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Abstract
Bedding planes are abundant in shale oil reservoirs, but the intrinsic mechanism of fracture-height containment by these weak 
interfaces remains unclear. To investigate the effects of interface properties, stress conditions, and fracturing fluid viscosity 
on the vertical propagation of fracture heights in laminated shale oil reservoirs, a three-dimensional hydro-mechanical cou-
pling numerical model was developed. The model is based on the 3D discrete lattice algorithm (DLA), which replaces the 
balls and contacts in the conventional synthetic rock mass model (SRM) with a lattice consisting of spring-connected nodes, 
resulting in improved computational efficiency. Additionally, the interaction between hydraulic fractures and bedding planes 
is automatically computed using a smooth joint model (SJM), without making any assumptions about fracture trajectories 
or interaction conditions. The results indicate that a higher adhesive strength of the laminated surface promotes hydraulic 
fracture propagation across the interface. Increasing the friction coefficient of the laminated surface from 0.15 to 0.91 resulted 
in a twofold increase in the fracture height. Furthermore, as the difference between vertical and horizontal principal stresses 
increased, the longitudinal extension distance of the fracture height significantly increased, while the activated area of the 
laminar surface decreased dramatically. Moreover, increasing the viscosity of the fracturing fluid led to a decrease in filtra-
tion loss along the laminar surface of the fracture and a rapid increase in net pressure, making the hydraulic fracture more 
likely to cross the laminar surface directly. Therefore, for heterogeneous shale oil reservoirs, a reverse-sequence fracturing 
technique has been proposed to enhance the length and height of the fracture. This technique involves using a high-viscosity 
fracturing fluid to increase the fracture height before the main construction phase, followed by a low-viscosity slickwater 
fracturing fluid to activate the bedding planes and promote fracture complexity. To validate the numerical modeling results, 
five sets of laboratory hydraulic fracturing physical simulations were conducted in Jurassic terrestrial shale. The findings 
revealed that as the vertical stress difference ratio increased from 0.25 to 0.6, the vertical fracture area increased by 1.98 
times. Additionally, increasing both the injection displacement and the viscosity of the fracturing fluid aided in fracture height 
crossing of the laminar facies. These results from numerical simulation and experimental studies offer valuable insights for 
hydraulic fracturing design in laminated shale oil reservoirs.
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Latin Letters
a	� Fracture opening, m
AVF	� Tension hydraulic fracture area, m2

AHF	� Shear hydraulic fracture area, m2

C	� Shear strength of the macro-rock mass, Pa
d	� Model size, m
E	� Young’s modulus, GPa
ESRA	� Effective stimulated reservoir area, m2

FNmax	� The maximum normal force of the microspring, 
N

FSmax
	� Maximum shear force of the micro spring, N

FN
i 	� Normal force component, N
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Fs
i
	� Shear force component, N

∑

Fi	� Resultant force components acting on the node at 
time t, N

g	� Gravity acceleration, m/s2

GI	� Energy release rate, MN/m
hf 	� Fracture height, m
Ĥ	� Dimensionless fracture height, dimensionless
I	� Moment of inertia, kg m2

kr	� Relative permeability, dimensionless
kN	� Normal stiffness, N/m
kS	� Shear stiffness, N/m
KI	� Fracture toughness, MPa m1/2

K̄f	� The apparent bulk modulus of fluid, Pa
∑

M
(t)

i
	� The sum of all components of the node at time t, 

N m
pA	� Fluid pressures at node A, Pa
pB	� Fluid pressures at node B, Pa
Δp	� Increment of fluid pressure, Pa
q	� Fluid flow rate, m3/s
Q	� The sum of all flow rates from all pipes con-

nected to the node, m3/s
r	� Fracture radius, M
R	� Element size, m
R(t)	� The radius of hydraulic fracture at moment t, m
s	� Saturation, dimensionless
t	� Injection time, s
Δt	� Time steps, s
T 	� The normal strength of the macro-rock mass, Pa
u
(t)

i
	� Displacement components of the node at time t, 

m
u̇
(t)

i
	� Nodal velocity components at time t, m/s

u̇N
i

	� Normal velocity component, m/s
u̇S
i
	� Shear velocity component, m/s

�	� Poisson’s ratio, dimensionless
V 	� Node volume, m3

Vinj	� The volume of the injected fluid, m3

Vfrac	� Volume of the fracture, m3

W(0, t)	� Width of the fracture when the radius of the 
hydraulic fracture is 0, m

W(r, t)	� Width of the fracture when the radius of the 
hydraulic fracture is r, m

zA	� Elevation at node A, m
zB	� Elevation at node B, m

Greek letters
�	� Relaxation factor, dimensionless
�t	� Correction coefficient of the normal strength, 

dimensionless
�s	� Correction coefficient of the shale strength, 

dimensionless
�	� Dimensionless coefficient, dimensionless
�	� Friction coefficient, dimensionless
�	� Fluid viscosity, mPa s

�	� Fluid density, kg/m3

�i	� Angular velocity, rad/s

Introduction

Shale oil is a significant resource for increasing oil reserves 
and production in the future (Muther et al. 2022). However, 
shale oil reservoirs have very low porosity and permeabil-
ity, necessitating large-scale hydraulic fracturing for eco-
nomic development (Li et al. 2015; Belyadi et al. 2016; 
Al-Fatlawi et al. 2019; Altawati et al. 2021; WANG et al. 
2021; Deng et al. 2022; Dheyauldeen et al. 2022). Addi-
tionally, these formations commonly have bedding planes 
(Zeng et al. 2023). For instance, in the Jurassic terrestrial 
shale of the Sichuan Basin in China, the density of laminar 
joints exceeds 50 per meter (Fig. 1). When hydraulic frac-
tures encounter these bedding fractures, various interactions 
can occur, such as crossing, deflection, and termination of 
the fractures. Therefore, it is crucial to determine whether 
hydraulic fractures can overcome the constraints posed by 
near-wellbore bedding planes and achieve deep vertical pen-
etration into the reservoirs. This is vital for enhancing the 
stimulated reservoir volume and well productivity.

