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Preface 

For over 50 years, hydraulic fracturing has been employed to stimulate unconven-
tional reservoirs deep beneath the surface including shale gas, coalbed methane, 
geothermal energy, etc. During the fracturing treatment, the conductivity and perme-
ability of reservoirs are significantly enhanced by injecting million gallons of frac-
turing fluid at high pressure into sealed subsurface formations to break up the rock 
and create interconnected and complex fracture networks. One of the important 
features needed in fracturing design is the ability to predict the geometry and the 
characteristics of the hydraulically induced fractures. To overcome the difficulty of 
predicting fracture behaviours conforming the formation of fracture networks, it is 
necessary to explore the multi-scale hydraulic fracturing process from fracture initia-
tion to the formation of fracture networks in depth. However, current research efforts 
increasingly focus on modelling hydraulic fracture by assuming consistently constant 
internal fluid pressure along the crack surface, which is too simple to agree with the 
non-uniform fluid pressure in situations where variable injection rates are maintained 
in practical operations. This book is the first to consider the effect of non-uniform 
fluid pressure in hydraulic fractures and discusses the associated issues in the process 
of hydraulic fracture nucleation, growth, interaction and fracture network formation. 
Laboratory experiments and theoretical modelling are combined to elucidate the 
formation mechanism of complex fracture networks. 

This book starts by introducing the theoretical background of rock mechanics 
in hydraulic fracturing operations and presented a hydraulic fracture model based 
on the Griffith’s theory. Then, laboratory hydraulic fracturing of shale sampled from 
different formations is performed under constant flow injection and constant pressure 
injection modes, respectively. Based on the experimental results and considering non-
uniform fluid pressure, a series of theoretical models involving fracture initiation, 
fracture propagation and fracture interaction behaviours are proposed and analysed. 
The final part reports the formation mechanism of complex fracture networks implied 
by the results of uniaxial and true triaxial hydraulic fracturing physical simulations. 

This book is intended as a reference book for master/Ph.D. students, engineers and 
scientists in the field of rock engineering and earth sciences. The content presented 
in this book is based on many years of research of the three authors, which can

v



vi Preface

provide important reference for field treatment design and fracturing operations. 
During writing this book, we have made ample references to key publications in 
related fields and tried to tell the reader up-to-date research progress. Owing to the 
limitation of our knowledge, there must be mistakes and errors in the book. Your 
suggestions would be deeply appreciated. 

Guiyang, China 
January 2023 

Yu Zhao 
Yongfa Zhang 

Pengfei He
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Chapter 1 
Introduction 

1.1 Background 

Compared with coal and oil, natural gas is clean and efficient, flexible in trans-
portation and operation. Natural gas produces less dust, carbon dioxide and nitrogen 
oxides during combustion, which effectively reduces carbon emissions and mitigates 
the greenhouse effect [1, 2]. 

As an unconventional resource, shale gas exists in the shale reservoir [3, 4] as free  
or adsorbed. China is rich in shale gas reserves (close to 31.57 trillion cubic meters) [5, 
6], mainly distributed in north China (including the Ordos and southern north China), 
northwest China (including Zhungeer basins) and southern China (including Sichuan 
Basin). At present, the Chinese industrial shale gas production area mainly includes 
in Weiyuan-Changning, Zhaotong and Fuling blocks [7]. The shale gas is affected by 
continental deposition and late transformation movement, geological conditions are 
complex in China. Natural gas is often detected in mountains or deserts. Earthquakes 
and shortages of water make the natural gas rich in the reservoir but difficult to extract, 
leading to high construction costs and great difficulty in exploitation [8, 9]. 

Hydraulic fracturing is one of the methods of mining shale gas reservoirs. During 
this process, high flow-rate and low viscosity fracturing fluid are injected into the 
strata through the wellbore, which can break down reservoir rock and facilitate migra-
tion and seepage of shale gas absorbed in the rock matrix. Due to the continuous 
injection of high-pressure fracturing fluid into the rock, hydraulic fractures will be 
created in the reservoir and will interact with preexisting interfaces in the formation, 
resulting in variable fracture propagation behavior (offset, arrest, crossing, branch, 
etc.) The propagation of subsequent fracture branches will also be disturbed by each 
other, which finally contributes to the formation of complex fracture networks [10, 
11]. The current initial production rate of shale gas fields is only from 5 to 15% [12], 
far lower than expectation. Although the production has been improved by hydraulic 
fracturing, it is still not enough to exploit most of the shale gas. The main reason may 
be due to the insufficient understanding of the fracture initiation, propagation, inter-
section, and network formation mechanism. The current hydraulic fracture model
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2 1 Introduction

rarely considers the non-uniform fluid pressure effect caused by fluid viscosity and 
flow inside the fracture. No reliable analytical model has been established to predict 
the propagation path and ability of hydraulic fractures, which unfavorable fracturing 
efficiency of the reservoirs. Moreover, the injection of high-pressure water during 
the fracturing process may also reduce the effective stress in the formation, which 
may cause fault activation and seismic sliding. The fracture fluid flow via induced 
fractures easily invades and pollutes the groundwater source [13, 14]. Therefore, it 
is of great practical significance to study the process of hydraulic fracture initiation, 
propagation, intersection and network formation, to optimize the actual fracture path, 
intersection behavior and extension range during fracturing design and to improve 
the shale gas extraction rate. 

1.2 Research Progress 

1.2.1 Initiation and Propagation of Hydraulic Fracture 
in Shale Reservoirs 

The initiation and propagation of hydraulic fracture are of great significance to the 
subsequent migration and exploitation of shale gas, especially the design and opti-
mization of field construction schemes. In recent years, researchers have carried 
out extensive theoretical, experimental and numerical studies on the evolution of 
hydraulic fractures [15–17]. At present, it is mainly believed that the bonding strength 
and inclination of bedding planes, pore pressure, permeability, in-situ stresses, natural 
fracture properties, flow rate and viscosity of fracturing fluid are the main factors 
influencing the initiation direction, initiation pressure and propagation morphology 
of hydraulic fractures. The shale matrix is a tight material with ultra-low porosity 
(4–6%) and permeability (< 0.001 mD). Thus, fracturing fluid penetrating intact rock 
matrix is scarcely considered [15]. 

According to the linear elastic fracture mechanics, the initiation of the hydraulic 
fracture is consistent with the maximum principal stress direction in the homogeneous 
and isotropic rock. However, in shale reservoirs, the defects in shale such as bedding 
and microcracks are more likely distributed around the wellbore [18]. which makes a 
hydraulic fracture first nucleate and initiate. In 1981, Huang [19] proposed a critical 
criterion for predicting the vertical and horizontal initiation of hydraulic fracture. He 
argued that the formation of hydraulic fracture depended on the stress state around the 
wellbore and the hydraulic fracture propagated along the maximum stress regardless 
of the initial fracture direction. By analyzing the surface stress of horizontal wells of 
shale reservoir, Guo et al. [20] proposed three modes of perforation fracturing: rock 
cracking, shear failure along a bedding plane (or natural fracture) and tension failure 
along a bedding plane (or natural fracture). Sun et al. [21] found that the bedding 
inclination played a critical role in the initiation of hydraulic fractures. When the 
bedding strength is weak and the difference between vertical and horizontal stresses
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is small, the hydraulic fracture mainly initiates along the bedding plane. Considering 
potential microcracks distribution in the axial direction of the wellbore, Bunger 
et al. [22] reported that if there were multiple defects in the wellbore axis after 
a hydraulic fracture cracks, the fluid pressure could continue to increase [23, 24] 
until the occurrence of multiple-fracture initiation. Zhou et al. [25], Rongved et al. 
[26], Zhu et al. [27] experimentally and numerically confirmed that multiple-fracture 
initiation will first start from the wellbore, and the initiation process is relatively 
independent. Kumar and Ghassemi [28] found that the stress shadow effect can limit 
multiple fracture initiation, promote fracture propagation in a mixed mode of type I 
and type II, and inhibit the growth of surrounding cracks. Zhang et al. [29] observed 
that the tight arrangement of perforation clusters will lead to uneven and asymmetric 
hydraulic fracture. 

Hydraulic fracture initiation pressure refers to the critical fluid pressure when 
the fracture initiation. In most engineering practices, the hydraulic fracture initia-
tion pressure is often equivalent to the rock breakdown pressure. Determination of 
the rock breakdown pressure determines the economy and safety of hydraulic frac-
turing operations, which is of crucial importance in the hydraulic fracturing process. 
The rock breakdown pressure model can better explain and distinguish the phys-
ical mechanism behind the hydraulic fracture initiation phenomenon, with which 
the breakdown pressure can be predicted based on measured parameters. In 1957, 
Hubbert and Willis [30] proposed a classical breakdown pressure model (H-W model) 
in the tectonic stress field, after ignoring the assumption of rock permeability (Table 
1.1). In 1967, Haimon and Fairhurst [31] remodified the H-W model and proposed 
the H-F criterion by considering the effect of fluid leak-off on the rock breakdown 
process. Subsequently, more new breakdown pressure models emerge and are associ-
ated with multiple parameters such as pressurization rate, fracturing fluid properties 
and wellbore size, forming a variety of breakdown pressure models. According to 
the different critical breakdown conditions, the breakdown pressure model can be 
categorized into a tensile strength-based method, energy release rate-based method, 
stress intensity factor-based method and shear failure-based method. The hypotheses 
applicable range the different theoretical methods are summarized in Table 1.1.

In addition to the hydraulic fracture models in Table 1.1, many models have 
been continuously developed and improved according to the practical fracturing 
treatments and prediction requirements. In 2017, Lu et al. [38] simulated the subcrit-
ical initiation and propagation of hydraulic fractures in impermeable homogeneous 
formations using open-hole fracturing. In 2019, Gunarathna and Silva [39] reported 
that vertical effective stress plays a major role in affecting the hydraulic fracture 
initiation pressure both for granite and shale strata. Through the analysis of the 
reservoir engineering data, they found that the hydraulic fracture initiation pressure 
increased with the vertical effective stress. In 2021, Chen et al. [40] considered the 
radially drilling fracturing construction and bedding orientation and established the 
radial drill fracture initiation pressure model of shale formation, which derived the 
fracture initiation pressure, the initiation direction and the location of the potential 
damage area. Michael and Gupta [41] compared the stress conditions in seven shale
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gas regions, proposed a semi-empirical method to determine the optimal perfora-
tion position and minimum ground stress, and evaluated the stress state and critical 
initiation conditions by using the correction factor. Among these numerous imitation 
pressure prediction models, current research and application are mostly based on the 
strength of the tension-based strength, but there is still a gap between the prediction 
results and the practical observation. Unknown parameters still limit engineering 
applications. Thus, comprehensive implementation of multiple methods should be 
used to obtain more reliable initiation pressure. 

Fluid pressure distribution within the fracture is the internal cause that controls and 
affects the propagation morphology of hydraulic fracture. Fluid viscosity, flow rate 
and inter-joint temporary plugging can essentially affect the fluid fracture propagation 
state by changing the fluid pressure and its distribution form [42]. In recent decades, 
researchers have carried out detailed theoretical research on the resolving theoretical 
model of a fracture pressurized by internal fluid and obtained a series of analytical, 
semi-analytical, and numerical solutions, which have played a role in promoting the 
development of hydraulic fracturing theory to a certain extent. However, there are 
still gaps and deficiencies in these models compared with the real hydraulic fracturing 
process. 

In 1921, Griffith [43] considered the effect of the fluid pressure in the fracture 
and obtained the stress field around a crack in a 2D infinite plane. However, the 
analytical solution and calculation process Griffith’s is complicated. Subsequently, 
Sneddon et al. [44] proposed an alternative method and determined the stress field 
near the Griffith crack using the Westergaard stress function, but the results are 
still limited to the cases where the internal fluid pressure is constant. In 1997, Liu 
and Wu [45] adopted the Muskbelishvili complex function theory and presented an 
approximate analytical expression of crack opening degree (COD) (Fig. 1.1) 

U (x ′, α, ω)  = 
σω  
E ′

{
4 

π

[
C1pl x

′F(ω, x ′) + C2 pl F(ω, x ′)
] + C3pl x

′ + C4pl

}
(1.1) 

where, Cipl (i = 1, 2, …, 4) is the predetermined coefficient, and its expression is 

Cipl  = ∑4 
p=0

(∑4 
l=0 fipl  ω

l
)
α p, ω = d/a, α = a/ W and x ′ = X/a.

The approximate treatment of the fracture width by Liu and Wu [45] significantly 
improves the accuracy and efficiency of the stress field near the crack tip. However, the 
segment and uniform pressure distribution is not sufficient to reflect the distribution 
state of fluid pressure along the fracture length. 

To study the hydraulic fracture initiation, researchers have established different 
models of hydraulic fracture, as shown in Fig. 1.2, including PKN model, KGD model 
and Penny-shaped model. The PKN model assumes that each vertical section is an 
elliptical crack in a planar strain state and that the crack height along the propagation 
direction is constant [46]. The maximum crack width perpendicular to the vertical 
profile is determined by the local fluid pressure and the confining pressure stress. 
This model is to simulate the one-dimensional flow of the fluid along the crack. The 
KGD model is assumed in the horizontal cross-section and uses Poissuille’s law to
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Fig. 1.1 Stress state of fracturing sample: a single side crack tensile sample, b single side band  
notch crack tensile sample, c compression tensile sample [45]

describe one-dimensional fluid flow within cracks, which describes the relationship 
between fluid pressure and fracture width [47]. The Penny-shaped hydraulic fracture 
model has a 3D axisymmetric shape extending radially around the wellbore [48]. In 
2001, based on the KGD hydraulic fracture model (Fig. 1.2b), the research group of 
Detournay [49–52] established the relationship between the internal fluid pressure 
and the crack opening by coupling the fluid lubrication theory and the rock elasticity 
equation expressed as 

p(x, t) = p f (x, t) − σ0 = −  
E ′

4π 

l∫
−l 

∂w 

∂s 

ds  

s − x 
(1.2)

In addition, Detournay et al. [53] also defined two energy dissipation regimes 
(i.e., fluid viscosity-dominated and fracture toughness-dominated) based on different 
energy dissipation processes during the hydraulic fracturing process. The rock tough-
ness response can be ignored when the viscous dissipation within the crack is domi-
nated. In 2012, Garagash and Sarvaramini [54] categorized two types of hydraulic 
fracture propagation (Fig. 1.3). When the fracture length is less than the wellbore 
radius, hydraulic fractures are assumed as edge fractures. When the fracture is greater 
than the wellbore radius, the hydraulic fracture is assumed to be a Griffith crack. 
However, the works of Garagash and Sarvaramini [54] are only aimed at the fracture 
shape and critical propagation state, and the changes in the stress and displacement 
fields induced by non-uniform pressure fluid within the crack are not involved. In 
2019, Zeng et al. [55] used the weight function and derived the analytical solution of 
the fracture initiation stress around the wellbore, and found that the initiation pressure 
subject to the nonuniform fluid pressure was higher than that under constant pres-
sure. In 2020, Li et al. [56] divided the fluid pressure into a constant pressure section 
and a rapid pressure drop section based on the pressure form inside the hydraulic 
fracture. The approximate solution of the fracture opening under nonuniform fluid
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(a) PKN model                 (b) KGD model 

(c) Penny shaped model 

R 
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L(t) 
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W (0, t) 

W (x, t) 

Rw 

h 
L(t) 

Fig. 1.2 Hydraulic fracture model in extending state

pressure is obtained by piecewise integration. The reliability of the solutions is veri-
fied by comparing the approximate solution to Sneddon’s semi-analytical solution 
[44]. In 2022, Wrobel et al. [57] established a simplified model for the stress redistri-
bution around the fracture tip and introduced a plasticity-related crack propagation 
condition. Wrobel et al. [57] considered the plastic deformation near the fracture 
tip. However, their model neglects the perturbation effect of the pressure gradient on 
the surrounding stress field. Previous hydraulic fracturing experiments, numerical 
simulations, and field studies have shown that the fluid pressure gradient in rock 
is nonlinear [58–60], especially in the disturbance of fluid viscosity and pumping 
parameters. In addition, numerous experimental and simulation studies [61, 62] have  
also shown that the nonuniform pressure form in the fracture has an important influ-
ence on the stable state of the initial fracture, new propagation direction, and final 
formation of an effective fracture network.

