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gaining a deeper understanding of the formation process of 
volumetric fractures.
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List of symbols
a  Fracture length
Cw  Cohesion strength of the natural fracture
CNF

W
(i)  Cohesion strength of the natural fracture in 

location i
h  Fracturing thickness
KI, KII  Stress intensity factors of mode-I and mode-II
KI C, KII C  Rock fracture toughness of mode-I and 

mode-II
pf  Fluid pressure in the hydraulic fracture
pm  Breakdown pressure of the rock matrix
pNF  Opening pressure of the natural fracture
pNF(i)  Opening pressure of the natural fracture in 

location i
po  Formation pressure
pw  Bottom hole pressure
Q  Injection rate
r  Fracturing radius
St  Tensile strength of the rock matrix
V  Maximum injection volume of volumetric 

fracturing in single stage
α  Biot coefficient
β  Angle between the normal nature fracture and 

σ1
γ  Component of the polar coordinates at the 

fracture tip
ΔσH  Horizontal differential stress
Δσmax  Maximum stress difference to overcome in the 

fracture area

Abstract Natural fractures have a significant influence 
on the propagation geometry of hydraulic fractures in frac-
tured reservoirs. True triaxial volumetric fracturing experi-
ments, in which random natural fractures are created by 
placing cement blocks of different dimensions in a cuboid 
mold and filling the mold with additional cement to cre-
ate the final test specimen, were used to study the factors 
that influence the hydraulic fracture propagation geom-
etry. These factors include the presence of natural fractures 
around the wellbore, the dimension and volumetric density 
of random natural fractures and the horizontal differential 
stress. The results show that volumetric fractures preferen-
tially formed when natural fractures occurred around the 
wellbore, the natural fractures are medium to long and have 
a volumetric density of 6–9%, and the stress difference is 
less than 11 MPa. The volumetric fracture geometries are 
mainly major multi-branch fractures with fracture networks 
or major multi-branch fractures (2–4 fractures). The angles 
between the major fractures and the maximum horizontal 
in situ stress are 30°–45°, and fracture networks are located 
at the intersections of major multi-branch fractures. Short 
natural fractures rarely led to the formation of fracture net-
works. Thus, the interaction between hydraulic fractures and 
short natural fractures has little engineering significance. 
The conclusions are important for field applications and for 
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η  Poroelastic stress coefficient
θ  Circumferential angle
μ  Fracturing fluid viscosity
σ1, σ3  Maximum and minimum principle stress at 

wellbore
σH  Maximum horizontal in situ stress
σh  Minimum horizontal in situ stress
σn  Normal stress acting on the natural fracture
�NF
n

  Stresses induced by the pressurized hydraulic 
fracture

�NF
n
(i)  Normal stress acting on the natural fracture in 

location i
�NFs
n

  Stresses induced by the opening and sliding of 
natural fractures

�∞
n

  Far-field in situ stresses
σr, σθ, σz  Components of wellbore stress in the polar 

coordinates
σV  Overburden stress
τ  Shearing stress acting on the natural fracture
υ  Poisson’s ratio
ϕ  Angle between the hydraulic fracture and 

natural fracture

1 Introduction

Hydraulic fracturing is an effective technique for enhanc-
ing oil and gas production and recovery. The initiation and 
propagation of hydraulic fractures in fractured reservoirs are 
extremely complex processes due to the influences of natural 
fractures, faults, and the in situ stress, which can result in 
slipping, branching, and non-planar propagation (Thiecelin 
et al. 1987; Warpinski 1991; Chudnovsky and Fan 1996; 
Gudmundsson and Brenner 2001; Gudmundsson 2011).

A natural fracture can have three main effects on the prop-
agation path of the hydraulic fracture. A hydraulic fracture 
can cross a natural fracture, be arrested by shear slippage 
along a natural fracture, or be arrested by the opening of 
a natural fracture and fluid flow along the newly opened 
fracture (Lamont and Jessen 1963; Daneshy 1974; Blan-
ton 1982). The main controlling factors are the horizontal 
differential stress and the approach angle. At an approach 
angle of 30°, opening of the natural fracture occurs when the 
horizontal differential stress is 9 MPa, and slip occurs at the 
intersection of the hydraulic fracture and the natural fracture 
when the horizontal differential stress is greater than 9 MPa. 
At an approach angle of 60°, the hydraulic fracture crosses 
the natural fracture when the horizontal differential stress is 
15 MPa, whereas the natural fracture opens when the hori-
zontal differential stress is 2 MPa. When the approach angle 
is 90°, the hydraulic fracture crosses the natural fracture at 
any horizontal differential stress (Blanton 1986). Warpinski 
and Teufel (1987) analyzed the effects of a single artificial 

joint on fracture propagation through the Coconino Sand-
stone and determined that the hydraulic fracture could 
cross joints only when the horizontal differential stress was 
10 MPa and the approach angle was 60° or greater, whereas 
when the approach angle was 30°, the results were consistent 
with those of Blanton. In addition to the horizontal differen-
tial stress and approach angle, the tip stress of the hydraulic 
fracture and the interface friction of the natural fracture have 
important influences on the geometry of hydraulic fracture 
propagation: If the slip resistance at the interface is large 
and the tip stress of the hydraulic fracture is sufficiently high 
to initiate fracturing on the other side of the interface, then 
the hydraulic fracture crosses the natural fracture (Renshaw 
and Pollard 1995). Moreover, in a tectonic stress field, the 
propagation path of a hydraulic fracture becomes distorted 
due to the interference of a natural fracture (Beugelsdijk 
et al. 2000). Potluri et al. (2005) briefly compared and ana-
lyzed critical criteria of the hydraulic fracture that encoun-
tered a single natural fracture (e.g., the Blanton criterion, 
Warpinski and Teufel criterion, and Renshaw criterion). 
Chuprakov et al. (2014) developed a new analytical model 
called OpenT that solves the elasticity problem of a hydrau-
lic fracture contact with a pre-existing discontinuity natural 
fracture. Zhou et al. (2008, 2010) studied the interaction 
mechanisms of natural fractures and hydraulic fractures, 
concluding that the factors that control fracture propaga-
tion were the horizontal differential stress and the approach 
angle at the macroscale, the internal friction coefficient of 
the natural fracture and the net pressure of the fracture at the 
microscale. They also discussed multiple random natural 
fractures, and the results indicated that a large horizontal dif-
ferential stress (≥ 10 MPa) formed major multi-branch frac-
tures, while a small horizontal differential stress (≤ 5 MPa) 
formed radial net fractures. Wang et al. (2013) conducted 
semicircular bending tests and concluded that fractures tend 
to cross natural fractures when approaching at a 90° angle 
and propagate along natural fractures when approaching 
at 60° or less. Liu et al. (2014) analyzed the influence of 
parallel and symmetrical multiple natural fractures on the 
geometry of hydraulic fractures using true triaxial fracturing 
experiments and showed that the hydraulic fracture crossed 
the natural fractures perpendicularly when the angle between 
the maximum horizontal in situ stress and the natural frac-
ture was 90° and the horizontal differential stress was 2 MPa 
or when the angle was 60° and the differential stress was 
4 MPa. At angles of 45° or less, the fracture propagated 
along natural fractures. Fan and Zhang (2014) introduced 
orthogonal natural fracture networks into volumetric frac-
turing experiments and determined that alternating high and 
low injection rates were conducive to the formation of volu-
metric fractures and that the overall propagation shape was 
elliptical. Liu et al. (2016b) simulated the distribution of 
natural fractures around a wellbore via perforation, and the 
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results showed that all the hydraulic fractures were initiated 
from natural fractures and that the smaller the horizontal 
differential stress was, the more complex the fracture geom-
etry was. Liu et al. (2016a) probed the effects of material 
heterogeneity and geostress difference on the crack growth 
and distribution in three dimensions in heterogeneous rocks, 
concluding that the horizontal geostress ratio 1:1.7 was the 
threshold stress ratio below which material heterogeneity, 
rather than geostress difference, plays the dominant role in 
governing the initial crack propagation.

