
Capillarity Vol. 8, No. 3, p. 45-52, 2023

Original article

Impact of capillary pressure on micro-fracture propagation
pressure during hydraulic fracturing in shales: An analytical
model

Yunhu Lu1,2 *, Yan Jin1,2, Hongda Li2

1National Key Laboratory of Petroleum Resources and Engineering, China University of Petroleum (Beijing), Beijing 102249, P. R. China
2College of Petroleum Engineering, China University of Petroleum (Beijing), Beijing 102249, P. R. China

Keywords:
Shale reservoirs
micro-fractures
propagation pressure
capillary pressure
wettability

Cited as:
Lu, Y., Jin, Y., Li, H. Impact of capillary
pressure on micro-fracture propagation
pressure during hydraulic fracturing in
shales: An analytical model. Capillarity,
2023, 8(3): 45-52.
https://doi.org/10.46690/capi.2023.09.01

Abstract:
The presence of micro-fractures in shale reservoirs is vital for economic production.
While a number of models have been proposed to predict the propagation pressure
of pre-existing micro-fractures, few models have considered capillary pressure, which
may play a significant role in the presence of micro-fractures with nano-scale width.
In this study, a new model was developed to predict the propagation pressure of micro-
fractures. It is assumed that pre-existing micro-fractures are arbitrarily intersected with
the propagated hydraulic fractures. The model was derived based upon linear elastic
fracture mechanics under the condition of mode I fracture propagation coupled with
capillary pressure. Furthermore, this paper also conducted sensitivity analyses to predict
the micro-fracture propagation pressure as a function of the contact angle, surface tension
and the width of micro-fracture. The results demonstrated that decreasing the contact
angle reduces the propagation pressure of micro-fractures, implying that a hydrophilic
system may yield a lower fracture propagation pressure compared with the hydrophobic
counterpart. Moreover, for a hydrophilic system, further decreasing the contact angle shifts
the propagation pressure to a negative value, implying that the capillary pressure may
induce the propagation of micro-fractures without external fluid injection. The propagation
pressure is also affected by the surface tension and the width of micro-fracture.

1. Introduction
Unconventional shale oil and gas have revolutionized the

energy landscape in the United States and the world due
to the decline in conventional resources (Wang et al., 2014;
Roshan et al., 2016). Owing to the extremely low permeability
of shale, a combination of horizontal drilling and multi-
stage hydraulic fracturing technology are generally utilized for
economic production. Apart from hydraulic fractures, shale
plays are quite often naturally fractured reservoirs with a
size ranging from the micrometre (i.e., micro-fracture) to the
kilometre scale (Gale et al., 2007, 2014; Curtis et al., 2010;
Liu et al., 2022), which provides pathways to transport oil
and/or gas from the matrix to hydraulic fractures (Wang et

al., 2016; Feng et al., 2020; Liu et al., 2022). However, these
natural fractures may not be internally connected with each
other near the wellbore or hydraulic fractures, which in turn
constrains the conductivity of natural fractures. Therefore, it
is essential to explore the potential of the reactivation and
propagation of micro-fractures during the hydraulic fracture
stimulation.

Since the inception of hydraulic fracturing in conventional
reservoirs, the mechanisms of the propagation of hydraulic
fractures are well-established phenomena. According to the
classical mechanism, the extension of hydraulic fractures and
the characteristics of the interaction among initiated hydraulic
fracture, pre-exiting natural fractures and induced natural
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fractures of all sizes depend on various factors, which include
the rock mechanical properties, fracturing fluid properties,
reservoir fluid, and natural fracture properties (e.g., geometry,
size orientation) (Fatahi et al., 2016; Fallahzadeh et al., 2017;
Fatahi and Sarmadivaleh, 2017; Feng et al., 2018), state
of stresses (e.g., in-situ stresses, differential stresses, stress
regime etc.) (Hossain et al., 2000; Rahman et al., 2002;
Hossain and Rahman, 2008), and rock and fluid interactions
mechanisms (Kumagai and Chouet, 2000; Rahman et al., 2000;
Hou et al., 2018; Peng et al., 2018; Feng and Chen, 2019).

