbibition on igneous 
rock during hydraulic fracturing, a series of rock imbibi-
tion experiments were conducted with downhole igneous 
core samples. The materials and experimental procedure are 
described in the following section.

Materials

A total of 12 rock samples used in the experiments were 
selected from the same layer of three different wells in an 
oilfield in China. The physical properties and mineralogi-
cal properties of the rock samples based on XRD analysis 
are shown in Tables 1 and 2. These igneous rock samples 
have similar characteristics of high clay content and ultra-
low permeability. Clay stabilizers are commonly used in 
fracturing fluids to avoid clay swelling, and KCl solution 
is the commonly used clay stabilizer. Therefore, it was 
selected as the imbibing fluid in all the experiments.

Experimental design

To investigate the influence of the invasion of the fracturing 
fluid into the igneous matrix during hydraulic fracturing, a 
piece of spontaneous imbibition equipment was developed 
to investigate igneous rock imbibition behaviors:

Experimental equipment: Mettler high-precision bal-
ance (1/10,000); beaker; hook; fish wire; confining pres-
sure pump that can provide 0–40 MPa confining pressure; 
core gripper; metering tube; sealing oil (Fig. 1).

Experimental water: KCl brine with concentrations of 
2%, 4%, 6%, 8%, and 10%.

Experimental core: 12 igneous rock samples mentioned 
in Sect. 2.1.

Table 1  Physical properties of rock samples (φ is the porosity of 
sample and K is the permeability of sample)

Well φ (%) Avg. φ(%) K(mD) Avg. K(mD)

P1 11.2–13.5 12.4 0.018–0.083 0.051
P2 10.4–14.2 13.1 0.021–0.113 0.079
P3 10.2–11.6 10.9 0.071–0.129 0.084

Table 2  Results of XRD mineralogy analysis of core samples

Component P1(%) P2(%) P3(%)

Illite 16.4 9.0 31.3
Smectite 67.5 84.1 56.4
Kaolinite 2.3 3.4 6.1
Chlorite 13.8 3.4 6.1
Total clay 23.3 29.2 16.6
Quartz 11.2 12.1 12.4
Feldspar 37.5 42.4 61.5
Calcite 23.5 11.3 5.8
Dolomite 2 2.2 1.8
Others 2.5 2.8 1.9
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After this equipment had been assembled, comparative 
studies of igneous rock hardness and physical properties 
before and after imbibition were conducted.

1. Imbibition experiments

A total of 12 rock samples with similar characteristics 
were selected for the imbibition experiment, and the experi-
mental design is listed in Table 3. First, five different KCl 
concentration experiments with co-current imbibition under 
0 MPa confining pressure were conducted to study the influ-
ence of KCl concentration on rock imbibition. Then, Nos. 
6–8 were conducted to investigate the confining pressure on 
the imbibition. Finally, Experiments 9 and 10 were added 
to mimic the influence of the countercurrent flow effect on 
fracturing fluid invasion into the matrix.

2. Damage experiments

A damage experiment was conducted to study the influ-
ence of imbibition on rock sample surface hardness, per-
meability, and porosity (Table 4).

Selecting adjacent cores, the hardness and area of the 
two cutting surfaces can be regarded as the same. Thus, 
the hardness of the rock sample before and after imbibition 
can be compared by conducting an imbibition experiment 
on one sample and no treatment on the other. Moreover, 
changes in the physical properties of the rock samples 
were studied by testing the porosity and permeability vari-
ation of experiments 3–5 before and after imbibition.

Experimental procedure

In the no-confining pressure experiment, rock imbibition 
was easily influenced by ambient conditions and setup 
accuracy. An accuracy of 0.0001 g was used to measure 
the mass change of the rock sample, and a temperature and 
humidity chamber was applied to reduce the influence of 
the indoor environment (Fig. 1a). In addition, a confining 
pressure imbibition equipment was developed to investigate 
rock imbibition under a certain confining pressure based on 
the volume method (Fig. 1b). The confining pressure of the 
rock sample is controlled by the confining pressure pump 
and gripper, and the imbibition volume can be determined 

Fig. 1  Imbibition experiment equipment (a developed no-confining pressure imbibition equipment; b developed confining pressure imbibition 
equipment)

Table 3  Imbibition experimental design

Experi-
ment 
no.

