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Abstract
Whether hydraulic fractures could connect multiple gas zones in the vertical plane is the key to fracturing treatment to jointly 
exploit coalbed methane and tight sandstone gas through integrative hydraulic fracturing in tight sandstone–coal interbedded 
formations. Laboratory true triaxial hydraulic fracturing experiments were conducted on layered specimens with different 
combination types of natural sandstone and coal to simulate the propagation behavior of hydraulic fractures. The effects of 
the fracture initiation position, fracturing fluid viscosity and injection rate were discussed. The results showed that different 
fracture morphologies could be found. When initiating from coal seams, three patterns of fracture initiation and propaga-
tion were obtained: (1) The main hydraulic fracture initiated and propagated along the natural fractures and then diverged 
due to the effects of in situ stress and formed secondary fractures. (2) The hydraulic fracture initiated and propagated in the 
direction of the maximum horizontal stress. (3) Multiple fractures initiated and propagated at the same time. With the same 
fracturing fluid viscosity and injection rate, the hydraulic fractures initiating in sandstones had greater chances than those 
in coal seams to penetrate interfaces and enter neighboring layers. Excessively small or large fracturing fluid viscosity and 
injection rate would do harm to the vertical extension height of the induced fracture and improvement of the stimulated res-
ervoir volume. Compared with operation parameters (fracturing fluid viscosity and injection rate), the natural weak planes 
in coals were considered to be the key factor that affected the fracture propagation path. The experimental results would 
make some contributions to the development of tight sandstone–coal interbedded reservoirs.
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1 Introduction

Coal-bearing strata consist of interbedded coal seams and 
tight sandstones deposited and jointly preserved in the 
vertical direction. Due to the effects of the characteris-
tics of shallow burial depth, multiple gas zones and poor 
permeability, it is very difficult to develop one type of gas 
resource separately from the coal-bearing strata (Qin et al. 
2014). Great attention has been paid to comprehensive 
research and development of the unconventional gases in 
coal-bearing strata (Li et al. 2014; Qin et al. 2014; Shen 
et al. 2017). Some pilot tests with integrative hydraulic 
fracturing were conducted in some areas (such as the Surat 
Basin in Australia (Shen et al. 2017) and Xuanhua Basin 
in China (Li et al. 2014)) and achieved great progress. To 
realize co-exploitation of many types of gas successfully, 
it is necessary to make hydraulic fractures effectively con-
nect different production layers in the vertical direction 
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and to communicate with natural weak planes in coal 
seams to form an optimized fracture network.

With regard to the vertical propagation of hydraulic 
fractures in layered media, many studies have been car-
ried out including laboratory experiments and numerical 
simulations. In aspects of laboratory research, Anderson 
(1981) and Hanson et al. (1981) studied the effect of inter-
facial friction on fracture height growth and found that 
the lower the friction coefficient, the greater the normal 
stress required for hydraulic fracture to cross the interface. 
Based on laboratory experiments and field tests, Warpinski 
et al. (1982), Teufel and Warpinski (1983) and Teufel and 
Clark (1984) revealed that mechanical property differences 
between layers were not sufficient to prevent the propaga-
tion of hydraulic fractures at the interface, whereas the 
minimum in situ stress difference was critical for the frac-
ture propagation path. Roundtree and Miskimins (2011) 
performed experiments combined with acoustic emission 
monitoring to analyze hydraulic fracture propagation pat-
terns in layered media. The results showed that a penny-
shaped fracture plane would be formed when a layered 
interface was well cemented. Liu et al. (2016) studied 
the influences of different deviation angles, borehole azi-
muths, perforation parameters and in situ stress on multi-
fracture propagation from layered formations in inclined 
well hydraulic fracturing. AlTammar and Sharma (2017) 
used digital image correlation to resolve full-field dis-
placement and strain when fracturing layered formations.