From this point of view, it is necessary to establish a model reflecting the influence 
of the nonuniform pressure inside the fracture on the propagation of hydraulic frac-
ture. Sneddon [44] suggested using a general polynomial to characterize the internal
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Fig. 1.3 Symmetrical crack distribution near the well bore [55]

fluid pressure e. Based on the integral transform of complex functions, the analytical 
form of the displacement induced by specified fluid pressure is derived. However, 
Sneddon [44] only gives the form solution of the displacement analytical equation 
and does not apply this analytical solution to determine the hydraulic fracture propa-
gation, which has limitations in the practical engineering application. It is important 
to further investigate the perturbation effect of nonuniform fluid pressure on the prop-
agation process of hydraulic fracture. The reliability of the analytical solution and 
its applicability to the actual fracture process can be further demonstrated by using 
experimental and engineering data. 

1.2.2 Model of the Intersection of Hydraulic and Natural 
Fracture 

Engineering experience [63, 64] shows that the interaction between hydraulic and 
natural fracture is an essential influencing factor in the formation of complex fracture 
networks and the intersection behaviour between fractures is the ultimate cause of 
high fracturing fluid filtration loss, early sand plugging, fracture propagation obstruc-
tion, fracture steering and high network pressure in the actual fracturing construction 
[65]. The intersection of hydraulic fracture and natural fracture involves complex 
effects such as flow-solid nonlinear coupling, fracture propagation, rock non-local 
fracture response and intersection disturbance, covering the two physical processes 
of hydraulic fracture gradually approaching natural fracture (extension approach) 
and fracture tip passivation (intersection passivation) when hydraulic fracture and 
natural fracture intersection. During the extended approximation process, the natural 
fracture stress state is disturbed by the gradually increasing fracture tip stress singu-
larity; In the intersection passivation process, the fracture tip stress singularity has 
failed, and the subsequent fracture propagation is dominated by the dynamic flow
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pressure of the fluid in the fracture [66]. Due to the singularity of fracture tip stress, 
the interaction between fractures and the extension path of fracture is different in 
different processes. 

Some scholars have carried out a series of research based on the extended approx-
imation process, mainly establishing the intersection criteria from the aspects of 
approximation perspective, critical stress state, fracture fluid pressure form, etc. In 
1995, Renshaw and Pollard [67] proposed a model for the vertical intersection of 
hydraulic fracture and natural fracture (Fig. 1.4a): under the action of the stress field 
at the hydraulic fracture tip of the natural fracture, when a new fracture is produced 
on the other side of the natural fracture surface and the natural fracture surface does 
not slip, it is considered that the hydraulic fracture will pass through the natural 
fracture. This is an idealized either non-slip or pass-through compression crossing 
model, aiming at describing the perturbation effect of the fracture process region 
on the natural fracture, but this model is limited by the strict symmetrical vertical 
approximation angle, which does not show the propagation form of the inclined inter-
section. In 2013, Sarmadivaleh and Rasouli [68] extended the Renshaw and Pollard 
criteria to an arbitrary approximation angle (Fig. 1.4b) to obtain an analytical form 
of the compressed crossing criterion. In 2014, Zhang et al. [69] gave the calcula-
tion method for the turning Angle of hydraulic fracture through natural fractures 
based on Sarmadivaleh and Rasouli’s works. They proposed a revised version of 
the intersection criterion (Fig. 1.4c) to determine the initial direction of subsequent 
compression through fracture propagation. The calculation results show that: when 
the approximate angle is constant, the horizontal principal stress ratio required for 
the hydraulic fracture to pass through the natural fracture is within limits. Neither too 
high nor too low principal stress ratios can make the hydraulic fracture pass through 
the natural fracture; In addition, under the large approximate angle and the horizontal 
principal stress ratio (maximum principal stress ratio, minimum principal stress), the 
hydraulic fracture tends to expand directly through the natural fracture; At the same 
approximation angle, the greater the horizontal primary stress ratio value, the piercing 
direction always tends to be close to the increased horizontal primary stress direction. 
Considering the matrix heterogeneity and rock mass seepage-stress-damage fracture 
characteristics, in 2016, Zhao et al. [70] studied the influence of natural structures of 
different scales. The results show that the tension damage between hydraulic fracture 
and nonclosed fracture directly led to penetration between fractures. If the intersec-
tion angle between the direction of the maximum principal stress and the bedding 
plane strike is small, the hydraulic fracture will propagate along the tectonic plane; 
While the direction of the maximum principal stress intersects the bedding plane at a 
large angle, the maximum principal compressive stress and the bedding plane simul-
taneously dominate the joint network propagation process. The study also confirmed 
that reservoir hydraulic fracture is a transient dynamic disturbance process within 
a local scope, but the study did not consider the disturbance effect of the stress 
field at the tip of the approximation process. In 2017, Llanos et al. [71] studied the 
influence of the hydraulic fracture vertical approach process on stability based on 
the change of constant fluid pressure, hydraulic fracture length, and approximation 
distance (Fig. 1.4d). The study shows that with the shortening of the approaching
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(a) Renshaw and Pollard model [69] (b) Sarmadivaleh modified model [70] 

(c) Zhang Ran and Li Gensheng modified model [71] (d) Llanos approximation model [73] 

β 

γ 

σrθ 

σθ 

σ3 

σ1 

σr 

Hydraulic fracture 

Natural fracture 

Fig. 1.4 Intersection model between a hydraulic fracture and a natural fracture based on the 
approaching process 

distance, the stress state change on the natural fracture surface intensifies, and the 
natural fracture surface also tends to slip and initiate. However, Llanos’ study only 
considers the orthogonal approximation of the two fractures, while the change in the 
actual approximation angle will also have different effects on the extension direction 
of the natural fracture [72]. 

In 2018, Zhao et al. [73] extended Llanos’ approximation model to arbitrary 
approximation angles. They coupled it with the simultaneous fluid flow (lubrication 
equation) and rock elastic deformation (elastic equation), then proposed the intersec-
tion of toughness master hydraulic fracture (constant fluid pressure in the joint) and 
discontinuous friction interface, and clarified the disturbance law of the hydraulic 
fracture dynamic approach process to the stress state of any natural fracture surface. 
In 2019, Zhao et al. [74] introduced natural fracture critical opening conditions based 
on the crossing criteria and established a composite model of the dynamic approach 
of natural fracture in hydraulic fracture and predicting the three intersection behav-
iors (opening, crossing, and slip, shown in Fig. 1.5), to provide a theoretical basis 
for subsequent propagation behavior prediction. Janiszewski et al. [75] studied the 
interaction mechanism between hydraulic and natural fracture based on the frac-
ture mechanics modeling code FRACOD simulation. They believed that a small 
approximation angle is beneficial to the hydraulic fracture angle and the activation
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of natural fracture, which leads to the propagation of wing tensile fracture from the 
tip and forms a complex fracture network. Daneshy [76] established a 3D approach 
intersection model considering three types of natural fracture (open, closed unbound, 
closed bond) and found that the character of natural fractures directly affects the inter-
section behaviour and hydraulic fracture propagation state. In contrast, the ground 
stress, approach angle, and fracture fluid pressure are the main control factors leading 
to the activation of natural fracture. In 2020, Zeng et al. [77] proposed the criterion 
of type I/II mixed mode hydraulic fracture passing through the natural fracture based 
on the stress field around the hydraulic and the natural fracture and approached the 
zero simplified criterion through the composite degree (KII /KI ) and applied it to the 
verification of the test results. In 2021, Zhu and Du [78] proposed a critical criterion 
for hydraulic fracture passing through natural fracture based on fracture tip T-stress. 
They found that T-stress always limits the direction change of hydraulic fracture 
when passing through the natural fractures interface. Zhao et al. [79] established a 
3D intersection model of hydraulic and natural fracture and verified the prediction 
model combined with indoor experimental data. They also qualitatively summarized 
six types of intersection behaviors: crossing, sliding and initiation, initiation, sliding, 
sliding plus crossing and arrest. Unfortunately, only two kinds of crossing and slip 
were observed in Zhao’s tests [79], and the test basis for the six types of intersection 
behaviors was not found. Also, the critical conditions and order for the occurrence 
of the six types of intersection behaviors were not given. There are only three inde-
pendent intersection behaviors in the hydraulic approximation process theoretically 
(Fig. 1.5). Once the natural fracture slip, the stress state around the natural fracture 
will change, affecting the following propagation state of the fracture. In 2022, Zheng 
et al. [80] believed that the interaction of non-intersecting fracture in the propagation 
process could not be ignored. The inter-fracture interaction model was established 
based on the boundary element and rock fracture criteria and found that natural 
fracture could cause at least 22° deflection under appropriate conditions. 

Most of the previous intersection standards based on the approximation process 
have ignored the effects of fluid viscosity and flow rate. The fluctuations in the 
fluid viscosity and the injection rate during the actual hydraulic fracturing process 
cause changes in the in-fracture fluid pressure with time and fracture length. The

Fig. 1.5 Intersection behavior between a hydraulic fracture and a natural fracture 
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hypothetical fluid pressure is invalid, and the coordination criteria of the tough main 
control hydraulic fracture are no longer applicable. 

The study of intersection criteria for intersection passivation processes goes from 
qualitative analysis to quantitative computation. In 1986, Blanton [82] simplified 
the forming of natural fracture shear stress distribution. Based on the critical fluid 
pressure conditions in the fracture after intersecting passivation, the culinary stress 
component of the rock resistance and geological stress component was qualitative. 
However, the judgment only considers the critical condition of fracture crossing 
and ignores the disturbance effect of the propagation state fracture induction. In 
1987, Warpinski and Teufel [83] superimposed the stress field and supplemented 
the critical stress conditions of natural and hydraulic fracture after passivation and 
intercourse. However, it is still limited to the interaction of the fracture tip and the 
grounding force field. The fluid pressure effect, natural fracture penetration, and 
the position and direction of the new fracture after passivation is not considered. In 
2014, Chuprakov et al. [81] established a fracture tip passivation model considering 
the influence of rock fracture toughness, hydraulic fracture length, natural fracture 
permeability, and the effect of injection rate (Open T model, shown in Fig. 1.6a). 
It described the partition characteristics of the natural fracture opening and sliding 
segments of the fracture tip passivation zone, determined the orientation of the new 
nucleation fracture, and described the natural fracture activation problem quantita-
tively. Considering the type of T-type passivation contact form, in 2015, Chuprakov 
and Prioul [84] established the friction sticky interface of natural fractures on frac-
ture high control effects (FRACT models) and applied the criteria to the 3D bedding 
rock stream coupling model simulation, and analyze the high control mechanism of 
natural fracture on hydraulic fracture. In 2019, Xu [85] considered hydraulic frac-
ture fluid lag area effect and fracture tip passivation using analytical and numerical 
(noncontinuous deformation analysis) way to establish the hydraulic and natural 
fracture intersection model which mainly predicts the fracture tip to natural fracture 
and fluid front did not contact with natural fracture, hydraulic fracture crossing the 
natural fracture. It was found that hydraulic fracture is easier to cross natural frac-
ture under large crustal stress, approximation angle, interface friction, injection rate, 
and fracturing fluid viscosity. In 2020, Zhao et al. [86] investigated the intersection 
mechanism of hydraulic and natural fracture with different shear strengths based on 
the 3D lattice-spring method. The results show that the tensile strength of the intact 
fracture and the shear strength of the joint play a dominant role in the intersection 
behavior between the two fractures. However, the intersection criteria and models of 
the fracture intersection passivation process described above ignore the perturbation 
effect of the hydraulic fracture tip stress singularity, which is particularly significant 
in the two-fracture propagation approximation process.

In general, the intersection process of hydraulic fractures and natural fractures is 
affected by rock mechanical properties (elastic modulus, fracture toughness, tensile 
strength, etc.), natural fracture mechanical properties (shear strength, interface fric-
tion coefficient, cohesion, etc.), fracturing fluid flow and viscosity, approach angle, 
crustal stress difference, etc. The approximation process of the intercourse is rarely 
involved in the non-average pressure flow effect of the fracture caused by fluid
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(a) Open T model (b) The behavior predicted by the model 

Fig. 1.6 Open-T model and its predicted fracture behavior [81]

viscosity and flow velocity changes. Therefore, it is not considered that the distur-
bance of the stress field of dynamic changes around the surrounding dynamic changes 
in the actual hydraulic fracture. Monitoring data deviations are large. To further 
enhance the reliability of the prediction results of the interchange standards, a reason-
able change in fluid pressure conditions needs to be introduced within the standard, 
and the dynamic propagation of hydraulic fracture and dynamic propagation of the 
natural fracture process of new fracture, propagation, and interchange stress thresh-
olds. The stability change rule of the natural fracture surface is revealed to predict 
the subsequent intersection behavior. 

1.2.3 Formation Mechanism of the Complicated Crack 
Network of Shale 

Shale is formed by clay mineral dehydration, cement and later deposition, rich in 
apparent thin sheet bedding and natural microcracks [87, 88]. The combinations of 
different productive bedding, microcracks and other matrix defects form discrete 
crack systems in shale reservoirs. In the hydraulic fracturing of fractured shale 
reservoirs, high-pressure fluid-driven hydraulic fracture connected with the reser-
voir anisotropy and randomly distributed fracture clusters, branch fracture in the 
rock body breakdown with all kinds of fracture overlap and extension, forming a 
complex 3D fracture network (Fig. 1.7). Influenced by the bedding direction and the 
random distribution of natural fracture, the shale hydraulic pressure fracture network 
is diverse and discrete characteristics [89, 90]. Establishing a large-scale and inter-
connected complex fracture network is the key to realizing the effective extraction 
and commercial development of shale gas reservoirs.

Indoor hydraulic fracturing test plays a vital role in understanding the fracture 
propagation mechanism, studying the formation of the complex fracture networks, 
and simulating the field fracturing process. Based on physical model experiments and
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Fig. 1.7 Schematic diagram of a complex fracture network (multistage fracturing) [91]

dynamic acoustic monitoring technology, scholars have carried out some research 
work in fracture pattern characteristics and fracturing modification [92], focusing on 
the analysis of the influence of stress state, fluid viscosity, pump injection flow, 
formation lithology, occurrence and distribution of fractures (including bedding 
and primary microfractures), fracturing technology, etc. on hydraulic fracture 
propagation path and fracture pattern. 