Material Experimental condition

Confining 
pressure, 
MPa

Imbibition direction KCl 
concentra-
tion, %

1 P1 0 Co-current 2
2 4
3 6
4 8
5 10
6 P2 0 2
7 5
8 10
9 P3 0 Countercurrent 2
10 4

Table 4  Surface hardness damage experimental design

Experi-
ment 
no.

Material Experimental condition

Confining 
pressure, MPa

Imbibition 
direction

KCl concen-
tration, %

11 P3 0 Co-current 2
No treatment

12 4
No treatment



3230 Journal of Petroleum Exploration and Production Technology (2020) 10:3227–3234

1 3

by a metering tube (range 5 mL, accuracy 0.05 mL). The 
experimental procedure was as follows:

1. The cores collected from the field were cut into standard 
pillar samples with a core length of ~ 5 cm and a core 
diameter of ~ 2.5 cm.

2. After cleaning and drying, the hardness, permeability, 
and porosity of the samples were measured. Then, all 
samples were coated with impermeable epoxy, leaving 
only one end face open for 1-D imbibition.

3. The wrapped samples were dried to a constant weight 
and suspended by fishing line. Cores of P3 were placed 
in the countercurrent direction (Fig. 2) in the beaker 
(Fig. 1a).

4. The core of P1 was placed in a different KCl concentra-
tion solution in the co-current direction in the beaker.

5. The core of P2 was placed in confining pressure imbibi-
tion equipment with different confining pressures.

6. The variation in sample weight versus time was recorded 
as rock imbibition began.

7. The physical and mechanical properties of the imbibition 
samples were tested.

Characterization method

Previous studies have shown that the characterization param-
eters of rock imbibition are related to various parameters 
including rock microstructure, fluid properties, mineralogy, 
sample shape, and imbibition area. The water imbibition 
(invasion) process can be regarded as the fracturing leak-off 
process in order to study the imbibition characteristics of 
igneous rock. Conveniently, the classic leak-off rate equa-
tion can be used to calculate the imbibition rate. Thus, a new 
imbibition capacity index Ct is introduced in this paper. This 
excludes the influence of these parameters mentioned above 

and only considers the contact area between the core sample 
and liquid. Therefore, for a standard core sample, the imbibi-
tion velocity can be expressed as

where n in Eq. (1) is the time index of fluid leak-off, with 
a value of 0.5 in the general leak-off formula (Guo and Liu 
2014). Therefore, the imbibition volume can be calculated 
using Eq. (2):

Thus, the relationship between the imbibition volume and 
Ct can be expressed as

where u is the imbibition velocity (m/h), Vimb is the imbibi-
tion volume  (m3), Ct is the imbibition capacity index, m/h0.5, 
and A is the core sample imbibition area  (m2).

Results and discussion

Rock imbibition analysis

1. KCl concentration

In this section, the classical leak-off equation (n = 0.5) 
is used to reveal the relationship between per unit imbibed 
areas and different KCl concentrations (Guo and Liu 2014). 
As Fig. 3 shows, the imbibition curves generally can be 
divided into three stages: an initial imbibition stage, a non-
linear transition stage, and a late imbibition stage (Yang 
et al. 2016). At first, the imbibed volume increases rapidly 
with time. Then, the rate of water intake decreases rapidly. 
In the last stage, the imbibed volume gain is notably small. 
In these experiments, the curve under 10% KCl has the char-
acteristics of these three stages. Only Stage 1 was shown 
for the experimental results within a 6% KCl concentration.