In respect of numerical simulations, Fung et al. (1987) 
studied the influences of stress difference and elastic modu-
lus contrast on the fracture height growth based on a semi-
analytical and finite element method. The results showed 
that the modulus contrast between layers had little effects on 
fracture height growth. However, the minimum horizontal 
stress difference was the main factor when the extension 
height was low with large stress differences. Smith et al. 
(2001) indicated that fracture widths could be affected by 
differences in the elastic modulus between different layers. 
Barriers with large elastic modulus produced narrow frac-
tures and a high fluid pressure, and thus, fractures easily 
penetrated the interface. Zhao and Chen (2010) revealed 
that a critical fracture length exists when fracturing ceases. 
Hydraulic fractures would extend along layer interfaces or 
break into adjacent layers when the fracture length exceeds 
a certain critical value. Zhao et al. (2015) and Chuprakov 
and Prioul (2015) took into account the stress change around 
the layer interface, analyzing the mechanical behavior when 
the hydraulic fracture came across the interface. Ouchi et al. 
(2017) established a peridynamics-based hydrodynamic 
fracturing model and studied the propagation behavior of 
hydraulic fractures in the vertical plane. His study showed 
that three types of hydraulic fracture geometries (includ-
ing turning, kinking and branching) near the layer interface 

were explored, which were consistent with the experimental 
results of AlTammar and Sharma (2017).

However, the above studies focused on homogeneous lay-
ered media, and the theoretical models were based on the 
assumption of linear elasticity, ignoring the effect of natural 
fractures on fracture propagation. Previous studies showed 
that, under the influences of natural fractures and cleats, 
hydraulic fracture geometries in coal seams were complex, 
which were different from those in tight sandstone reser-
voirs (Fan et al. 2014; Tan et al. 2017a). Therefore, when 
naturally fractured coals and homogeneous sandstones are 
fractured jointly, hydraulic fracture geometries may exhibit 
great differences with traditional homogeneous layered for-
mations (Hou et al. 2016; Tan et al. 2018). To understand the 
propagation of hydraulic fractures in tight sandstones–coal 
interbedded reservoirs, this paper used natural coal and tight 
sandstone samples to produce different combinations of lay-
ered media (including three and five layers) to carry out true 
triaxial fracturing experiments. Due to the low availability 
of reservoir cores, fresh outcrop samples are selected from 
Baode County in the northeast of the Ordos Basin in Shanxi 
Province, China (see Fig. 1). The propagation behavior of 
hydraulic fractures initiating from different rocks is dis-
cussed. In addition, the effects of engineering parameters 
(including fracturing fluid viscosity and injection rate) on 
fracture propagation in the vertical direction are studied.

2  Experimental setup and procedures

2.1  Experimental equipment

All sets of hydraulic fracturing experiments were conducted 
using a true triaxial hydraulic fracturing test system (see 
Fig. 2). All external stresses were applied via a voltage 
stabilizer, and the injection pressure was supplied using a 
servo-controlled voltage pump, a mechanical testing and 
simulation 816 (Zhou et al. 2008). Stresses of up to 28 MPa 
and injection pressures of up to 140 MPa were applied to a 
cubic specimen with an edge length of 40 cm. The injec-
tion system can pump up to 800 mL of fluids continuously. 
Experimental control and data acquisition were conducted 
using customized software running on a desktop computer. 
This system was used successfully to initiate and to propa-
gate hydraulic fractures in a variety of materials using dif-
ferent fracturing fluids.

2.2  Experimental preparation and scheme

The mechanical parameters were measured by the triaxial 
fracturing system under a confining pressure of 15 MPa. The 
compressive strength, elastic modulus and Poisson’s ratio of 
the coal rock are 98.6 MPa, 4.39 GPa and 0.26, respectively. 
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The compressive strength, elastic modulus and Poisson’s 
ratio of the tight sandstone are 162.8 MPa, 12.3 GPa and 
0.17, respectively.