The model experiment of studying the complex fracture mesh in shale reservoirs 
has undergone a transition process from rock-like materials to rock materials, prefab-
ricated cracks to natural fractures, and visual observation to acoustic wave dynamic 
scanning and monitoring. Considering the influence of 3D production and ground 
stress in natural fractures comprehensively, in 2005, de Pater et al. [93] studied the 
influence of fluid properties on fracture intersection behavior with the help of fracture 
intersection model experiments and numerical simulation. It was found that the high-
flow and high-viscosity fracturing fluid produces multiple hydraulic fractures, while 
the low-flow fracturing fluid tends to open the natural fractures. In 2015, Dehghan 
et al. [91] studied the influence of natural fracture yield and horizontal stress differ-
ence on fracture propagation with the help of the true three-axial hydraulic fracture. 
The experimental results show that under the condition of small horizontal stress 
difference, the strike and dip angle of natural fractures play a controlling role in the 
propagation law of hydraulic fractures. Improving the horizontal stress difference or 
increasing the strike and dip angle of natural fractures on the experimental scale can 
inhibit the poor development of hydraulic fractures. Considering the influence of the 
shale lamination effect, Tan et al. [94] used horizontally laminated shale test samples 
to carry out the true triaxial hydraulic fracturing experiment in 2017. They studied the 
effects of ground stress, laminar surface, injection rate, fracturing fluid viscosity, and 
other factors on fracture vertical propagation behavior and fracture morphology, and 
summarized four typical propagation modes of vertical production of laminar shale 
fracture (Fig. 1.8): Single fracture, fish-bone fracture, fish-bone fracture with bedding 
opening, and multi boundary fish-bone fracture network. Differences in the physical 
and mechanical properties of natural fractures are limited by changes in the sedimen-
tary environment. In 2018, focusing on the influence of the sedimentary environment
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and natural bedding on fracturing morphology, Zhao et al. [95] compared the differ-
ences in hydraulic fracturing forms of Marine shale and continental shale and gave the 
relationship between section roughness and stress state based with the experimental 
results. In 2019, Chong et al. [96] studied the effect of shale reservoir anisotropy on 
pressure fracture networks based on hydraulic fracturing experiments with different 
initial stress states and injection rates. Based on a CT scan, they explained the impact 
of shale anisotropy inclination on hydraulic fracture. According to the analysis of CT 
images and results of 3D reconstructed hydraulic fracturing samples, Jiang et al. [97] 
believed that the key to shale fracturing volume change was the complexity of frac-
ture formation and the fracture propagation distance generated by fracturing, and the 
stress difference played a significant role in controlling the formation of the complex 
fracture network. Considering the effect of fluid properties, Wang et al. [98] studied 
the influence of fluid viscosity and flow on the fracturing effect based on the true 
three-axial hydraulic fracturing test of bedding shale and found that the fracturing 
fluid with high injection rate and viscosity mainly forms a single main crack form. In 
contrast, the fracturing fluid with low viscosity and low injection rate promotes the 
formation of a complex fracture network. Hou et al. [99] conducted an experimental 
study on the effect of slippery water/guar glue fusion injection on fracture initiation 
and propagation in deep shale gas reservoirs. The study found that guar gum tends to 
open transverse fractures in deep shale reservoirs. In contrast, slippery water tends 
to activate the surface under the temporary blocking of guar glue combined with the 
fracture propagation morphology, a large and complex fracture network was injected 
alternately with different viscous fracturing fluids.

It is of great significance to understand the initiation and geometric properties of 
hydraulic fractures for optimizing hydraulic fracturing design and improving the final 
production of shale reservoirs. In 2019, Wu et al. [100] applied the shear tensioning 
fracture model to the data analysis of the triaxial hydraulic fracturing acoustic emis-
sion of stratified shale and evaluated the cumulative change pattern of the test sample 
tensioning and shear fracture in the hydraulic fracture process, and used the average 
fracture inclination and initiation width index to identify the fracture morphological 
characteristics quantitatively. In 2020, Chen et al. [101] used the true three-axial 
fracturing test system to simulate the influence of the ground stratification, ground 
stress difference, the hydraulic fracture initiation and propagation process. They 
found that the hydraulic fracture is easy to extend along the bedding direction with 
weak cementation, and the high ground stress difference promotes the formation of 
a single fracture form, while the viscous fracturing fluid and temporary plugging in 
the front are conducive to the formation of the complex fracture network. Dehghan 
[102] performed a series of true three-axis hydraulic fracturing tests based on large 
synthetic rock samples of preformed natural fracture on the laboratory scale and 
studied the extended behavior and length change characteristics of hydraulic frac-
ture in natural fracture reservoirs. They believed that ground stress is the dominant 
factor in disturbing fracture intersection behavior and controlling fracture propa-
gation length. Zhang and Sheng [103] considered the influence of the power-law 
distribution form and spacing of natural fracture and obtained the optimal fracture
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Fig. 1.8 Schematic diagram 
of hydraulic fracture 
propagation morphology in 
vertical plane of shale 
reservoirs [94]

mesh layout method of complex natural fracture reservoirs by the simulation and 
optimization of various complex fracture network layout methods. 

In 2021, Wu et al. [104] established an evaluation model of fracture network 
connectivity based on acoustic emission data. Combined with the triaxial hydraulic 
fracturing experiment, the correlation between the microcrack onset position and the 
fracture pull-shear characteristics in the formation process of the hydraulic fracturing-
induced fracture network was discussed entirely, which can effectively estimate the 
hydraulic fracturing effect. Zhang [105] conducted a volume fracture simulation 
study of a deep shale fracturing fracture network based on a 3D Wiremesh model. The 
results show that increasing construction time, improving construction displacement, 
and reducing fracturing fluid viscosity are conducive to increasing the volume of the 
fracturing fracture network and improving fracturing efficiency. Based on physical 
experiments and simulations, Abe et al. [106] found that the inter-fracture stress 
shadow effect is the main reason for affecting the effective fracture extension and 
the formation of a large-scale fracture network. 

In sum, the above scholars have analyzed the influence of ground stress condi-
tions, fracturing fluid properties, natural fracture properties, construction schemes, 
and other factors on the fracture mesh form through hydraulic fracturing experi-
ments. Hydraulic injection fluid-driven hydraulic fracture formation joint mesh is



20 1 Introduction

a dynamic and cyclic multi-scale process [107], which needs to comprehensively 
consider the influence of bore layout, ground stress, injection rate, reservoir medium 
properties, and other factors. In addition, to maximize the exploitation of reservoir 
resources, the best effect of hydraulic fracturing should be to form a complex fracture 
network system dominated by effective length hydraulic fracture [65]. In addition, 
to maximize the exploitation of reservoir resources, the best effect of hydraulic frac-
turing should be to form a complex fracture network system dominated by effective 
length hydraulic fracture. However, the actual engineering of hydraulic fracture-
induced fracture network production is mainly based on experience and the lack of 
reliable fracturing theory based on the in-depth study of shale reservoir hydraulic 
fracturing fracture propagation and the formation mechanism of the complex fracture 
network. It is necessary to start the influence of confining pressure, water pressure, 
and physical and mechanical response characteristics of rock materials on the frac-
ture network form, with the real-time monitoring and positioning of the deformation 
and acoustic emission signals on the rock through dynamic monitoring technologies 
such as high-precision displacement sensor and acoustic emission. By analyzing the 
characteristics of the time and frequency evolution of acoustic transmission signals, 
the microscopic (tension or shear) fracture response law of the process of hydraulic 
fracturing, combined with microscope observation and CT 3D reconstruction, the 
dynamic process of fracture network initiation, intersection propagation, and fracture 
network formation is finely characterized and the formation mechanism of complex 
fracture network is explained. 

1.2.4 Existing Problems 

According to the above research, scholars have carried out lots of detailed studies on 
the theory, experiment, and numerical simulation of the process of hydraulic fracture 
initiation, propagation, intersection and network formation involved in hydraulic 
fracture. The disturbance effect of the fracture network by fracturing parameters has 
also been discussed, but the current research work still faces the following problems: 

(i) The fracturing mechanism and model of the reservoir rock are mainly studied 
under constant pressurization rate or constant current injection conditions, 
while the breakdown process of rock under the perturbation of constant pres-
sure and static fatigue in the fracture is relatively scarce. During the hydraulic 
fracturing segment construction, the hydraulic injection operation often needs 
to be repeated, and the inner wall of the wellbore will inevitably withstand 
the fatigue disturbance caused by continuous pressurization. Moreover, many 
physical experiments [22, 108, 109] have confirmed that when the fluid is 
applied to the rock for a long time at constant high pressure (60–95% Pb), the 
rock eventually breaks up and produces a relatively tortuous hydraulic fracture 
form. Studying the constant pressure fatigue fracture mechanism in the fracture
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is helpful to deeply understand the internal mechanism of rock hydraulic frac-
turing and improve the rock hydraulic fracture theory. The fracturing pressure 
of reservoir rock can be effectively reduced by adjusting the constant flow and 
pressure injection methods, and the fracturing operation cost can be saved. 

(ii) In the actual hydraulic fracture process, especially for pulse hydraulic fracture 
and fatigue hydraulic fracture, fluid pressure in the cracks is always fluctuating 
[110, 111]. However, the existing hydraulic fracturing theory does not consider 
the dynamic change of heterogeneous cloth fluid pressure effect caused by 
viscous flow and flow decay, which is limited by engineering applications 
[112, 113]. The heterogeneous distribution effect of the fluid pressure in the 
joint can better reflect the dynamic propagation law of the hydraulic fracture 
in the actual fracturing process. 

(iii) At present, some progress has been made in studying the crack intersection 
mechanism of hydraulic approximation and fracture tip passivation, but the 
cognition of the critical transition state of the two processes is still not clear 
enough, and the predicted results of the criteria deviate significantly from the 
actual indoor experiments and engineering monitoring data [72, 114]; Consid-
ering the influence of fluid pressure, rock material, and mechanical properties 
of natural fracture, the composite criterion reflects the critical state of hydraulic 
and natural fracture, which is of great significance in analyzing the intersec-
tion of multiple fractures and predicting the formation of a complex fracture 
network. 

(vi) High-pressure fluid-driven hydraulic fracture to form fracture mesh is a 
dynamic, cyclic multiscale process [107]. The current research on complex 
fracture mesh focuses on reflecting the fracturing effect and the characteristics 
of reservoir breakdown through the macroscopic fracture morphology while 
less considering the fracture evolution law of the hydraulic loading process 
and the fracture characteristics after the breakdown. In in-depth exploring the 
formation mechanism of complex sewing nets, it is necessary to consider the 
effects of well-laying tube layout, geographical stress direction, stress shadow 
effect of cracks, and changes like reservoir medium on the evolution of complex 
fracturing networks and morphological characteristics. To further explore the 
formation mechanism of complex fracturing nets, it is necessary to consider 
the effects of well-laying tube layout, geographical stress direction, stress 
shadow effect of fracture, and changes like reservoir medium on the evolution 
of complex fracturing networks and morphological characteristics [115,116]. 
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Part I 
Theoretical Background



Chapter 2 
Rock Mechanics in Hydraulic Fracturing 
Operations 

Rock, fracture and fluid mechanics are crucial elements in understanding and engi-
neering design of hydraulic fracture treatments. The combination of rock, frac-
ture and fluid mechanics creates the study of fracture propagation, interaction and 
sensitivity caused by different treatment variables. The formation to be fractured 
and the resulting hydraulic fracture morphology is of paramount significance for 
hydrocarbon migration and extraction. 

2.1 Stress 

Mechanical stress is usually quantified as second-order tensor invariants. This tensor 
(N/m2 or Pa) represents the force acting on a unit area of a surface or a unit volume 
of the material, which can be expressed by 

σ = lim
ΔA→0

(
ΔF
ΔA

)
(2.1) 

where σ is the stress vector, F is the force (traction) vector and A is the contact area 
of F. 

The stress has both magnitude and direction. Since the area A of the contact 
surface is assumed close to zero, the stress reflects a point property. Note that there 
are some practical limitations in reducing the contact area of the force to zero. For 
easy calculation, the stress magnitude in experiments and fields is directly deter-
mined by dividing |F| by A. Stresses normal to the contact surface can be tensile 
or compression, while those parallel to the surface are called shear. In the Cartesian 
coordinate system, there are 9 stress components (σ xx, σ yy, σ zz, σ xy, σ yx, σ xz, σ zy, 
σ yz and σ zx) in terms of the stress in different directions, of which only 6 (σ xx, σ yy, 
σ zz, σ xy, σ yz and σ zx) are independent for τxy = τyx, τxz = τzx, τyz = τzy. If there
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is no shear stress applied on the surface, the normal stresses become the principal 
stress, and the stress vector can be written as 

σ = 

⎡ 

⎢⎣ 
σxx τxy τxz 

τyx σyy τyz 

τzx τzy σzz 

⎤ 

⎥⎦ = 

⎡ 

⎢⎣ 
σ1 

σ2 

σ3 

⎤ 

⎥⎦ (2.2) 

The three stress components are perpendicular to each other. In geologic applica-
tions, one of the principal stresses is often assumed in the vertical direction, and the 
other two are horizontally specified by default. 

2.2 Stain 

Strain represents the relative deformation between material points. If the original 
distance between the two points is l, after a period of action by force F, the distance 
becomes l + Δl. The engineering stain is defined by 

ε = Δl 

l 
(2.3) 

The strains caused by tensile force correspond to extension whereas those under 
compressive force correspond to contraction. A shear strain is associated with 
surfaces sliding over each other. In the Cartesian coordinate system, each direc-
tion should have a corresponding strain component consistent with the stress. So, the 
strain can be expressed by 

ε = 

⎡ 

⎣ 
εxx γxy γxz 

γyx εyy γyz 

γzx γzy εzz 

⎤ 

⎦ (2.4) 

Similar to stress, six independent components (εxx, εyy, εzz, εxy, εyz and εzx) 
should also be specified to give the state of strain at a given point. 

2.3 Linear Elastic Material and Its Failure 

For a linear elastic material, the stress varies linear with the strain, which can be 
described by Hoek’s law under uniaxial stress, i.e., 

σxx = Exxεxx (2.5)
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where Exx is the elastic modulus in the x-axis direction. In fact, the deformations in 
the normal direction (e.g., εxx, εyy and εzz) can affect each other. For instance, the 
relation between εxx and εyy in the x–y plane can be given by 

εyy = −v 
σxx 

E 
(2.6) 

where v is the Poisson’s ratio (0 < v < 0.5).  
In the Cartesian coordinate system, the complete relationship between stress and 

strain is reflected by the so-called elastic constitutive equation 

εxx = 
1 

E

(
σxx − v

(
σyy + σzz

))

εyy = 
1 

E

(
σyy − v(σxx + σzz)

)

εzz = 
1 

E

(
σzz − v

(
σxx + σyy

))

γxy = 
1 

G 
τxy, γyz = 

1 

G 
τyz, γxz = 

1 

G 
τxz (2.7) 

where G is the shear modulus, a function of elastic modulus and Poisson’s ratio, i.e., 

G = E 

2(1 + 2v) 
(2.8) 

When stresses exceed rock strength, the rock fractures and fails. A fracture crite-
rion specifies the critical conditions for which failure occurs in a material. According 
to different failure mode and scales, the fracture criterion can be constructed 
by phenomenological theories (Mohr–Coulomb or Hoek–Brown) and mechanistic 
theories (Griffith, fracture mechanics models) [1]. 

For shear failure, Mohr–Coulomb criterion is often used, given by 

τ = μσ +C (2.9) 

where μ is the friction coefficient, C is the cohesion strength. This criterion is 
applicable for closely compacted rock without appreciable open cracks. 

Hoek–Brown criterion is an empirical law obtained from a variety range of triaxial 
tests on intact rock samples. It is fitted with three parameters (A, B and C) and its 
expression is 

τ = A(σN + B)C (2.10) 

In 1921, Griffith proposed a criterion for tensile failure in brittle materials initiating 
at the tips of defects (flat elliptical cracks). It is suitable for quasi-static single tensile 
crack growth based on specific surface energy. For rock failure with a certain tensile 
strength T 0 later extended by [2], it can be written as.
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(σ1 − σ3)
2 − 8T0(σ1 + σ3) = 0 

σ3 = − T0 
if 

σ1 > −3σ3 

σ1 < −3σ3 
(2.11) 

Among the above rock failure criteria, Mohr–Coulomb and Griffith are more 
frequently used in hydraulic fracturing operations as the critical conditions for the 
initiation of hydraulic fracture. Plain strain is a reasonable approximation in a simpli-
fied description of hydraulic fracturing. On this basis, a KGD hydraulic fracture is 
introduced in the horizontal plane, and a PKN hydraulic fracture model is proposed 
in the vertical plane (normal to the fracture propagation. For a short fracture (a few 
meters of length) with considerable height (tens of meters) and small width (millime-
ters), one can assume the state of plain strain in every horizontal plane (KGD fracture). 
For a long fracture with the length of hundreds of meters, a limited height of tens 
of meters and small width in millimeters, one can assume the plane strain in every 
vertical plane orthogonal to the length direction (PKN fracture). In this book, only 
KGD model is used for theoretical analysis (see Chaps. 7 and 8). 

2.4 Pressurized Crack 

Linear elasticity deals with static equilibrium issues. If the fracture propagates stably 
or at a constant velocity, a “snapshot” of this fractured state can be considered quasi-
static, and such a state of equilibrium will be introduced in the following part. 