Experiments have been conducted to investigate the inter-
action between hydraulic fractures and laminated surfaces, 
revealing that these weak discontinuities have a significant 
inhibiting effect on fracture heights. Initially, the focus was 
on stress contrasts and rock mechanical properties (Warpin-
ski and Teufel 1987; Beugelsdijk et al. 2000; Li et al. 2018; 
Tan et al. 2020; Heng et al. 2020). However, in recent years, 
more attention has been given to the inherent properties of 
the bedding planes and the approach angle. Guo et al. (2021) 
suggested that a complex fracture network can form when 
the bedding dip angle is less than 30° and the vertical in situ 
stress difference is 10 MPa. Similarly, Zhou et al. (2022) 
found that the bedding dip angle is not the sole factor influ-
encing fracture propagation; the micromechanical properties 
of adjacent beds also play a significant role. Zhang et al. 
(2023b) observed that when hydraulic fractures encountered 
low-brittleness sandstone interbeds, plastic deformation 
occurred within the interbeds, reducing the ability of the 
fractures to penetrate the interface and interbeds. Liu et al. 
(2022a) discovered that complex fracture networks are more 
likely to form when the maximum principal stress direction 
is perpendicular to the bedding plane. Furthermore, the frac-
ture initiation pressure gradually decreases as the bedding 
dip angle increases. However, due to sample size limitations, 
physical simulation experiments only allow for qualitative 
analysis of the effects of bedding planes on vertical fracture 
propagation under different parameters, and real-time moni-
toring of the failure process is not feasible. Additionally, 
laboratory experiments typically utilize large cubic outcrop 



787Journal of Petroleum Exploration and Production Technology (2024) 14:785–804	

1 3

samples or artificial samples with pre-existing discontinui-
ties, making it challenging to control the mechanical proper-
ties of the laminated surfaces and quantitatively study the 
effects of various factors on the expansion pattern of seam 
height.

Moreover, accurately determining the anisotropic 
mechanical properties of shale is crucial for studying the 
initiation and propagation of hydraulic fractures in terres-
trial shale. Determining these properties using conventional 
methods is time-consuming and may even become impracti-
cal. During the recovery process, large shale samples fre-
quently experience fragmentation due to their inadequate 
mechanical stability. There has been an ongoing discussion 
regarding this issue, which has prompted the development of 
new techniques for characterizing them using small samples 
such as cutting and chips. One interesting method is based 
on nanoindentation or two-scale finite element methods. 
Li and Sakhaee-Pour (2016) proposed a conceptual model 
to consider the effective stiffness of the solid grain, which 

is determined by the nanoindentation, and scaled up these 
results to the core scale. Further, they proposed a two-scale 
model to predict the elastic modulus of shale at the core 
scale. This model considers the complex geometry of voids 
and solid particles (Sakhaee-Pour and Li 2018; Esatyana 
et al. 2020). Esatyana et al. (2021) conducted a quantitative 
characterization of shale anisotropic fracture toughness at a 
sub-centimeter scale using nanoindentation. Alipour et al. 
(2021) then introduced machine learning to nanoindentation 
experiments to further improve the accuracy of the shale 
fracture toughness test results. However, numerical simula-
tions offer a viable approach to investigate the expansion 
behavior of hydraulic fractures as they approach laminar 
surfaces with varying properties.

Many numerical methods have been employed to study 
the interaction of hydraulic fractures with bedding planes, 
such as the finite element method (Wang et al. 2015; Chang 
et al. 2017), the extended finite method (Zeng et al. 2018; 
Tan et al. 2021), the boundary element method (Gu et al. 

Fig. 1   Laminae characteristics of terrestrial shales from the Dong 
Yuemiao Formation in the Fuxing Sag, Sichuan Basin, China. A 
Sketch map showing the location of the Fuxing Sag; B and C QEM-

SCAN image of laminated shale sample from XY-3 well; D through 
G Core images of laminated shale, XY-3 well
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2008, 2012; Tang et al. 2019; Xie et al. 2020), the discrete 
element method (Yushi et al. 2016; Huang et al. 2022), the 
combined finite-discrete element method (Zhao et al. 2014; 
Wu et al. 2022), the phase field method (Qin and Yang 
2023), and the peridynamics method (Qin and Yang 2023). 
In these models, anisotropic or transverse isotropic onto-
logical constitutive equations have been commonly used to 
characterize the heterogeneity caused by bedding planes. 
However, there is still a lack of understanding regarding the 
propagation mechanism of hydraulic fractures in heteroge-
neous reservoirs and the intrinsic mechanism of their inter-
action with bedding planes. For example, in the boundary 
element method, a predetermined criterion is required to 
determine whether the hydraulic fracture crosses the bed-
ding plane. In addition, although the hybrid use of finite 
element and cohesion zone models can accurately calculate 
the stress and displacement fields around the crack, it neces-
sitates local mesh refinement near the bedding plane, and 
the crack propagation pattern is closely linked to the mesh 
size. Furthermore, most studies have been limited to two-
dimensional problems, making it challenging to analyze the 
opening morphology and area of the bedding plane. These 
limitations can be overcome by employing a three-dimen-
sional discrete lattice model (Xsite) to separately describe 
the matrix and the bedding plane (Damjanac and Cundall 
2016a). The lattice model allows fracture through the break-
age of springs along with slip along pre-existing joints using 
a smooth joint model logic (Pierce et al. 2007). It can repre-
sent both movement on pre-existing joints (sliding and open-
ing) and fracture of intact rock. The code accounts for the 
interaction between hydraulic fractures as well as between 
fractures and pre-existing joints. Interactions are resolved 
automatically, using basic principles of mechanics, without 
any assumptions about the fractures’ trajectories or condi-
tions of interaction.