The imbibition volume has a good linear relation to the 
square root time, meaning that the co-current imbibition can 
be regarded as the process of common fluid leak-off. The 
imbibition volume of rock samples clearly increases with 
the increase in imbibition time, which may contribute to 
the strong capillary force in the low permeability matrix 
and absorption force of high-content clay that enhances the 
water imbibition rate. The curve displays similar behavior 
to the “A”-type imbibition curve in Yang et al.’s research 
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Fig. 2  Different imbibition direction of rock samples. For co-current 
imbibition, epoxy was used to wrap the side of the sample so only the 
lower end face made contact with water, and the beaker was sealed to 
prevent evaporation. For countercurrent imbibition, epoxy was used 
to seal the side of the core and one end face, leaving only one end 
face in contact with experimental fluid



3231Journal of Petroleum Exploration and Production Technology (2020) 10:3227–3234 

1 3

results (2016) that is common in tight rocks with ultra-low 
permeability. Moreover, under similar conditions, increasing 
the KCl solution concentration will restrain the imbibition 
of igneous rock, and the growth rate decreases in the later 
imbibition period of high KCl concentration cases. When 
the KCl concentration increased from 2 to 10%, the imbibi-
tion volume decreased by 10.8 times, and the imbibition 
capacity index decreased by 5.5 times (Table 5). KCl brine 
prevents excessive water intake of igneous rocks. This is 
because in comparison with water, the KCl solution flow in 
the matrix has lower osmotic pressure and smaller capillary 
force, which does not easily cause the water locking effect. 
In addition, KCl solution can inhibit the swelling of clay 
minerals.

2. Imbibition direction

As Fig. 4 illustrates, under the same conditions, the imbi-
bition volume of the countercurrent imbibition is approxi-
mately 5.8 times lower than that of the co-current imbibition, 
and the imbibition time is also approximately half shorter. 
This is mainly due to the gas–fluid displacement in the coun-
tercurrent imbibition process. Unlike co-current imbibition, 
the direction of gas exhaust and liquid absorption are oppo-
site for only one face of the rock sample in the countercur-
rent case. The curve shape shows a nonlinear relationship 
between the unit area imbibition volume and square root 

time. This is because when the core sample is in contact 
with another liquid with higher wettability, the inhaling of 
this second liquid will replace the original fluid in the rock 
sample, which can be seen as the bubble escaping from the 
end face of the sample shown in Fig. 5. Thus, the counter-
current imbibition process can be divided into three stages. 
In the early stage, a higher wettability fluid can easily invade 
the core sample with almost the same imbibition capacity 
index as that of the co-current case, and the original gas 
in the sample is extruded with the liquid invasion. At the 
transition stage, continuous imbibition increases the sam-
ple water saturation, which leads to a decrease in capillary 
force, and the imbibition rate gradually slows down. In the 
final stage, when the capillary force decreases to the critical 
point that the invading fluid cannot extrude the original gas, 
the imbibition of the rock sample stops. At 2% and 4% KCl 
concentrations, the countercurrent imbibition curve showed 

Fig. 3  Imbibed volume per unit imbibed area (Vimb/A) versus square 
time with different KCl concentrations Fig. 4  Imbibition curve with different imbibition directions and KCl 

concentrations

Fig. 5  Gas–liquid displacement in countercurrent imbibition

Table 5  Imbibition capacity index with different KCl concentrations

KCl, % 2 4 6 8 10

Ct, × 10−5 m/h0.5 5.5 5 4.5 3 1
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three stages. However, the co-current imbibition only shows 
the first stages, which also means that the imbibition ability 
under the co-current condition is higher than that under the 
countercurrent condition.

Comparing the different KCl concentration cases, the 
inhibition effect of the KCl solution still works in the 
countercurrent imbibition process. Moreover, we conduct 
a series of linear fits to find an optimal n for countercur-
rent imbibition. The results show that n = 0.1–0.3 is more 
accurate (Table 6).

3. Confining the pressure

This section mainly examines the influence of the confin-
ing pressure on the rock imbibition. As Fig. 6 depicts, all 
curves have a linear relation to the square root time, which 
agrees with the co-current imbibition curve feature, which 
indicates that increasing the confining pressure does not 
change the water absorption pattern. However, confining 
pressure impacts the imbibition volume; as confining pres-
sure increases, the imbibition capacity of the core decreases. 
When the confining pressure is increased from 0 to 5 MPa, 
the unit area imbibition volume decreased 3.76 times. This 
was due to the squeezing effects of the confining pressure; 
increasing the confining pressure will squeeze the pore vol-
ume, which results in a decrease in the imbibition volume. 