Despite the above achievements, the effect of capillary
pressure (especially at the tip of hydraulic fractures) on the
hydraulic fracture propagation pressure has not been exam-
ined, since the capillary pressure effect at the very small scale
of hydraulic fracture tip is generally assumed to be negligible.
However, some authors hypothesized that capillary pressure
(with nano-scale of natural fracture tip) plays a significant role
in increasing the stress intensity factor, thus decreasing the
micro-fracture propagation pressure (Wang et al., 2016; Lu et
al., 2018). Previous studies have shown that multiphase flows
in porous media are in a transient state with the dynamic effect
in capillary pressure and focus on the measurement of dynamic
effect in capillary pressure (Li et al., 2022). Meanwhile,
capillary imbibition and fluid flow in porous systems driven
by capillary pressure are also the most ubiquitous phenomena
in nature and industry, including petroleum and hydraulic
engineering (Cai et al., 2014, 2021, 2022). Therefore, there
is a pressing need to incorporate the capillary pressure effect
into predicting the propagation pressure of micro-fractures in
shale. If this physical process takes place during hydraulic
fracture propagation in shales, pre-existing natural micro-
fractures, which intersect with the propagated hydraulic frac-
tures, could potentially be activated through the propagation
of micro-fractures due to the influence of capillary pressure.
Consequently, in addition to the creation of new fractures,
the re-activation of pre-existing natural fractures of all sizes
during the propagation of hydraulic fractures may also play
a significant role in enhancing the interconnectivity and thus
the productivity. This is because the interconnected fractures
provide pathways that improve the hydraulic fracture conduc-
tivity through allowing the better transportation of reservoir
fluids from matrix to hydraulic fractures to the wellbore,
enhancing the well production performance (Mayerhofer et
al., 2010; Gandossi and Von Estorff, 2013). In addition, the
capillary pressure has been experimentally shown to cause a
major change in the strength of various rocks (such as shale,
chalk, limestone, sandstone, gypsum, mudrock, etc.) (Priest
and Selvakumar, 1982; Yilmaz, 2010). To explain the capillary
effects, Bishop (1959) experimentally introduced a generalized
effective stress established on soils partially saturated with
air and water. Bishop’s effective stress was also applied to
explain the strength and deformation of partially saturated
rocks (Fjær et al., 2008; Silva et al., 2008) and solids. Verdugo
and Doster (2022) analysed the impact of capillary pressure
on hydraulically fractured tight gas wells with the objective of
understanding the clean-up process at reservoir level and its
impact on future well performance.

In order to verify the hypothesis outlined above, authors

previously developed an analytical model with the assumption
that micro-fractures in tight sandstone reservoirs are orthog-
onal to hydraulic fractures (Lu et al., 2019). The current
study is the extension of that work. It puts an emphasis on
the pre-exiting natural micro-fractures, which are intersected
arbitrarily with the propagated hydraulic fractures. However,
to better represent the distribution of natural micro-fractures in
shale reservoirs, the previous analytical model was updated to
consider micro-fractures arbitrarily intersected with hydraulic
fractures. In addition, given that shale reservoirs exhibit a
strong heterogeneity in wettability, it is necessary to examine
the effect of capillary pressure on micro-fracture propagation
in hydrophilic (inorganic materials) and hydrophobic (organic
systems, i.e., organic matter) systems together with the inter-
facial tension and the width of micro-fracture tip.

2. Methodology

2.1 Model for the propagation of pre-existing
natural micro-fractures

In order to interpret the effect of capillary pressure on the
propagation of a pre-existing natural micro-fracture arbitrarily
intersected with hydraulic fracture, this study was performed
based on the mechanics of linear hydro-fracture, which delin-
eates the driving factor(s) in this process. To further predict
the propagation of natural micro-fractures intersected with the
generated hydraulic fracture, a mathematical model in light of
the mechanics of linear elastic fracture (Rahman et al., 2000)
was developed on the basis of a conceptual mode, as shown
in Fig. 1.