Frankly, the propagation pattern of hydraulic fractures is 
typically affected by stress conditions (magnitude, direction, 
and difference), rock properties (Young’s modulus, Pois-
son’s ratio, and fracture toughness), and structural proper-
ties (such as laminations and natural fractures). However, 
these parameters are inherent to reservoirs and cannot be 
artificially changed. In recent studies, some scholars have 
proposed that the expansion of hydraulic fractures through 
layers can be achieved by selecting the optimal fluid viscos-
ity and injection rate (Rueda Cordero et al. 2019; Zhao et al. 
2020). Nevertheless, the exact mechanism by which these 
two parameters influence the ability of hydraulic fractures 
to penetrate remains unclear.

In this study, a 3D hydro-mechanical coupling numeri-
cal model was established to investigate the propagation of 
hydraulic fractures in a homogeneous shale oil reservoir. 
The model analyzes the behavior of hydraulic fracture 
propagation considering various geological and engineering 

parameters, such as the cohesive strength of the bedding 
planes, the difference between vertical stress and minimum 
horizontal principal stress, and the viscosity of the fracturing 
fluid. Moreover, an innovative reverse-sequence fracturing 
technique is proposed and validated through indoor hydrau-
lic physical simulation experiments to enhance the fracture 
length and height in shale oil reservoirs. The findings of this 
research provide valuable insights for optimizing the design 
of hydraulic fracturing in shale oil reservoirs.

Modeling and methods

The 3D HF simulation software XSite, developed by Itsaca 
Corporation, was utilized in this study (Damjanac and Cun-
dall 2016a). This software is based on a 3D discrete lat-
tice method and can effectively simulate the propagation 
of multiple HFs in naturally fractured reservoirs, including 
laminar shale oil reservoirs and pre-salt carbonate reservoirs 
(Soltanmohammadi et al. 2021).

The 3D discrete lattice method involves a reduced cohe-
sive particle model based on discrete lattice theory, which 
can be used to simulate the deformation and fracture of 
rocks, fabricated via synthetic rock mass (SRM) techniques 
(Wang et al. 2020; Bakhshi et al. 2021). As depicted in 
Fig. 2, The synthetic rock mass (SRM) concept is a frac-
tured rock mass idealization in which the intact matrix is 
represented by the particle-based model and the pre-existing 
joints by the smooth joint model (SJM). The original imple-
mentations of the SRM models have used the general-pur-
pose codes PFC2D and PFC3D, which employ assemblies 
of circular/spherical particles bonded together. However, the 
lattice is an array of 3D particles connected through break-
able nonlinear springs. The mechanical properties of the 
springs represent the macroscopic strength of the rock mass. 
The lattice ruptures when the tensile strength of the spring 
exceeds a threshold. Fluid flow within the fracture (including 
joints) and matrix is carried out in a series of pipes that are 
connected to the center of the springs. An arbitrary discrete 
fracture network model can be embedded into the model. To 
define the pre-existing joints in the rock mass, a smooth joint 
model is utilized, which can precisely represent the opening, 
slip, and closure of the joint surface. It overcomes all main 
limitations of the conventional methods for the simulation 
of hydraulic fracturing in jointed rock masses and is com-
putationally more efficient than PFC-based implementations 
of the SRM method (Potyondy and Cundall 2004; Potyondy 
2015).

Mechanical model

Explicit numerical methods are used in the 3D discrete lat-
tice approach to directly calculate the complex behavior of 
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fracture, slip, opening, and closure of the joints. The trans-
lational degrees of freedom for each lattice point can be 
obtained from the following equation (Damjanac and Cun-
dall 2016b):

The angular velocity component of the lattice point at 
moment t can be derived from the following equation:

Equations (3) and (4) characterize the correspondence 
between the micromechanical properties of the spring and 
the rock mass macroscopic strength:

where �t and denote tensile and shear strength calibration 
factors, respectively.

The tangential and normal stresses of the spring can be 
obtained from the relative displacement of the nodes.

When their strength (in tension or shear) is surpassed, the 
springs will be broken. After spring damage, microcracks 
form and the spring stress returns to zero.

Pre-existing joints in shale can significantly affect the 
extensional pattern of HFs, fracture extension pressure, 
and the filtration rate of fracturing fluid. In situ stresses 
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i
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and pore pressures are altered by the formation of HFs, 
resulting in sliding and microseismic activity in the joints 
surrounding the HFs. Furthermore, the rupture of joints 
obeys the smooth joint model and is not affected by the 
surface roughness.

The spring normal force is positive in tension and nega-
tive in compression. The normal force obtained from Eq. (5) 
can be used to determine whether a spring has broken: thus, 
if FN > FNmax , then FN = 0 , FS

i
= 0 , spring rupture occurs. 