In this study, combined specimens with three or five 
layers had a similar processing method. The preparation 
of a five-layer specimen was described as follows: (1) A 
piece of irregular outcrop was cut into a cuboid (dimen-
sions: 5 cm × 30 cm × 30 cm, 10 cm × 30 cm × 30 cm or 
15 cm × 30 cm × 30 cm) by a CNC wire-cut machine. It is 
important to note that the bedding planes were parallel to 
the large face of the cuboid, so as to ensure that the vertical 
stress was applied perpendicularly to the bedding plane. (2) 
Epoxy resin was used to cement sandstone and coal layers, 
forming a block with dimensions of 35 cm × 30 cm × 30 cm. 
(3) The bonded block was placed at the bottom of a special 
mold (Zhou et al. 2008) and then wrapped by concrete uni-
formly to form a testing block with a side length of 40 cm. 
(4) Specimens were allowed to cure in air for 1 month to be 
completely solidified. Subsequently, by using a hollow bor-
ing bit, a 16-cm-deep counter bore was drilled parallel to the 
layer interface at the center of the sample surface. (5) A steel 
pipe, with dimensions of 0.6 cm in inner diameter, 1.6 cm in 
outer diameter and 12 cm in length, was fixed with a high-
strength adhesive in the borehole. A 4-cm open hole was 
reserved below the wellbore. Detailed procedure is shown in 
Fig. 3. The final testing specimen is shown in Fig. 4.

The specific experimental parameters are listed in 
Table 1. Test sample 1# to sample 3# were tri-layered media, 
and sample 4# and sample 5# were five-layered media. The 
stress conditions were the same for all samples: the vertical 

stress is 27 MPa, the maximum horizontal stress 22 MPa, 
and the minimum horizontal stress 16 MPa.

2.3  Experimental procedure

Spiral perforation instead of open hole completion is always 
adopted in oilfields. Limited by the scale of indoor experi-
ments, it is difficult to perform such operations as casing 
cementing and helical perforation. Therefore, complex near-
wellbore fractures induced by helical distribution of perfora-
tions were neglected. Instead, the fracture propagation from 
only one perforation hole along the direction of the maxi-
mum horizontal stress was investigated. In the experiments, 
the maximum horizontal stress was applied along the simu-
lated perforation hole axis, the vertical stress perpendicular 
to the interface and the minimum horizontal stress perpen-
dicular to the direction of maximum horizontal stress and 
vertical stress (Fig. 4a). To avoid the unbalanced loading of 
triaxial stresses, the 3D stresses were first loaded to the value 
of the minimum horizontal stress at the same time (16 MPa), 
and then the maximum horizontal stress and vertical stress 
were slowly increased to the set maximum horizontal value 
(22 MPa). Eventually, the vertical stress was again slowly 
increased to the designed value (27 MPa) to finish the 3D 
stress loading. Once the stresses reached their desired val-
ues, a delay of approximately 15 to 30 min was allowed 
to establish a stress equilibrium around the hole prior to 
the fracturing test. After experiments, we observed fracture 
geometries based on the tracer distribution of the luminous 
yellow fluorescent dye added to the fracturing fluids.

Fig. 3  Specimen preparation. a Prepared rock slice. b Cemented rock slice. c Waiting for concrete pouring. d Concrete pouring. e Maintenance 
for concrete setting. f Combined specimen. g Hole drilling. h Steel pipe fixing
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3  Experimental results and analysis

3.1  Experimental results

After experiments, the specimen was split along the frac-
ture surface to observe the initiation and propagation 
of hydraulic fractures. The post-fracture morphology is 
shown in Figs. 5 and 6. The results show that hydraulic 
fracture geometries initiating from coal are significantly 
different from those from sandstone. Instead of initiating a 
simple fracture perpendicular to the direction of the mini-
mum horizontal stress from the sandstone slice, multiple 
fractures in coal blocks may be produced with cleats or 
natural fractures opening.