In an infinite plane, there is a hollow two-dimensional “crack” without any appre-
ciable opening and is completely pressurized by internal fluid. The stress state around 
the fracture should be analyzed if its propagation state needs to be determined. For 
simplicity, the plane is assumed in the x–y axial plane, and the fracture is propa-
gating in a direction aligned with the x-axis with its center as the origin (Fig. 2.1). 
The boundary condition of this problem is 

σyy(x, 0) = −P(x), 0 ≤ x ≤ l 
u y(x, 0) = 0, x ≥ l 
τxy(x, 0) = 0, x ≥ 0 

(2.12)

Muskhelishvili [3] has accomplished the pioneering work of the above mathe-
matical model by solving integral equations or applying the integral transformation. 
This method starts with a function g(ξ ) constructed by 

g(ξ ) = 
ξ∫

0 

P(x)dx  

(ξ 2 − x2)1/2 
, 0 <ξ < l (2.13)
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Fig. 2.1 Fracture pressurized by internal fluid

where g(ξ ) is modified fluid pressure summing up the fluid effect along the fracture 
length of l. With known g(ξ ), the fracture aperture can be calculated by twice of the 
normal displacement of any point on the upper side of the crack [4], given by 

uy(x, 0) = −  
4 

π E ,

l∫
x 

ξg(ξ )dξ 
(x2 − ξ 2)1/2 

, x ≤ ξ ≤ l (2.14) 

where E , is the plain strain elastic modulus and can be expressed by E 
1−v2 . 

To solve this problem, g(ξ ) needs to be differentiable and the fluid pressure should 
be a function of the location inside the crack. For specific fluid pressure distribution 
along the crack, the above integrals can be solved in closed form (see Chap. 7). 
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Part II 
Laboratory Observation



Chapter 3 
Reservoir Characteristics 

3.1 Introduction 

Organic matter-rich Marine shale is mostly gray-black stone-containing carbon or 
silica-rich rock phase. Due to the change of reservoir formation environment, plate 
extrusion and uneven deposition, the thin layered structure is developed, showing 
obvious anisotropy characteristics. Researchers have studied the hydraulic frac-
turing characteristics of shale reservoirs based on indoor tests. However, due to the 
different reservoir formation conditions, shale properties, and stress environment, 
the hydraulic fracture morphology and fracture propagation law of shale also show 
obvious anisotropic characteristics. In this chapter, the Longmaxi Formation shale 
obtained from Sichuan Basin is taken as the research object. The mineral components, 
the distribution characteristics of pores and fissures, and the mechanical properties 
of shale are detected and analyzed by means of XRD, nuclear magnetic resonance 
(NMR), microscope, scanning electron microscope (SEM), and basic mechanical 
experiments. On this basis, by comparing the indoor hydraulic fracturing tests of 
Longmaxi shale and Lushan shale, the hydraulic fracturing characteristics of shale 
reservoirs under different reservoir formation conditions and stress environments are 
studied. 

3.2 Sample Preparation 

3.2.1 Sampling Location 

To compare the effects of the Marine sedimentary environment differences on 
the material properties and fracturing characteristics of shale, the shale specimens 
obtained from Changning County, Sichuan Province, and the Lushan Mine, Jiangxi 
Province are taken as test materials (Fig. 3.1). The Longmaxi shale, as the main 
experimental group, is used to study the hydraulic fracturing characteristics of shale
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reservoirs. This kind of shale located at the southern edge of the Sichuan Basin 
belongs to the Longmaxi Formation of the Silurian system (hereinafter referred to 
as Longmaxi shale). Affected by the multi-stage tectonic evolution of Changning 
anticline (deep burial in the early stage, and strong uplift in the later stage) and the 
deep-water shelf facies sedimentary environment, the Longmaxi shale is character-
ized by dark mud debris sediment. Its burial depth is generally 2000–4500 m [1, 2], 
which belongs to the same stratum (about 285 km apart) as Longmaxi Shale in Fuling 
District, China’s main shale gas production area. The Lushan shale, as a comparison 
group, is mainly used to analyze the disturbance of the hydraulic fracturing effective-
ness caused by the difference of rock properties caused by the reservoir formation 
environment. This kind of shale with a buried depth of 1000–4000 m [3, 4] belongs 
to the Upper Sinian of the Lower Paleozoic, mainly located in the Jiujiang depression 
structural block. Due to the tectonic compression and slippage in the later period, 
local shale has fragmented silification and decarbonization, but the overall content 
remains stable, that is, the main component is mainly gray-black siliceous shale. 

According to the processing and test procedure shown in Fig. 3.2, the regolith 
outcrop shale is stripped by mechanical cutting first and then cut off the complete rock 
block. With reference to the sample specifications and standards of the International 
Society for Rock Mechanics (ISRM), cylindrical (ϕ50 mm × 100 mm) and cubic 
(200 mm × 200 mm) samples with flatness deviation less than 0.1 mm were prepared 
by mechanical processing and core drilling sampling methods for uniaxial and true 
triaxial fracturing tests.

Fig. 3.1 Schematic diagram of shale sampling location 
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Fig. 3.2 Processing and preparation of rock samples. a Open rock block cutting, b complete rock 
block, c drill core sampling, d end-surface flatness detection 

3.2.2 Mineral Composition Characteristics 

Small shale pieces were ground to powder with an average particle size of ~ 70 μm. 
The Brooke D8 Advanced X-ray diffractometer was used to carry out a conventional 
XRD diffraction test of shale minerals, with a diffraction angle range of 5–90° and 
a scanning rate of 8°/min. Figure 3.3 shows the X-ray diffraction patterns of two 
kinds of shale. Based on the whole pattern fitting (WPF) and the Rietveld refined 
quantitative analysis, the main mineral compositions and relative contents of the 
two kinds of shale can be determined by using the unique X-ray atlas of each shale 
component mineral. The relevant results are summarized in Table 3.1. 

From Table 3.1, we can see that Longmaxi shale contains 5 types of minerals, 
mainly quartz and dolomite, where the two types of minerals are similar in content, 
and the sum is more than 70% of the total content; Lushan shale contains 7 kinds of
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Fig. 3.3 X-ray diffraction pattern of powder shale sample
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Table 3.1 Summary of relative mineral content of Longmaxi and Lushan shale 

Ingredient 

Shale Quartz (%) Albite (%) Carbonate 
minerals (%) 

Clay mineral 
(%) 

Clinochlore 
(%) 

Talc (%) 

Longmaxi 
Shale 

36.3 – Calcite 15.3 
Dolomite 34 

Illite 13.7 
Kaolinite 0.7 

– – 

Lushan 
shale 

25.4 8.7 Calcite 2.5 Illite 40.7 
Kaolinite 1 

15.1 6.6

minerals, among which illite accounts for the largest proportion, followed by quartz. 
Compared with the Longmaxi shale, the Lushan shale has a more complex mineral 
composition, including quartz, carbonate and clay minerals, sodium feldspar, chlo-
rite and dolomite. According to the calculation method of rock mineral brittleness 
index (the ratio of quartz content to brittle mineral content), the brittleness indexes 
of the two shales are 36.3 and 36.5, respectively, indicating that the brittleness of 
the two types of shale is good and their properties are similar and are prone to 
produce induced fractures during hydraulic fracturing, forming a complex fracturing 
network. In addition, the content of clay minerals in Lushan shale is 41.7%, which 
is approximately three times that of Longmaxi shale, which shows that Lushan shale 
is dominated by clay minerals. The difference in mineral composition and relative 
content of the two types of shale reflects the difference in their brittleness and sedi-
mentary environments, which ultimately leads to the difference in shale’s physical 
and mechanical properties. 

3.2.3 Microstructural Characteristics 

Shale is a fine-grained sedimentary rock with ultra-low permeability and porosity 
composed of a matrix, pores, and microcracks. Pores and microcracks are the main 
places and transmission channels for shale gas free or adsorption and their structure, 
spatial distribution and connectivity determine the reservoir performance of shale 
reservoirs. According to the International Federation of Pure and Applied Chemistry 
(IUPAC) classification standards, shale pores can be divided into micropores, meso-
pores and macropores on the basis of their pore size (as shown in Fig. 3.4). Microc-
racks are generally considered that width observed in the perspective of millimeter 
level is generally less than 1 mm, not limited by the distribution of shale particles, 
and can be manifested as transgranular crack or intergranular crack [5, 6]. Quali-
tative description and quantitative characterization of shale microstructural features 
are important in optimizing hydraulic fracturing design and evaluating reservoir rock 
properties.

Laboratory visualization of rock microstructural features is mainly achieved by 
means of CT scanning, microscope observation and scanning electron microscope 
(SEM). However, as shown in Fig. 3.4, these detection methods can vary due to the
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Fig. 3.4 Multiscale pore-fracture characterization techniques

limitation of the sample size or the scanning accuracy. In detail, CT scanning can 
characterize the internal structural characteristics of rocks, but its accuracy is limited 
to the micromillimeter scale. Although the microscope and SEM can show the micro 
and nano rock scale structure, they can only observe the rock surface morphology 
and require a small sample size. Under high pore pressure stress, shale pores and 
cracks show strong capillary force, which affects the mechanical properties of rocks 
and misleads the analysis results. Herein, it is necessary to observe and describe 
the structural characteristics of shale pores and fissures by comprehensively using 
microscopy, CT scanning, and SEM at different scales. 

(i) Microscopic examination 

Under natural light (non-polarized light) irradiation, the surface defects and their 
distribution of shale samples are directly observed with a microscope. As shown in 
Fig. 3.5a, it can be observed that the two types of shale are mainly composed of a 
brownish matrix and bright white phenocrysts. Longmaxi shale particles are evenly 
distributed, without fracture holes, and local bright white sheet-distributed calcite and 
dolomite debris (Fig. 3.5b). Compared with Longmaxi shale, Lushan shale is mainly 
composed of a light gray matrix, with locally developed pores whose aperture change 
range is larger (10–600 μm) (Fig. 3.5c in red dotted line). The locally developed 
pores are formed by the complex uneven cementation between white muscovite 
(light green dotted line), yellow-green chlorite (blue dotted line) and shale matrix 
(brown material), which is conducive to the transmission and adsorption of reservoir 
resources.

(ii) CT scan imaging 

In the CT test, the three-dimension micro focal industry CT analyzer was used to scan 
the complete cylindrical sample with F 50 mm × 100 mm. As shown in Fig. 3.6, the
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(a) LED natural light microscopy interface 

(b) Longmaxi Shale                   (c) Lushan shale 

Fig. 3.5 Results of microscopic observation of shale surface under natural light

CT scanner is CD-130BX/CT series, with a spatial resolution of 5–10 μm, and can 
accommodate a sample with a maximum diameter of 130 mm and a maximum mass 
of 50 kg. The CT scanner with integrated protective structure design, convenient 
installation, good safety, and strong environmental adaptability can quickly, high-
resolution, and directly 3D scan, which meets the precision requirements of micro 
millimeter scale structure detection of shale pores and fissures.

As shown in Fig. 3.7, the gray material represents a rock matrix with high density. 
The Longmaxi shale matrix is gray-white, while the Lushan shale matrix is dark-
gray. This difference is related to the radiation intensity of the X-ray source and
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X radiographic 
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Fig. 3.6 Microfocus 3D industrial CT detector

does not represent the difference between the actual materials. Both types of shales 
contain light white spotted impurities (blue circles) and sheet-like distributed bedding 
(dotted ellipses), which may be caused by the legacy of plant fossils or weak inter-
layer accumulation during diagenetic deposition. In contrast, Longmaxi shale has 
good homogeneity, while Lushan shale, with more granular impurities and schis-
tose beddings, has poor homogeneity. Combined with the XRD analysis results, it is 
speculated that the main components of this heterogeneity are inadequately cemented 
illite clay minerals. On the whole, there are no obvious microcracks and holes in the 
two types of shale, indicating that the two samples are complete and of good quality. 
However, their internal structures have some differences, indicating the importance 
of the subsequent comparison of different types of shale on the test results.

(iii) SEM observation 

As  shown in Fig.  3.8, the sheet shale sample was sprayed with gold to eliminate the 
electronic charging effect on the surface of the material and enhance the electrical 
conductivity of the rock material. Subsequently, the microstructural morphology 
of the pores and fissures of the sample was observed under the JEOL JSM-7800F 
field emission scanning electron microscope in Chongqing University. In general, 
according to the geological genetic differences, shale pores can be divided into 
organic matter pores, intergranular pores and intergranular pores [7, 8], and micro-
cracks can be divided into matrix companion cracks, diagenetic shrinkage cracks, 
tectonic stress cracks (bedding cracks and angle cracks) and other cracks [9]. The 
EDS energy spectrometer was used to analyze the X-ray characteristics of the mineral 
elements under the specified scale of the sample, and the pore and microcrack types 
in the sample can finally be determined according to the XRD analysis results.

Figure 3.9 shows the observation results of shale pore structure under the micro-
scope. It can be seen that the pore morphology of the two types of shale is dominated 
by intragranular pores (yellow arrow points) and intergranular pores (light blue arrow 
points). The intragranular pore usually refers to the pore formed inside the particle. 
The intragranular pores with irregular shapes and pore sizes between 0.5 and 3 μm 
observed in Longmaxi shale are mainly developed in the calcite. Such intragranular
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(a) Longmaxi Shale 

(b) Lushan Shale 

Fig. 3.7 Comparison of CT sections of intact specimens between Longmaxi shale and Lushan 
shale
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Fig. 3.8 Photographs of the shale sample after gold spraying and the scanning electron microscope

pores are mostly formed by the dissolution of carbonate or alkane organic acid [10], 
which vary greatly in depth. In addition to the intragranular pore formed by carbonate 
dissolution, the intergranular pore developed between thin layered illite and other 
clay minerals (Fig. 3.9b), with a width between 0.2 and 1 μm, is also observed in 
Lushan shale. The intergranular pore appears in a slit shape and is mostly formed 
by a series of tectonic geological effects such as diagenetic evolution and biochem-
ical transformation [11]. Intergranular pores are formed between different mineral 
particles or between minerals and organic matter. Both types of shale have more 
interparticle pores, which are mostly found in the contact cementing zone between 
different mineral particles like quartz, illite, calcite, etc. The pore shape is irregular, 
mainly depending on the shape of pore particles; the variation range of pore size is 
large, between 1 and 10 μm, affected by the joint influence of formation into rock 
transformation and interparticle cementing. Compared with the isolated intergran-
ular pores, the intergranular pores have a larger pore size and better connectivity. 
When the content of intergranular pores in the selected shale is large, it is conducive 
to forming an effective pore network and promoting the migration and precipitation 
of alkanes.

Micro-nano scale crack structure of shale is the key to connecting matrix pores 
and forming a complex fracture network in reservoir stimulation. As shown in 
Fig. 3.10, both types of shale develop effective microcracks ranging from nano-
scale to micrometers-scale, which are specifically manifested as bedding cracks, 
transgranular cracks and intergranular cracks. The bedding crack develops at a scale 
of several hundred micrometers (Fig. 3.10a, c), and its contour is basically the same 
as the lamellar edge. Such microcracks are usually formed by the accumulation 
of sheet clay mineral matrix in the process of sedimentation. Clastic minerals or 
organic matter with weak cohesive force filled between lamellas are easy to flake off 
along mineral bedding under external force [12]. In Fig. 3.10b, d, grain inner cracks 
and grain margin cracks are distributed at tens of micron scales of shale samples, 
extending along the particle profile and penetrating matrix, respectively [13]. This 
kind of crack is usually long, narrow, and tortuous, with no filling minerals, and its 
opening varies with the propagation path at the range of 2–9 μm, and its length is 
mostly less than 50 μm.
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(a) Longmaxi shale sample 

(b) Lushan shale sample 
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Fig. 3.9 Shale pore types, mineral distribution and X-ray energy spectrum

In addition, grain inner cracks and grain margin cracks do not always occur inde-
pendently. For example, in Fig. 3.10d, microcracks are respectively grain margin 
crack, grain inner crack, and grain margin crack from top to bottom. The opening 
of grain margin crack is the largest, which is related to the uneven external forces 
caused by thermal expansion, dehydration shrinkage, or tectonic evolution of shale 
matrix during the formation of microcracks. On the whole, the microcracks of two 
types of shale are developed, but the size and length of the local microcracks are 
limited, and the macro crack structures are not formed in a large range. This type of 
crack structure of reservoir is conducive to effectively communicating the organic 
matter pores in the matrix in reservoir stimulation, forming migration channels of 
shale gas, which accelerates the precipitation and migration of alkane resources and 
improves the shale gas extraction rate. 

