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Abstract 
To investigate the vertical propagation mechanism of hydraulic fractures in interlayered brittle shale formations in the Qingyi 
member of the Southern Songliao Basin in Northeast China, an experimental model for simulating the shale within thin 
sandstone interlayers is designed. This model reflects the relative difference of the mechanical properties and brittleness 
characteristics between shale and sandstone. When combining a series of true triaxial hydraulic fracturing experiments with 
fracture area measurement, three-dimensional fracture reconstruction, and acoustic emission (AE) monitoring, the effects of 
the key geological and engineering factors on the fracture vertical propagation behaviors in interlayered shale formations are 
quantitatively studied. The experimental results showed four types of hydraulic fracture propagation patterns in interlayered 
shale formation: arresting pattern, deflecting pattern, penetrating pattern and composite pattern. The interlayer dip angle 
is negatively correlated with the penetrating ability of the hydraulic fracture, while the vertical in situ stress difference and 
interface cementation strength are positively correlated with the penetrating ability of the hydraulic fracture. The brittle-
ness characteristics of the interlayer have a considerable effect on the propagation behavior of the hydraulic fracture. The 
interlayer with weak brittleness inhibits the hydraulic fractures’ ability to penetrate the interfaces and interlayers owing to 
the plastic deformation of the interlayer, thereby consuming considerably more elastic energy that should have been applied 
to fracture propagation. Under a higher injection rate and viscosity, the infiltration of the fracturing fluid in the interface is 
less, the hydraulic energy accumulated at the fracture tip is more concentrated, and the hydraulic fracture’s ability to pen-
etrate through the interface into the interlayer is strengthened. The results of this study can provide a deeper understanding 
of fracture geometry and the fracture intersection mechanism in the continental interlayered shale formation, providing a 
more accurate guidance for fracturing parameter optimization.

Highlights

•	 Communicate multiple shale oil formations through one fracturing operation.
•	 Model is used to analyze the vertical propagation of fractures in multi-lithologic formation.
•	 Results show the influence of interlayer brittleness on hydraulic fracture propagation.
•	 Hydraulic fracturing effect can be improved by controlling injection rate and viscosity of fracturing fluid.

Keywords  Interlayered shale formation · Fracture propagation · Shale and sandstone brittleness · Penetrating interface · 
Interaction behavior
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ΔσVh	� Vertical stress difference
Q	� Injection rate
η	� Fracturing fluid viscosity
FPZ	� Fracture process zone
U①, U②	� Two interlayer interfaces at the upper end of the 

sample
L①, L②	� Two interlayer interfaces at the lower end of the 

sample
B	� Brittleness index
E	� Elastic modulus after positive normalization of 

logging data
μ	� Poisson’s ratio after inverse normalization of 

logging data

1  Introduction

The Qingyi member of the Southern Songliao Basin in 
Northeast China is rich in continental sedimentary shale 
oil resources and has great development potential. In some 
areas, the Qingyi member contains multiple sets of pay 
zones with uneven thicknesses and is vertically separated 
by thin sandstone interlayers (Liu et al. 2017; Li et al. 2017; 
Liu et al. 2019a, b; Zhang et al. 2020a; Luo et al. 2021; Cong 
et al. (2022a, b)). Owing to the weak structural planes in this 
type of well-developed interlayered shale formations, the 
height of the hydraulic fractures is challenging to control. 
Further, the development approach of separate-layer fractur-
ing reduces the shale oil production (Guo et al. 2016; Zheng 
et al. 2019; Lu et al. 2020; Xie et al. 2020). To improve 
the efficiency of hydraulic fracturing and shale oil resource 
development, oilfield engineers hope to make the hydraulic 
fractures penetrate through the sandstone interlayers and 
communicate with multiple shale oil pay zones during the 
implementation of the hydraulic fracturing project. There-
fore, it is critical to understand the propagation mechanism 
of hydraulic fractures in the interlayered shale formation and 
realize the primary factors affecting the ability of hydraulic 
fractures to penetrate the interlayers (Gao et al. 2018; Li 
et al. 2019, 2020a; Wang et al. 2021).

The actual geometry and morphology of the hydraulic 
fractures in the reservoir cannot be directly observed; thus, 
the hydraulic fracturing experiment (HFE) is utilized as the 
primary approach to investigate the propagation mechanism 
of hydraulic fractures (Fraser-Harris et al. 2020; Zhuang 
et al. 2020; Inskip et al. 2020). Shale is a typical layered 
rock mass, which is generally used to study the complex 
propagation behaviors of hydraulic fractures (Zhou et al. 
2018; Wan et al. 2018; Chong et al. 2019; Wu et al. 2019). 
Guo et al. (2014) conducted the HFEs under true triaxial 
stress conditions using the layered shale outcrop. They 
observed the fracture initiation and extension morphology 
via the fault computerized tomography scanning technology. 

Tan et al. (2017) studied the fracture initiation and vertical 
propagation behaviors in layered shale using HFEs; they 
divided the hydraulic fracture extension mode into four cat-
egories: single fracture, fishbone fracture, fishbone fracture 
with fracture opening, and multilateral fishbone fracture 
network. Zou et al. (2017) explored the density and perme-
ability effects of bedding planes on the penetration behavior 
of hydraulic fractures in shale using the HFEs. However, 
due to the randomness and heterogeneity of the bedding 
planes’ distribution in natural shale, the dispersion of the 
HFE results is usually large. Therefore, some scholars used 
artificial layered samples to study the fracture propagation 
behaviors (Daneshy 1978; Wang et al. 2016). Sarmadivaleh 
and Rasouli (2015), Fu et al. (2016), Zhao et al. (2016), Tan 
et al. (2018) and Aimene et al. (2019) used cement mortar to 
prepare the layered rock mass and investigated the influence 
of the interbed material mechanical properties and interface 
cementation strength on the fracture propagation behavior 
through a series of true triaxial HFEs. Their unified under-
standing is as follows: (1) the interlayer with a large thick-
ness and high strength will reduce the penetration ability of 
the hydraulic fractures, easily producing branch cracks along 
the weak interface between the layers and (2) the interface 
with an incomplete or a low cementation strength can sig-
nificantly inhibit the propagation of the fracture height. Ella 
Marı’a Llanos et al. (2017) studied the effects of the friction 
characteristics of the interlayer interface on the hydraulic 
fracture’s ability to penetrate using the cementless multi-
layer sandstone model. They found that when the friction 
resistance of the interface is large, the hydraulic fracture will 
penetrate the interlayer, irrespective of whether the interlayer 
interface is cemented. Huang and Liu (2017) used concrete 
to prepare the interbedded fracturing samples, comprising a 
three-layered structure, and studied the interaction between 
the hydraulic fractures and interlayer interfaces. Their results 
showed three propagation patterns of the hydraulic frac-
tures when encountering interfaces with different cementa-
tion strengths or under different stress conditions: deflect-
ing along the interface, offsetting along the interface and 
subsequently repenetrating it, and directly penetrating the 
interface. Subsequently, Zhang et al. (2021b), Zhang et al. 
(2021a) performed a theoretical analysis of the experimental 
results of Huang and Liu (2017). They proposed that the 
interface between the layers had been damaged, forming a 
bedding fracture zone (BFZ) under the action of stress dis-
turbance around the hydraulic fracture before it intersected 
with the hydraulic fracture. The in situ stress differences 
and interface cementation strengths are the internal factors 
affecting the hydraulic fractures’ penetration ability, whereas 
the fluid injection rate and viscosity are the external factors.