3.1.1  Initiation from the coal

When the fracture initiation position was located in the coal 
seam, the initiation and propagation of hydraulic fractures 
exhibited the following three patterns.

(1) Pattern I: The main hydraulic fracture initiated and 
propagated along the direction of natural fractures with 
some secondary fractures due to the effect of in situ stress 
(specimen 1#, specimen 4# in Fig. 5. For specimen 1#, 
there was an inclined natural fracture crossing the bore-
hole. Although diverting partially along the vertical stress 
direction, the main hydraulic fractures propagated along 
the natural fracture inside the coal seam and failed to 
extend to the sandstone layer. For specimen 4#, the main 

Cement layer

Injection point

12 cm

4 cm

Cb Cc
Ca

Sa
Sb

Ca-Cc: Coal layer; Sa-Sb: Sandstone layer

Open hole
section

σh

σHσV

(a) (b)

Hydraulic fluid
injection

Coal

Coal

Sandstone

Sandstone

Cement layer

Coal

σh σH

σV

Fig. 4  Illustration of the testing specimen. a Schematic diagram. b Real fracturing specimen

Table 1  Summary of 
experimental parameters

The symbol of C1 to C14 and S1 to S15 indicated different coal slices and sandstone layers, respectively

Specimen 
number

Rock combination Thickness of 
the rock slice, 
cm

Fracture initiation position Injection 
rate, mL/
min

Viscos-
ity, 
mPa s

1# S1-C1-S2 10-15-10 Coal 10 3
2# S3-C2-S4 10-15-10 Coal 30 16.5
3# C3-S5-C4 10-15-10 Tight sandstone 10 16.5
4# C5-S6-C6-S7-C7 5-5-15-5-5 Coal 20 33.5
5# C8-S8-C9-S9-C10 5-5-15-5-5 Coal 20 3
6# S10-C11-S11-C12-S12 5-5-15-5-5 Tight sandstone 20 3
7# S13-C13-S14-C14-S15 5-5-15-5-5 Tight sandstone 20 16.5
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hydraulic fractures also initiated and propagated along the 
natural fracture with a large aperture in the vertical direc-
tion. In the process of fracture propagation, the fracturing 
fluid was completely filtered along coal seams to form 
complex fractures. The hydraulic fractures eventually did 
not penetrate the layer interface.

(2) Pattern II: The hydraulic fracture initiated and 
propagated along the vertical direction perpendicular to 
the minimum horizontal stress (specimen 2# in Fig. 5). 
In specimen 2#, the coal block had a relatively complete 
structure and no obvious cracks were observed in the sur-
face. Under high injection conditions (30 mL/min), the 
hydraulic fracture crossed the layer interface and con-
nected the neighboring layers. In addition, due to the low 
strength and brittleness of coal, rock collapse occurred 
near the wellbore, and the main fracture surface was 
rough.

(3) Pattern III: Multiple fractures initiated and propa-
gated simultaneously (specimen 5# in Fig. 5). Affected by 
the multiple factors of the developed bedding planes and 
in situ stress, the fracture geometry near the wellbore was 
complex in specimen 5#. Hydraulic fractures including 
both vertically and horizontally were finally formed and 
did not propagate into the neighboring sandstone layers.

3.1.2  Initiation from the tight sandstone

When the initiation position was located in the tight sand-
stone layer, hydraulic fractures primarily initiated and prop-
agated along the direction perpendicular to the minimum 
horizontal stress, and the vertical extension distance of 
the hydraulic fractures was related to the operation param-
eters (fracturing fluid viscosity and injection rate) and the 
mechanical properties of the coal block. Experiment results 
are shown in Fig. 6.

At a low injection rate (10 mL/min), the hydraulic frac-
ture propagated unilaterally to the layer interface and then 
diverted along the layer interface, forming a simple “T”-
shaped fracture geometry in sample 2# (see Fig. 6a).