Through the above comparison, it can be found that the environmental condi-
tions of reservoirs directly affect the mineral composition of rock and the structural 
morphology of the matrix. Therefore, even if the same construction parameters are 
selected in the fracturing process, the hydraulic fracturing results of shale will still 
be significantly different. The different hydraulic fracturing effectiveness resulting
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(a) Bedding crack in Longmaxi shale    (b) Intergranular crack in Longmaxi shale 

(c) Bedding crack in Lushan Shale (d) Intergranular and transgranular cracks
     in Lushan Shale 

Bedding crack Intergranular crack 

Bedding  crack 

Intergranular crack 

Transgranular Crack 

Fig. 3.10 Characteristic of the microcracks in shale samples

from differences in the reservoir environment are discussed in detail in Sect. 3.4.3 
of this chapter. 

3.3 Determination of the Physical and Mechanical 
Parameters of Shale 

The basic physical parameters of Lushan shale as the comparative group have been 
discussed in detail by Shang et al. [14]. Therefore, the basic physical properties of 
Longmaxi shale as the research object are tested and analyzed as follows. Strictly 
speaking, the physical and mechanical parameters of the rocks should reflect the high 
temperature and high-pressure characteristics of the in-situ reservoir, so as to have 
a reference value for the actual construction of the project. However, considering 
the difficulty of in-situ sampling and test instruments, we focus on fracture propaga-
tion form and ignore the influence of high temperature and high pressure, therefore 
the following physical and mechanical parameters of shale (such as porosity, perme-
ability, uniaxial compressive strength, cohesion, internal friction angle, etc.) are based
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on laboratory conditions under the room temperature and pressure. Although the 
indoor conditions are quite different from the actual shale occurrence environment, 
the test results can still provide a reference for the subsequent design of the indoor 
hydraulic fracturing scheme [14–16]. 

3.3.1 Porosity 

Porosity is an important indicator to measure the degree of rock pore structure devel-
opment, which affects the storage and adsorption of shale gas and the strength and 
permeability of shale. Therefore, the porosity and permeability of the shale spec-
imen should be clarified before hydraulic fracturing. To ensure the reliability of the 
measurement results, the porosity was measured by the gaseous method and the 
saturated mass method, respectively. 

Nitrogen gas is selected as the measuring medium. The used shale sample is 
cylindrical with 50 mm in diameter and 100 mm in height. Before the test, the 
sample was placed in a 105 °C constant temperature drying incubator for 24 h, and 
then the shale porosity test was conducted on the BRS-II pulse tester. The BRS-II 
type pulse tester can automatically measure the porosity of shale specimens in the 
Hassler Holder based on the Boyle law. Figure 3.11 shows a schematic diagram of 
the porosity measurement. A total of five sets of porosity tests were conducted, and 
the porosity results are summarized in Table 3.2. From Table 3.2, the average pore 
volume is 4.73 mL, and the average porosity is 2.39% with a standard deviation of 
0.843%, indicating that the test results are less discrete. 

The saturated mass method is to calculate the pore volume in the shale specimen 
by using the definition of density. The calculation formula is 

n = 
mw − ms 

ρVs 
(3.1)

Pore pressure (MPa) 

1.0 
Hassler Holder
(sample)

Fig. 3.11 Schematic diagram of the porosity measurement of shale cores
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Table 3.2 Results of porosity measurement by gaseous method 

No. H/mm D/mm Pore volume/mL Prosity/% 

PG-1 100.12 50.05 4.6 2.33 

PG-2 100.22 50.01 4.1 2.08 

PG-3 100.26 50.02 5.4 2.74 

PG-4 100.13 50.12 7.3 3.69 

PG-5 100.19 50.20 2.2 1.11 

Average 100.184 50.08 4.72 2.39 

Standard deviation 0.053 0.071 1.66 0.843

Table 3.3 Results of porosity measurement by mass fraction method 

NO H/mm D/mm Dry sample mass 
ms/g 

Mass after 
saturation mw/g 

Porosity/% 

PM-1 100.04 50.08 514.752 520.547 2.898 

PM-2 100.11 50.16 519.518 525.420 2.977 

PM-3 100.01 50.11 517.364 522.955 2.835 

Average 100.053 50.117 517.211 522.974 2.903 

Standard deviation 0.042 0.033 1.949 1.989 0.058 

where, mw is the mass of the saturated specimen, ms is the mass of the specimen 
treated at 105°C for 24 h before saturation, ρ is the density of water at normal 
temperature and pressure, which takes 1 g/cm3, and V s is the sample volume. After 
calculation, the average porosity of the rock is 2.903%, which is similar to the gas 
measurement result (2.39%), so the selected shale is a dense rock with low porosity 
(Table 3.3). 

To further analyze the pore size of Longmaxi shale, the NMR technology was 
used to measure the relative distribution of Longmaxi shale pores. Based on the rela-
tionship between the transverse relaxation time of hydrogen nuclei (1H) of the fluid 
inside the rock pores and the pore radius, the pore size distribution of different pores 
can be indirectly obtained by using NMR, realizing the analysis of rock microstruc-
ture [14]. NMR techniques can characterize pores at a sub-micron scale and offer 
unique advantages in analyzing small, complex pore structures [15, 16]. Before the 
test, the samples were placed in a saturator under a vacuum for 24 h to saturate them 
with water. and then the MRI test was carried out in the MacroMR12-150H-I nuclear 
magnet core analysis instrument (Fig. 3.12) produced by Suzhou Numai Technology 
Company. The magnetic field strength was 0.3 T, with the dominant frequency of 
12 MHz, and an RF delay time of 0.02 ms.

The wave peak number, distribution form, continuity, and trend of the T2 spectrum 
reflect the development characteristics of pores at all levels in the sample. Figure 3.13 
shows the signal intensity of the nuclear magnetic T2 spectrum with of shale speci-
mens changing with transverse relaxation time. The T2 spectrum of two specimens
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Sample 

Control unitNuclear magnetic unit 

Sample Magnetization 

Fig. 3.12 Schematic diagram of nuclear magnetic resonance system

is mainly in the asymmetric discontinuous bimodal form. The signal intensity of the 
right peak is far less than that of the left peak. The relaxation time range of the left 
peak is 0.1–10 ms, the relaxation time range of the right peak is 10–100 ms, and the 
spectral peak area of the left peak accounts for nearly 98.7% of the total area. From 
the trend of the T2 spectrum curve, there should be mainly two types of pores divided 
by the range of pore size in the sample, and the connectivity of the two pores is poor.

Based on the signal intensity parameters of the T2 spectrum, the ratio relationship 
between the pore radius and the signal intensity is used to convert the T2 spectrum 
curve into the pore throat distribution curve to further analyze the scale size of the 
pore structure. Its conversion relationship is as follows: 

r = CT2 (3.2) 

where, C is the conversion coefficient, r is the pore radius, and T 2 is relation time.
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Fig. 3.13 Nuclear magnetic resonance T2 spectrum of shale specimens

As shown in Fig. 3.14a, b, comparing the pore throat radius distribution of two 
samples, it can be seen that the pore throat of shale specimens is concentrated at the 
radius of 0.001–0.01 μm. Based on the definition of IUPAC on micropores (< 2 nm), 
medium pores (2–50 nm), and macro pores (> 50 nm), the pore radius distribution 
of two shale specimens can be counted to obtain the percentage of different types of 
pores in the total pore volume. As shown in Fig. 3.14c, the pores in the sample are 
dominated by medium pores, followed by micropores, with the minimum proportion 
of macropores. Combined with the T2 spectrum curve characteristics, it is contin-
uous in the range of micropores and medium pores, indicating that the connectivity 
between micro and medium pores is good, while the macropore distribution is rela-
tively independent, demonstrating that macropores have poor connectivity with other 
types of pores.

3.3.2 Permeability 

Permeability, an important indicator to measure the permeability of the rock and 
evaluate the conductivity of reservoir rocks, is an indirect reflection of the distribution 
state of rock pore structure, which has been widely used in deep energy exploitation, 
infrastructure engineering and nuclear waste storage and other fields. 

The transient pressure pulse method (referred to as the transient method) is a 
common method to determine the low permeability rock (< 10–19 m2 [17]), whose 
testing principle is shown in Fig. 3.15. The rock specimen dried in a 105 °C for
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(a) Pore throat radius distribution of sample 1 (b) Pore throat radius distribution of sample 2 
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Fig. 3.14 Pore throat radius distribution and relative content of different pore types of shale 
specimens

24 h is put into a holder, and a certain amount of initial fluid pressure is injected at 
both ends of the specimen to balance the upstream and downstream pressure. After 
the upstream and downstream pressures are stabilized, the constant pulse pressure is 
applied to the upstream end of the sample. The permeability of the rock is calculated 
by recording the upstream and downstream pressure changes of the sample using the 
following equation [18]. 

K = 
αμβ L(

1 
Vu 

+ 1 
Vd

)
A 

(3.3)
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Fig. 3.15 Schematic diagram of the permeability measurement of shale cores 

where, K is the rock permeability (permeability coefficient), μ is the gas dynamic 
viscosity, β is the fluid compression coefficient, L is the sample length, V u and V d 

are the upstream and downstream gas chamber volumes, whose value is 2.199 × 
10–5 m−3 and 2.102 × 10–5 m−3, respectively, A is the sample’s cross-sectional area, 
α is the attenuation coefficient, which can be calculated by upstream and downstream 
pressure difference [19], and its calculation formula is expressed as 

α = −  
1 

t 
ln 

Pu(t) − Pd (t) 
Pu(0) − Pd (0) 

= −  
1 

t 
ln

ΔP(t)

ΔP(0) 
(3.4) 

where t is the fluid permeability time, Pu(t) and Pd(t) correspond to the upstream 
and downstream pressure values at time t (t = 0 corresponds to the initial time), and 
the upstream and downstream pressure differences at different times are ΔP(t) and
ΔP(0), respectively.
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Table 3.4 Results of permeability measurement by pulse-test method 

H/mm D/mm ΔP(0)/MPa ΔP(t)/MPa t/s μ/μPa·s β/10–4 MPa K /10–22 m2 

99.91 50.07 0.27 0.08 44,794 17.975 4.642 1.172 

100.07 50.10 0.33 0.12 61,524 17.996 4.398 2.556 

100.03 50.03 0.58 0.28 21,380 18.136 4.329 1.551 

Average permeability 1.76 

Standard deviation of permeability 0.583 

Table 3.4 makes statistics on the upstream and downstream pressure decay trend, 
the gas permeability time, the dynamic viscosity of the gas, and the compression 
coefficient. According to Eqs. (3.3) and (3.4), the average permeability of the shale 
specimens is 1.76 × 10–22 m2 with a standard deviation of 0.583 × 10–22 m2. 

To sum up, the rocks of the Longmaxi shale gas reservoirs in the Changning area 
are dense in structure, characterized by an ultra-low porosity whose average value is 
2.903% and an ultra-low permeability whose average value of 1.76 × 10–22 m2. 

3.3.3 Basic Mechanical Properties of Longmaxi Shale 

The basic mechanical properties of the rock, such as uniaxial compressive strength, 
elastic modulus, Poisson ratio, splitting tensile strength, cohesion and internal fric-
tion angle, are the macroscopic characterization of the bonding effect of microscopic 
mineral and the stress evolution of the pore throat structure. Mastering the basic 
mechanical properties of the reservoir rocks is the basis for the subsequent anal-
ysis of the hydrofracturing mechanism and the dynamic process of the initiation, 
propagation, and intersection of hydraulic fracture, which can provide an important 
reference for the subsequent theoretical calculation of the hydrofracturing and the 
calibration of simulation parameters of rock fracture evolution. 

The basic mechanical properties of shale were tested on the DSZ-1000 rock 
mechanics test machine as shown in Fig. 3.16. The DSZ-1000 type rock mechanics 
test machine is composed of hydraulic power system, servo control system, data 
monitoring and acquisition system, test platform and operating platform, which can 
perform mechanical tests such as uniaxial compression, triaxial compression, rock 
rheology, cyclic loading and unloading, etc. The maximum axial pressure is 1000 
kN, whose adjustable loading rate range is 0.1–100 mm/min, the maximum circum-
ferential confining pressure is 60 MPa, whose loading rate range is 0.1–60 MPa/min, 
and the measurement accuracy range of pressure and displacement is ≤ ±  0.5% FS. 
The rigidity of the testing machine is 5 GN/m. The LVDT circumferential and axial 
strain gauges with an accuracy of 0.25% FS are installed, and they can withstand up 
to 60 MPa hydrostatic pressure, meeting the technical requirements for testing the 
basic mechanical parameters of rocks.
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Fig. 3.16 DSZ-1000 rock mechanics test system 

(i) Uniaxial compressive strength, elastic modulus, and Poisson ratio 

With reference to the methods recommended by the International Society for Rock 
Mechanics (ISRM), cylindrical samples with a diameter of 50 mm and a height of 
100 mm are selected for uniaxial compressive strength, elastic modulus and Poisson 
ratio tests of shale. To reduce the discrete error of sampling, three sets of uniaxial 
compression tests were performed successively, and the sample numbers were UC-1, 
UC-2 and UC-3. Displacement mode with a loading rate of 0.1 mm/min was used 
to control the loading process. The sample is sheathed with a heat-shrinkable tube 
to prevent the splashing of fragments when the rock sample is damaged, causing 
accidental injury to the tester and damaging the instruments and equipment. 

Figure 3.17 shows the stress–strain curve of uniaxial compression. Compared with 
the uniaxial compression stress–strain curve of conventional rock (such as sandstone) 
[20], the curvature of initial axial strain of Longmaxi shale is low, and its circumfer-
ential strain increases slowly. The overall change of curve in the compaction process 
is not obvious, indicating that the deformation caused by pore compaction is small, 
the shale matrix is dense, and the structure of pore microcracks in the sample is 
not developed. In terms of the rock deformation response, the deformation in the 
linear elastic stage of the rock accounts for a large proportion. With the increase 
of axial strain, the growth rate of circumferential strain increases, and the number 
of microcracks in the rock increases. Subsequently, the rock was almost fractured 
directly beyond the yield stage, accompanied by a significant splitting sound, and 
no residual strength appeared after the peak, showing obvious brittle characteristics. 
In terms of the fracture morphology of intact shale (Fig. 3.18), the tensile failure is 
dominant in three samples, and -3 specimens UC-2 and UC have a single inclined 
plane shear failure. The shear plane is generally short, which may be related to the 
orientation of potential bedding in the specimen. The vein-like secondary fractures 
are attached around the main fracture. The obvious compression fragmentation and 
flake exfoliation can be seen after removing the heat shrinkage tube (Fig. 3.18d). The 
thickness of the fragments is less than 10 mm, and the fragments whose length is less
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Fig. 3.17 Curves of stress versus strain during the process of uniaxial compression

than 60 mm account for 94% of the total, indicating that the degree of compression 
crushing is relatively high. 

The geometry dimensions and the measured mechanical parameters of the uniaxial 
compression of the specimen are summarized in Table 3.5. ρ is the density of the 
specimen, σ p is the uniaxial compressive strength of the rock, E is the elastic modulus 
of the rock, E50 is the secant slope of the stress–strain curve at 50% axial stress, v is 
the Poisson ratio, εa-max is the peak of axial strain, εh-max is the peak of circumferential 
strain. From the standard deviation calculated from the three sets of test data, the 
shape and density of the selected specimens are consistent. The standard deviation 
of the measured mechanical parameters is within a reasonable range, indicating that 
the shale specimens have a uniform texture and stable properties, which can be used 
for the subsequent study on the change of external factors in the shale hydraulic 
fracturing process. As can be seen from Table 3.5, the average uniaxial compressive 
strength of shale samples is 189.25 MPa, the average elastic modulus is 31.29 GPa, 
and the average Poisson ratio is 0.119.