Note that for a spring (describe a joint), the shear stress 
component should be less than the maximum frictional 
resistance.

In this model, the HF propagates along the direction of 
the maximum energy release rate. The criterion for fracture 
initiation is that GI reaches the critical GIC:

where GI is the energy release rate, KI is the fracture tough-
ness, E is the Young’s modulus, and � is the Poisson’s ratio

Fluid flow in the fracture

The fracturing fluid flows in a series of connected pipes. 
These pipes are located in the center of a broken spring or 
a spring representing a pre-existing joint (i.e., a spring that 
intersects the surface of a pre-existing joint). In this model, 
the fracturing fluid flow in the pipe obeys the planar Poi-
seuille equation:

(6)If
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Fig. 2   Schematic of the 3D discrete lattice method (Zhang et al. 2023a)
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where kr is closely related to the saturation s of the fluid 
elements:

Additionally, the pressure increment over the flow time 
step can be calculated as follows:

where Q is the sum of the fracture volume flows from all the 
pipes connected to the node.

When the fracture width is large or the fracturing fluid 
viscosity is small, the calculation becomes extremely inef-
ficient using the explicit iteration algorithm. Then, a relaxa-
tion scheme is an excellent solution to this problem. In this 
scheme, the fluid pressure is adjusted at each flow time step 
to make the fracture volume match the injected fluid volume. 
The pressure correction value in one iterative can be calcu-
lated by the following equation:

where Vinj and are the volume of the injected fluid and the 
fracture, respectively.

Fluid–solid coupling

Fluid flow and mechanical deformation are fully coupled in 
the 3D discrete lattice approach. Fluid flow in stress-induced 
fractures or pre-existing natural fractures is influenced by 
permeability. The permeability of the crack is determined 
by the opening and subsequent strain of the rock model. 
Fluid pressure acts on the crack surface and impacts the 
mechanical properties of the rock. Rock deformation causes 

(8)q = �kr
a3

12�

[

pA − pB + �g
(

zA − zB
)]

(9)kr = s2(3 − 2s)

(10)Δp =
Q

V
KfΔt

(11)Δp<i> = 𝛼
Vinj − Vfrac

Vfrac

variations in fluid pressure and fracture width, which in turn 
affects fracture permeability.

Model validation

In this study, the simulation results from the 3D lattice code 
were compared with the analytical solution of the penny-
shaped fracture model (Fig. 3) for zero fracture toughness 
and no leak-off case provided by Peirce and Detournay 
(2008).

In this case, only viscous dissipation takes place and 
all the injected fluid is contained in the fracture. The non-
steady response of rock is viscosity-dominated, which cor-
responds to the M-asymptote. The variation of the fracture 
radius R and aperture W at different injection moments can 
be obtained from the following equation:

where t denotes the injection time, and x is the coordinate 
in the axis system with the injection point as the reference. 
The three scalars r, E′ and �′ defined as:

The parameter values listed in Table 1 were used in the 
following calculations. In addition, the tensile strength of the 
rock is zero, and the in situ stresses are also zero. Figure 4a 
provides the HF expansion morphology at 10 s of elapsed 
time. The aperture profiles at three different injection 
moments are shown in Fig. 4b together with the asymptotic 

(12)R(t) = 0.6944

(

E�Q3t4

��

)1∕ 9

(13)W(0, t) = 1.1901

(

��2Q3t

E�2

)1∕ 9

(14)W(r, t) = 1.1901

(

��2Q3t

E�2

)1∕ 9

(1 + r)0.487(1 − r)2∕ 3

(15)r = x∕R(t), �� = 12�, E� = E
/

1 − v2

Fig. 3   Schematic diagram of the Penny-type crack
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solutions given by Savitski and Detournay (2002). Notably, 
despite that there is scatter, the numerical results and the 
analytical solutions are well aligned.

Furthermore, the ability to accurately simulate HF growth 
in the presence of stress gradients or sudden stress changes 
is a fundamental requirement of the numerical model. Wu 
et al. (2008) conducted a polymethyl methacrylate block test 
to investigate the HF crossing a sudden stress jump and pen-
etrating a lower stress zone. The PMMA block geometry and 
stress profile are illustrated in Fig. 5.

A comparison of the numerical and experimental results 
of this test was made. The numerical model’s geometry and 
boundary conditions are in line with the experiment, and the 
parameters used can be found in the literature. The thickness 
of the pay zone is 50 mm, and the upper side of the zone is 
a high-stress blocking layer, in which the stress is 4.2 MPa 
higher, while the lower side is a low-stress zone, in which 
the stress is reduced by 2 MPa. As illustrated in Fig. 6, the 
numerical results are extremely similar to the experimen-
tal results. Although the injection point is located near the 
high-stress layer, the seam height is challenging to extend 
upward and primarily occurs in the low-stress zone. This is 
primarily due to the lower minimum horizontal stress in the 
rock, which results in a relatively high net pressure within 

the fracture and a significant stress intensity factor at the 
fracture tip (Chang et al. 2022).