When the injection rate was increased to 20 mL/min, the 
hydraulic fracture penetrated the interface and communicated 
with the coal seam (see Fig. 6b, c). Since a low-viscosity 
fracturing fluid (3 mPa s) was injected into specimen 6# (see 
Figs. 6b and 7), a complex fracture network with many bed-
dings and cleat opening was formed after the hydraulic frac-
tures entered the coalbed. Massive fracturing fluid loss via the 
natural fracture systems in coal resulted in a limited height 
growth, preventing fractures penetrating the top and bottom 
sandstone layers. In specimen 7# a high-viscosity fracturing 
fluid (16.5 mPa s) was used; to a certain extent, this reduced 
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the complexity of hydraulic fractures in coal seams. A single 
vertical fracture penetrating all the layers was finally formed 
(see Fig. 6c).

The above results indicated that the features of hydraulic 
fractures in coal blocks exhibited a great difference from what 
is observed in sandstone. Due to the influences of the natural 
fracture system, when the initiation position was located in 
the coal seam, the hydraulic fractures initiated and propagated 
with complexity, and hydraulic energy was distributed to mul-
tiple fractures and reduced the probability of connecting the 
sandstone. However, with identical fracturing fluid viscosity 
and injection rate, hydraulic fractures initiating in sandstones 
had greater chances than those in coal seams to connect to 
neighboring layers. Therefore, it was suggested that the initia-
tion position in the naturally fractured coal seam should be 
avoided for the integrative hydraulic fracturing in tight sand-
stone–coal interbedded formation, whereas the adjacent sand-
stone layer could be selected to improve the operation effects. 
If it could not be avoided, probability of penetration could be 
improved by increasing the injection rate. In this situation, it 
should be noticed that collapse and coal powder might occur 
near wellbore.

3.2  Experimental analysis

3.2.1  Effects of fracturing fluid viscosity and injection rate

The viscosity and injection rate of the fracturing fluid are 
two important controlling parameters in fracturing designs, 
which have important influences on the initiation and propa-
gation of hydraulic fractures. In this paper, three groups of 
liquid viscosity and injection rate were investigated. The 
results showed that when the viscosity of the fracturing fluid 
was low (3 mPa s), the fracturing fluid was easy to seep via 
the bedding plane and shear slip occurred, which led to an 
excessive opening of weak planes in coal, thus increased 

the complexity of hydraulic fractures in coal and limited the 
vertical propagation (specimen 1#, 5# and 6#). As shown 
in sample 6# in Figs. 6b and 7, after hydraulic fractures 
extended to coal seams, the low-viscosity fracturing fluids 
were fully infiltrated along the weak planes, resulting in a 
high fragmentation degree. When reaching the layer inter-
face, the hydraulic fractures failed to enter the top and bot-
tom sandstone layers. Compared with sample 6#, the frac-
turing fluid viscosity in sample 7# increased to 16.5 mPa s, 
which ensured the formation of complex fractures in the 
coal seam to a certain extent. At the same time, the fluid 
loss reduced and higher fracture pressure promoted hydrau-
lic fractures to connect all layers, resulting in larger fracture 
height (see Figs. 6c and 8).

Figure 9 shows the combined effects of fluid viscosity 
and injection rate. It could be found that when the fractur-
ing fluid injection rate was small (10 mL/min), the hydraulic 
fractures tended to propagate along natural fractures and 
cleats, reducing the probability of penetrating the layer 
interface (specimens 1# and 3# in Fig. 9). An appropriate 
increase in injection rate could improve the fracture pressure 
and fracture penetration capacity (specimen 7# in Fig. 9). 
However, too high injection rate (30 mL/min in specimen 
2#) would reduce the fracturing fluid filtration effect, thereby 
reducing the complexity of hydraulic fractures. From the 
above analyses, it could be seen that an appropriate injection 
rate or fracturing fluid viscosity (specimen 7# in Figs. 8 and 
9) should not only meet the requirement of fracture height, 
but also promote the formation of secondary fractures in 
the coal seam and increase SRV. Too high an injection rate 
and too low a fracturing fluid viscosity are not conducive 
to improving the final fracturing effect. Beugelsdijk et al. 
(2000) and Guo et al. (2014) used the product of fracturing 
fluid viscosity and displacement ( q ⋅ � ) to comprehensively 
analyze the effect on the complex fracture propagation in 
naturally fractured formations. The results showed that the 