(ii) Splitting tensile strength 

The Brazilian splitting method is commonly used to indirectly measure the tensile 
strength through the lateral tension of rock caused by vertical compression. The shale 
disc sample with a diameter of 50 mm and a thickness of 25 mm can be subjected 
to the Brazilian splitting test on the DSZ-1000 rock mechanics testing machine by 
using the fixture shown in Fig. 3.19a. The fixture is made of solid steel, with strong 
rigidity, small deformation, and low storage elastic energy. It is embedded groove 
and equipped with a filler strip with a diameter of 1 mm to ensure that the specimen
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(a) UC-1                     (b) UC-2  

(c) UC-3                   (d) The sample fragmentation form after 
removing the thermal tube 

Shear oblique Slic flake

U C_3

Fig. 3.18 Fracture morphology of shale samples under uniaxial compression state

cracks along the centerline. During the test, the initial pressure of 100 N is loaded 
to fix the specimen. Then, the specimen is loaded at a rate of 0.05 mm/min in a 
displacement-controlled manner until the specimen is broken.

The specimen bears the line load in the thickness direction, and the tensile strength 
calculation formula is 

σt = 
2P 

π DT 
(3.5) 

where P is the maximum axial load, D is the specimen diameter, and T is the specimen 
thickness. 

The splitting failure effect of the disc specimen is shown in Fig. 3.19b. It can be 
found that the four groups of specimens are basically subject to symmetrical tensile 
failure along the loading direction, and the specimen is divided by the fracture along 
the loading direction, forming a relatively regular linear fracture. Except for a small 
amount of flaking fragments at the loading point, no fragments and rock debris
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(a) Brazilian splitting test device 

(b) Broken form 

Padding 

Positioning bolt Positioning bolt 

Fig. 3.19 Brazilian splitting test of shale disks

occurred elsewhere, indicating that the damage to the specimen is a typical tensile 
failure. Using Eq. (3.5) and Table 3.6, the average split tensile strength of shale 
samples is 6.71 MPa and its standard deviation is 1.147. 

Table 3.6 Results of Brazil splitting tests 

No. Diameter Φ/mm Thickness T /mm Peak load P/kN Splitting tensile 
strength σ t/MPa 

BS-1 50.12 24.99 13.40 6.81 

BS-2 50.04 24.97 13.18 6.72 

BS-3 50.08 25.03 9.91 5.03 

BS-4 50.22 24.96 16.28 8.27 

Average 50.12 24.99 13.19 6.71 

Standard deviation 0.067 0.027 2.256 1.147
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(iii) Cohesion and internal friction angle 

Based on the triaxial compression loading module of the rock mechanical test system 
shown in Fig. 3.16, the conventional triaxial compression test of shale is carried 
out to obtain the cohesion and internal friction angle of shale. Three sets of shale 
cylinder specimens (Φ 50 × 100 mm) marked TC-1, TC-2, and TC-3, respectively, 
were taken, corresponding to the confining pressure (σ 3c) of 5, 10, and 20 MPa 
[20]. The confining pressures of different gradients were set to calculate cohesion 
and internal friction angle using the Mohr strength envelope theorem. The stress 
control mode with a loading rate of1 MPa/min was used to control the confining 
pressure. It remained constant when the confining pressure increased to the target 
value. Then, the displacement control mode with a loading rate of 0.1 mm/min was 
used to increase the axial pressure until the specimen was damaged. The strength 
and deformation parameters of the rock were recorded in the loading process, and 
the fracture morphology of the rock was observed. 

Figure 3.20a shows the stress–strain curve of shale specimens under different 
triaxial stress states. Compared with the uniaxial compression curve, the curve shown 
in Fig. 3.20a almost has no the compression stage and directly reaches the linear elas-
ticity stage, which shows that the different stress and strain test curves in the initial 
compression stage coincide because the pores in the sample have been compacted by 
the confining pressure before the application of deviatoric stress. With the increase 
of the confining pressure, the rock elastic modulus increases, and the peak of axial 
stress also correspondingly increases. The rock volume strain is positive and increases 
with the confining pressure, indicating that the increase of confining pressure has a 
positive effect on the increase of rock deformation. Figure 3.20b shows the fracture 
morphology of the shale specimen after the test. Under the action of confining pres-
sure, only a single oblique main fracture with a small number of secondary fractures 
was observed in the specimen. After removing the heat shrinkage pipe, the specimens 
can still maintain strong integrity which differs from the almost complete fracture 
morphology under uniaxial compression.

The cohesion and internal friction angle are calculated by the Mohr strength 
envelope theorem [21] based on the statistics of the peak value of axial pressure of 
each group of samples and the results of the uniaxial compression test (mean value). 
The calculation equations are as follows: 

c = 
B 

2 
√
K 

(3.6) 

ϕ = tan−1 K − 1 
2 
√
K 

(3.7) 

where c is the cohesion and ϕ is the internal friction angle, K is the slope of the 
linear fitting curve of the measured data points in the coordinate space between the 
peak value of axial stress σ 1p (longitudinal axis) and the confining pressure σ 3c 
(transverse axis), and B is the intercept of the fitting curve on the longitudinal axis
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Fig. 3.20 Curves of stress versus strain and fracture morphology of shale specimens under different 
confining pressures

which actually represents the uniaxial compressive strength value estimated by the 
triaxial compression test parameters. 

Figure 3.21 shows the linear fitting results of the peak value of the axial stress under 
different confining pressure conditions. By calculation, K is 7.259, B is 208.603, 
and the fitting accuracy is 0.949, indicating a strong linear correlation between the
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Fig. 3.21 Peak values of axial stress under different confining pressures

confining pressure and the peak of axial stress. Substituting K and B into Eqs. (3.6) 
and (3.7), the cohesion is 38.71 MPa and the internal friction angle is 49.27. The 
geometric dimensions, strength, and deformation parameters of shale specimens are 
summarized in Table 3.7. 

3.4 Uniaxial Hydraulic Fracturing Characteristics 

Under the uniaxial stress conditions, due to the relevant variables being better 
controlled, the evolution mechanism of initiation and propagation of hydraulic frac-
ture was mainly studied to clarify the formation process and micromorphology 
characteristics of fracture under different conditions [22]. Before the simulation 
of the true hydraulic fracturing process in the laboratory, hydraulic fracturing tests 
under simple and ideal stress conditions are often carried out to eliminate the distur-
bance effect of different stress states on hydraulic fracturing characteristics [23– 
26], which directly reflects the mechanical response characteristics of the specimen 
under external hydraulic injection [23]. Therefore, in this section, the shale hydraulic 
fracturing tests under the ideal uniaxial stress state were carried out to explore the 
hydraulic fracture characteristics and fracture propagation law without the confining 
pressure. 

To facilitate fluid injection, a central hole with a 6 mm diameter and  55  mm  depth 
was drilled on one end face of the shale specimen to model the injection hole, as 
shown in Fig.  3.22. In this injection mode, as the fluid accumulates in the hole, the
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Fig. 3.22 Conventional fracturing method by injecting water from one specimen end face

stress concentration is prone to generate near the fluid outlet, prompting the fracture 
to initiate at the bottom of the specimen (near the water outlet), rather than the bottom 
of the drilling hole. Then, as the fluid flows out along the fracture, the subsequent 
propagation of the fracture cannot be maintained, resulting in incomplete fracturing of 
the specimen, as shown in Fig. 3.23. In addition, in this injection mode, the entire inner 
wall of the borehole is in direct contact with the fluid. Under the action of internal high 
pressure, fluid can penetrate into the rock matrix, which will disturb the subsequent 
breakdown pressure and fracture morphology of the shale specimen, leading to the 
experimental results do not truly reflect the hydraulic fracturing performance of the 
sample. Based on this, the author independently designed the inlet tube seal pipe valve 
to carry out the uniaxial hydraulic fracturing test by lateral injection. This lateral 
injection mode can truly reflect the actual (through the bore) hydraulic fracturing 
process, easy to observe the sample surface fracture propagation morphology in the 
hydraulic injection process, and can avoid incomplete fracturing phenomenon. 

3.4.1 Experimental Set-Up 

(i) Design of the inlet pipe seal pipe valve parts 

To ensure the sealing effect, a set of injection pipe sealing pipe valve devices was 
designed (Fig. 3.24). The device is installed with two-way nut (1), positioning ferrule
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Fig. 3.23 Incomplete fracturing of specimens under condition of injecting water from sample end

(2), hexagonal hollow bolt (3) and incident steel pipe (4). The two-way nut, locating 
ferrule, hexagon hollow bolt and steel pipe are installed along the same axis. The 
assembly combination effect and principle are shown in Fig. 3.24. 

The advantages of the device are shown as follows: 
Positioning sleeve (2): the middle part of the outer wall is the arc wall, the diameter 

of the upper and lower edges of the positioning sleeve outer wall is less than the 
maximum diameter of the arc wall, and the part of the positioning sleeve outer wall 
near the two end is the inclined wall, the arc wall and the inner wall of the double 
pass nut (6) seal, to prevent the leakage of the injected fluid. By setting the outer wall 
of the positioning sleeve to the inclined wall and arc wall combination structure, in 
the positioning sleeve into the double nut and taking out from the double nut, so that 
the inclined wall to take out and put easier, the arc wall to ensure that the positioning 
sleeve and the double nut inner wall sealing, effectively avoid water through the outer

Fig. 3.24 Schematic diagram of sealing device of injection tube 
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wall along the incident steel pipe, greatly improve the sealing of the incident device. 
Injection steel pipe (4): the outer wall under the hexagonal hollow bolt with rough 
thread Sect. 3.5, the thread can effectively increase the contact area of the outer wall 
of the incident steel pipe and sealant, at the same time and increase the sealant and 
the incident steel pipe wall friction, avoid sealant sliding on the incident steel pipe 
wall, ensure the seal viscosity maximization, prevent liquid leakage along the wall, 
which can greatly improve the sealing effect of fluid injection. The smooth inner 
wall of the incident steel pipe can effectively reduce the resistance of the fluid when 
passing through the incident steel pipe, avoid the impact of the fluid fluctuations on 
the test results, reduce the load of the water pressure pump, and improve the stability 
of the device. 

(ii) Sample preparation 

As shown in Fig. 3.25a, an injection hole (Φ 6 × 27 mm) perpendicular to the 
specimen’s longitudinal direction was drilled at the center of each cylindrical spec-
imen. The specimens were shaped so that the orientations of bedding planes were 
aligned with the axial loading directions, causing the injection holes orthogonal to 
the bedding planes. Using epoxy AB adhesive, a 75-mm long 316 L steel tube with 
a sealed bottom and two perforations (Φ 1 mm) was fixed to the eyehole to simulate 
the wellbore, leaving an isolated, pressurized open hole section (~ 4 mm long) for 
fluid accumulation around the perforations, as depicted in Fig. 3.25b, c [27]. The 
specimens are then placed in a 260 °C oven for 24 h to achieve the optimal sealing 
effect.

(iii) Experiment apparatus 

Laboratory experiments were conducted using a hydraulic fracturing system consti-
tuted by a TC-260L syringe pump and an axial loading device of the MTS 815 rock 
testing system. The syringe pump, manufactured by Jiangsu Tuochuang Scientific 
Research Instruments Co. Ltd., provides a total capacity of 266 mL, owns a maximum 
working pressure (Pinj) of 100 MPa, and can adjust the fluid flow (Vinj) from 0.01 to  
120 mL/min. The injection mode of this pump can be maintained at either constant 
pressure or constant flow. Herein, the constant pressure injection mode was mainly 
adopted to initiate and sustain hydraulic fractures in shale specimens. Under this 
treatment, the fluid pressure is pumped stably by a constant pressure valve with 
feedback loop control (Fig. 3.26b), and the injection fluid will no longer maintain a 
constant flow rate but fluctuate with the fracture behavior [28, 29]. To capture real-
time changes in pressure and flow rate during the fracturing process, we additionally 
installed pressure transducers and flow valves at the inlet of the wellbore, as shown 
in Fig. 3.26b [30].

(iv) Acoustic emission equipment 

In the uniaxial hydraulic fracturing process, the Micro-Express Acoustic Emission 
detection system (hereinafter referred to as the AE system) developed by the Amer-
ican Physical Acoustic Corporation (PAC) is used to dynamically monitor the evolu-
tion law of fracture initiation and propagation in hydraulic fracturing. The AE moni-
toring system is mainly composed of three parts: PCI-Express 8 data acquisition
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(a) 3D sample and perforation section view 

(b) Relative position of injection tube and 
bedding plane 

(c) Specimen assembly drawing 

Fig. 3.25 Shale specimen preparation

system, NANO-30 AE probe and preamplifier. Each part is connected by a special 
data line to realize the dynamic acquisition, conversion and transmission of acoustic 
signals to electrical signals. A Acoustic emission characteristic parameters acquisi-
tion, waveform acquisition and analysis can be carried out at the same time. The AE 
acquisition system is equipped with an eight-channel AE graphics card, which can 
provide up to eight AE channels simultaneously to ensure that the sample fracture 
development process determines the real-time linear location, surface location, and 
spatial location and performs image display and storage simultaneously. 

In this test, the AE system bandwidth is set as 1 kHz–1.2 MHz, the preset threshold 
value is 40 dB, the preamplifier is set as 40 dB, and other related acquisition param-
eters are shown in Table 3.8. Where, the system sampling frequency is 1 MSPS, 
representing 1 trillion samples being collected per second, equivalent to one sample 
being collected per microsecond. The PDT defines the peak time (Peak definition
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(b) Axial pressure device (c) TC-260 L injection pump 

Fig. 3.26 Uniaxial hydraulic fracturing test system

time, in microseconds), and the setting of the PDT will affect the rise time and the 
peak amplitude of the identification signal peak. The HDT is the impact definition 
time (Hit definition time), and the HDT setting ensures that the AE signal detected 
in the structure is only a single impact when reflected into the system. HLT is the 
impact cloth layout time (Hit layout time), HLT avoids the non-true detection noise 
when the AE signal attenuation, and also improves the data acquisition speed.

Four NANO-30 probes were used in these tests to monitor the evolution of rock 
breakdown. As shown in Fig. 3.27, it is installed in four positions before and after 
the sample (mutual). Before installing the AE probe, apply agent to the probe end 
to ensure full contact with the specimen. After the probe is installed, the lead break
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Table 3.8 The acquisition parameter of AE system 

Rate/MSPS Signal threshold/dB PDT/μs HDT/μs HLT/μs Probe resonance 
frequency/kHZ 

1 (1 MHz) 40 dB 200 800 1000 300

Fig. 3.27 Schematic diagram of the layout of AE sensors 

test is required to monitor the coupling quality of the probe and the sample and the 
positioning accuracy of the acoustic emission event. The specific operation method 
is to use a 0.5 mm HB automatic pencil with the test sample plane, and check the 
silent emission signal and the degree of consistency with the lead break position. 

3.4.2 Experimental Procedures 

Under the uniaxial stress state, the constant flow hydraulic fracturing test, the constant 
pressure hydraulic fracturing test and the shale anisotropic hydraulic fracturing test 
were conducted by changing pumping conditions and shale sample types. Constant 
flow hydraulic fracturing is to apply fluid pressure on the specimen at a constant injec-
tion rate (flow rate) until hydraulic fracturing occurs. Constant pressure hydraulic 
fracturing is the hydraulic fracturing of the sample due to static fatigue damage caused 
by constant fluid pressure acting on the sample [31]. In the anisotropic shale hydraulic 
fracturing test, the effect of shale bedding orientation (relative to the horizontal plane) 
is mainly considered when fracturing shale samples at a constant injection rate. In
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this respect, the difference in fracturing effect between the conventional constant 
flow hydraulic fracturing test mainly depends on the initial axial stress, flow rate and 
bedding angle. 