The above research is aimed at the single lithologic lay-
ered formation. Currently, there are few experimental studies 
on the fracture propagation mechanism of multilithologic 
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superimposed formations (Athavale and Miskimins 2008; 
Roundtree and Miskimins 2016; Xu et al. 2015). El (1987) 
found that hydraulic fractures require a higher in situ stress 
difference to penetrate the interface from rocks with a lower 
elastic modulus to rocks with a higher elastic modulus. 
Casas et al. (2006) studied the effects of in situ stress differ-
ence, fracturing fluid viscosity, and lithology difference on 
hydraulic fracture propagation using the heterogeneous rock 
model prepared with cement and sandstone. Their results 
showed that the high-stress difference and high-viscosity 
fracturing fluid promote the fracture to penetrate through 
the interface, while the elastic modulus difference of the lay-
ers has little effect on the fracture propagation behavior. Li 
et al. (2014), Tan et al. (2019, 2021), Cao et al. (2020), con-
ducted a series of HFEs using natural coal–rock composite 
samples. They found that the conditions of low interlayers’ 
stress difference, elastic modulus difference, and permeabil-
ity difference as well as high pumping rate can increase the 
possibility of the hydraulic fracture penetrating the interlayer 
interface.

Some results have been obtained on the fracture propaga-
tion mechanism in sandstone–shale interlayered formation 
through the numerical method; however, there are relatively 
few experimental studies (Zhao et al. 2018; Li et al. 2020b, 
2021; Ju et al. 2019; Cheng et al. 2022; Song et al. 2022).  In 
addition, an important parameter for predicting the hydraulic 
fracturing effect is the influence of rock brittleness on frac-
ture propagation, which has not been studied yet. Herein, the 
physical and mechanical parameters of the sandstone and 
shale layers of the Qingyi interlayered shale oil formation in 
the Songliao Basin were measured via laboratory mechani-
cal tests. Next, an experimental model for simulating the 
sandstone–shale interlayered formation was designed using 
similar materials that can reflect the relative differences of 
the mechanical properties and brittleness characteristics 
between sandstone and shale. Finally, the vertical fracture 
propagation mechanism in the interlayered formation was 
studied using a series of HFEs in combination with acoustic 
emission (AE) monitoring technology.

2 � Characteristics of the Sandstone–Shale 
Interlayered Formation

2.1 � Physical Properties

The logging data and core observations show that the shale 
oil formation of the Qingyi member longitudinally includes 
three types of lithology: shale, mudstone, and thin sandstone. 
The lithology combination can be further divided into three 
types: a large set of pure, hugely thick shale; mudstone–shale 
interbed; and sandstone–shale interlayer (Fig. 1). Shale 
intercalated with the thin sandstone interlayers is the main 

research object of this study, which contains 59% brittle 
minerals and has a good hydraulic fracturing potential. The 
thickness of the sandstone interlayer is between 0.2 and 
5.8 m, the average thickness is 1.6 m, and the interlayer weak 
structural planes are very well developed. The test data show 
that the effective porosity and gas permeability of the dry 
shale sample are 5.1% and 0.15 × 10−3 μm2 respectively, and 
the effective porosity and gas permeability of dry sandstone 
sample are 10.6% and 3.49 × 10−3 μm2, respectively.

2.2 � Mechanical Properties

To obtain the mechanical parameters of sandstone and 
shale, the Brazilian splitting test and triaxial compressive 
test were performed and the test results are shown in Table 1 
and Fig. 2. According to the test results, the following for-
mula is used to calculate the brittleness index of shale and 
sandstone: B = 0.5 × (E + μ), where E and μ represent the 
elastic modulus and Poisson’s ratio of rock, respectively. 
The tensile strength and compressive strength under vari-
ous confining pressures of sandstone are higher than those 
of shale. Conversely, when compared with shale, the elastic 
modulus of sandstone is smaller, and the Poisson’s ratio is 
larger, which indicates that the brittleness index of shale is 
considerably higher than that of sandstone. Rock brittleness 
is closely related to its fracture characteristics. Brittleness 
can reflect the ability of rock to sustain macro failure after 
energy accumulation and release under specific conditions. 
The more brittle the rock, the more likely it is to have mul-
tiple fracture modes. The results of our tests also confirm 
this rule (Ai et al. 2016; Tang et al. 2019, 2021; Xie et al. 
2020; Zhao et al. 2022). In Fig. 2, under the same load con-
ditions, the sandstone sample shows a single shear failure 
pattern, whereas the shale sample shows a complex failure 
pattern with multiple longitudinal cracks. The failure pattern 
of shale is due to the efficient accumulation and full release 
of elastic energy, which is a typical feature of brittle rupture, 
indicating that the hydraulic fractures are easier to extend in 
the shale formation.

3 � Hydraulic Fracturing Experiment 
of Sandstone–Shale Formation

3.1 � Preparation Method of the Experimental Model 
for Simulating the Sandstone–Shale Interlayer

It is challenging to conduct HFE with full diameter cores 
extracted from the underground because most cores have 
dense fractures resulting from the influence of stress release. 
Therefore, artificial samples are used for HFE in this paper. 
Artificial rock samples have been used in hydraulic frac-
turing tests by many scholars (Zhang et al. 2017, 2019; 
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Cong et al. 2022a, b; Xue et al. 2022). The advantage of 
artificial rock sample is that the sample structure can be 
changed according to the experiment purpose, and the 
weak surface can be preset according to a certain angle and 
number, so as to obtain quantitative test results and rules. 
However, how to obtain similar materials with mechani-
cal properties similar to those of natural rocks is a difficult 
problem for artificial samples. An experimental model for 
simulating the sandstone–shale interlayered formation is 
designed herein. As shown in Fig. 3, this model has a size 
of 300 × 300 × 300 mm, including four sandstone layers and 

three shale layers. An injection pipe simulating the hori-
zontal well is present in the middle shale layer, which has a 
spiral perforation with a perforation depth of 10 mm and a 
phase angle of 60°.