Fig. 7  Fracture geometry of specimen 6# after test
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values excessively high or low were not favorable for the 
formation of complex fracture networks, which was con-
sistent with the conclusions of this study. However, a short 
fracture height limited in the coal was formed in specimen 
4# (see Fig. 5c) with high fluid viscosity and large injection 
rate. Analysis indicated that it is mainly due to the effects 
of developed natural fractures and cleats in the coal (see 
Fig. 5c). Compared with operation parameters (fractur-
ing fluid viscosity and injection rate), properties of natural 

fractures in the coal were the key factors influencing fracture 
propagation.

3.2.2  Effects of cleats in coal seam

The propagation of hydraulic fractures in coal would be 
influenced by beddings, cleats and other natural weak 
planes in addition to the impact of operation parameters 
(Fan et al. 2014; Tan et al. 2017b). The experimental results 
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(experimental results of this study or of Fan et al. 2014; Tan 
et al. 2017b) showed that the development degree, distri-
bution and aperture of natural weak planes had important 
influences on fracture initiation and propagation. Influenced 
by cleats, the fracture surfaces are rough and tortuous. In 
specimen 1# (Fig. 5c) and specimen 4# (Fig. 5c), the main 
hydraulic fracture initiated and propagated along the pre-
existing natural fractures, although the secondary fractures 
locally diverted or bifurcated along the vertical stress direc-
tion. In contrast, the natural fractures in sample 2# (Fig. 5b) 
were not well developed and the hydraulic fractures began 
to propagate along the vertical minimum stress direction to 
form a single main fracture.

Many researchers (Li et  al. 2017a, b; Warpinski and 
Teufel 1987; Zhou et al. 2008) have found that the approach 
angle between the hydraulic fracture and the natural fracture 
had an important effect on the propagation path of hydraulic 
fractures. When the approach angle was less than 30°, the 
hydraulic fracture would deflect along the natural fracture. 
When the approaching angle was between 30° and 60°, the 
hydraulic fracture would be arrested and shear slip of the 
natural fractures would occur. When the approaching angle 
was more than 60°, the hydraulic fracture could penetrate 
into the natural fractures. However, the experimental results 
in this study showed that the fracturing fluid could seep into 
natural weak planes in a variety of angles and mutually com-
municate with each other. Therefore, except for the angle of 
the natural weak plane, the natural fracture aperture and the 
cement strength also had significant impacts on the fracture 
morphology. During the process of hydraulic fracturing, the 
fracturing fluid might flow or seep along the natural frac-
ture system in the coal, reducing the friction properties and 
the cement strength of the fracture surface. Based on the 

cross-criterion (Gu et al. 2012; Li et al. 2017a, b), when the 
friction coefficient or cohesion of fracture surface decreases, 
the surface will undergo shear slip, and thus, the natural 
fracture system will open or be activated.

3.2.3  Response characteristic of fracturing pressure

Figure 10 shows the fracturing curves of each sample initi-
ated from different positions. The curves could reflect the 
occurrence of hydraulic fractures under the action of frac-
turing fluid and the changes in the natural weak surface. 
Proper analyses and explanations of the curves are helpful to 
understand some fracture features that could not be observed 
directly.

Comparing Fig. 10a with Fig. 10b, when the initiation 
position was located in the sandstone layer, the fracture ini-
tiation pressure was significantly higher than the pressure 
at the time of initiation from the coal seam. Furthermore, 
affected by coal cleats and natural fractures, the initiation 
pressure of each specimen displayed a great difference when 
fracturing from the coal seam.