Notably, the simulation results of the numerical model are 
very similar to both the analytical solution and the experi-
mental results, indicating that our 3D hydraulic fracturing 
model is accurate. One limitation in modeling is that the 
runtime of the model is highly dependent on the resolu-
tion, particularly when a uniform resolution is applied. 
Roughly, the simulation time is inversely proportional to 
the resolution power of five. This sensitivity can be reduced 

Table 1   Properties used in model validation

Young’s 
modulus E

Poisson’s 
ratio v

Fracture tough-
ness KIC

Injection 
rate Q

Dynamic 
viscosity μ

70.0 GPa 0.22 0.001 MPa m0.5 0.01 m3/s 0.001 Pa s

Fig. 4   Aperture profiles for three different moments under zero fracture toughness conditions

Fig. 5   The model geometry and stress loading conditions
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if variable resolution (i.e., finer around the injection clusters 
and coarser close to the far-field boundaries) is used.

Analysis of factors affecting fracture propagation

The numerical model is shown in Fig. 7, with the horizon-
tal wellbore running through the center of the sample. The 
rock model size is 20 m × 20 m × 20 m. To increase the cal-
culation efficiency, the model is preset with four bedding 
planes. The planes are symmetrically distributed concern-
ing the wellbore, and they are 5 m apart from each other. 
The horizontal wellbore is parallel to the direction of the 
minimum in situ stress. The model parameters are presented 
in Table 2. Using this model, the longitudinal propagation 
pattern of fractures in laminated shale oil reservoirs under 
the influence of multiple parameters can be studied.

To quantitatively characterize the performance of res-
ervoir stimulation under the impacts of different param-
eters, the dimensionless fracture height Ĥ and the effective 
stimulated reservoir area (ESRA) are proposed:

where d is the model size, m; ESRA is the effective reservoir 
modification area, m2; AVF is the vertical HF area, m2; and 
AHF is the horizontal laminar fracture area, m2.

(16)Ĥ =
hf

d

(17)ESRA = AVF + AHF

Fig. 6   Comparison of experimental results with numerical results

Fig. 7   Sketch of the numerical model. The borehole is shown in yellow, cluster in red
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Effects of cementation strength of bedding planes

Heng et  al. (2020) and Li et  al. (2022) experimentally 
investigated the cementation properties of bedding planes 
of shale. It was discovered that the friction coefficient of 
shale bedding planes is between 0.37 and 0.75. In this sec-
tion, three different strength levels of the bedding planes 
(friction coefficient = 0.15, 0.49, and 0.91, respectively) are 
considered.

As shown in Fig. 8, when the cementation strength of 
the bedding planes is 0.15, as the HF reaches the planes, 
the fracturing fluid is rapidly filtered out along the bed-
ding planes, and the fracture height stops increasing. As the 
cementation strength increases, the inhibitory effect of the 
bedding planes on the fracture height is weakened. When 
the friction coefficient of the bedding planes is 0.49, the 
HF breaks through the two adjacent planes and extends to 
the external bedding planes. When the friction coefficient 
increases to 0.91, the HF successively crosses the four 
planes, and the fracture height reaches the maximum longi-
tudinal propagation distance. The fracture becomes approxi-
mately circular.

As shown in Fig. 9, when the friction coefficient of the 
bedding plane increases from 0.15 to 0.91, the dimensionless 
fracture height increases from 0.2 to 0.75, and the fracture 

height increases almost two times. The effective stimulated 
reservoir area is 540 m2, 350 m2, and 270 m2 for the three 
different levels of bedding plane cementation strength. 
Although the post-fracturing ESRA is the largest for weakly 
cemented reservoirs, the horizontal bedding-plane area 
accounts for as much as 87.28%. Since the horizontal frac-
ture opening is usually small, the proppant is difficult to 
enter, so its contribution to production is very limited.

Effects of vertical in situ stress difference

This section examines the impact of vertical in situ stress 
difference on the longitudinal propagation of fractures. 
The vertical stress difference is the disparity between the 
vertical stress and the horizontal minimum in situ stress. 
The model assumes that the maximum horizontal principal 
stress is 15 MPa, the minimum horizontal principal stress 
is 10 MPa, and the vertical in situ stresses are 10, 15, and 
20 MPa, respectively. The simulation results are depicted 
in Fig. 10.

When the vertical in situ stress difference is 0 MPa, the 
normal stress acting on the bedding plane is low making the 
plane more prone to debonding slip. As the fracturing fluid 
is continuously injected, the HFs are stopped by the adjacent 
planes. Subsequently, the directions of the fractures change, 
and a significant amount of fracturing fluid is lost into the 
bedding planes. At the end of injection, a rectangular frac-
ture surface is formed inside the sample, and the fracture 
height is the distance between the two adjacent bedding 
planes. The ESRA value is 480 m2 because a large area of 
the bedding plane is activated (Fig. 11).

As the vertical in  situ stress difference increases, it 
becomes more difficult for the bedding planes to open, 
and the inhibitory effect on the fracture height is signifi-
cantly reduced. When the vertical in situ stress difference 
is 5 and 10 MPa, the dimensionless fracture height is 0.6 
and 0.9, respectively. In addition, when the vertical in situ 
stress difference increases from 0 to 10 MPa, the ESRA 
decreases from 480 m2 to 320 m2, while the fracture com-
plexity decreases significantly. Therefore, when fracturing 
is performed in reservoirs with large vertical in situ stress 
differences, despite the considerable longitudinal penetra-
tion distance of HFs, the horizontal spread of the cracks is 
limited, resulting in a smaller ESRA.