The key challenge herein is making the mechanical prop-
erties of the experimental model close to those of the real 
sandstone–shale interlayered formation. The test results in 
Sect. 3 show that there are two significant differences in 
the mechanical properties between sandstone and shale. 
The first is that the strength of sandstone is significantly 
higher than that of shale. To reflect the strength difference of 

Fig. 1   Logging curve and lithol-
ogy combination characteristics 
(2410–2420 m in the Qingyi 
member)

Table 1   Mechanical parameters 
of shale and sandstone

The bold values are used to highlight differences from other parameters

Type Tensile 
strength 
(MPa)

Confining 
pressure 
(MPa)

Compressive 
strength (MPa)

Young’s 
modulus 
(GPa)

Poisson’s ratio Brittleness 
( B =

E+�

2
)

Shale 4.59 0 61.22 25.23 0.18 0.64
15 77.15 22.17 0.19 0.56
30 103.37 26.25 0.23 0.57

Sandstone 6.49 0 84.92 13.25 0.24 0.29
15 121.51 16.85 0.25 0.34
30 138.41 18.25 0.26 0.35
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the simulated material, 62.5 high-strength portland cement 
and 42.5 ordinary portland cement were used as cementing 
agents for sandstone and shale, respectively. The high-purity 
quartz sand (particle size range 0.075–0.109 mm) was used 
as filling material. The second difference is that the elastic 
modulus and brittleness of shale are considerably higher than 
the elastic modulus and brittleness of sandstone. To increase 
the elastic modulus of the shale-simulated material, a certain 
proportion of silicon powder was added to the formula. To 
increase the ductility of the sandstone-simulated material, 
kaolinite powder was added to reduce the elastic modulus 
and a superplasticizer was added to maintain the strength. 
Herein, the simulated materials with mechanical properties 
closest to natural sandstone and shale are selected using 
mechanical experiments from 50 proportioning schemes. 
Table 2 and Fig. 4 show the comparison of the mechanical 
properties between natural rocks and simulated materials. 
Although the simulated materials have some mechanical dif-
ferences compared to the natural samples, they can reflect 
the relative differences in the mechanical properties between 

sandstone and shale. This paper focuses on the influence of 
the interface cementation strength, stress state and brittle-
ness of shale and sandstone formation on the longitudinal 
propagation of hydraulic fractures, so the anisotropy of shale 
caused by bedding is not considered.

As shown in Fig. 3, the mortar of the simulated materials 
mixed by a mud mixer is slowly poured into the cube mold. 
The mold has a transparent plexiglass on one side where the 
position of the interface is marked. The mixed material for 
one rock layer is poured and solidified for 2 h before pour-
ing the next rock layer. The strength change of the interface 
must be considered in the experiment, and it can be adjusted 
by changing the pouring interval of each rock layer. When 
the experimental model containing seven rock layers has 
been poured and is ready for drying, it must be cured in a 
standard curing box (temperature at 20 °C, humidity > 95%) 
for 28 days.

Fig. 2   Mechanical test results of 
shale and sandstone

Fig. 3   Preparation process and geometric structure of the experimental model for simulating the sandstone–shale interlayered formation
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3.2 � Experimental Equipment and Scheme

The true triaxial hydraulic fracturing physical simulation 
experiment system is adopted to implement the HFEs herein 
(Fig. 5); this system can independently load the test sample 
in three directions to simulate the in situ stress in the for-
mation. A PCI-2 AE system is used to monitor the fracture 
initiation and propagation in the samples. Eight AE sensors 
are installed in the grooves of the loading plates. During 
the hydraulic fracturing process, the data acquisition system 
automatically monitors and records the injection rate, pres-
sure, and AE signal.

The scheme of HFE is shown in Table 3. The cementation 
strength of the interfaces in the sample can be controlled by 
the manufacturing time interval of each rock layer, and the 
interlayer brittleness can be adjusted by changing the simu-
lated material (Table 2). Additionally, herein, the interfacial 
cementation strength of the adjacent rock layers at different 
manufacturing intervals is tested. When the manufacturing 
intervals of each layer are timed at 2 and 6 h from onset of 
material mixing, the cementation strength of the interfaces 
are measured and are 1.72 and 0.71 MPa, respectively. To 
facilitate the analysis, high-strength and low-strength inter-
faces are defined as HSI and LSI, respectively. The plastic 
and brittle sandstone interlayers (PSL and BSL) are com-
posed of simulated sandstone materials A and B, respec-
tively. In the experimental scheme, M15-0 is used as the 
reference sample for comparison with the other experimental 
groups. The sample M15-0 contains PSL and LSI with a dip 
angle (β) of 15°; it is tested under the following conditions. 
The maximum horizontal principal stress (σH) is 23 MPa, 
the minimum horizontal principal stress (σh) is 20 MPa, the 
vertical in situ stress (σV) is 26 MPa, the vertical stress dif-
ference (ΔσVh) is 6 MPa, the injection rate (Q) is 20 mL/min 
and the fracturing fluid viscosity (η) is 1 mPa s.

Figure 6 shows the morphology of the sample after HFE 
processing. It is challenging to analyze and determine the 

Table 2   Mechanical parameters and the final mixing ratio of shale- and sandstone-simulated materials

Rock Type Tensile 
strength 
(MPa)

Compres-
sive strength 
(MPa)

Young’s 
modulus 
(GPa)

Poisson’s ratio Brittleness 
( B =

E+�

2
)

Mixture ratios (mass)

Natural shale 3.12 61.22 25.23 0.18 0.64 –
Simulated shale material 2.01 42.54 25.46 0.23 0.55 42.5 cement:quartz 

sand:water:silica fume:iron pow-
der = 1.00:0.80:0.35:0.15:0.25

Natural sandstone 5.85 84.92 13.25 0.24 0.29 –
Simulated sandstone material A 4.44 66.89 15.12 0.27 0.26 62.5 cement:quartz 

sand:water:kaolin:water reducer 
= 1.00:1.40:0.65:0.15:0.015

Simulated sandstone material B 
(brittle)

3.24 67.85 24.58 0.23 0.53 62.5 cement:quartz 
sand:water = 1.00:0.80:0.55

Fig. 4   Stress–strain curves of the natural and simulated samples

Fig. 5   Hydraulic fracturing physical simulation test system and AE 
monitoring system
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internal fracture shape only from appearance, since the blue 
fracturing fluid is only filtered out from some interfaces. 
To obtain more intuitive fracture geometry, the sample is 
cut along the interface to observe and analyze the internal 
fractures. The fracture shape on each interface is extracted 
using Photoshop. Next, the hydraulic fracture area is cal-
culated, and the three-dimensional fracture morphology is 
reconstructed.

4 � Fracture Propagation Pattern 
in the Sandstone–Shale Interlayered 
Formation

A fracture process zone (FPZ) is present at the tip of the 
dynamically extended hydraulic fracture, where stress con-
centration effects, including significant tensile and shear 
stresses, are observed (Blanton 1986; Renshaw and Pollard 
1995; Zhang et al. 2020b, 2021b). Three types of microc-
racks may appear in the FPZ before the hydraulic fracture 
intersects with the interface, which can dominate the sub-
sequent fracture propagation behavior (Fig. 7a). Crack A is 
defined as a tensile microcrack in the sandstone layer caused 

by the tensile stress in FPZ in the fracture height direction, 
exceeding the tensile strength of sandstone. Crack B is 
defined as a shear microcrack on the interface caused by the 
shear stress in FPZ in the fracture height direction, exceed-
ing the shear strength of the interface. Crack C is defined as 
a tensile microcrack in the shale layer caused by the tensile 
stress in FPZ in the fracture length direction, exceeding the 
tensile strength of shale.