From the aforementioned analyses, it could be seen that 
when the fracture initiated from the coal layer, there would 
be three types of fracture propagation patterns, that is, along 
the natural fractures, along the direction perpendicular to 
the minimum horizontal stress and along multiple directions 
simultaneously.

(1) When the hydraulic fracture extended along the natu-
ral fractures near the wellbore, the fracturing fluid mainly 
flowed along these weak surfaces. The fracturing curve 
exhibits a low breakdown pressure, a low breakdown pres-
sure drop and a low extension pressure (specimen 1# and 4# 
in Fig. 10a). In particular, for specimen 4# (Fig. 5c), when 
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the aperture of natural fractures near the wellbore was large, 
the breakdown pressure was extremely low and almost no 
significant breakdown characteristics exist in the fracturing 
curve. As the fracturing fluid flowed along the cleat system 
during the fracturing process, a saw-toothed fluctuation char-
acteristic in the fracturing pressure profile showed (specimen 
4# in Fig. 10a).

(2) When the hydraulic fracture initiated and propagated 
along the direction perpendicular to the minimum horizontal 
stress, the fracturing curve displayed high breakdown pres-
sure and high breakdown pressure drop (such as specimen 
2# in Fig. 10a).

(3) When the hydraulic fracture initiated and propagated 
along multiple directions simultaneously, the pressure curves 
showed multiple breakdown pressures and significant fluc-
tuation characteristics. As in specimen 5#, multiple fractures 
extended simultaneously, and the injected hydraulic energy 
was dispersed, thus increasing the fracture extension pres-
sure (specimen 5# in Fig. 10a).

When the fracture initiated from the sandstone, the frac-
ture initiation would not be affected by natural fractures, 
and the fracture geometry was simple near the wellbore, 
which was perpendicular to the minimum horizontal stress 
direction. The fracturing curve was characteristic of high 
breakdown pressure and distinct breakdown pressure drop. 
In addition, the curve characteristics were closely related to 
the post-fracture geometry in coal. Compared with specimen 
6# and specimen 7#, it could be found that the more com-
plex the post-fracture geometry, the greater the fluctuation 
of pressure curve (specimen 6# and 7# in Fig. 10b).

4  Discussion

Different from the concept of fracturing development in a 
single coal seam, it is not only desirable to obtain complex 
fractured networks in the coal seams, but also to require 
hydraulic fractures to extend in the vertical direction to 
communicate gas-bearing layers as much as possible in the 
co-exploitation of tight sandstone–coal reservoirs. It was 
found that when the initiation position was located in the 
coal, it is considerably easier to form complex fractures near 
the wellbore, which reduces the fracture penetration. At the 
same time, the formation of coal powder would hamper 
proppant migration. When the initiation position is located 
in the sandstone layer, the hydraulic fracture propagated 
almost along the direction perpendicular to the minimum 
horizontal stress and connected the neighboring layers more 
easily. Fracturing practice in the Xuanhua coal field in Hebei 
Province, China (Li et al. 2014), showed that the hydraulic 
fracture initiated from a sandstone layer with higher elastic 
modulus contributes to long fracture height and complex 
fracture network, effectively reducing the formation of coal 

powder and multiple fractures near the wellbore and improv-
ing the single well gas production.