In addition to the experimental attempts, extensive ana-
lytical and numerical studies of hydraulic fracturing have 
been conducted. Zhao and Chen (2010) analyzed the behav-
ior of hydraulic fracture propagation from the perspective of 
a rock-fracturing mechanism and classified fracture propa-
gation behavior into three patterns: dilation, opening, and 
crossing. Each pattern produced a criterion to determine the 
corresponding fracture behavior. Zhang and Chen (2010) 
and Jin et al. (2011) studied the dynamic behavior of fracture 
propagation from the perspective of the fracture mechanism 
and hydraulic fracture theory and showed that the horizontal 
differential stress has a significant influence on the orienta-
tion of dynamic fracture propagation: A greater horizon-
tal differential stress results in a shorter distance between 
the reoriented fracture and the maximum horizontal in situ 
stress. However, their study did not consider the influence 
of natural fractures. Diverse numerical methods have been 
developed to analyze the growth and coalescence of multiple 
cracks, such as manifold methods (Shi 1992), finite element 
methods (Belytschko and Black 1999; Zhou and Yang 2012), 
peridynamic methods (Silling 2000; Zhou and Wang 2016), 
and general particle dynamics methods (Zhou et al. 2015). 
Olson (2008), Olson and Taleghani (2009), and Taleghani 
and Olson (2009) analyzed closed natural fractures that were 
influenced by the stress field of the hydraulic fracture tip 
using a numerical model from the perspective of fracture 
mechanics. However, they did not comprehensively discuss 
the mechanisms of a hydraulic fracture crossing a natural 
fracture or the mechanisms of a natural fracture opening and 
dilating. Rahman et al. (2009a, b), Chuprakov et al. (2013), 
Shimizu et al. (2014), Zhang et al. (2014), and Weng et al. 
(2014) used a numerical model to study the behaviors of 
hydraulic fractures that encounter natural fractures, and 
their conclusions were consistent with those of Blanton. 
Zhou et al. (2016), and Zou et al. (2016) used numerical 
simulation to conclude that all the results for the hydraulic 
fracture and natural fractures interactions at different angle 
and horizontal differential stress, which were consistent 
with the experimental results of Blanton (1986), Warpin-
ski and Teufel (1987), and Gu et al. (2011). Nadimi et al. 
(2016) simulated the initiation and propagation of hydraulic 
fractures, and the results of the simulations were consistent 
with the experimental results (Zhou et al. 2008). Damjanac 

and Cundall (2016) adopted distinct element methods for 
the simulation of hydraulic fracturing in naturally fractured 
reservoirs.

In actual reservoirs, natural fractures are regionally devel-
oped and randomly distributed. The experiments described 
above mainly focused on the influence of single or multiple 
natural fractures on hydraulic fractures and rarely considered 
random natural fractures in volumetric fracturing experi-
ments. In most cases, the heterogeneity of the rock formation 
was neglected to simplify the numerical computation. This 
paper adopts a new experimental model to study the volu-
metric fracture propagation geometry and its formation con-
ditions using true triaxial volumetric fracturing experiments 
while considering the dimensions and volumetric density of 
the natural fractures and the in situ stress. This research will 
improve the reliability of hydraulic fracturing design and 
operations in fractured oil and gas reservoirs.

2  Experimental Equipment and Procedure

2.1  Experimental Equipment

A 300 mm × 300 mm × 600 mm cuboid specimen was 
placed in a central frame, and three pairs of pressurizing pis-
tons able to apply a rigid load were placed around the speci-
men in three directions to simulate in situ stress. The pres-
sure was increased in all directions by adjustable hydraulic 
pressure with a maximum pressure output of 20 MPa. To 
ensure uniform pressure, the pistons were the same size 
as the surface of the specimen. Each surface of the speci-
men was lubricated to prevent the formation of shear stress 
between the surfaces and the pistons. The injection pressure 
of the fracturing fluid was provided by a MTS816 servo 
booster with a maximum injection pressure of 140 MPa. The 
pump rate was controlled by a computer at a fixed rate or 
according to a predetermined injection procedure, and the 
maximum single injection volume was 2000 ml. A flow chart 
of the experiment is shown in Fig. 1.

2.2  Sample Preparation and Experimental Process

Fracturing fluid was injected through a wellbore located at 
the center of the specimen. The wellbore was 250 mm long 
and had an outside diameter of 30 mm and an inside diam-
eter of 20 mm. Fractures began to initiate and propagate at 
the bottom of the wellbore when the injection pressure was 
higher than the critical initiation pressure. Figure 2 shows 
the cross section of the specimen.

Small cement blocks (lengths of 90, 60, and 30 mm; the 
thicknesses and widths of all of the blocks were 20 mm) 
were placed inside the specimens. The planes between the 
blocks and the specimen body formed weakly cemented 
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planes that could be used to simulate natural fractures. The 
blocks were prepared with cement and quartz sand at a mass 
ratio of 1:1. No. 325 cement was used, and the quartz sand 
corresponded to a 20–40 mesh. Two days later, the small 
cement blocks and freshly mixed cement and quartz sand 
with the same material and mass ratio were placed in a 
300 mm × 300 mm × 600 mm mold (Fig. 2b). The angles 
between the random natural fractures and the maximum 
horizontal in situ stress were distributed from 0° to 60°, and 
the volumetric densities of the natural fractures (volumetric 
ratio of the blocks and the specimen) were 6, 9, and 12% in 
the different specimens. The mechanical parameters of the 
specimen, tested by a TAW-100 (Ge et al. 2010; Jin et al. 
2011), are reported in Liu et al. (2014).