Under the induction of these three types of microcracks, 
there may be four propagation patterns of hydraulic fractures 
in the interlayered formation (Fig. 7b). I-arresting pattern: 
the stress in FPZ in σV direction can neither produce Crack 
A nor Crack B. Only Crack C forms at the fracture tip in 
shale layer. Subsequently, the hydraulic fracture can only 
propagate along σH direction, which is like a typical Per-
kins–Kern–Nordgren (PKN) fracture. II-deflecting pattern: 
the sandstone remains stable; however, Crack B forms on the 
interface in FPZ in σV direction under the action of stress 
induction. Subsequently, the hydraulic fracture deflects and 
extends along the interface. At the same time, Crack C form-
ing near the fracture tip in shale layer forces the hydraulic 
fracture to propagate in the fracture length direction. III-
penetrating pattern: Crack A appears in the sandstone in 
σV direction but the interface remains stable, and Crack C 

Table 3   Experimental scheme of the true triaxial hydraulic fracturing experiments (HFEs)

Group Number β (°) σV (MPa) ΔσVh (MPa) Brittleness of 
interlayer

Strength of 
interface

Q (mL/min) η (mPa s)

Reference sample M15-0 15 26 6 Plastic High 20 1
Change in  interlayer dip angle M0-0 0 26 6 Plastic High 20 1

M30-0 30 26 6 Plastic High 20 1
Change in  vertical stress difference M15-1 15 29 9 Plastic High 20 1
Change in brittleness of interlayer M15-2 15 29 6 Brittle High 20 1
Change in interface strength M15-3 15 26 6 Plastic Low 20 1
Change in injection rate M15-4 15 26 6 Plastic High 10 1
Change in fluid viscosity M15-5 15 26 6 Plastic High 20 25

Fig. 6   Hydraulic fracturing experiment (HFE) processing procedure of the samples
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appears in σH direction. Currently, the hydraulic fracture 
penetrates the interface into the sandstone layer as well 
as propagates into the shale layer to maintain the fracture 
length. IV composite pattern: the conditions for forming 
Cracks A, B, and C are met simultaneously. The hydraulic 
fracture shows a composite propagation pattern of penetrat-
ing the interface and enters the sandstone layer, deflecting 
along the interface and propagating into shale layer in σH 
direction.

Additionally, the experiments herein show the above 
four propagation patterns (Fig.  7c). Only when the 
mechanical properties of the sandstone interlayer and 
interface are highly stable, the hydraulic fracture can prop-
agate in the σH direction in the shale layer without pen-
etrating and deflecting along the interface. Therefore, the 

occurrence of the arresting pattern is rare in experimen-
tal results. When considering the deflecting pattern, the 
hydraulic fracture propagates along one side of the inter-
face, and a large amount of fracturing fluid is filtered into 
it. In Fig. 7c, the fracture propagation along the interface 
is nonuniform due to the nonuniformity of the mechanical 
properties of the interface. The penetrating pattern repre-
sents that there is no shear instability at the interface as the 
hydraulic fracture penetrates it. Notably, a small amount 
of fracturing fluid is still filtered into the interfaces at the 
intersection point when the hydraulic fracture penetrates 
them in the experimental results of this study. The reason 
for this phenomenon is that the interfacial permeability 
is higher than that of the rock matrix. Even when there 
is no shear instability at the interface, a small part of the 

Fig. 7   Propagation patterns of hydraulic fractures in the interlayered samples
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fracturing fluid will leak into the interface at the intersec-
tion point, affording a small range of tensile failure at the 
interface’s intersection point with further extension of the 
penetrated fracture and an increase of fluid pressure in the 
fracture.

5 � Influence of the Geological Conditions 
on Fracture Propagation Behavior 
in the Sandstone–Shale Interlayered 
Formation

This section primarily studies the influence of the formation 
conditions, such as the interlayer dip angle, vertical in situ 
stress difference, interface strength, and interlayer brittleness 
on fracture propagation behavior.

5.1 � Influence of the Interlayer Dip Angle

In Fig. 8a, when β = 15°, the propagation pattern of the 
hydraulic fracture is very complex. To facilitate the analy-
sis, this study defines the upper two interfaces and the lower 
two interfaces encountered by hydraulic fractures as U① and 
U② and L① and L②, respectively. In the reference sample 
M15-0, the hydraulic fracture penetrates the interfaces U①  
and U②  and L① ; however, only U①  has a larger range 
of fracturing fluid seepage due to the interface opening. 
Therefore, the hydraulic fracture has the penetrating pat-
terned interaction with U②  and L①  and composite pat-
terned interaction with U① . Subsequently, the hydraulic 
fracture propagation pattern changes from the penetrating 

pattern to the deflecting pattern when the hydraulic fracture 
encounters the interface L② . Therefore, the hydraulic frac-
ture propagation pattern in the reference sample M15-0 is a 
II–III–IV composite. Figure 8b shows the injection pressure 
and the AE curve of M15-0. The hydraulic fracture initia-
tion pressure is 19.15 MPa, and the injection pressure in the 
propagation stage fluctuates alternately in large and small 
amplitudes, which reflects the alternating transformation of 
the hydraulic fractures propagating along the interface and 
in the rock matrix. In the second rising stage of the injection 
pressure (489–543 s), the AE energy is significant, which is 
the characteristic of the rock matrix refracturing after the 
hydraulic fracture encounters the interface. When t = 823 s, 
the injection pressure decreases greatly and subsequently 
maintains a low propagation pressure, which corresponds 
to the propagation behavior of the hydraulic fracture deflec-
tion along interface L② . The AE energy in this stage is low, 
which shows that the AE signal is weak when the hydraulic 
fracture expands in the interface.

Figures 9a and 10a show the HFE results of sample M0-0 
(β = 0°) and M30-0 (β = 30°), respectively. When compared 
to the reference sample M15-0, the fracture propagation pat-
terns of M0-0 and M30-0 are relatively simple. The inter-
actions between the hydraulic fracture and each interface 
in M0-0 represent a penetrating pattern. There is only a 
very small range of the fracturing fluid infiltration on each 
interface. When considering the fracture propagation pat-
tern of M30-0, the hydraulic fracture propagation is mainly 
dominated by the deflecting pattern, which deflects and 
expands along the interfaces U①  and L ① . In Figs. 9b and 
10b, the fracture initiation pressures of M0-0 and M30-0 
are 18.23 and 19.54 MPa, respectively, which are different 

Fig. 8   HFE results of the sample when β = 15° (reference sample M15-0): a hydraulic fracture propagation pattern; b injection pressure curve 
and AE curve
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from that of M15-0, indicating that the interlayer dip angle 
has little effect on the fracture initiation pressure. In addi-
tion, there is a small fluctuation in the propagation stage of 
the injection pressure curve of M0-0, and the AE energy 
distribution is relatively dispersed; this result is characteris-
tic of the stable extension of hydraulic fractures in the rock 
matrix. The injection pressure curve of M30-0 significantly 
decreased after reaching the fracture pressure and remained 
at a relatively small value to maintain the fracture propa-
gation. The AE energy of the hydraulic fracture deflecting 
along the interfaces U①  and L①  is small. Notably, a small 
crack repenetrated on the interface U① , indicating an initial 
microcrack at the edge of interface U① ; this result may be 

caused by the instability of the initial confining pressure 
upon loading.