As presented in the above figure, in-situ natural micro-
fractures arbitrarily intersect a hydraulic fracture with an
angle β . This is the orientation of micro-fracture, that is, the
angle between micro-fracture and the direction of minimum
principal horizontal in-situ stress. The parameters au and
ad represent the upper and lower sides of the incremental
extension length of hydraulic fracture. It is assumed that the
micro-fracture intersecting with the main hydraulic fracture
can propagate under the capillary pressure. lnu, and lnd are
respectively the upper and lower side of the micro-fracture
without any contribution from the hydraulic fracture. Lnu, and
Lnd are respectively the total half-lengths of the micro-fracture.

Fig. 1 further shows the distribution of fluids and pres-
sures in the hydraulic fractures and micro-fractures in a two-
dimensional view. The blue horizontal column represents the
fracturing fluid in the hydraulic fracture, and the orange
inclined cylinder represents the pre-existing formation fluid,
typically shale oil or gas. The half-length of hydraulic fracture
is denoted by L. As aforementioned, the injected fluid can
potentially enter the micro-fracture under external pressure,
and the length of this part of fluids is represented by the blue
inclined cylinder in Fig. 1.

The fracturing fluid then enters these fractures under the
high injection pressure. Subsequently, the capillary pressure
is induced at the water-hydrocarbon-rock interface when the
injected fluid contacts with the pre-existing formation brine
and hydrocarbon. As a result, the existing micro-fractures
may extend and propagate under fluid-injection pressure and
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Fig. 1. Schematic of pressure distribution in pre-existing micro-fracture that is intersected with the main fracture after the
hydraulic fracturing process.

capillary pressure depending on the stress intensity developed
at the micro-fracture tip due to the resultant effect of hydraulic
fracture fluid and capillary pressure, as well as the local stress
system. If it is assumed that the pressure drop of fluid flow
inside the micro-fractures is negligible, the system pressure
can be divided into two parts: (i) the fluid injection pressure,
which is equal to the pressure at the intersection between the
main hydraulic fracture and induced micro-fracture; and (ii)
the intrinsic pressure of the formation fluid, which is related
to the resultant effect of in-situ stress. The difference between
these two pressures is the capillary pressure.

In order to derive the proper analytical model, it is reason-
able to make the same assumptions as in our previous study
to calculate the intensity factor change, which is affected by
capillary pressure mainly due to the wettability change. The
details of modeling assumptions and limitations can be found
in Lu et al. (2019).

2.2 Pressure in the fractures
In Fig. 1, the fluid pressure at any position in the hydraulic

fracture can be obtained by using the classical Perkins-Kern-
Nordgren fracture model (Hubbert and Willis, 1972):

Ph = Pw − 256µQG3

πH4(1− v)3 xh (1)

where xh represents the distance between the point where
the micro-fracture intersects with the main fracture and the
wellbore bottom hole in m (in Fig. 1, wellbore bottom hole
refers to a point from which the hydraulic fracture is initiated);
Ph represents the pressure at xh inside the fracture in MPa;
Pw represents the wellbore bottom hole pressure in MPa; Q
represents the volumetric rate of fracturing fluid (or injection
rate) in m3/min; µ represents the viscosity of the fracturing
fluid in mPa·s; G represents the shear modulus of shale
reservoir in GPa; v represents the Poisson’s ratio; H is the
formation thickness in m.

Inside the micro-fracture, the pressure of injected fluid is
equal to the pressure of hydraulic fracture Ph at the point where

it intersects with a micro-fracture, so the net pressure Pn of
the fracturing fluid in the micro-fracture can be expressed by:

Pn = Ph −
σH −σh

2
(cos2β +1) (2)

where σH and σh denote the maximum and the minimum
horizontal stress in MPa; β denote the orientation of micro-
fracture.