The loading stress simulates the in situ stress field: The 
overburden stress (σv) was 15 MPa, the maximum horizon-
tal in situ stress (σH) was 8 MPa, and the horizontal dif-
ferential stress (Δ�H = �H − �h) varied from 0 to 6 MPa. 
During the loading process, the loading rate was adjusted 
so that all of the stresses reached the predetermined values 
simultaneously. The pressure was maintained for 30 min 
before fracturing to ensure that the near-wellbore stress was 
balanced (Fan and Zhang 2014). The injection rate of the 

fracturing fluid was 1.65 × 10−7 m3/s, and the fluid viscosity 
was 10 mPa s. A fluorescent tracer was mixed in the frac-
turing fluid to track the geometry of the hydraulic fracture. 
In addition, a Locan AT30 acoustic emission monitoring 
system with 10 acoustic emission sensors around the speci-
men and a detection threshold of 40 dB was used to detect 
signals and energy.

The experimental parameters and the simulated field 
parameters calculated from similarity theory (Clifton and 
Abou-Sayed 1979; de Pater et al. 1994; Liu et al. 2000) are 
shown in Table 1.

3  Experimental Results

The experiments analyzed the influences of natural fractures 
around the wellbore, the dimensions and volumetric density 
of the random natural fractures, and the horizontal differen-
tial stress on the hydraulic fracture propagation geometry in 
fractured carbonate reservoirs. The parameters and results 
are listed in Table 2, in which “natural fracture” is abbre-
viated “NF.” The results indicate that the major fracture 
propagation geometries were major multi-branch fractures 

Air 
compressor

Servo supercharger MTS 816Hand pump

HP computer

Vertical  stress
control  pump

Horizontal stress 
control  pump

Locan AT30
acoustic emission detector

Hydraulic �luid

Hydraulic 
power oil

Hydraulic pump

Horizontal stress 
control  pump

Test block 

Pressure plate

Sealed wellbore

Hydraulic voltage stabilizer

Fig. 1  Experimental equipment and flow chart
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with fracture networks, major multi-branch fractures (2–4 
fractures), and single major fracture. The angles between 
the major multi-branch fractures and the maximum hori-
zontal in situ stress were 30°–45°, and the fracture networks 
were located at the intersections between the major frac-
tures. The propagation direction of a single major fracture 
was consistent with that of the maximum horizontal in situ 
stress (Fig. 3). In the case of volumetric fracture propagation 
(major multi-branch fractures and fracture networks), the 
natural fractures were mainly opened, while the propagation 

path of a single major fracture was generally unaffected 
by natural fractures, which were mainly crossed and not 
connected.

3.1  Influence of Random Natural Fractures 
on Fracture Propagation Geometry

When the natural fractures were 90 mm long, the volumetric 
density of the natural fractures was 9%, the horizontal dif-
ferential stress was 1–4 MPa, and no natural fractures were 
located around the wellbore, the fracture was initiated in a 
single position and formed a single fracture. Under such con-
ditions, the natural fractures had little effect on the propaga-
tion geometry of the hydraulic fracture (Fig. 4, sample 2). 
When natural fractures were located around the wellbore, 
the fractures were initiated in multiple positions and formed 
major multi-branch fractures or fracture networks, and the 
initiation and propagation geometries were mainly con-
trolled by the natural fractures (Figs. 5, sample 1, 6, sample 
3). Therefore, the existence of natural fractures around the 
wellbore is a prerequisite for volumetric fracture formation.

When natural fractures were located around the wellbore, 
the natural fractures were 30–90 mm long, the volumetric 
density of the natural fractures was 9%, and the horizontal 
differential stress was 1 MPa, the fracture propagation geom-
etry changed with decreasing natural fracture length. When 
the hydraulic fracture encountered the natural fractures, 
most of the large natural fractures (90 mm) were opened, 
some of the medium-scale natural fractures (60 mm) were 
opened and crossed, and most of the small natural fractures 
(30 mm) were crossed. The degree of offset of the hydraulic 
fractures decreased gradually with fracture size: The large 
natural fractures had relatively large offsets, the medium-
scale natural fractures had local offsets, and the small natural 
fractures had no offset. The complexity of fracture propaga-
tion decreased gradually from major multi-branch fractures 
with fracture networks near the wellbore to major multi-
branch fractures with secondary fracture to branching major 
fracture (Fig. 5).

When the horizontal differential stress was 4 MPa, the 
influence of natural fractures on the hydraulic fracture 
propagation geometry was similar to that at 1 MPa. As the 
length of the natural fractures decreased, the hydraulic frac-
ture propagation geometries included major multi-branch 
fractures with fracture networks near the wellbore, major 
multi-branch fractures with local fracture networks far from 
the wellbore with secondary fracture, and branching major 
fractures (Fig. 6). Although the stress difference was higher 
than with the horizontal differential stress of 1 MPa, the 
complexities of the fracture propagation geometries associ-
ated with the different natural fracture lengths were similar.

When natural fractures were located around the wellbore, 
the volumetric density of natural fractures was 9%, and the 

(A)

(B)

(C)

Fig. 2  Sample cross section: a schematic of the interior structure of a 
specimen, b wellbore and the distribution of the natural fracture net-
work, c sample used in the simulation
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horizontal differential stress was ≤ 4 MPa, larger natural 
fractures favored the formation of volumetric fractures, 
and the fracture propagation geometries were primarily 
controlled by the natural fractures. The fracture networks 
that were formed by large natural fractures were regional 
(Figs. 5, sample 1, 6, sample 3), while those formed by 
medium-scale natural fractures were localized (Fig. 6, sam-
ple 7). Even if small-scale natural fractures were located 
around the wellbore, it was difficult to form fracture net-
works under small horizontal differential stresses (Figs. 5, 
sample 9, 6, sample 11). Therefore, small natural fractures 
mainly generated branching major fractures that connected 
the natural fractures within a limited distance of the major 
fractures, and the opened natural fractures had a limited 
extent and area of influence and had little effect on the major 
fracture propagation path. Small-scale natural fractures have 
less engineering significance with respect to their interfer-
ence with hydraulic fractures.