Figure 11 shows the comparison of the cumulative AE 
energy of the samples with different interlayer dip angles. 
The cumulative AE energy curves of the three samples 
increase rapidly and greatly in the fracture initiation stage, 
but are different in the fracture propagation stage. The 
cumulative AE growth of sample M0-0 (β = 0°) is relatively 
stable, which reflects the stable propagation pattern of the 
hydraulic fractures in rock matrix. The cumulative AE 
energy of sample M30-0 (β = 30°) increases slightly, and 
the curve is very flat, which reflects the fracture propagation 
along the interface. The cumulative AE energy curve of the 

Fig. 9   HFE results of the sample when β = 0° (M0-0): a hydraulic fracture propagation pattern; b injection pressure curve and AE curve

Fig. 10   HFE results of the sample when β = 30° (sample M30-0): a hydraulic fracture propagation pattern; b injection pressure curve and AE 
curve
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reference sample M15-0 (β = 15°) shows a step-by-step rise 
with alternating slow and sharp increases, which reflects the 
mutual transformation of the interface opening and matrix 
refracturing.

Figure  12 shows the quantitative statistics of the 
hydraulic fracture areas. Herein, the fractures propagat-
ing in the rock matrix and deflecting along the interface 
are defined as tensile fractures and shear fractures, respec-
tively. Two changes are observed as the dip angle of the 
interlayer increases from 0 to 30°. Conversely, the total 
area of the hydraulic fractures increases by 1276.2 cm2; 
the tensile fractures’ area decreases by 228.6 cm2, and the 
shear fractures’ area increases by 1189.1 cm2. Conversely, 

the interaction between the hydraulic fracture and inter-
face gradually changes from the penetrating pattern to 
the composite pattern and subsequently to the deflecting 
pattern. This result shows that the increase of the inter-
layer dip angle increases the propagation range of the 
hydraulic fractures, inhibiting the penetration behavior of 
the hydraulic fractures. To communicate multiple shale 
formations during one fracturing operation, selecting the 
interlayered formation with a small dip angle is required.

5.2 � Influence of Vertical In Situ Stress Difference

Figure 13 shows the HFE results of M15-1 (ΔσVh = 9 MPa). 
When compared with the reference sample M15-0 
(ΔσVh = 6 MPa), the interaction between the hydraulic frac-
ture and interface of sample M15-1 is dominated by the 
penetrating pattern, as shown in Fig. 13a. In Fig. 13b, the 
fracture initiation pressure of M15-1 is 20.48 MPa, which is 
close to that of reference sample M15-0. Herein, the vertical 
in situ stress difference is increased by maintaining the hori-
zontal minimum principal stress and gradually changing the 
vertical stress; the vertical stress difference has little effect 
on fracture initiation. The propagation stage of the injection 
pressure curve of sample M15-1 fluctuates slightly; there is 
only one significant decrease with an increase only around 
500 s. Combined with the characteristics of a small amount 
of AE energy at this time, it can be determined that there 
is a composite patterned interaction between the hydraulic 
fracture and at least one of the interfaces. Because a certain 
range of fracturing fluid is filtered in the interface L①  near 
the intersection point, it can be considered that the hydraulic 
fracture exhibits composite pattern when it encounters L① .

Figure 14 shows the comparison of cumulative AE energy 
under different vertical stress differences. When compared 
to the reference sample M15-0, the cumulative AE energy 
of M15-1 increases steadily; only the local stage increases 
slowly, indicating that the hydraulic fracture in the sample 
mainly propagates in the rock matrix. Although there is an 
opening phenomenon of the interface, it is not considerable. 
Figure 15 shows the statistical results of hydraulic fractures’ 
area in the samples under different conditions of vertical 
stress. With the increase of vertical stress difference from 
6 to 9 MPa, the total hydraulic fracture area decreases by 
369.6 cm2; the tensile fracture area increases by 96.2 cm2, 
and the shear fracture area decreases by 465.8 cm2. The 
normal stress on the interlayer interface is positively cor-
related with the vertical stress. Hence, the increase of the 
normal stress further increases the resistance of the inter-
face to shear failure. Therefore, the increase of the vertical 
stress difference of the formation increases the hydraulic 
fractures’ ability to penetrate the interfaces and interlayers, 
and the interaction patterns between the hydraulic fracture 
and interfaces gradually changes from II + III + IV to the 

Fig. 11   Cumulative AE energy of samples with different dip angles

Fig. 12   Statistics of hydraulic fracture area of samples with different 
dip angles
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pattern dominated by III. The influence of the in situ stress 
difference offsets the deflection effect of the interlayer dip 
angle on the propagation direction of the artificial fracture 
to a certain extent. With the increase of the vertical in situ 
stress difference, the influence of the interface dip angle on 
the deflection of hydraulic fractures decreases, and the pen-
etration ability of hydraulic fractures increases significantly.

Based on the mechanical parameters and experimental 
conditions of the samples, the Gu criterion (Gu et al. 2012) 
and the HFE results of this study are compared and ana-
lyzed, as shown in Fig. 16. The theoretical calculation results 
of Gu criterion show that the interaction patterns between 
the hydraulic fracture and weak interfaces are affected by 
the in situ stress difference and interface dip angle. The 
penetration ability of the hydraulic fractures is negatively 

correlated to the interface dip angle, but positively corre-
lated to the vertical stress difference. When the dip angle of 
the interface is too large, no matter how much the vertical 
in situ stress difference increases, it is challenging for the 
hydraulic fractures to penetrate the interface to communicate 
with the other pay layers. Most interaction patterns between 
the hydraulic fracture and interfaces in the four experimental 
groups herein are consistent with the theoretical calcula-
tion results. The partial deviation between the experimental 
results and the theoretical criterion is due to the nonuniform-
ity of the interface.