The capillary pressure is induced when the injected fluids
inside the micro-fracture contact with the pre-existing for-
mation fluids. Under this condition, the net pressure Pg of
the in-situ fluids is greater than the net pressure Pn of the
injected fracturing fluid. The difference between these two
net pressures is expressed by the capillary pressure (Lu et
al., 2019). Thus:

Pg = Pn +Pc (3)
The capillary pressure Pc is given by:

Pc =
2σ cosθ

wn
(4)

where Pc is given in MPa, σ represents the gas-liquid surface
tension for the inside of micro-fracture in mN/m; θ is the
contact angle between the fracturing fluid and the formation
rock in ◦; wn denotes the half width of micro-fracture in m.

2.3 Stress intensity factor at the tip of
micro-fracture

Given that the main hydraulic fracture is intersected with
the micro-fractures as shown in Fig. 1, it is not possible to
directly use the traditional linear elastic method, which is
based on the internal pressure distribution inside the fractures
for the calculation of the stress intensity factor at the tip
of the fracture. In this work, the stress intensity factor is
derived from the linear elastic fracture mechanics and is used
as the criterion to predict the propagation behaviour of micro-
fractures. It is assumed that the hydraulic fracture only extends
along the direction of maximum principal stress in the same
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plane following the mode I (i.e., tensile fracture) fracture
propagation criteria. Hence, the stress intensity factor at the
hydraulic fracture tip Kih, can be expressed by:

Kih =
0.806G

√
π

2(1− v)
√

∆a
wtip (5)

where wtip represents the opening displacement of the micro-
fracture tip, which is generally termed as the width of micro-
fracture in nm; ∆a is the unit length of hydraulic fracture
tip in m. From Eq. (1), the fluid pressure at the tip of the
hydraulic fracture could de derived. The width of fracture tip
under this pressure condition is then calculated by (Perkins
and Kern, 1961):

wtip =
H(1− v)

G
(Ph −σh) (6)

According to the linear elastic fracture mechanics, the
hydraulic fracture will extend and start propagating when the
stress intensity factor at the hydraulic fracture tip, Kih, is
exceeded or is equal the fracture toughness of shale formation,
Kic (i.e., Kih≥Kic). By applying this criterion, the hydraulic
fracture propagation pressure php can be obtained using Eqs.
(1), (5) and (6), as given by:

php =
1.4

√
∆aKic

H
+σh +

256µQG3

πH4(1− v)3 xh (7)

For any micro-fracture that intersects with the hydraulic
fracture, it is assumed that this micro-fracture is independent
and not influenced by the other surrounding micro-fractures.
Besides, only the rupture at the tip of micro-fracture is
considered. Therefore, the stress intensity factor at the micro-
fracture tip Ki, is given by (Rice, 1968; Adachi, 2001):

Ki = 2

√
L
π

∫ L

0

P(x)√
L2 − x2

dx (8)

where L represents the arbitrary half-length of micro-fracture
in m; x represents the distance of a given point at the tip
of micro-fracture to the point of the intersection between
hydraulic fracture and micro-fracture in m; and P(x) denotes
the fluid pressure in the micro-fracture in MPa.

Substituting Eqs. (2)-(4) into Eq. (8) yields Eq. (9), which
predicts the stress intensity factor at the micro-fracture tip:

Ki = 2

√
Lnu

π

(∫ au

0

Pn√
L2

nu − x2
dx+

∫ lnu

au

Pg√
L2

nu − x2
dx

)
(9)

When applying the fracture propagation criterion as de-
scribed earlier, the propagation pressure of micro-fractures
pnp, can be obtained by using Eqs. (1)-(4) and (9), as given
by:

pnp =
Kic√
πLnu

+

(
2
π

arcsin
au

Lnu
−1
)

Pc

+
(R−1)σh

2
(1+ cos2β )+

256µQG3

πH4(1− v)3 xh

(10)

where R is the non-uniform coefficient of in-situ stress, which
is defined as R = σH/σh.