When natural fractures were located around the well-
bore, the natural fracture length was 60 mm, the horizontal 
differential stress was 4 MPa, and the volumetric density 
of the natural fractures was 6%, highly distorted major 
multi-branch fractures formed (Fig. 7, sample 14). When 
the volumetric density of the natural fractures was 9%, the 
fracture propagation geometry included major multi-branch 
fractures with local fracture networks far from the wellbore 
and secondary fracture (Fig. 6, sample 7). When the volu-
metric density of the natural fractures was 12%, the frac-
ture propagation geometry included a single major fracture 
(Fig. 7, sample 15). The influence of the volumetric density 
of the natural fractures on the hydraulic fracture propagation 
geometry under low horizontal differential stress (1 MPa) 

was consistent with that at 4 MPa (Table 2, samples 12, 5, 
13). Therefore, volumetric fractures formed easily when the 
natural fracture volumetric density was 6–9%, whereas the 
formation of these fractures was more difficult at a volumet-
ric density of 12%.

When natural fractures were located around the well-
bore, the natural fracture length was 60 mm, the volumet-
ric density of natural fractures was 9%, and the horizontal 
differential stress was < 6 MPa, the fracturing caused the 
formation of major multi-branch fractures (2–4 fractures) or 
fracture networks. Additionally, the natural fractures around 
the wellbore played a major role in the fracture propagation 
geometry, and the fractures propagated at angles of 30°–45° 
from the maximum horizontal in situ stress (Figs. 5, sample 
5, 6, sample 7). When the horizontal differential stress was 
≥ 6 MPa, the natural fractures had less influence on the 
fracture propagation geometry and a single major fracture 
formed (Fig. 8).

In the experiments described above, regional fracture 
networks formed only in the specimens that contained large 
natural fractures (Fig. 9, sample 1, 3). In addition, for a given 
horizontal differential stress, the fracture propagation geom-
etries in specimens with natural fracture volumetric densities 
of 6–9% were more complex than those with a volumetric 
density of 12% (Fig. 9, sample 14, 7, 15). Under different 
horizontal differential stresses, the complexities of the frac-
ture geometries were similar (Fig. 9, samples 1 and 3; sam-
ples 5 and 7; samples 9 and 11). The results showed that the 
maximum stress difference that can be overcome in areas 
with volumetric fractures varied with the length of the natu-
ral fractures. The stress difference that can be overcome for 
large natural fractures was up to 11 MPa (Fig. 6, sample 3, 

Table 1  Parameters in 
experiments and the simulated 
field parameters

Parameter names Experimental param-
eters

Simulated field 
parameters

Actual field 
parameters

Young’s modulus 9 GPa 31 GPa 25–45 GPa
Fracture toughness 0.3 MPa

√

m 4.77 MPa
√

m 3–5 MPa
√

m

Natural fracture length 3 cm 60 cm < 500 cm
6 cm 120 cm
9 cm 180 cm

Natural fracture volumetric density 6–9% – 6–9% – 3–20% –
Horizontal differential stress 1 MPa 3.56 MPa 5–45 MPa

2 MPa 7.11 MPa
4 MPa 14.22 MPa
6 MPa 21.33 MPa
8 MPa 28.44 MPa
11 MPa 39.11 MPa

Injection rate 1 ml/min 0.64 m3/min 0.5–12 m3/min
5 ml/min 3.20 m3/min
10 ml/min 6.40 m3/min
20 ml/min 12.80 m3/min
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the stepped fractures that formed were perpendicular to the 
overburden stress, Δ�max = �v − �h), while the stress dif-
ference for medium-scale natural fractures was up to 4 MPa 
(Fig. 6, sample 7, Δ�max = �H − �h). Additionally, it was 
difficult to generate volumetric fractures with small natural 
fractures (Fig. 6, sample 11). The maximum stress difference 
that can be overcome in areas of volumetric fractures varies 
with the dimension and volumetric density of the natural 
fractures. Thus, the main factors that influence volumetric 
fracturing were the degree of natural fracture development 
near the wellbore, the dimensions and volumetric density of 
the natural fractures, and the horizontal differential stress, 

in that order. Volumetric fractures formed more easily when 
natural fractures were located near the wellbore, the natural 
fractures were medium to large, the natural fracture volumet-
ric density was 6–9%, and the stress difference in the fracture 
area was ≤ 11 MPa.

3.2  Fracturing Pressure Curve and Acoustic Emission 
Energy

Acoustic emission events mainly occur during the propa-
gation of fractures. The observed pressure drops that were 
caused by breakage at the fracture tip were well correlated 

Table 2  Experimental parameters and results

Sample no. NF around wellbore NF 
length 
(mm)

NF volumet-
ric density 
(%)

Δ�H (MPa) Fracture propagation 
geometry

NF opened or crossed Main controlling factor

1 Developed 90 9 1 Three major frac-
tures + fracture net-
work near wellbore

Opened near well-
bore + crossed far 
from wellbore

NF

2 None 90 9 2 One major fracture Mainly 
crossed + locally 
opened

Stress difference

3 Developed 90 9 4 Three major frac-
tures + fracture net-
work near wellbore

Opened near well-
bore + crossed far 
from wellbore

NF

4 Developed 60 9 0 Two major frac-
tures + local frac-
ture network near 
wellbore

Mainly opened NF

5 Developed 60 9 1 Three major frac-
tures + one second-
ary fracture

Opened near well-
bore + crossed far 
from wellbore

NF + stress difference

6 Developed 60 9 2 Two major frac-
tures + local frac-
ture network near 
wellbore

Mainly opened NF

7 Developed 60 9 4 Four major frac-
tures + local 
fracture network far 
from wellbore + one 
secondary fracture

Mainly opened NF

8 Developed 60 9 6 One planar major 
fracture

Mainly crossed Stress difference

9 Developed 30 9 1 One conical major 
fracture

Mainly crossed Stress difference

10 Developed 30 9 2 One conical major 
fracture + one 
branch fracture

Mainly crossed Stress difference

11 Developed 30 9 4 Two major fractures Mainly crossed Stress difference
12 Developed 60 6 1 Three major fractures Opened + crossed NF + stress difference
13 Developed 60 12 1 One planar major 

fracture
Mainly crossed Stress difference

14 Developed 60 6 4 Four major fractures Opened + crossed NF + stress difference
15 Developed 60 12 4 One planar major 

fracture
Mainly crossed Stress difference

peng
高亮
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with the acoustic emission signals during fracture propaga-
tion. The acoustic emission events mainly occurred between 
60 and 1980 s during volumetric fracture propagation. When 

the fracture extends into an area of natural fractures, shear 
slippage and opening of natural fractures occur and generate 
rupture signals and cause offset and deflection of hydraulic 
fractures, thereby generating significant local fluctuations in 
the fracturing pressure (Fig. 10). During the propagation of 
a single major fracture, the acoustic emission events mainly 
occurred between 115 and 1090 s, which is a smaller time 
range than that of volumetric fractures. The natural frac-
tures were mainly crossed and had less impact on the major 
fracture propagation path, and the local fluctuations of the 
fracturing pressure were lower than those associated with 
volumetric fractures (Fig. 11).