(i) Constant flow hydraulic fracturing test 

Lin et al. [28] carried out a conventional triaxial hydraulic fracturing test using the 
Longmaxi shale, and analyzed the impact of in-situ stress difference and injection 
rate on the hydraulic fracturing effectiveness. However, there are few reports on the 
hydraulic fracturing effectiveness of Longmaxi shale without confining pressure. In 
order to compare the disturbance of the confining pressure on the breakdown pressure, 
circumferential deformation state and fracture propagation mode with reference to 
the test parameters of Lin et al. [28], the axial pressures of 5, 15 and 25 MPa were taken 
in turn to explore the impact of initial axial stress on hydraulic fracture effectiveness. 
At the same time, the injection rates of 6, 9 and 12 mL/min were selected to explore 
the disturbance effect of the injection rate of hydraulic fracturing. Meanwhile, test 
groups with incident conditions of 3 and 30 mL/min are added to further evaluate 
the change rule and evolution trend of fracture parameters at different injection rates. 
The specific test parameters are shown in Table 3.9. 

(ii) Constant pressure hydraulic fracturing test 

Based on the above specimens and apparatus, the specific experimental procedure is 
designed as follows: first, initial axial stress (σ v) is applied until the required experi-
mental conditions are established at σ v = 5 MPa, which is approximately 5% of the 
uniaxial compression strength (UCS) of the selected shale. The reason for applying 
5 MPa axial stress is to avert unintentional loading deviation of shale specimens 
during fluid injection and synchronously to make sure that no fractures are induced 
in the sample under this elastic compaction state. Then, the experiment commences 
when fracturing fluid (distilled water) is injected under the control of constant low 
and constant pressure modes, respectively; see Table 3.10. For convenience, the

Table 3.9 Grouping parameters of hydraulic fracturing tests under constant flow injection 
conditions 

No. Sample Bedding angle 
β/° 

Axial pressure 
σ 1/MPa 

Injection rate 
Qinj/mL/min 

CI-90-3 Longmaxi shale 90 5 3 

CI-90-6 Longmaxi shale 90 5 6 

CI-90-12(CA-90-5) Longmaxi shale 90 5 12 

CI-90-18 Longmaxi shale 90 5 18 

CI-90-30 Longmaxi shale 90 5 30 

CA-90-15 Longmaxi shale 90 15 12 

CA-90-25 Longmaxi shale 90 25 12 

LV-90-12 Lushan shale 90 5 12 
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Table 3.10 Grouping parameters of hydraulic fracturing tests under constant pressure injection 
condition 

No. Axial pressure 
σ 1/MPa 

Bedding plane β/° Injection rate 
Qinj/mL/min 

Constant pressure 
Pcon/MPa 

Remark 

V-5 5 – 12 – Pb 

P-17 5 – – 21 94% Pb 

P-19 5 – – 19 85% Pb 

P-21 5 – – 17 76% Pb 

V-25 25 – 12 – – 

injection rate of the constant flow rate tests is fixed at 12 mL/min in line with Lin 
et al. [32] who performed flow-controlled triaxial hydraulic fracturing experiments 
using samples from the same shale formations. A constant flow test design (V-5) 
was first performed to attain the sample’s instantaneous breakdown pressure (Pb = 
22.35 MPa) which serves as the upper limit for setting the subsequent output pressure 
reading on the constant pressure valve (i.e., Pcon = 17, 19, and 21 MPa). Addition-
ally, another constant flow trial (V-25) was conducted under higher axial stress (σ v 
= 25 MPa), which is consistent with the axial restriction of a triaxial fracturing case 
(σ v = 25 MPa and σ c = 20 MPa) carried out by Lin et al. in the laboratory scale [32]. 
Through fracturing specimen V-25 and comparing its results to Lin et al. [32], we 
can appropriately evaluate and analyze the influence of the confining pressure on the 
breakdown pressure and the fracture morphology, with which the reliability of the 
uniaxial fracturing results under constant flow rate conditions can also be verified. 

(iii) Anisotropic Shale hydraulic fracture 

The Longmaxi shale specimens with bedding angles of 0°, 45°, and 90° 
(Fig. 3.28) were taken to conduct hydraulic fracture tests under a constant flow 
injection mode. Referring to Lin’s test [28], the injection rate of 12 mL/min was also 
selected. In addition, due to the characteristics of the anisotropic difference caused 
by changes in the reservoir environment, constant flow fracturing tests were carried 
out for Lushan shale with 0°, 45° and 90° bedding angles. The test parameters are 
shown in Table 3.11.

Based on the above test devices and methods (Figs. 3.24, 3.25 and 3.26) and the 
test parameters (Tables 3.9, 3.10 and 3.11), the uniaxial hydraulic fracture tests were 
conducted. The specific test steps are as follows:

(1) Fracturing fluid: For better observation of the fracture geometry, a water-based 
fluorescent substance is added to the fracturing fluid before experiments. This 
substance can dissolve in water and hardly change the viscosity of the injected 
fluid. Under ultraviolet light, the mixed fracturing fluid shows bright yellow-
green color, which will help identify whether fracturing fluid is leaking out 
during the fracturing process. 

(2) Sample installation and stress loading: Vaseline was spread evenly on the end 
face of the shale sample embedded incident tube and acoustic emission probe
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Fig. 3.28 Schematic diagram of shale samples with anisotropic bedding planes

Table 3.11 Grouping parameters of hydraulic fracturing tests adopting shale samples with 
anisotropic bedding planes 

No. Sample Bedding angle β/° Axial pressure 
σ 1/MPa 

Injection rate 
Qinj/mL/min 

CV-0-12 Longmaxi shale 0 5 12 

CV-45-12 Longmaxi shale 45 5 12 

CV-90-12 Longmaxi shale 90 5 12 

LV-0-12 Lushan shale 0 5 12 

LV-45-12 Lushan shale 45 5 12 

LV-90-12 Lushan shale 90 5 12 

to reduce friction. The stress control mode with a loading rate of 0.5 MPa/min 
was used to load the axial pressure to the target value, and the acoustic emission 
system started data acquisition simultaneously.

(3) Fluid pressurization and fracturing: Before fluid injection, flow back into the 
pump pipeline for about 5 min to remove the possible residual air in the pipeline, 
and then connect the sample with the incident pipeline. Before starting the test, 
keep the constant voltage output mode of 0.5 MPa to check the pipeline for 
water leakage, then change the constant speed or keep the constant voltage 
mode, and set the preset constant current or constant voltage value. Acoustic 
emission accumulation time is recorded simultaneously with the fluid injection 
to distinguish the acoustic emission signals induced by fluid injection. The fluid 
pressure and the injection rate of the injection sample are measured by the 
pressure sensor (Pinj) and the flow valve (V inj) near the wellhead, respectively, 
and the data is output in real-time by connecting to the computer. When a 
steep drop in fluid pressure or a steep increase in the injection rate is observed, 
hydraulic splitting damage occurred in the sample. After the sample breakdown, 
the injection continues for a period of time until the fluid pressure reaches 
balance and then the injection pump is turned off to ensure complete fracturing
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of the sample. While closing the pump, the acoustic emission system and the 
axial pressure loading system to ensure the consistency of the data acquisition 
time scale; 

(4) Observation of fracture morphology: After experiments, microscope observa-
tion, industrial CT scanning (0.2 mm voxel resolution), and 3D laser scan-
ning were jointly conducted to investigate fracture morphology characteristics 
under different injection modes. The high-definition LEICA M205A microscope 
enables us to obtain the microscopic details of the trajectory of hydraulic frac-
tures on the surfaces of the fractured specimens. The CT scanning system (CD-
130 BX/μCT, manufactured by Chongqing Zhence Science and Technology Co. 
Ltd.) has a maximum resolution of 0.005 mm and can accommodate a sample 
with a full size of 130 mm in diameter and 50 kg in weight, which is sufficient 
to identify whether there are hydraulic fractures induced in the shale specimens 
after the long duration pressurization. The 3D laser scanner was used to scan 
the fracture surface to visualize the extension distribution characteristics of the 
specimen in the 3Dimensional space. 

3.4.3 Experiment Results and Analysis 

(i) Constant flow hydraulic fracturing 

Unstable crack propagation leading to a macroscopic failure (a crack reaching the 
rock surface and splitting the specimen into two parts) is accompanied by a simul-
taneous drop of fluid pressure in the wellbore [33]. To quantitatively analyze the 
relationship between fluid pressure and crack propagation, we introduced a pressure 
decay rate (vdecay) inside the wellbore following Gehne et al. [34], which can be 
expressed as 

vdecay = 
P(t) − P(t + Δt)

Δt 
(3.8) 

where P(t) refers to the wellbore pressure at a certain time t, and Δt denotes an 
increment of time. According to Song et al. [35], Hu et al. [36], when ignoring 
the friction flow of fracturing fluid inside the wellbore, the wellbore pressure (P(t)) 
can be considered the pumping (or wellhead) pressure (Pinj) which is automatically 
monitored in real-time by a pressure transducer near the injection hole. Thus, Eq. (3.7) 
was rewritten as 

vdecay = 
Pinj  (t) − Pinj  (t + Δt)

Δt 
(3.9) 

(1) Typical curves of pumping pressure and injection rate versus time
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Fig. 3.29 Curves of pumping pressure, injection rate, and pressure decay rate versus time 

Similar to previous observations regarding conventional triaxial hydraulic fracturing 
[37, 38], in Fig. 3.29, the pumping pressure curves of the constant flow test (V-5) 
presented a trend of first increasing and then decreasing, which was characterized 
as four typical stages: initial pressurization stage (I), rapid pressurization stage (II), 
pressure drop stage (III) and post-peak stable pressure stage (IV). 

(2) Hydraulic fracture morphology 

The fracture morphology of the specimen VC-5 surface before and after the test is 
shown in Fig. 3.30a–d. It is easy to see that there is no visible fracture on the sample 
surface before the test. After the pumping pressure reaches the breakdown pressure, 
the sample cracks and the fracture extends along the axial pressure direction as a 
whole. Once the specimen is completely cracked, the subsequently injected fluid will 
leak through the existing fractures (Fig. 3.30b). Figure 3.30d shows the 3D fracture 
morphology obtained by 3D laser scanning. The fracture surface is vertically straight 
and smooth, without bifurcation and convex surface, indicating that the sample has 
been completely broken. Figure 3.31 shows the microscopic fracture morphology of 
sample V-5. It can be seen that the hydraulic fracture morphology is not affected by 
its propagation direction. Even at the scale of 500 μm, the hydraulic fracture is still 
straight and smooth, without branching and secondary fracture. The fracture width 
is evenly distributed along the length direction and is about 350 μm.

(ii) Disturbance of reservoir environment to hydraulic fracturing 

According to the analysis of Sect. 3.2, the difference in the reservoir environment 
will directly affect the mineral composition and microstructure distribution of shale, 
and then affect the hydraulic fracturing and the fracture propagation law. To highlight
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Fig. 3.30 Fracture morphology of specimen VC-1 sourced from Longmaxi shale reservoirs a before 
experiment, b during experiment, c after experiment, d 3D view of fractured surface 

Fig. 3.31 Micrograph showing some details of the hydraulic fracture morphology of specimen V-5
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Fig. 3.32 Curves of pumping pressure versus time of specimen LV-90-12 sourced in Lushan Mine 

the unique characteristics of hydraulic fracturing of Longmaxi shale, a constant flow 
hydraulic fracturing test was also conducted for the Lushan shale samples. Here, the 
sample LV-90-12 is taken as an example, and its hydraulic fracturing is analyzed. 

The pump pressure–time curve of the sample LV-90-12 is shown in Fig. 3.32. 
Overall, under the same axial pressure and injection rate conditions, the evolution 
trend of pump pressure, injection rate and pump pressure decay rate of Lushan 
shale in the hydraulic fracturing process is consistent with those of Longmaxi shale. 
However, compared with Longmaxi shale, the breakdown pressure, injection time 
and peak decay rate of Lushan shale are significantly reduced. This is because there 
are many primary defects such as pores and microcracks in the Lushan shale (see 
Sect. 3.2.3 of this chapter), which makes it easier to induce fracture initiation and 
propagation when constant flow pressurization occurs. 

Figure 3.33 shows the hydraulic fracture morphology of Lushan shale. The 
hydraulic fractures of Longmaxi shale mainly propagate along the bedding plane, and 
the fracture surface is relatively smooth. Due to the influence of internal micro frac-
tures and uneven distribution of clay minerals, the fracture surface of Lushan shale is 
relatively rough, and the concave-convex surface fluctuates significantly (Fig. 3.32).

To further analyze the disturbance of rock structure difference to the hydraulic 
fracture propagation law, the fracture morphology of Lushan shale was observed 
with a stereomicroscope at the same magnification (500 μm), and the results are 
shown in Fig. 3.34. Comparing Figs. 3.31 and 3.34, it can be found that although the 
hydraulic fracture of Lushan shale with significant heterogeneity propagates along 
the axial direction of the specimen, its opening decreases significantly and changes 
unevenly, making it difficult to observe the fracture morphology directly. Compared 
with the smooth and straight fracture morphology of Longmaxi shale, the main 
hydraulic fracture of Lushan shale branches into secondary fractures, and its fracture
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(a)             (b)           (c)             (d)  

Fig. 3.33 Surface fracture morphology of specimen LV-90-12 sourced in Lushan Mine. a Before 
experiment. b During experiment. c After experiment. d 3D view of fractured surface

morphology is tortuous and complex. This is because Lushan shale contains many 
micro defects and holes, which leads to the hydraulic fracture tends to crack along 
the direction of the weakest mechanical properties of the rock matrix, leading to the 
main fracture morphology becoming more torturous. 

Secondary crack 

Fig. 3.34 Microscopic fracture morphology of specimen LV-90-12 sourced in Lushan Mine
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3.5 Characteristics of True Triaxial Hydraulic Fracture 

During the hydraulic fracturing construction process on the site, the deep rock bears 
the anisotropic and true triaxial pressure (Fig. 3.35). The physical model test of true 
triaxial hydraulic fracturing was carried out to simulate the pressure environment 
conditions of the underground rock. Three mutually perpendicular servo-hydraulic 
independent control flat jacks were applied to the sample’s triaxial unequal pressure 
stress. In combination with the pump pressure–time curve, the rock fracture process 
was qualitatively analyzed, the expansion form of hydraulic fractures under true 
triaxial stress was described, and the morphological characteristics of the true triaxial 
hydraulic fracturing network were analyzed. 

3.5.1 Sample Preparation and Test Equipment 

(i) True three-axis hydraulic fracking test system 

Figure 3.36 shows the true triaxial hydraulic fracturing physical model testing 
machine and working diagram. The true three-axis hydraulic fracturing test system 
consists of three parts: the true three-axis loading system (including the true three-
axis pressure chamber, the operating computer and the hydraulic control system), the 
pump pressure injection system (the hydraulic injection pump), and the data acquisi-
tion system. The true three-axis loading system adopts the servo motor control (power 
400 W), which can realize the accurate servo control of displacement and pres-
sure. The true three-axis pressure chamber cylinder block is made of high-strength 
2507 duplex stainless steel, the pressure cavity roof is fixed, the other five sides

Fig. 3.35 On-site true 
triaxial stress environment 
in situ reservoir 
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are equipped with hydraulic pistons (maximum stroke 10 mm), and the axial pres-
sure shall be applied independently to the three directions of the sample XYZ. The 
true three-axis load system can output a maximum output pressure of 50 MPa, and 
a unique hydraulic mechanism is designed to recover the main hydraulic cylinder 
to facilitate the rapid removal of the sample. The pump pressure injection system is 
equipped with a model TC-100D injection pump. The pump is a double with cylinder 
layout, cylinder A discharging simultaneously as cylinder B suction to ensure contin-
uous and constant flow rate without pulse liquid injection sample injection. Injection 
pumps can provide real-time monitoring of internal flow pressure and flow signal. 
The technical parameters are: the working pressure is 70 MPa, the flow adjustment 
range is 0.01–30 mL/min, the effective volume of the pump body is 100 mL, and the 
pressure accuracy is 0.1% FS. 