Effects of fracturing fluid viscosity

It has been observed that increasing both the fracturing fluid 
discharge rate and viscosity can promote the longitudinal 
propagation of fractures and increase the net pressure of the 
fluid in fractures (Yushi et al. 2017). Due to the narrow inter-
val of injection rate variation in the field, we only examine 
the impact of fracturing fluid viscosity on the propagation 

Table 2   Rock and fluid properties for the parametric analyses

Material properties Value Units

Rock matrix
Young’s modulus E 15 GPa
Poisson’s ratio v 0.35 –
Rock density ρm 2600 Kg/m3

Tensile strength Tm 4 MPa
Fracture toughness KIC 0.5 MPa m0.5

Permeability km 1E-18 m2

Porosity φm 0.01 –
In situ stresses
Vertical stress �

V
20 MPa

Maximum horizontal principal stress �
H

15 MPa
Minimum horizontal principal stress �

h
10 MPa

Laminated plane
Cohesion c0 2 MPa
The angle of internal friction θ 25
Initial aperture b0 0.1 mm
Initial normal stiffness kn 30 GPa/m
Shear stiffness ks 15 GPa/m
Tensile strength TJ 0.5 MPa
Fluid
Fluid density ρL 1000 Kg/m3

Injection rate Q 3 m3/min
Fluid viscosity μ 10 mPa s
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pattern of hydraulic fractures in this section. The study sets 
the fracturing fluid viscosity at 5 and 200 mPa s and keeps 
the injection rate constant at 0.05 m3/s. The fracturing fluid 
injection volume remains constant at 0.5 m3 for all cases.

As shown in Fig. 12, when the fracturing fluid viscosity 
is low (5 mPa s), the HFs are more easily terminated by the 
bedding planes; thus, the fracture height stops increasing, 
and a large amount of fracturing fluid is lost into the bedding 

fractures. Hence, for finely laminated shale reservoirs, the 
use of low-viscosity fracturing fluid can effectively increase 
the fracture complexity near the wellbore, but the fracture 
height is limited. Meanwhile, owing to the small aperture 
of the bedding fractures, it is difficult for the proppant to 
enter them. At later stages, under pressure from the overly-
ing rock, these bedding fractures will close again, which sig-
nificantly affects the long-term conductivity of the fracture 

Fig. 8   Cloud map of crack width and pressure distribution under different bedding planes’ cementation strength

Fig. 9   Variations of fracture height and effective fracture area with cementation strength of the bedding plane
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network. With the increase of fracturing fluid viscosity, the 
restricting effect of the laminar surface on the fracture height 
gradually decreases. When the fracturing fluid viscosity is 
200 mPa s, HFs successively cross two adjacent bedding 
planes, and the fracture propagation rates in the vertical and 
lateral directions are almost equal. However, owing to the 
higher viscosity, the flow resistance of the fracturing fluid 
in the bedding plane increases, resulting in a significant 

reduction in the activated area of the bedding plane and a 
lower overall fracture network complexity.

The effects of alternating injection of high- and low-
viscosity fracturing fluids on the fracture morphology are 
also investigated to maximize the degree of activation of 
laminated shale oil reservoirs. Highly viscous fracturing 
fluid of 200 mPa s is injected at 0–5 s, and low-viscosity 
fracturing fluid of 5 mPa s is injected at 5–10 s. The other 

Fig. 10   Cloud map of main crack width and pressure distribution under different vertical in situ stress difference

Fig. 11   Variations of dimensionless fracture height and effective fracture area with vertical in situ stress difference
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input parameters and stress boundary conditions are consist-
ent with the above model.

For shale oil reservoirs with well-developed lamina-
tions, if low-viscosity slickwater fracturing fluid is used 
throughout the process, the hydraulic fracture propagation 
is easy to capture directly by the adjacent bedding planes. 
This results in a large quantity of fluid being retained around 
the wellbore, which significantly restricts hydraulic fracture 
propagation to the deeper part of the formation and greatly 
affects the volume of reservoir modification. Therefore, a 
reverse-sequence fracturing technique was proposed, which 
initially uses high-viscosity fracturing fluid to form a long-
distance effective main fracture to break through the near-
well laminations and then uses low-viscosity fracturing fluid 
to activate the laminations interacting with the main fracture 
at a later stage to form a kind a fishbone-shaped complex 
fracture network. This approach aims to maximize the com-
plexity of the fracturing fractures and the stimulation effect.

As illustrated in Fig. 13, during the early high-viscosity 
fracturing fluid injection stage, HFs successively penetrate 
through the two adjacent bedding planes and approach the 

top and bottom planes. Owing to the high viscosity of the 
fracturing fluid, the seepage resistance is high; thus, only 
a little fracturing fluid filter loss is observed on the planes. 
In the later stage of low-viscosity fracturing fluid injection, 
HFs continue to propagate upward and penetrate through the 
top and bottom bedding planes. In addition, a large amount 
of low-viscosity fracturing fluid is lost into the bedding frac-
tures, and the horizontal extent of the fractures increases 
significantly. Finally, a fishbone-shaped complex fracture 
network characterized by predominant longitudinal HFs 
and multiple minor bedding fractures is formed. This effec-
tively enhances the laminated reservoir stimulation effects 
of hydraulic fracturing.

Figure 14 shows the variations of the main and bedding 
fracture areas with time during fracturing. When highly 
viscous fracturing fluid is injected at 0–5 s, the growth rate 
of the main fractures is 12.32 m2/s, and that of the bedding 
fractures is 8.89 m2/s. The vertical propagation capacity of 
the HFs is much higher than the opening capacity of the 
bedding planes. At 5–10 s, when low-viscosity fractur-
ing fluid is injected, the growth rate of the main fracture 

Fig. 12   Longitudinal and horizontal crack extension patterns under different fracturing fluid viscosities (a, b: 5 mPa s; c, d: 200 mPa s)



797Journal of Petroleum Exploration and Production Technology (2024) 14:785–804	

1 3

area decreases to 11.49 m2/s, and that of the bedding frac-
ture area increases to 32.57 m2/s. Therefore, alternating 
injection of high- and low-viscosity fracturing fluid can 
improve the balanced propagation of longitudinal and 
horizontal fractures, leading to effective 3D stimulation 
of reservoirs.