The number of activated and opened fractures directly 
affects the complexity of the hydraulic fracture propagation 
geometries. Larger numbers of opened fractures cause more-
complex fractures and increase the extension pressure, pump 
stop pressure, and the number and energy of acoustic emis-
sion events (Figs. 10, sample 7, 11, sample 15). The exten-
sion pressures of major multi-branch fractures and fracture 
networks were greater than the overburden stress (15 MPa). 

(A) (B)

Hσ Hσ

(C) (D)

Hσ Hσ

Fig. 3  Hydraulic fracture propagation geometries: major multi-branch fractures + fracture network (a, b), major multi-branch fractures (c), and 
single major fracture (d)

Hσ

hσ

Fig. 4  Hydraulic fracture propagation geometry without natural frac-
tures around the wellbore: natural fracture length 90 mm, volumetric 
density 9%, and horizontal differential stress 2 MPa (sample 2)
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Moreover, due to the effect of open natural fractures and 
the surface roughness of the hydraulic fracture, the pump 
stop pressures for different fracture geometries were greater 
than the maximum horizontal in situ stress (8 MPa), and the 
hydraulic fracture reopening pressure was greater than the 
initiation and extension pressure after the pumping stopped.

Consequently, to generate an open fracture network that 
is approximately isotropic with branches in many directions, 
a much higher pressure is needed. To open a fracture in only 
one direction, a lower pressure is required. This conclusion 
is consistent with Pirayehgar and Dusseault (2014).

3.3  Mechanism Analysis of Fracture Formation

The mechanism of fracture propagation is interpreted from 
the following three aspects: (1) fracture initiation, (2) the 
deflection of fracture, and (3) the interaction of the hydrau-
lic fracture and natural fracture. The results of theory and 
experimental analysis are compared with the numerical 
simulation results of other researchers.

The stresses at the borehole wall are seen to be (Fajer 
et al. 2008):

where σr, σθ, σz are the components of wellbore stress in 
the polar coordinates; σH is the maximum horizontal in situ 
stress; σh is the minimum horizontal in situ stress; σv is the 
overburden stress; pw is the bottom hole pressure; po is the 
formation pressure; υ is the Poisson’s ratio; θ is the circum-
ferential angle; and η is the poroelastic stress coefficient.

The normal stress σn and shear stress τ acting on the natu-
ral fracture faces can be formulated (Jaeger et al. 2007):

where σ1, σ3 are the maximum and minimum principle 
stresses at the wellbore, and β is the angle between the nor-
mal natural fracture and σ1.

The condition of natural fracture opening:

where pNF is the opening pressure of the natural fracture, and 
Cw is the cohesion strength of the natural fracture.

Combined with formulas (2) and (3), the condition of 
natural fracture opening can be converted into:

(1)

⎧

⎪

⎨

⎪

⎩

�r = pw
�� = −pw + (�H + �h) − 2(�H − �h) cos(2�) + 2�(pw − po)

�z = �V − 2�(�H − �h) cos(2�) + 2�(pw − po)

(2)

{

�n =
�1+�3

2
+

�1−�3

2
cos 2�

� =
�1−�3

2
sin 2�

(3)pNF > 𝜎n + Cw

(4)pNF >
𝜎1 + 𝜎3

2
+

𝜎1 − 𝜎3

2
cos 2𝛽 + Cw

(A)

(B)

(C)

Fig. 5  Influence of natural fracture dimensions on the hydraulic 
fracture propagation geometry (natural fracture volumetric density 
9%, horizontal differential stress 1 MPa): a natural fracture length of 
90 mm (sample 1), b natural fracture length of 60 mm (sample 5), c 
natural fracture length of 30 mm (sample 9)
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Assuming that σθ > σz > σr, substitute Eqs.  (1) into 
Eqs. (4). Then, the opening pressure of natural fracture 
around the wellbore (Fig. 12) is:

The breakdown pressure of the rock matrix at the well-
bore (Yew and Weng 2015) is:

where pm is the breakdown pressure of the rock matrix; α 
is the Biot coefficient; and St is the tensile strength of the 
rock matrix.

According to the elastic fracture mechanics, the stress 
intensity factors (Chen 1988) are:

The criterion of fracture propagation is:

According to Erdogan’s theory of maximum circum-
ferential stress (Erdogan and Sih 1963), the propagating 
angle of the I–II mixed mode can be written as:

where KI and KII are the stress intensity factors of mode-I 
and mode-II; KI C and KII C are the rock fracture toughness of 
mode-I and mode-II; a is the fracture length; pf is the fluid 
pressure in the hydraulic fracture; and γ is the component of 
the polar coordinates at the fracture tip.

Formula (5) is used to calculate the needed opening 
pressure of the natural fracture at the borehole wall, and 
formulas (7)–(9) are used to obtain the deflection and prop-
agation paths of the fracture after the initiation (Fig. 13). 
The method and process of calculation are shown in Zhang 
and Chen (2010). The calculation parameters are listed in 
Table 3. 

(5)
pNF =

1

2
[(�H + �h) − 2(�H − �h) cos(2�) − 2�po](1 + cos 2�) + Cw

1 − [�(1 + cos 2�) − cos 2�]

(6)pm = 3�h − �H − �po + St

(7)

KI =
1

√

𝜋a ∫
a

−a

(pf − 𝜎n)

�

a + x

a − x
dx

KII =
1

√

𝜋a ∫
a

−a

𝜏

�

a + x

a − x
dx when pf > 𝜎n

(8)KI ≥ KI C,KII ≥ KII C

(9)� = cos−1

⎛

⎜
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⎝

3K2

II
+ KI
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I
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II

K2

I
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II

⎞

⎟

⎟

⎟

⎠

(C)

(A)

(B)

Fig. 6  Influence of natural fracture dimension on hydraulic fracture 
propagation geometry (natural fracture volumetric density 9%, hori-
zontal differential stress 4 MPa): a natural fracture length of 90 mm 
(sample 3), b natural fracture length of 60 mm (sample 7), c natural 
fracture length of 30 mm (sample 11)

▸
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The opening pressure of the natural fracture is less than 
the breakdown pressure (129 MPa) of the rock matrix at the 
wellbore, and the hydraulic fracture propagates along the 
opened natural fractures of the well around developed natu-
ral fractures. The opening pressure of the natural fracture 
increased with increasing angle between the natural fracture 
and the maximum horizontal in situ stress. In contrast, the 
net pressure of fracture deflection decreased with increas-
ing angle (Fig. 14). Therefore, natural fractures with a small 
angle (> 0°) are easily opened, but the needed net pressure 
of fracture deflection is large (when the deflection radius is 
5 m). This will induce the initiated fractures to overlap with 
the fracture in the direction of maximum horizontal in situ 
stress (angle of 0°). It is difficult to form an independent 
major branch fracture. The net pressure of fracture deflection 
is low with the large angle natural fractures, but it is difficult 
to open at the wellbore. Consequently, the angles that can 
form effective major branch fractures are 0° (the direction of 
maximum horizontal in situ stress) and 30°–45° (intersection 
point of Fig. 14). The results of calculation are consistent 
with the experimental (Figs. 5, sample 5, 6, sample 7).