Fig. 13   HFE results of the sample when ΔσVh = 9 MPa (sample M15-1): a hydraulic fracture propagation pattern; b injection pressure curve and 
AE curve

Fig. 14   Cumulative AE energy of samples with different vertical 
stress differences

Fig. 15   Statistics of hydraulic fracture area of samples with different 
vertical stress differences
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5.3 � Influence of the Interface Cementation Strength

Figure 17 shows the HFE results of the sample within LSI 
(M15-2). In Fig. 17a, the upper end of the hydraulic fracture 
deflects along the interface U① , while the lower end of the 
fracture penetrates through the interface L①  into the sand-
stone interlayer, which is caused by not centering the injec-
tion pipe. It is challenging to ensure that the injection pipe 
is completely centered in the middle layer since the cement 
mortar shrinks after solidification. Additionally, in practi-
cal engineering, the horizontal well may not be completely 
in the middle of the pay zone, so this asymmetrical phe-
nomenon is acceptable. After penetrating the interface L① , 
the lower end of the hydraulic fracture deflects and expands 
along the interface L② . With the increase of the interface 

cementation strength, the possibility or degree of hydraulic 
fracture deflecting along the interface decreases and the frac-
ture’s penetration ability and propagation in height improves. 
In Fig. 17b, the fracture initiation pressure of sample M15-2 
is 17.89 MPa. At the initial stage of the hydraulic fracture 
propagation, the injection pressure curve shows a composite 
form of both large and small amplitude fluctuations, reflect-
ing the composite pattern between the hydraulic fracture 
and interface L① . However, when t = 635 s, the pressure 
curve greatly decreases and maintains a small value in the 
subsequent stage, which is consistent with the deflecting pat-
tern of the hydraulic fracture along interfaces U①   and L② .

Figure  18 shows the comparison of the cumulative 
AE energy of samples within HSIs and LSIs. The growth 
characteristics of the cumulative AE energy of M15-2 and 
the reference sample M15-0 are similar in the early stage, 
showing the characteristics of the composite pattern. How-
ever, the AE energy of M15-2 hardly increases in the later 
stage of fracturing, and the fracture propagation changes 
to the deflecting pattern. Figure 19 shows the statistical 
results of the hydraulic fracture area. When compared with 
M15-2 (within HSIs), the total hydraulic fracture area of 
M15-2 (within LSIs) increases by 506.9 cm2; the tensile 
fracture area decreases by 181.6 cm2 and the shear frac-
ture area increases by 688.5 cm2. As the interface cemen-
tation strength changes from strong to weak, the interac-
tion between the hydraulic fracture and interface gradually 
changes from II + III + IV pattern to the mode dominated by 
the deflecting pattern. Based on the above analysis, although 
the decrease of the interfacial cementation strength is benefi-
cial for increasing the fracture propagation area, the disad-
vantages are at the cost of damaging the penetration ability 
of the hydraulic fractures. Therefore, hydraulic fractures in 
the interlayered shale oil reservoirs within relatively stable 

Fig. 16   Comparison between Gu criterion (Gu et al. 2012) and HFE 
results (the combined actions of the interlayer dip angle and vertical 
stress difference)

Fig. 17   HFE results of the sample within LSI (sample M15-2): a hydraulic fracture propagation patterns; b injection pressure and AE curves
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interfaces can communicate more pay zones, achieving the 
purpose of the multilayer simultaneous recovery.

Figure 20 shows the comparison between the experi-
mental results and Gu criterion under the combined action 
of the interface cementation strength and vertical stress 
difference. The results of the Gu criterion show that the 
penetration ability of hydraulic fractures is positively cor-
related with the interface cementation strength and vertical 
stress difference. According to the sample parameters and 
experimental conditions herein, when the vertical stress 
difference exceeds 15.05 MPa, the hydraulic fracture can 
penetrate the interface even when the interface does not 

have cementation strength. At this time, the penetration 
ability of the hydraulic fracture is mainly controlled by 
interfacial friction resistance. Additionally, when the 
interface cementation strength exceeds 2.61 MPa, even 
if the vertical stress difference is 0, the hydraulic fracture 
can penetrate the interface and enter the interlayer. When 
considering the reference sample M15-0, its mechanical 
parameters and experimental conditions closely approach 
the critical curve calculated by the Gu criterion, yielding 
a composite propagation pattern; the results of the other 
samples are also consistent with the theoretical results.

5.4 � Influence of the Interlayer Brittleness

Although rock brittleness is an important mechanical param-
eter to evaluate the hydraulic fracturing potential of shale 
oil reservoirs, few experiments have studied the relationship 
between rock brittleness and hydraulic fracture propagation 
behaviors because of the difficulty of obtaining large-scale 
rock outcrops with different brittleness. The advantage of 
the simulated materials selected herein is that they have sig-
nificant brittleness and strength differences. Therefore, the 
true triaxial HFEs with samples containing different brittle 
interlayers are examined for the first time.

Figure 21 shows the HFE results of the sample within 
BSLs (M15-3). When compared to the reference sample 
M15-0 within PSLs, the hydraulic fracture in sample M15-3 
has a stronger penetration ability and successively penetrates 
the upper and lower four interfaces. In Fig. 21a, the range 
of the filtered fracturing fluid on interface L① is large, so 
the interaction between hydraulic fracture and L① can be 
considered as the composite pattern. In Fig. 21b, the fracture 
initiation pressure of sample M15-3 is 19.00 MPa, which 

Fig. 18   Cumulative AE energy of samples within HSIs and LSIs

Fig. 19   Statistics of hydraulic fracture area of samples within HSIs 
and LSIs

Fig. 20   Comparison of the Gu criterion (Gu et  al. 2012) and HFE 
results (the combined action of interfacial cementation strength and 
vertical stress difference)
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is slightly lower than that of the reference sample M15-0, 
indicating that the increase of the interlayer brittleness may 
reduce the hydraulic fracture initiation pressure of the mid-
dle layer; however, the effect is not significant. The injec-
tion pressure curve suddenly decreases and subsequently 
increases after it reaches the initiation pressure. In the later 
propagation stage, the pressure curves are relatively stable, 
and only a small amplitude fluctuation occurs locally, which 
indicates that the hydraulic fractures mainly propagate in 
the shale layer and sandstone interlayer. In addition, when 
compared to the reference sample M15-0, there are a greater 
number of peaks of AE energy in the fracturing process of 
M15-3, which shows that the brittle fracture characteristics 
are more obvious when the hydraulic fracture propagates in 
the brittle interlayer.

Figure 22 shows the comparison of the cumulative AE 
energy of the samples within BSLs and PSLs. In the frac-
ture initiation stage, the two AE energy curves rise stepwise, 
which corresponds to the brittle fracture characteristics of 
brittle shale between the two samples. However, during the 
fracture propagation stage, the increase of AE energy in 
BSLs in M15-2 is greater, and the brittle fracture charac-
teristics are more obvious. Figure 23 shows the statistical 
results of the hydraulic fracture area of the samples. When 
compared to the reference sample M15-0, the total hydraulic 
fracture area of the sample M15-3 is reduced by 117.9 cm2; 
the tensile fracture area is increased by 159.6 cm2, and the 
shear fracture area is reduced by 277.5 cm2. The interac-
tion between the hydraulic fracture and interfaces gradu-
ally changes from the II + III + IV composite pattern to the 

Fig. 21   HFE results of the sample within BSLs (sample M15-3): a hydraulic fracture propagation patterns; b injection pressure and AE curves