Results showed that the viscosity and injection rate of 
the fracturing fluid had important influences on the frac-
ture propagation and penetration. Appropriate viscosity and 
injection rate could ensure large vertical fracture propaga-
tion height and formation of complex fracture networks in 
the coal seam. When the viscosity or injection rate of the 
fracturing fluid was too small, leakage would occur along 
the weak plane, forming multiple fractures, which is not 
conducive to fracture height. When the viscosity or injec-
tion rate of the fracturing fluid was too high, a single frac-
ture was formed and the stimulated reservoir volume would 
be smaller. In the stimulated coalbed gas well, in order to 
reduce the formation damage caused by high-viscosity guan-
idine gum fracturing fluid, low-viscosity slickwater or clean 
fracturing fluid was used. However, for coal seams with 
well-developed natural fractures, low-viscosity fracturing 
fluid may easily cause leakage, thus forming multiple frac-
tures hampering the main fracture propagation, also induc-
ing tip screening out. Xiao et al. (2013, 2017) improved the 
anti-filtration and sand carrying capacity of the fracturing 
fluid by incorporating biodegradable fiber material in the 
active water fracturing fluid and fracturing stimulation of 
the coalbed methane well was enhanced as a result. There-
fore, in the process of co-fracturing of a tight sandstone–coal 
interbedded reservoir, the method of mixed fracturing can 
be used. In the initial stage of fracturing, a high-viscosity 
fracturing fluid (such as cleaning fracturing fluid) is used to 
form a wide main fracture, reducing the complexity of the 
near-wellbore fracture and improving the effect of fracture 
penetration; then a biodegradable fiber active water fractur-
ing fluid is used in the coal seam to effectively improve the 
communication of hydraulic fractures and natural fractures, 
and at the same time to reduce the amount of filtration, and 
to improve fracture growth propagation, so as to optimize 
the fracture morphology. In addition, due to higher break-
down pressure in the sandstone layer, optimization of per-
foration parameters in advance is needed in order to reduce 
operation difficulty.

5  Conclusions

Based on several true triaxial hydraulic fracturing experi-
ments, fracture initiation and propagation behavior were 
studied for tight sandstone–coal interbedded formations. 
Conclusions were summarized as follows.

Fracture morphology differed when the fracture initiated 
from sandstone or coal. The fracture geometry was simple 
when the fracture initiated from the sandstone layer; in most 
cases, the fracture propagated perpendicular to the direc-
tion of the minimum horizontal stress. When the fracture 
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initiated from the coal layer, the fracture morphology was 
more complex with three main patterns: (1) The hydrau-
lic fracture initiated and propagated alongside the natural 
fracture, partially diverging due to in situ stress and form-
ing secondary fractures. (2) The hydraulic fracture initiated 
and propagated in the direction of the maximum horizon-
tal stress. (3) Multiple fractures initiated and propagated 
simultaneously.

Operation parameters (fracturing fluid viscosity and 
injection rate) would significantly affect the fracture propa-
gation and penetration behavior. Appropriate viscosity as 
well as injection rate would ensure a large vertical propaga-
tion distance of the fracture and increase the possibility of 
a fracture network forming. Too low a viscosity or injection 
rate of fluids would cause leakage through weak planes and 
as a result forming multiple fractures with limited fracture 
height. Too high a viscosity or injection rate of fluids would 
lead to forming a single fracture with lower SRV. Addition-
ally, comparing with operation parameters, the natural weak 
plane characteristics (such as development of weak planes 
and distribution) of coal were the main controlling factor.

Pressure curves differed markedly when the fracture ini-
tiated from different layers. The fracture initiation pressure 
was high in the sandstone comparing to that in the coal layer. 
Affected by natural fractures, the breakdown pressure varied 
in a wide range when the initiation position was located in 
the coal. Also, the more complex the connection between 
main fractures and secondary fractures, the more severe the 
curve fluctuation would be.

During the process of co-exploitation, not only complex 
fracture networks were required in the coal seam, but also 
enough vertical propagation distance of the main fractures 
was needed to connect multiple gas layers. When the natural 
fractures were well developed in the coal layer, it was rec-
ommended to fracture tight sandstone layers first to improve 
the stimulation effects. At the same time, a mixed fracturing 
method can be used: a high-viscosity fracturing fluid was 
adopted first to form wide main fractures and followed by 
a degradable fiber active water fracturing fluid to increase 
SRV, lowering leakage and increasing fracture height.
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