The influence of natural fractures on a reservoir is mainly 
manifested in two ways: the anisotropy of reservoir connec-
tivity and of local stress.

The number of intersections in a discontinuity network 
increases with increased mean length or density of disconti-
nuities (Li and Zhang 2011), and the connectivity increases 
as well (Long and Witherspoon 1985; Min et al. 2004). The 
existence of natural fractures is the primary factor in creating 
branching fractures, which help interconnect more natural 
fractures during the process of treatment, and the extension 
of hydraulic fractures leads to the individual complexity 
of a fracture network. The network geometry difference is 
influenced by the individual realization of the natural frac-
ture distribution. In addition, not all the connected natural 
fractures can be activated (Wang et al. 2014). A pre-existing 
fracture, when it is as large as that of the hydraulic frac-
ture aperture, has a significant influence on the interaction 
and may more likely cause the hydraulic fracture to arrest 
(Chuprakov et al. 2013). The conclusions of the numerical 
simulation are consistent with those of the experiments in 
this paper.

The stress field is the dominant factor governing the 
hydraulic fracture direction. The fracture always tends to 
propagate along the maximum compressive stress direc-
tion, whereas higher pressure is needed when it is not 
aligned with the maximum compressive stress direction 
(Fig. 10). This indicates that a weak fault has a consid-
erable influence on the hydraulic fracture behavior. This 
influence can be attributed to mutual stress disturbances 
caused by the applied pressure in the hydraulic frac-
ture and the slip of a weak fault (Zhang and Ghassemi 
2011). Although local deviations occur, the overall path 

(A)

(B)

Fig. 7  Influence of natural fracture volumetric density on hydraulic 
fracture propagation geometry (natural fracture length 60 mm, hori-
zontal differential stress 4 MPa): a volumetric density of 6% (sample 
14), b volumetric density of 12% (sample 15)

Fig. 8  Hydraulic fracture propagation geometry under high horizon-
tal differential stress: natural fracture length 60 mm, volumetric den-
sity 9%, and horizontal differential stress 6 MPa (sample 8)
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of fracture growth is approximately perpendicular to the 
direction of the minimum compression stress. It is worth 
noting that all of these processes of fracture propagation, 
albeit complex, develop in accordance with the principle 

of seeking the minimum energy of the system (Fairhurst 
2013), and there is a tendency for the fractures to preferen-
tially grow toward the lesser stress shadowing effect area 
(Weng et al. 2014).

Fig. 9  Influence of natural fractures and stress difference on the fracture propagation geometry

Fig. 10  Typical fracturing pressure curve of volumetric fractures (sample 7)
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The experiments of this paper show that the propagation 
of far-well hydraulic fractures is influenced by the dimension 
and volumetric density of natural fractures and the stress dif-
ferential. The differential of the natural fracture dimension, 
the volumetric density, and the stress differential generate 
a different stress distribution state in the fracture network 
region. When the natural fracture length is small and the 
volumetric density is large (Fig. 9, sample 15), the fracture 
spacing is small in the natural fracture network region, and 
it can approximately be deemed as homogeneity in the range 

Fig. 11  Typical fracturing pressure curve of a single major fracture (sample 15)

Fig. 12  Natural fracture near the wellbore Fig. 13  Path of fracture propagation

Table 3  Calculation parameters

Parameters Value Unit

Maximum horizontal in situ stress 151 MPa
Minimum horizontal in situ stress 120 MPa
Formation pressure 90 MPa
Poroelastic stress coefficient 0.29 –
Biot coefficient 0.95 –
Tensile Strength 5.5 MPa
Cohesion strength of natural fracture 3.5 MPa
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of hydraulic fracture scales. The stress disturbance range 
of natural fractures is narrow compared with the hydraulic 
fracture. The hydraulic fracture crossed the natural fractures 
in the directions controlled by the far-field in situ stress. 
When the natural fracture length is large and the volumet-
ric density is moderate (Figs. 5, sample 1, 6, sample 3), 
this will produce great heterogeneity in the network region. 
The stress disturbance is large between natural fractures, 
creating a strong interference effect on hydraulic fracture. 
Then, the normal stress acting on the natural fracture (�NF

n
(i)) 

is mainly superposed by the far-field in situ stress (�∞
n

), 
stresses induced by the pressurized hydraulic fracture (�NF

n
), 

and stresses induced by the opening and sliding of natural 
fractures (�NFs

n
) (the analysis of stress disturbance and distri-

bution in the natural fracture region requires numerical sim-
ulation methods and is not within the scope of this paper).

The local propagation directions of the hydraulic frac-
ture were disturbed by the natural fractures. The hydraulic 
fracture crossing behavior experienced a transition from 
directly crossing when the angle between the hydraulic 
fracture and the natural fracture was ϕ = 90° and 75°, to 
partially crossing when ϕ = 60° and 45°, to no crossing 
when ϕ = 30° (Zhang et al. 2014). In the case of an inclined 
natural interface, only the upper part, which makes an acute 
angle ϕ with the direction of the hydraulic fracture, will be 
activated. The lower part of the natural fracture, which forms 
an obtuse angle with the direction of the hydraulic fracture, 
is assumed to be under sufficient compression that neither 

(10)�NF

n
(i) = �∞

n
+ �NF

n
+ �NFs

n

opening nor sliding occurs there (Chuprakov and Zhubayev 
2010; Shimizu et al. 2014). The open and shear zone length 
decrease with an increase in the angle ϕ (Thiercelin and 
Makkhyu 2007). The transient process of fluid penetration 
into the natural fracture after the contact can be estimated as 
a gradual increase in the uniform fluid pressure in the natural 
fracture from the level of pore pressure to the level of fluid 
pressure in the hydraulic fracture (Chuprakov et al. 2014). 
Only when the fluid pressure is sufficiently high to exceed 
the normal stress (�NF

n
(i)) and cohesion strength (CNF

W
(i)) act-

ing on the natural fractures do the natural fractures open and 
accept fracturing fluid (Weng et al. 2014).