Fig. 22   Cumulative AE energy of samples within BSLs and PSLs Fig. 23   Statistics of hydraulic fracture area of samples within BSLs 
and PSLs
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III + IV composite pattern. Brittleness is the characteristic 
of rock failure with only small deformation under the action 
of external force, which reflects that the rock has obvious 
elastic deformation, but no obvious plastic deformation 
before failure (Ai et al. 2016). The low brittle interlayer has 
a certain plastic deformation that dissipates part of the elas-
tic energy before the hydraulic fracture intersects with the 
interfaces; this effect reduces the hydraulic fracture penetra-
tion ability. Even when the hydraulic fracture penetrates the 
interface into the brittle interlayer, the plastic deformation 
of the interlayer further consumes the energy of the fracture 
propagation in the interlayer and inhibits the hydraulic frac-
ture propagation. Conversely, when the fracture propagates 
in the high brittle interlayer, the rock is characterized mainly 
by elastic deformation, and the energy dissipation caused 
by plastic deformation is relatively small. The release of the 
high elastic properties produces multiple branch fractures, 
especially in the high brittle interlayer (Zhang et al. 2018). 
Therefore, shale brittleness should not only be used as the 
evaluation standard of the hydraulic fracturing ability and 
potential of the sandstone–shale interlayered formation; the 
plastic-brittleness characteristics of the sandstone interlayers 
should also be considered. When considering the appropriate 
method for the formation with strong plastic sandstone inter-
layer, separate layered hydraulic fracturing is more suitable.

6 � Influence of the Fracturing Treatment 
Parameters on Fracture Propagation 
Behavior in the Sandstone–Shale 
Interlayered Formation

In the actual fracturing engineering, not all interlayered 
shale oil reservoirs have ideal reservoir properties. In this 
section, the HFEs are conducted to further clarify the effects 

of two key controllable parameters, namely, fluid injection 
rate and fracturing fluid viscosity, on the hydraulic fracture 
penetration and propagation.

6.1 � Influence of the Fluid Injection Rate

Figure 24a shows the HFE results of the sample under 
Q = 10 mL/min. The lower end of the hydraulic fracture 
deflects along the interface L①, while the upper end of the 
hydraulic fracture penetrates U① and shows the propaga-
tion with the composite pattern. Subsequently, the hydraulic 
fracture deflects and expands along U②; however, the range 
of the fracturing fluid leakage into the interface is small. In 
Fig. 24b, the fracture initiation pressure of sample M15-4 is 
14.58 MPa, which is less than that of the reference sample 
M15-0, indicating a positive correlation between the frac-
ture initiation pressure and fluid injection rate. The injection 
pressure curve of sample M15-4 is relatively stable with 
a small fluctuation during the fracture propagation stage, 
which corresponds to the penetrating pattern when the 
hydraulic fracture encounters the interfaces. However, the 
injection pressure curve decreases greatly at 872 s, which 
reflects that the hydraulic fracture deflects and expands along 
the interface L① . The AE signals and energy are consider-
able during the fracture initiation stage and the early fracture 
propagation stage, whereas their AE signal frequency and 
energy values are significantly reduced when the hydraulic 
fracture deflects and expands along the interface.

Figure  25 shows the comparison of the cumulative 
AE energy of the samples under different injection rates. 
When the fluid injection rate is high (20 mL/min), the 
distribution of AE events in sample M15-0 is concentrated 
near the pressure fluctuation point. Although the number 
of the fracture events is small, the AE energy value is 
high, indicating high-speed dynamic propagation of the 

Fig. 24   HFE results of the sample when Q = 10 mL/min (sample M15-4): a hydraulic fracture propagation patterns; b injection pressure and AE 
curves
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hydraulic fractures. Conversely, under the low fluid injec-
tion rate (10 mL/min), there are more AE events with rela-
tively uniform distribution and a slower growth rate of 
total cumulative AE energy, indicating that the fractures in 
sample M15-4 have the characteristic of low-speed steady-
state propagation. In addition, when the hydraulic fracture 
in M15-4 deflects and expands along the interface, the 
AE energy hardly increases. Figure 26 shows the statisti-
cal results of the hydraulic fracture area of the samples 
under different fluid injection rates. When compared to 
sample M15-0, the total hydraulic fracture area of M15-4 
increases by 50.3 cm2; the tensile fracture area decreases 
by 188.3  cm2, and the shear fracture area increases by 

238.6 cm2. The decrease in the fluid injection rate makes 
the interaction between the hydraulic fracture and the 
interfaces gradually change from the II + III + IV pattern 
to the pattern dominated by deflection. When a low fluid 
injection rate is used for hydraulic fracturing treatment in 
the interlayered shale oil formation, the fracturing fluid 
easily filters, flows, and distributes hydraulic energy along 
the microfractures at the intersection, leading to a decrease 
in the net pressure and penetration ability of the hydraulic 
fracture and forcing it to stop at the interface or to deflect 
along the open interface. With an increase in the fracturing 
fluid injection rate, the hydraulic energy of the fracture 
is more concentrated, which reduces the filtration along 
the interface and is conducive to the hydraulic fractures’ 
penetration into more pay zones.

6.2 � Influence of the Fracturing Fluid Viscosity

Figure  27a shows the HFE results under high-pressure 
fracturing fluid viscosity (η = 25 mPa s). In sample M15-5, 
the upper end of the hydraulic fracture successively pen-
etrates the interfaces U①  and U② , while the lower end of 
the hydraulic fracture penetrates the interface L① and has a 
composite pattern interaction with the interface L② . This 
is because there is a large range of fracturing fluid filtra-
tion on the interface L② . The viscosity of the fracturing 
fluid mainly controls the fracture propagation behavior by 
controlling the fluid filtration. The high-viscosity fracturing 
fluid has the characteristics of small filtration in the inter-
faces, thus increasing the propagation ability of the hydraulic 
fractures in the rock matrix. In Fig. 27b, the fracture initia-
tion pressure of sample M15-5 is 23.89 MPa, which is higher 
than that of the reference sample M15-0, showing that there 
is a positive correlation between the fracture initiation pres-
sure and fracturing fluid viscosity. The injection pressure 
curve of sample M15-5 has no violent fluctuation during 
the entire propagation stage. Furthermore, the distribution 
of AE events is relatively scattered with many high-energy 
points, indicating that the stable propagation of hydraulic 
fracture is accompanied by significant rock fracture driven 
by high-viscosity fluid.