Experimental Studies

To verify the reliability of the numerical simulation 
results, a laboratory physical simulation experiment 
involving hydraulic fracturing was performed for Juras-
sic terrestrial shale from the Sichuan basin. The vertical 

Fig. 13   HF extension pattern at different pumping moments for variable viscosity fracturing (firstly 0–5 s: 200 mPa s; secondly 5–10 s: 5 mPa s)

Fig. 14   Tension and shear fracture area changes during variable viscosity fracturing
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propagation pattern of HFs is analyzed with variations in 
the in situ stress difference, fracturing fluid viscosity, and 
injection rate via AE monitoring and 3D reconstruction of 
the fracture surface.

Experimental setup and sample preparation

The experiments were conducted using a triaxial hydraulic 
fracturing simulation system, as illustrated in Fig. 15. The 
system was capable of exerting a maximum axial force of 
2000 kN and a maximum confining pressure of 140 MPa. 
The plunger pump used in the system had a maximum capac-
ity of 260 mL and an injection rate of 0.001–100 mL/min. It 
could also generate a maximum output pressure of 65 MPa. 
During the experiments, eight acoustic emission sensors 
were utilized with a frequency range of 125–750 kHz. The 
specimen is Φ100 mm × 200 mm and a blind hole (12.0 mm 

in diameter and 113.5 mm in length) is drilled in its center 
as a simulated borehole.

Experimental parameters

In designing the laboratory-scale hydraulic fracturing exper-
iments, scaling laws are followed to ensure that stable frac-
ture propagation is representative of actual field conditions. 
A general scaling law for hydraulic fracturing was derived 
by de Pater et al. It requires that the sample has low fracture 
toughness and permeability. The fracturing fluid discharge 
rate in the field is 5–20 m3/min, which is converted into 
3–12 mL/min in the experiment. The confining pressure is 
20 MPa, and the fracturing fluid viscosity is 3 and 40 mPa s. 
The experimental parameters are listed in Table 3.

The experimental proceeding is as follows: First, the 
rock sample is placed in the core chamber, and the confin-
ing pressure and vertical pressure are applied according 

Fig. 15   Experimental apparatus and sample preparation
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to the parameters in Table 3. Second, turn on the plunger 
pump. The pressure changes at the wellhead are recorded. 
Simultaneously, the AE monitoring system is turned on to 
monitor the number of internal impacts and their locations 
during fracturing. The AE threshold value is 45 dB. The sam-
pling frequency is 1 MHz, and the preamplifier gain is set as 
40 dB. When the wellhead pressure drops sharply, the pump 
is turned off, and the data acquisition system is shut down. 
Finally, the fracture morphology of the sample after fractur-
ing is scanned using a high-precision 3D scanner. The 3D 
fracture surfaces of the sample are reconstructed using Geo-
magic, and the spatial complexity of the fractures is measured 
using the fracture volume density. The HF extension pattern 
and pumping pressure curve are shown in Fig. 16.

Experimental results

Effects of vertical in situ stress difference

The in situ stress is the main factor controlling the extent 
of the HF network. In this test, two different vertical stress 
difference coefficients are used. When the coefficient is 0.25 
(F-1), it is easier to activate weak planes because the normal 
stress acting on the bedding plane is lower. In cases where 
hydraulic fractures extend vertically to weaker bedding 
planes, the fracturing fluid has the potential to be lost through 
these planes, ultimately leading to the termination of the frac-
tures. Hence, the fractures travel for shorter distances in the 
longitudinal direction. When the vertical stress difference 
coefficient increases to 0.6 (F-2), a noticeable longitudinal 
fracture is formed inside the sample with an area of 13,307 
mm2, which is 1.98 times larger than that of sample F-1.

Effects of fracturing fluid injection rate

The vertical propagation of fractures is observed when the 
injection rates are 3 mL/min (F-1), 6 mL/min (F-3), and 
12 mL/min (F-4) under an axial stress of 24 MPa. When 
the fracturing fluid discharge rate is 3 mL/min, after HFs 
propagate and encounter bedding planes, their longitudinal 

propagation is inhibited by the planes. The fractures are 
terminated between the two bedding planes, and the frac-
ture volume density is 0.0104 mm−1. At a fracturing fluid 
discharge rate of 6 mL/min, HFs cross the two bedding 
planes longitudinally and extend to the upper surface of the 
specimen. The fracture volume density equals 0.0114 mm−1. 
When the fracturing fluid discharge rate continues to 
increase to 12 mL/min, a longitudinal penetrating fracture 
is formed inside the sample, and three bedding planes are 
activated simultaneously. The fracture volume density is 
0.0136 mm−1. In summary, as the discharge rate increases, 
the ability of HFs to cross the bedding planes improves, and 
larger fracture heights and ESRA can be obtained.