In this paper, the natural fracture dimension 
(length  ≤  9  cm) used in the experiment was less than 
the hydraulic fracture. At the beginning of the fractur-
ing, the fluid flow resistance was small. Natural fractures 
could be opened effectively with the higher fluid pressure 
in the hydraulic fracture, and they formed a fracture net-
work near the wellbore. Then, the stress interference of the 
fractures increased. With an increased fracture network 
area connected by fluid, a much higher pressure is needed 
(Fig. 10) (Pirayehgar and Dusseault 2014). The flow fric-
tion increased, and the number of opened natural fractures 
decreased at the boundary of the fracture network. Fracture 
propagation toward the far-well region with smaller stress 
disturbance (Weng et al. 2014) formed a major fracture and 
crossed almost all of the natural fractures they encountered. 
The overall volume of the fracture propagation was less than 

(11)pNF(i) > 𝜎NF

n
(i) + CNF

W
(i)

Fig. 14  Different angle between the natural fracture and the maximum horizontal in situ stress: opening pressure of natural fracture; needed net 
pressure in the hydraulic fracture when the deflection radius is 5 m

peng
高亮

peng
高亮
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10% of the sample volume (Figs. 3a, 5, sample 1, 6, sample 
3). According to the experimental conclusions, the maxi-
mum injection volume of volumetric fracturing in a single 
stage is:

where h is the fracturing thickness; r is the fracturing radius; 
9% is the natural fracture volumetric density; and 10% is the 
volumetric fracturing coefficient.

Aside from known controlling parameters such stress 
contrast, cohesional and frictional properties of the natu-
ral fractures, and angle of intersection, the fluid injection 
parameters, such as the injection rate and the fluid viscosity, 
are the key parameters controlling the crossing/non-crossing 
behavior (Chuprakov et al. 2013, 2014). With a low value 
of the product of the injection rate Q and fracturing fluid 
viscosity μ (Qμ), fluid tends to leak into the pre-existing dis-
continuities and creates tortuous fracture paths following the 
discontinuities. With a large Qμ value, the hydraulic fracture 
tends to cross most discontinuities and is nearly straight over 
all fracture paths (Beugelsdijk et al. 2000; Warpinski et al. 
2005; Weng et al. 2014). Through the additional experiment, 
with the low injection rate and fracturing fluid viscosity, the 
controlling effects of the dimension and volumetric density 
of random natural fractures and the horizontal differential 
stress on the propagation direction and geometry of hydrau-
lic fracture decreased. The maximum stress difference in 
the fracturing area is up to 20 MPa. Hydraulic fracture is 
extended with an infiltration mode along natural fractures in 
all directions, and almost all of the natural fractures are con-
nected by fluid in the fracture area (Fig. 15), the extension 
pressure (1.5–2.0 MPa) is slightly higher than the formation 
pressure (0 MPa):

 

(12)V = �hr2 × 9% × 10%

(13)po < pfiltr zone
NF

(i) < 𝜎NF

n
(i) + CNF

W
(i)

Fracture geometry distribution trend of volumetric frac-
turing consistent with the directions of the maximum hori-
zontal in situ stress in a fractured reservoir (Fig. 16a). The 
experimental results are basically the same as the numerical 
simulation results of Yoon et al. (2014), Weng et al. (2014), 
and Wang et al. (2014). This paper also concludes that the 
angle between the propagation area of volumetric fracture 
and the maximum horizontal in situ stress is 30°–45°. Under 
the condition of a low injection rate value and fracturing 
fluid viscosity, the distribution trend of the volumetric frac-
ture geometry is basically outside the in situ stress control 
and is mainly influenced by natural fractures. The fracture 
geometry uniformly spread in all directions, and almost all 
natural fractures were connected (Figs. 15, 16b).

Fig. 15  Hydraulic fracture propagation geometry under a low value 
of the injection rate (1.65 × 10−8 m3/s) and fracturing fluid viscosity 
(1 mPa s): natural fracture length 90 mm, volumetric density 9%, and 
the load stress (20–18–0 MPa)

(A)

(B)

Fig. 16  Volumetric fracture geometry (natural fracture length 
90  mm, natural fracture volumetric density 9%): a injection rate 
1.65  ×  10−7  m3/s and fracturing fluid viscosity 10  mPa  s (samples 
1, 3), b injection rate 1.65 × 10−8 m3/s and fracturing fluid viscosity 
1 mPa s (Fig. 13)
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4  Field Application

Using the results of the experiments, a fracturing plan was 
designed for oil wells in fractured carbonate formations. 
Well W527 is an ultra-deep (6778 m) and high-temperature 
vertical well in Northwest China. The pressure and tem-
perature gradients of the formation were 1.09 MPa/100 m 
and 2.26 °C/100 m, respectively. The fracturing interval was 
6640–6778 m, and the gradients of the maximum horizontal 
in situ stress and minimum horizontal in situ stress were 
1.78 MPa/100 m and 1.64 MPa/100 m, respectively. Natural 
fractures were located around wellbore (Fig. 17).

The most commonly used fracturing method in carbonate 
reservoirs involves injecting high-viscosity fracturing fluid 
to create major fracture. These fractures are then etched by 
injecting acid and forming grooves to guarantee a certain 
conductivity after the fracture closes. During the fracturing 
process in well W527, acid was first injected at an increasing 
rate, which activated and etched the natural fractures around 
the wellbore to increase their lengths and widths and thereby 
increase the probability of initiating multiple fractures 
around the wellbore. During fracture propagation, low-vis-
cosity slickwater was injected at a high rate to increase the 

lengths of the fractures, and acid was injected at both high 
and low rates to activate, etch, and open natural fractures 
near the major fractures far from the wellbore. The fracture 
propagation geometry that was predicted from the experi-
mental results is shown in Fig. 18, and the operation process 
and pressure curve are shown in Fig. 19. The propagation 
geometry of the fracture is recorded by microseismic events 
(Fig. 20). The results show that the fracture network formed 
similar in shape to that shown in Fig. 18. The operation was 
monitored, showing that there were three liquid production 
points with a production rate of 80.8 m3/d (Table 4), which 
was significantly better than the single liquid production 
point obtained with common fracturing technology.