Consequently, the pressure variation obtained from Eqs.
(7) and (10). Eq. (10) shows that the micro-fracture proroga-

Table 1. Input parameters used in the geomechanical model
to estimate the stress intensity factor.

Parameter Value

Formation thickness, m 50

Stratigraphic shear modulus, GPa 20

Poisson-Pine ratio 0.25

Fracture toughness, MPa·
√

m 1.2

Maximum horizontal stress, MPa 42

Minimum horizontal stress, MPa 40

The orientation of micro-fracture, ◦ 0-90

Fluid injection rate, m3/min 2.5

Viscosity of injection fluid, mPa·s 2

Contact angle, ◦ 0-180

Surface tension, mN/m 20-40

Half width of pre-existing micro-fracture, nm 10-50

tion pressure predominantly depends on the mechanical prop-
erties of the rock, the non-uniform coefficient of in-situ stress
(R), the in-situ wettability of the fluid-rock system (θ ), the ori-
entation of micro-fracture (β ), and the geometrical parameters
of the hydraulic and micro-fractures.

2.4 Case study
In this part, the analytical model presented earlier is

employed to investigate the effect of capillary pressure on the
propagation of micro-fractures. Since capillary pressure is the
function of contact angle (θ ), surface tension (σ ) and half
width of the micro-fracture tip (wn) (Eq. (4)), the propagation
pressure as a function of these parameters (i.e., θ , σ and wn)
could be calculated. Table 1 provides the input parameters
used in this work to estimate the stress intensity factor, with
a focus on investigating the effect of contact angle (0◦-180◦),
interfacial tension, and half width of the pre-existing fracture
(10, 30 and 50 nm).

3. Results and discussion

3.1 Effect of contact angle and surface tension
on the stress intensity factor

As mentioned earlier, the micro-fracture will propagate
when the stress intensity factor Ki exceeds the fracture tough-
ness. The stress intensity factor calculated by employing our
developed model is presented Fig. 2 as a function of contact
angle at different surface tensions for a micro-fracture of 10
nm width. To better interpret how the Ki can be influenced
by capillary pressure, the hydrostatic pressure at the bottom
hole (i.e., at the hydraulic fracture initiation point on wellbore)
is set to zero in order to allow the spontaneous imbibition
process. The width of micro-fracture is considered in this case
to be 10 nm. As can be seen in Fig. 2, the stress intensity
factor decreases with increasing contact angle for any surface
tension. For instance, Ki is observed to drop from 13.17 to
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Fig. 2. Stress intensity factor as a function of contact angle at
different surface tensions for micro-fracture with 10 nm width.

-24.38 MPa·
√

m when the contact angle is increased from 0◦-
180◦ for a surface tension of 40 mN/m. Fig. 2 also shows
that the value of Ki is greater than the fracture toughness (1.2
MPa·

√
m), while the contact angle is less than 70◦, which

implies that the propagation of micro-fracture will potentially
occur under the water-wet condition.

Fig. 2 also shows that the value of Ki is higher with a
larger surface tension when the contact angle is less than 90◦,
while on the contrary, it decreases when the contact angle is
greater than 90◦. For example, at a contact angle of 30◦, Ki
increases from 2.52-10.65 MPa·

√
m when the surface tension

increases from 20-40 mN/m. This means that for hydrophilic
shale formation, increasing the surface tension will promote
the propagation of existing micro-fractures. However, in the
case of hydrophobic shale formation, high surface tension
will further decrease the Ki, which can make it harder for
an existing micro-fracture to propagate.