However, it can also be found that the effect of the confin-
ing pressure on imbibition is limited. When the pressure 
increased from 5 to 10 MPa, the imbibition volume and 
capacity only decreased by 0.66 and 0.3 times, respectively. 
This is because a part of the pore volume can be maintained 
before the sample is destroyed, and the squeezed pore is 
much narrower with a higher capillary force.

Rock damage analysis

1. Rock surface hardness

Hardness is defined as the property of a material that ena-
bles it to resist plastic deformation. Clay swelling reduces 
the rock strength. For igneous rock with high-content clay, 
imbibition has a great influence on the igneous rock surface 
hardness. As shown in Table 7, the rock surface hardness 
of sample #11 decreased by 44.4% after imbibition. The 
inhibition effect of KCl solution was also present; when the 
KCl concentration was increased to 4%, the rock strength 
increased by 5.5% compared with that of the 2% KCl case. 
As expected, the hardness decreases when the samples are 
soaked in solution. The more severe the clay swelling, the 
greater the decrease in surface hardness. The rock hardness 
of the samples was significantly affected by KCl solutions, 
which resulted in a significant loss of its initial value. The 
more the fracture softens, the worse the conductivity will be 
(Zhou et al. 2016a, b, c). It is recommended that a high KCl 
concentration is used to control this softening.

2. Physical properties

The physical properties of igneous rock samples 3–5 
before and after imbibition are shown in Table 8. Using 
No. 3 as an example, the porosity and permeability of the 
sample are decreased by 37.73% and 22.23%, respectively, 
after rock imbibition. This shows that rock imbibition sig-
nificantly damages the physical properties of igneous rock, 
and swelling clay occupies the pore space due to imbibi-
tion. Increasing KCl concentration appears to reduce this 
damage; after imbibition, the porosity and permeability 
of Nos. 4 and 5 were reduced to 20.14% and 11.22%, and 
15.30% and 8.89%, respectively. Although the reduced 

Fig. 6  Rock sample imbibition curves with different confining pres-
sure (water, co-current imbibition)

Table 7  Variation of surface hardness before and after imbibition

Exp. Num. Imbibition Hardness, MPa Amplitude, %

11 2% KCl, co-current 159.7 44.4
No 287.1

12 4% KCl, co-current 180.0 38.9
No 294.7

Table 6  Linear fitting with different n in countercurrent case (R2 is 
the goodness of fit)

n 0.1 0.3 0.5 0.7 0.9
R2 0.83 0.86 0.73 0.62 0.53
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amplitude of physical properties in the high KCl concen-
tration case is relatively small, for a tight igneous rock res-
ervoir, the physical properties of the rock are significantly 
unfavorable for oil and gas migration.

Conclusions

In this study, the characteristics of igneous rock imbibition 
were studied and analyzed based on rock imbibition exper-
iments. According to the developed imbibition capacity 
characterization method, the effects of KCl concentration, 
confining pressure, and imbibition direction on igneous 
rock imbibition were investigated. The key conclusions 
are as follows:

1. KCl concentration has certain inhibitory effects on igne-
ous rock imbibition, which reduces the absorption of 
clay minerals to the liquid.

2. Different imbibition directions result in a distinct imbibi-
tion volume, and the imbibition capacity of co-current 
imbibition is higher than that of the countercurrent imbi-
bition. The co-current imbibition process is similar to 
that of fluid leak-off, but this rule is not satisfied in coun-
tercurrent imbibition, the n of which is fitted as 0.1.0.3.

3. Increasing the confining pressure squeezes the pore 
space of the rock sample and decreases the imbibition 
capacity of igneous rock, but the effect of space squeez-
ing on imbibition is not obvious.

4. Rock imbibition causes a decrease in the surface hard-
ness and physical properties of igneous rock; increasing 
the KCl concentration in the fluid will effectively hinder 
clay swelling.
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