5  Discussion

Natural fractures around a wellbore have a significant influ-
ence on the propagation geometry of hydraulic fractures 
and, thus, on the initiation of multiple major fractures or 
fracture networks. If natural fractures are not located around 
the wellbore, fractures initiate at a single location, and fluid 
flows into the fracture. Thus, a single major fracture forms, 

Fig. 17  Distribution of natural 
fractures around the wellbore of 
well W527
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Fig. 18  Fracture propagation geometry and process design for well W527

Fig. 19  Fracturing curve of well W527
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and the natural fractures that intersect the major fracture 
open slightly (Liu et al. 2014), rarely forming a large fracture 
network. In this situation, perforation (Liu et al. 2016a, b) 
and blasting (Warpinski et al. 1979; Krugman 1985; Aliaba-
dian et al. 2012; Jaimes et al. 2012) can be used to induce 
the initiation and propagation of multiple fractures near the 
wellbore.

Larger natural fractures cause greater disturbances 
in the local stress field and consequently have a greater 
influence on the hydraulic fracture propagation geom-
etry, resulting in more-complex fractures (sample 3). The 
fracture networks that are formed by large natural frac-
tures are regional, those that form by medium-scale natu-
ral fractures are local, and fracture networks are rarely 
formed by small natural fractures. During the fracturing 
process, small natural fractures open slightly and have 

little effect on the fracture propagation path. These find-
ings are consistent with the results of Daneshy (1974), but 
he did not determine the fracture propagation geometry 
under the influence of natural fractures with different 
dimensions. With increasing natural fracture length, the 
stress difference that can be overcome in the volumetric 
fracture area increased: The stress difference was up to 
11 MPa for large natural fractures (sample 3) and 4 MPa 
for medium-scale natural fractures (sample 7). In con-
trast to this paper, which performed experiments with 
natural fracture volumetric densities of 6–12%, Blanton 
(1982, 1986), Warpinski and Teufel (1987), and Zhou 
et al. (2008) studied the interference of a single natural 
fracture on the hydraulic fracture propagation path and 
focused their analyses on the conditions under which the 
natural fracture was opened or crossed by the hydraulic 

Fig. 20  Microseismic monitor-
ing of fracture propagation 
geometry

Hσ

Table 4  Production profile 
monitoring results of well 
W527

Formation Open hole log Production log interpretation

Top depth (m) Bottom depth (m) Thickness (m) Interval (m) Liquid 
production 
 (m3/d)

O2yj 6682.5 6688.0 5.5 6683.0–6688.0 10.3
6688.0 6691.5 3.5 6688.0–6691.5 46.0
6691.5 6715.5 24.0 – –
6715.5 6719.0 3.5 6716.0–6718.0 24.5
6719.0 6724.5 5.5 – –

O1–2y 6725.0 6728.0 3.0 – –
6729.5 6735.0 5.5 – –
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fracture. These three studies concluded that the critical 
horizontal differential stress for a hydraulic fracture to 
cross a natural fracture was 15 MPa, 10 MPa, and 7 MPa, 
respectively, when the angle between the hydraulic frac-
ture and the natural fracture was 60°. In addition, Liu 
et al. (2014) studied the influence of multiple parallel and 
symmetrical pre-existing fractures on the hydraulic frac-
ture propagation geometry and concluded that the criti-
cal horizontal differential stress for a hydraulic fracture 
to cross a natural fracture perpendicularly was 4 MPa; 
when the horizontal differential stress was less than 
4 MPa, natural fractures will open or produce shear slip-
page and form complex fracture systems (or volumetric 
fractures). Under actual reservoir conditions, masses of 
natural fractures with different dimensions, densities, and 
characteristics are present due to the impact of geologi-
cal structures, corrosion, and diagenesis. The propagation 
path of a hydraulic fracture after it encounters the first 
natural fracture and approaches other nearby fractures 
needs to be studied further. The results of this paper also 
show that small natural fractures had no significant effect 
on the fracture propagation geometry; hence, the conven-
tional criterion (Potluri et al. 2005) does not apply to the 
experimental results.

In contrast, with increasing volumetric density of natu-
ral fractures (6, 9, and 12%), the heterogeneity of the reser-
voir decreases, the fracture usually initiates as a single pla-
nar major fracture (Fig. 7, sample 15), the effect of natural 
fractures on the hydraulic fracture propagation geometry 
decreases, the effect of the stress difference increases, and 
the probability of forming major multi-branch fractures or 
fracture networks decreases. Fracturing in reservoirs with 
a natural fracture volumetric density of 6–9% is favorable 
for the propagation of complex fractures.

In fractured carbonate reservoirs, the precondition for 
volumetric fracturing is the presence of a certain scale of 
natural fractures around the wellbore and in the fracturing 
area. The key is to generate multiple fractures or fracture 
networks around the wellbore. In the early stage of frac-
turing, the injection of an appropriate acid at a low rate 
will enhance the fluid leak-off, etch natural fractures near 
the wellbore, and increase the length and width of natural 
fractures, which will decrease the effect of the stress dif-
ference on fracture propagation and be beneficial to the 
initiation of multiple fractures. Subsequently, the injec-
tion of low-viscosity fluid at a high rate will increase the 
pressure in the fractures and cause fractures with differ-
ent orientations in which to propagate, which will form 
volumetric fractures. In fractured sandstone or shale res-
ervoirs, fracturing should be performed in intervals with 
large natural fractures in areas of high stress differences 
and in intervals with medium to large natural fractures in 
areas of low stress differences.

6  Conclusions

Using true triaxial volumetric fracturing experiments, this 
study investigated the influence of random natural frac-
tures on the propagation geometry of hydraulic fractures. 
The major findings of this study are as follows:

1. The main propagation geometry of hydraulic fractures 
in fractured reservoirs is major multi-branch fractures 
with fracture networks, major multi-branch fractures 
(2–4 fractures), and a single major fracture. Fracture 
networks are located at the intersections of major multi-
branch fractures. The angles between the major fractures 
and the maximum horizontal in situ stress are 30°–45°.

2. The factors that affect volumetric fracturing are, in 
decreasing order, the degree of natural fracture devel-
opment near the wellbore, the dimensions and volu-
metric density of natural fractures, and the horizontal 
differential stress. The favorable conditions for the 
formation of volumetric fractures include the presence 
of natural fractures near the wellbore, medium to large 
natural fractures, natural fracture volumetric densities 
of 6–9%, and a stress difference in the fracturing area 
of ≤ 11 MPa.

3. Fracture networks that form from large natural fractures 
are regional, whereas those that form from medium-
scale natural fractures are local. Fracture networks rarely 
form from small natural fractures. Thus, the effects of 
small natural fractures on hydraulic fractures have little 
engineering significance.

4. More-complex hydraulic fracture propagation geom-
etries are associated with higher extension and pump 
stop pressures and more higher-energy acoustic emis-
sion events.

5. This study provides a theoretical basis for the optimi-
zation of volumetric fracturing in wells and guidance 
for the design of fracturing schemes for fractured reser-
voirs. The results are also important for understanding 
the formation of volumetric fractures.
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