3.2 Effect of contact angle and surface tension
on the propagation pressure

The propagation pressure as a function of contact angle
at different surface tensions for a 10 nm micro-fracture is
calculated using the developed model and shown in Fig.
3. It can be seen from the figure that the micro-fracture
propagation pressure decreases with a decreasing contact angle
for a given surface tension. For example, at an interfacial
tension of 40 mN/m, the contact angle decreasing from 180◦-
0◦ leads to a reduction in propagation pressure from 14.11 to
-0.87 MPa. It is worth noting that the negative propagation
pressure means that the micro-fracture may propagate even
without external fluid injection. Given that shale exhibits a
strong heterogeneity in wettability with respect to the type
and distribution of organic matter, these results indicate the
possible contribution of capillary pressure to the propagation
of pre-existing small micro-fractures (with nano-scale size) in
water-wet shale, mainly in the areas that are rich in inorganic
materials, whereas capillary pressure possibly increases the
propagation pressure in oil-wet shale, mainly in the organic

0 3 0 6 0 9 0 1 2 0 1 5 0 1 8 0- 5

0

5

1 0

1 5

Pro
pag

atio
n p

res
sur

e (
MP

a)

C o n t a c t  a n g l e s  ( ° )

 S u r f a c e  t e n s i o n  =  2 0 m  N / m
 S u r f a c e  t e n s i o n  =  3 0 m  N / m
 S u r f a c e  t e n s i o n  =  4 0 m  N / m

Fig. 3. The propagation pressure as a function of contact angle
under different surface tensions for a 10 nm micro-fracture.

rich areas. The above results are consistent with those reported
in the literature (Wang et al., 2015; Shen et al., 2016; Zhou
et al., 2016).

Fig. 3 also indicates that the wettability shifting towards
hydrophilicity may promote the propagation of a pre-existing
micro-fracture due to the decrease in capillary pressure. Re-
search has shown that low-salinity slick water for hydraulic
fracturing could alter the in-situ wettability to more water-wet
(Chen et al., 2018a, 2018b), favouring fluid uptake because
of the capillary pressure, which acts as a diving force. Fig. 3
provides theoretical evidence that slick water may also trigger
a decrease in the propagation pressure of pre-existing micro-
fracture due to the wettability alteration towards more water-
wet. This is well supported by the work of Xu and Dehghan-
pour (2014), who conducted spontaneous imbibition tests
using intact shale samples in the presence of various brines.
They reported that lowering the NaCl salinity would further
dismantle shale samples and increase the water imbibition.
Taken together, our results suggest that a shift in wettability
towards more water-wet can decrease the propagation pressure,
which can eventually lead to the re-activation as well as
promote the propagation of micro-fractures.

The effect of surface tension on propagation pressure
highly depends on the in-situ wettability (Fig. 3). In a hy-
drophilic system, increasing surface tension decreases the
propagation pressure, whereas in a hydrophobic system, this
trend is reversed. For example, for a contact angle of 40o,
increasing the surface tension from 20-40 mN/m decreases the
propagation pressure from 3.75-0.88 MPa. This indicates that
increasing the fluid surface tension may induce the propagation
of micro-fracture in a hydrophilic system. Our prediction is
found to be in good agreement with the results of Dehghanpour
et al. (2013) who simulated the hydraulic fracturing process
using fluids with different surface tensions. They reported that
increasing the fluid surface tension can decrease the formation
propagation pressure, thus contributing to the enhancement of
the volume of stimulated reservoirs in agreement with Fig. 2.
However, Fig. 2 also indicates that, for a hydrophobic system,
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increasing the surface tension impedes the effectiveness of
hydraulic fracturing because the capillary pressure acts as a
resistance for micro-fracture propagation. These results col-
lectively suggest that the wettability and interfacial tension
may significantly influence the propagation pressure, which is
associated with capillary pressure.