Figure 28 shows the comparison of cumulative AE energy 
of samples under different fracturing fluid viscosities. The 
cumulative AE energy curve under the low fluid viscosity 
increases slowly and finally stabilizes in the later stage of 
fracture propagation, reflecting the deflection along the inter-
face. Meanwhile, the curve under the high fluid viscosity 
maintains a stable increase in the entire stage, corresponding 
to the penetration of the hydraulic fracture through the inter-
face into the interlayered rock matrix. Figure 29 shows the 
statistical results of the hydraulic fracture area of the samples 
under different fracturing fluid viscosities. When compared 
to sample M15-0, the total hydraulic fracture area of M15-5 

Fig. 25   Cumulative AE energy of samples under different fluid injec-
tion rates

Fig. 26   Statistics of hydraulic fracture area of samples under different 
fluid injection rates
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decreases by 88.55 cm2; the shear fracture area increases 
by 211.66 cm2, but the tensile fracture area increases by 
123.05 cm2. Moreover, with the increase of the fracturing 
fluid viscosity, the interaction between the hydraulic fracture 
and interfaces gradually changes from type II + III + IV pat-
terns to the penetrating pattern. The low-viscosity fracturing 
fluid promotes the infiltration of the fracturing fluid along the 
interfaces and induces the shear slip, dilation, and opening 
of the interfaces, which is beneficial to increase the fracture 
propagation area. However, the low-viscosity fracturing fluid 
reduces the hydraulic energy to maintain the fracture propa-
gating in the rock matrix, thereby reducing the penetration 
ability of the fracture. Properly increasing the viscosity of 
the fluid maintains a high net pressure in the fracture and 

ensures the penetration propagation through the upper and 
lower sandstone interlayers to obtain a more effective fracture 
height. However, very high viscosity of the fracturing fluid 
produces negative problems, which reduce the ability of the 
hydraulic fractures to communicate with natural fractures and 
increase the complexity of fracture network in the fracture 
length direction. Therefore, fracturing fluids with different 
viscosities at different stages of the fracturing operation 
should be used. Thus, the penetration ability of the hydraulic 
fractures near the wellbore can be increased through the high-
viscosity fracturing fluid. When multiple pay zones along the 
fracture’s height have been communicated, the low-viscosity 
fracturing fluid can be further used to increase the ability of 

Fig. 27   HFE results of the sample when η = 25 mPa s (sample M15-5): a hydraulic fracture propagation patterns; b injection pressure and AE 
curves

Fig. 28   Cumulative AE energy of samples under different fracturing 
fluid viscosities

Fig. 29   Statistics of hydraulic fracture area of samples under different 
fracturing fluid viscosities
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the fractures to communicate with natural fractures along the 
fracture’s length.

7 � Discussion and Conclusion

First, the conclusions of this study can play a qualitative 
guiding role to improve the hydraulic fracturing design of the 
sandstone–shale formation. However, the practical application 
of the test scale results to the hydraulic fracturing operation 
of a field-scale reservoir requires further research. Although 
HFE is the most intuitive approach to explore fracture 
propagation behaviors, laboratory fracturing equipment 
cannot fully simulate the real-world hydraulic fracturing 
conditions, especially because the sample size, borehole size, 
and pumping rate in a laboratory experiment are far smaller 
than those on the field scale (Zhao et al. 2019; Chen et al. 
2020a). Currently, few studies address the large-scale effects 
of HFE. Establishing a similar criterion of the sandstone–shale 
interlayered formation to quantitatively enlarge the HFE 
results to the field size is a crucial point for future research. 
In addition, the two most important controllable treatment 
parameters on field are the injection rate and fracturing fluid 
viscosity; these parameters greatly affect the propagation 
of fractures in the sandstone–shale interlayered formation. 
However, the injection rate and fluid viscosity are positively 
correlated to the hydraulic fracture penetration ability 
along the height of the fractures but negatively correlated 
with the ability of the hydraulic fracture to communicate 
with the natural fractures along the length of the fractures. 
Therefore, it is challenging to maintain the fracture height 
and complexity along the fracture length simultaneously 
by adjusting these two fracturing construction parameters 
alone. This contradiction can be ameliorated by alternately 
injecting fluids with different rates and viscosities (Zhou et al. 
2017; Xin 2019; Sun et al. 2020). However, the timing and 
amplitude of the change in the injection rate and the injection 
stage of fracturing fluids with different viscosities must be 
studied in combination with the reservoir condition, which 
will be further examined using the experimental model. 
Finally, this study focuses on the propagation mechanism of 
single fractures in a sandstone–shale interlayered formation. 
However, the multiple-cluster hydraulic fracturing technology 
has been applied for interlayered shale oil formations in many 
well areas. Hence, there is a competitive effect between 
initiation and propagation among multiple fractures (Liu 
et al. 2019a, b; Chen et al. 2020b). Whether the competitive 
effect among the multiple fractures in terms of propagation 
affects the fracture propagation and penetration through the 
interlayers must be studied further using experimental models 
combined with numerical simulations and theoretical analysis.

To investigate the vertical propagation mechanism of 
hydraulic fractures in the sandstone–shale interlayered 

formation, a simulated interlayered experimental model 
was designed herein based on the relative mechanical 
characteristics of the sandstone and shale layers in the 
Qingyi member. Through a series of HFEs, the influence of 
different key factors on the hydraulic fracture propagation 
behavior was analyzed, and the following conclusions were 
obtained.

(1)	 There may be three types of microcracks in FPZ at the 
hydraulic fracture tip before it intersects with the inter-
layer interface. Under the influence of different com-
bined forms of microcracks, the possible propagation of 
hydraulic fractures in the sandstone–shale interlayered 
formation includes the following: I—arresting pattern, 
II—deflecting pattern, III—penetrating pattern, and 
IV—multicomposite pattern.

(2)	 With the increasing interlayer dip angle, the hydrau-
lic fracture propagation gradually changes from the 
penetrating pattern to the deflecting pattern, which 
increases the shear fracture area obtained by the deflec-
tion and extension of the hydraulic fracture along the 
interfaces, but inhibits the penetration ability of the 
hydraulic fracture. To communicate multiple shale for-
mations through one hydraulic fracturing operation, it 
is critical to select the formation with a small dip angle.

(3)	 The penetration ability of the hydraulic fracture has a 
positive correlation with the vertical in situ stress dif-
ference and the interface cementation strength. When 
the dip angle of the interface is too large (approximately 
25° herein), it is challenging for hydraulic fractures to 
penetrate the interface, irrespective of the increase in 
the vertical in situ stress difference. When the vertical 
in situ stress difference is sufficiently large (15.05 MPa 
herein), the hydraulic fracture can penetrate through 
the interface into the interlayer even when the interface 
cementation strength is 0.

(4)	 When compared within the PSLs, the tensile frac-
ture area caused by the fracture propagation in BSLs 
increases. Under the same conditions, it is easier for 
hydraulic fractures to penetrate the interface into the 
BSLs. The plastic deformation of the low brittle inter-
layer dissipates part of the elastic energy used to main-
tain the hydraulic fracture propagation and inhibits the 
ability of the hydraulic fractures to penetrate the inter-
layer.

(5)	 Properly increasing the fluid viscosity promotes the 
hydraulic fracture to penetrate the upper and lower 
sandstone interlayers, obtaining a larger fracture height. 
However, to maintain the propagation range of the 
hydraulic fractures’ length when multiple shale layers 
along the fractures’ height have been communicated, 
low-viscosity fracturing fluid should be used to increase 
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the ability of the fractures to communicate natural 
fractures along the fractures’ length.
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