Effect of fracturing fluid viscosity

For a fracturing fluid viscosity of 3 mPa s (F-1), the HFs 
stop when they reach the adjacent bedding planes and can-
not pass through the planes. Massive fracturing fluid is lost 
along the bedding planes, and the activated horizontal bed-
ding fracture area is 11,929 mm2. When the fracturing fluid 
viscosity increases to 40 mPa s (F-5), the vertical penetra-
tion ability of the fractures is enhanced, and they traverse 
several bedding planes in succession. However, because of 
the higher viscosity, the fracturing fluid filter loss distance 
along the bedding planes is reduced, and the activated hori-
zontal bedding fracture area is only 8910 mm2. The use of 
high-viscosity fracturing fluid results in a 25% increase in 
longitudinal penetration ability compared to low-viscosity 
fracturing fluid, according to the findings. This suggests that 
increasing the viscosity of the fracturing fluid is an effective 
way to enhance fracture penetration ability.

Pump pressure curves and AE responses

The pump pressure curve is useful for studying the HF 
propagation path pattern and predicting fracture penetra-
tion. The pump pressure curve for laminated shale reser-
voirs is divided into three main stages: the wellbore filling 
stage, the wellbore shut-in stage, and the post-peak stage. 
For sample F-1, at 0–80 s, fracturing fluid continuously 

Table 3   Experimental parameters and evaluation results

Sample no Confining stress 
(MPa)

Axial stress 
(MPa)

Injection rate 
(mL/min)

Fluid viscosity 
(mPa s)

Tension crack area 
(mm2)

Shear crack area 
(mm2)

Fracture 
volume den-
sity (mm−1)

Breakdown 
pressure 
(MPa)

F-1 20 24 3 3 4459 11,929 0.0104 41.94
F-2 20 32 3 3 13,307 7971 0.0135 42.65
F-3 20 24 6 3 12,152 5942 0.0114 35.01
F-4 20 24 12 3 6548 14,939 0.0136 35.93
F-5 20 24 3 40 10,015 8911 0.0121 43.65



800	 Journal of Petroleum Exploration and Production Technology (2024) 14:785–804

1 3

Fig. 16   HF expansion morphologies and pumping pressure curves
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fills the microfractures connected to the wellbore. As the 
fluid injection time increases, various fractures inside the 
sample develop, propagate, and penetrate rapidly, and 
macroscopic main fractures start to appear and develop 
rapidly. The peak rupture pressure (41.94 MPa) is reached 
at approximately 370 s. The accumulated elastic energy 
inside the sample exceeds the limit, and the AE impact 
number peaks; thus, the rock sample ruptures. The cumu-
lative AE impact number of sample F-2 is significantly 
reduced compared with that of sample F-1. The cumu-
lative AE impact number increases continuously as the 
fracturing fluid discharge rate increases. This indicates 
an increase in the HF complexity. In particular, when the 
fracturing fluid discharge rate reaches 12 mL/min, the 
post-peak pump pressure curve fluctuates significantly, 
and the AE responses are abnormally active, suggesting 
continuous opening of new microfractures. When the frac-
turing fluid viscosity increases to 40 mPa s, it is more 
difficult for the fracturing fluid to enter the microfractures 
connected to the wellbore. Compared with sample F-1, 
the AE responses appear later and are mainly concentrated 
near the peak.

Field application

A proposed technology called inverse mixed volume fractur-
ing process, which involves using high-viscosity glue fluid 
forward and high-displacement fast press holding, maybe 
a solution to the challenge of developing complex fracture 
networks in Jurassic terrestrial shale oil reservoirs that are 
stratigraphically developed and not conducive to fracture 
height expansion. Different from the conventional pumping 
process, this process first pumps high-viscosity fracturing 
fluid into the formation to form the main fracture that breaks 
through the laminar interference and then injects low-viscos-
ity fracturing fluid to activate the laminar interaction with 
the main fracture, thus increasing the fracture complexity 
and maximizing the shale stimulated reservoir volume.

Currently, this technology has been applied on five hori-
zontal wells in the Fuxing area (Fig. 17). Among them, the 
volume of front fluid is more than 150m3, viscosity is more 
than 50 mPa s, and displacement is larger than 15m3/min. 
Micro-seismic monitoring showed that the fracture fluctua-
tion height was 50 m, the fracture bandwidth was 85 m, the 
stimulated volume of single-section was 45 × 104m3, and 

Fig. 17   Cloud map of the micro-seismic event density distribution of TY-1 well group
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the volume of full well stimulation was 1600 × 104m3. The 
maximum daily gas production and daily oil production were 
6 × 104m3 and 45t, respectively.

Conclusions

This study utilized a three-dimensional discrete lattice algo-
rithm to investigate the longitudinal through-layer propa-
gation pattern of hydraulic fractures in stratified shale oil 
reservoirs. The findings of this research are as follows:

(1)	 The adhesive strength of the bedding plane significantly 
influences the hydraulic fracture propagation pattern. 
Increasing the friction coefficient of the laminated sur-
face from 0.15 to 0.91 resulted in a twofold increase in 
fracture height.

(2)	 Hydraulic cracks are more likely to directly cross the 
bedding plane as the difference between the vertical 
stress and the minimum horizontal principal stress 
rises. However, this may lead to a significant decrease 
in the opening area of the bedding plane due to the 
increase in normal stress acting on it.

(3)	 Increasing the fluid viscosity and injection rate can 
facilitate the hydraulic fracture crossing the bedding 
planes.

(4)	 Implementing reverse-sequence fracturing technology 
in stratified shale oil reservoirs can generate fishbone-
like fractures, thereby dramatically enhancing hydraulic 
fracture complexity and stimulating reservoir volume.
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