3.3 Effect of orientation and width of
micro-fracture on the propagation pressure

The propagation pressure of micro-fractures, as a function
of intersection angles for different widths of micro-fracture,
plotted in Fig. 4, decreases with increasing the orientation
angle between the micro-fracture and the direction minimum
horizontal in-situ stress. In this study, the orientation 0◦ refers
to a micro-fracture that is perpendicular to the direction of
hydraulic fractures (i.e., the micro-fracture is parallel to the
minimum horizontal stress), whereas 90◦ refers to micro-
fracture parallel to the hydraulic fracture direction (micro-
fracture is parallel to the maximum horizontal stress). As
shown in Fig. 4, for the micro-fracture with 10 nm width,
the increasing fracture orientation from 0◦-80◦ decreases the
propagation pressure from 5.38 to -2.61 MPa. Subsequently,
the micro-fracture propagates along the direction of maximum
horizontal stress. This is largely because the micro-fracture
may not propagate until the propagation pressure exceeds the
minimum horizontal stress, while the fractures parallel to the
minimum horizontal stress need to overcome the maximum
horizontal stress, leading to a higher propagation pressure. It is
worth noting that the propagation pressure shifts to a negative
value when the angle is greater than 55◦ under micro-fracture
width of 10 nm or less, which implies that the capillary
pressure can facilitate the re-activation as well as extension of
micro-fracture, and thus potentially enhance oil/gas production
through improving the formation connectivity (Wattenbarger
and Alkouh, 2013).

For a constant orientation, the propagation pressure in-
creases with the increasing width of micro-fracture. For ex-

ample, for an angle of 70◦, increasing the width from 10-50
nm shifts the propagation pressure from -1.98 to 1.94 MPa.
This further supports that capillary pressure can potentially
play a significant role in fracture propagation pressure. The
increasing width of micro-fracture decreases the capillary
pressure, thereby increasing the fracture propagation pressure
(Liang et al., 2014).

4. Conclusions
In this work, a new analytical model was developed to

discuss the impact of capillary pressure on the propagation
pressure of micro-fractures. In particular, this paper considered
that the pre-existing micro-fracture arbitrarily intersected with
the hydraulic fracture better represents the distribution of
micro-fractures in shale reservoirs. Moreover, given that shale
reservoirs exhibit a strong heterogeneity in wettability, the
effect of capillary pressure on micro-fracture propagation in
hydrophilic (inorganic materials) and hydrophobic (organic
matter) systems together with interfacial tension and the
width of micro-fracture tip was also examined. Based on this
analysis, the following conclusions are made:

1) For a hydrophilic system, the capillary pressure at the tip
of micro-fractures could serve as a driving force that may
significantly decrease the fracture propagation pressure.
Theoretically, micro-fracture propagation pressure could
be less than 0 MPa, which means that the capillary
pressure could act as a main force to propagate micro-
fractures with an assumption that the frictional force of
fluids in micro-fractures is negligible. This suggests that
under the condition of constant injection pressure, it can
potentially induce the propagation of micro-fractures.

2) For a hydrophobic system (organic materials, i.e., organic
matter), the propagation pressure of micro-fractures may
rise with increasing hydrophobicity and fluid surface
tension. This is because the capillary pressure could
act as a dragging force and hinder the propagation of
micro-fracture. This implies that special consideration
needs to be given for the design of hydraulic fracturing
fluids for organic-rich shale to enable the reactivation and
propagation of interacting natural micro-fracture.

3) Micro-fracture width and intersection angle between
micro-fractures and hydraulic fractures also play signifi-
cant roles in the micro-fracture propagation pressure. The
smaller the micro-fracture width, the higher the capillary
pressure, which means that the wetting of the injected
fluid can promote the extension of micro-fracture.

4) The greater the orientation angle between the micro-crack
and the direction of minimum horizontal in-situ stress
(i.e., micro-fractures that are more aligned with the main
hydraulic fracture direction), the smaller the fracture pres-
sure. This warrants that the intersected micro-fractures
that are more aligned with the main hydraulic fractures
are more likely to be activated and propagated upon the
influence of capillary pressure. This can provide techni-
cal guidance for the optimization of hydraulic fracture
stimulation tasks for shale reservoirs.
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