(a) Hydraulic fracturing test system 

(b) Schematic diagram of the hydraulic fracturing system 

Fig. 3.36 True triaxial hydraulic fracturing test system
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(ii) Sample preparation 

The rocks used in the test were taken from the outcrop shale reservoir of Longmaxi 
Formation, Sichuan Basin, as described in Sect. 3.2. Based on the allowable sample 
size of the test machine, bedding inclination, relative orientation of wellbore and 
bedding, fracture expansion path, mutual disturbance between seams, change of 
fluid pressure in the seam and the difficulty of sampling, transportation, loading and 
unloading. The length of the cubic sample specification used in the true three-axis 
hydraulic fracture are 400 mm [29], 300 mm [39], 200 mm [40], 100 mm [41] and 
50 mm [42]. Considering the size of the confining pressure cavity and the difficulty 
of installation and disassembly, the specification is 200 × 200 × 200 mm shale test 
sample. Considering the size of the confining pressure chamber and the difficulty of 
installation and disassembly, the true triaxial hydraulic fracture shale sample carried 
out in this paper is 200 × 200 × 200 mm, taking into account the difference of 
bedding dip anisotropy(β = 0°, 45° and 90°), the appearance of the sample is shown 
in Fig. 3.37. The sample appearance is shown in Fig. 3.37. The centre size of the 
sample is Φ 25 × 110 mm round hole, with 90°, 45° and 0° angles between drilling 
and shale bedding. 

(iii) Fracture design 

In this test, the high-strength steel pipe with a length of 100, 15 mm outer diameter, 
and 10 mm internal diameter is used. The schematic diagram and physical objects 
are shown in Fig. 3.38. The ring groove of the steel pipe outer wall is 5 mm apart 
to increase the friction resistance of the steel pipe outer wall. Welding circular steel 
rings at the bottom near the outlet prevent colloidal infiltration and sealing of the 
outlet when filling the sealant.

Fig. 3.37 Shale specimen for triaxial hydraulic fracturing tests 
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Fig. 3.38 Schematic diagram (a) and photographic image (b) of fracturing wellbore 

3.5.2 Fracturing Scheme 

Shale is a typical sedimentary rock, which forms a certain inclination angle level in 
the diagenesis stage. Due to the differences in the stress environment and diagenesis 
history, the direction of the shale reservoir level has prominent anisotropic character-
istics. In this case, the bore will no longer be parallel or orthogonal to the group but at 
an angle α to the bedding. To clarify the conventional horizontal well and vertical shaft 
wellbore layout of the traditional design (0° or 90° Fig. 3.39a) and the wellbore and 
bedding surface into a specific inclination particular case (45°, Fig. 3.39b) between 
the hydraulic fracturing effect difference, based on the different ground stress condi-
tions and level direction, prepared six shale samples for hydraulic fracturing test. As 
shown in Table 3.12, BP refers to the natural bedding surface. Assuming that the 
ground stress ratio in the main direction of the sample is consistent with the Japanese 
Minami-Nagaoka natural gas field (max: med: min = 4:3:2 [43]), the test maximum, 
middle, and minimum principal stresses are 12, 9, and 6 MPa, respectively. This 
assumption scales the stress state of the in situ reservoir to a certain extent, which 
can prevent the direct use of the in situ stress to cause the original fracture due to the 
uneven stress difference in the loading process, which is conducive to reducing the 
disturbance of the preloading process to the subsequent hydraulic fracturing process. 
Reugelsdijk et al. [44] and Zhou et al. [45] also proposed similar assumed conditions 
and parameter arrangements in the true three-axis hydraulic fracturing simulation. 
The influence of the ground stress direction is mainly considered here (maximum, 
middle and minimum principal stress size fixed, principal stress difference Δσ = 
3 MPa), fixed flow Qinj = 20 mL/min injection, simulating the fracturing situation 
shown in Fig. 3.39.

To explore the fracturing mechanism of complex fracture networks and the 
hydraulic fracturing process of characteristic rock strata. The scheme and related 
parameters grouping are shown in Table 3.12 and Fig. 3.40. It should be noted that 
the vertical stress v directions of samples 5 # and 6 # in Table 3.12 are not aligned 
with the Y-axis direction in Fig. 3.40 but in the Z-axis direction. This is because
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Fig. 3.39 Schematic diagram of the intersecting relationship between the wellbore and the shale 
formations 

Table 3.12 Hydraulic fracturing schemes under true triaxial stress state 

No. σ v/MPa σ H/MPa σ h/MPa Bedding angle (relative to 
the horizontal plane BP)/° 

Type of shaft arrangement 

1# 12 (σ max) 9 (σ med) 6 (σ min) 0 Vertical wellbore 

2# 9 (σ med) 12 (σ max) 6 (σ min) 0 Vertical wellbore 

3# 12 (σ max) 9 (σ med) 6 (σ min) 45 Inclinde wellbore 

4# 6 (σ min) 12 (σ max) 9 (σ med) 45 Inclinde wellbore 

5# 12 (σ max) 9 (σ med) 6 (σ min) 90 Horizontal wellbore 

6# 9 (σ med) 12 (σ max) 6 (σ min) 90 Horizontal wellbore

only the top cap is movable in the true triaxial circumference pressure cavity. To 
realize the sample stress state during horizontal wellbore construction (the wellbore 
direction is consistent with the minimum ground stress direction), assume that the 
Z-axis direction is the direction of vertical stress applied here. Therefore, 5 # and 6 
# samples simulate the positive fault stress state (normal-faulting stress regime) and 
tectonic stress state (tectonic stress regime), respectively, 3 # sample is the positive 
fault stress state, and 4 # sample is the reverse fault stress state (reverse faulting stress 
regime).

3.5.3 Analysis of Fracturing Results 

(i) Analysis of pump pressure time curve 

Taking 5# as an example, the change curve of the true three-axial hydraulic fracturing 
pump is analyzed. As can be seen from Fig. 3.41, under the true triaxial stress state,
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Fig. 3.40 Hydraulic fracturing test scheme of complex fracture network

the pump pressure–time curve is similar to the uniaxial state, which can still be 
divided into four stages: initial compression stage (I), rapid compression stage (II), 
post-peak pressure drops stage (III), and post-peak pressure stabilization stage (IV). 
The changing trend of the curve in the first three (I–III) phases and its corresponding 
physical processes are similar to the uniaxial stress state. In stage IV, the pump 
pressure curve does not steep to 0 as in the uniaxial state. This phenomenon is because, 
under the action of the lateral confining pressure, the hydraulic force induces the 
fracture to gradually close, and the newly injected fracturing fluid accumulates in the 
fracture, resulting in pressure to suppress, and the fluid pressure gradually increases. 
When the internal fluid pressure is greater than the fracture closure pressure, the 
fracture will be initiated, and the excess fluid will drive the hydraulic fracture to be 
further propagated. When a new fracture appears, the fluid pressure accumulated in 
the fracture is released and the pumping fluid pressure decreases. Therefore, in the 
process of unstable expansion, the pump pressure maintains the fluctuation state. 
This process corresponds to phase IV under the triaxial stress state. According to 
Fig. 3.41, the breakdown pressure Pb of the 5# sample is 17.69 MPa, and the lowest 
post-peak pump pressure (Plowest) is 8.79 MPa. The pressure suppression again causes 
the fracture starting pressure (Pp) to be 10 MPa.
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Fig. 3.41 Pumping pressure curve versus time under true triaxial stress state 

(ii) Morphological characterization of hydraulic fracture 

Figure 3.42 shows the fracture form of the hydraulic fracturing end surface of shale 
samples in the true triaxial state. It can be seen that three approximately parallel 
extended hydraulic fractures (H1, H2, H3, and H4) are induced near the wellbore, 
with the fracture direction consistent with the middle and principal stress σ med. 
Different hydraulic fractures show different fracture expansion behavior when inter-
secting with the weakly cemented level (M1) and natural fracture (N1) in the rock. 
The closer distance of the hydraulic fracture H1 and H2 passes directly through the 
natural discontinuous surface M1 and N1, and run through to the outer surface of the 
sample. In contrast, the hydraulic fracture H3 and H4 are directly overlapped with 
the natural discontinuous surface, and the fracturing fluid enters the activated natural 
fracture, resulting in a deflection in the extending direction of the hydraulic fracture 
mode. Engineering practice and physical simulation experimental data show that the 
intersection behaviors such as fracture crossing [46], slip, and branches are easy to 
disturb the expansion direction of hydraulic fracture, leading to complex fracture 
mesh patterns in the reservoir hydraulic fracturing process.

Shale reservoirs also differ due to different buried environments, rock properties, 
and stress conditions. Based on this background, this chapter takes the Longmaxi 
shale in Sichuan province as the primary research object and the Lushan shale as the 
comparison object. Studies of the mineral composition and microstructure of two 
types of shale have been carried on. Based on the plugging device independently 
designed by the author, the hydraulic fracturing test under the single axis and true 
three-axis stress state was conducted to explore the influence of the shale reservoir 
rock properties and stress conditions (single axis or true three-axis) on the reservoir 
rock fracture pressure and fracture expansion law.
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Fig. 3.42 Fracture propagation morphology of fractured specimens
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Chapter 4 
Constant Flow Injection 

4.1 Introduction 

The hydro-mechanical coupling is one of the research hotspots in the fields of 
petroleum, mining and tunneling engineering. The hydro-mechanical coupling issues 
encountered in hydraulic fracturing process can be mainly reflected in two aspects: 
(1) shales are fractured by the constant flow. The breakdown of rock in this process 
is mainly manifested as instantaneous breakdown. The time to breakdown is usually 
less than 30 s [1]. (2) When constant high fluid pressure is applied for a long duration, 
the microcracks in the sample grow in a subcritical way. The macroscopic evolution 
of a hydraulic fracture is time-dependent, which is named “delayed initiation” [2]. 
In terms of the fluid pressure distribution in the fracture, the fluid pressure in the 
two hydraulic fracturing processes corresponds to the “non-uniform” and “constant” 
states, respectively. Different injection conditions cause the rock to deform and frac-
ture in different mechanisms. The effects of fluid pressure on stress state, fracture 
propagation, and softening of rock matrix also differ significantly. 

In the process of engineering practice, conventional hydraulic fracturing construc-
tion still prefers constant flow conditions (fracturing at a constant injection rate). The 
continuous increase of fluid pressure induces the instantaneous breakdown of rock, 
which promotes the intersection of hydraulic fractures with discontinuities (such as 
natural fractures, and beddings) to form a complex fracture network, thus creating 
a flow channel for subsequent alkane and thermal energy exploitation. Although 
many works have been focused on hydraulic fracture propagation under constant 
flow injection conditions, few efforts have paid attention to the microcrack evolu-
tion (acoustic emission events) before the breakdown occurs. In the following part, 
we will fracture shale with constant flow mode in the laboratory and investigate the 
fracture propagation under different axial stresses and injection rates.
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4.2 Instantaneous Fracturing Mechanism of Constant Flow 
Pressurization 

Under the constant flow injection mode, before the hydraulic fracture starts to initiate, 
its length is 0, and the fluid pressure in the wellbore is constant at a certain time, 
as shown in Fig. 4.1(i) (the darker the color of the mineral, the greater its rigidity 
is). The fluid pressure in the wellbore gradually increases with time increases. The 
high-pressure fluid induces a high-stress area around the wellbore. The mineral parti-
cles near the wellbore have different deformation due to their different stiffness, 
which forms stress concentration in local areas, resulting in the primary weak surface 
cracking and generating hydraulic fractures, as shown in Fig. 4.1(ii) [3]. The high-
pressure fluid accumulated in the wellbore immediately diffuses into the fracture 
to drive the hydraulic fracture’s further propagation, causing the sample’s instanta-
neous breakdown. In this process, due to the fluid flow in the main fracture, the fluid 
pressure presents a gradient distribution of non-uniform pressure from the injection 
point to the fracture tip [4]. Since the pump pressure curve and fracture morphology 
characteristics of shale constant flow hydraulic fracturing under a uniaxial stress state 
have been described in detail in Chap. 3, this section will focus on the analysis of 
the disturbance effect of axial stress (5, 15 and 25 MPa) and injection rate (3, 6, 12, 
18 and 30 mL/min) on the shale instantaneous fracturing process. 

Fig. 4.1 Schematic of hydraulic fracture initiation around the wellbore under the constant flow 
injection condition
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4.2.1 Impact of Axial Load 

Under the uniaxial stress state, the axial stress is taken as the maximum principal 
stress (σ max) that acts on the sample, so the disturbance of external stress to the 
hydraulic fracture is mainly reflected by the axial stress. According to the test scheme 
in Sect. 3.4.2 of Chap. 3 the sample is limited by axial stress in the whole hydraulic 
fracturing test process, including the preloading and hydraulic pressurization stages. 
Therefore, the disturbance effect of axial stress in the two stages is analyzed. 

➀ Preloading stage 

Referring to the experimental scheme of Lin et al. [5], the axial stress is preset as 5, 
15 and 25 MPa. The axial stress, strain and AE characteristics during preloading are 
shown in Fig. 4.2. The axial loading rate is 0.5 MPa/min. With time elapsing, the 
axial strain (εa), circumferential strain (εh) and AE cumulative counts (AC) show a 
non-linear increasing trend, while the AE count rate presents an obvious segmenta-
tion characteristic. Combined with the axial stress variation, the preloading process 
can be further divided into two stages: (a) the micropore and fissure compaction 
stage; (b) the damage stable accumulation stage. The stage ➀ in Fig. 4.2a–c corre-
sponds to the pores and fissures compaction stage. Under the initial axial load, the 
pores and fissures in the sample are closed or partially opened, resulting in the 
increase of axial and circumferential strains (in magnitude). Specifically, the sample 
is compacted in the axial direction and slightly expanded in the circumferential direc-
tion. Rapid closing or opening of micro pores and fissures will generate intense AE 
activities. According to Jiang et al. [6], the AE cumulative counts reflect the degree 
of damage in the rock. Therefore, the rapidly increasing AE cumulative counts imply 
the state of rapid accumulation of damage during the compaction stage. The stage ➁ 
in Fig. 4.2a–c corresponds to damage stable accumulation in the linear loading stage. 
With increasing axial strain, the circumferential strain increases continuously, which 
suggests that the sample still is in the radial expansion state in the linear elastic stage. 
Then, the AE cumulative counts began to increase progressively and steadily, indi-
cating that the internal damage of the sample also cumulates correspondingly in the 
elastic loading stage. It is worth noting that even at the damage stable accumulation 
stage, the AE count rate still varies unstably with sudden jumps. This phenomenon 
may be explained by the growth of microcracks induced by the accumulation and/or 
release of the strain energy in the sample.

Figure 4.2d shows the relative changes of the axial strain, circumferential strain 
and AE cumulative counts in the compaction stage and the damage stable accumula-
tion stage subject to different axial stresses. Overall, the axial strain in the compaction 
stage is greater than that in the damage stable accumulation stage. By comparison, 
the circumferential strain and AE cumulative counts are more likely to be affected by 
the axial stress. When the axial stress is relatively low (<5 MPa), the circumferential 
strain and AE activities are concentrated in the compaction stage. With the increase 
of the axial stress, the circumferential propagation deformation and AE cumulative 
counts in the linear elastic stage start to increase, indicating that higher axial stress 
can induce more damage in the sample.
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The rock fracture process is often accompanied by unstable emission of AE 
signals [7, 8]. One single AE signal can be detected by multiple probes and output 
in the form of elastic waves of different frequency bands. Numerous studies have 
proven that [9–11], AE waveform signals contain information that can reflect the 
properties of AE sources, such as failure mode, crack coalescence pattern, and 
spatial scale of fractures. To reveal the microfracture mechanism of samples under 
different axial stress, this section will further carry out statistical analysis on the 
dominant frequency characteristics of AE waveforms. As shown in Fig. 4.3, the

Fig. 4.2 Characteristics of sample deformation and AE during the preloading stage
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Fig. 4.2 (continued)
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Fig. 4.3 An example of the dominant frequency extraction process 

discrete time-domain waveform signals are transformed into continuous frequency-
domain waveform signals utilizing the fast Fourier transform (FFT). The frequency 
corresponding to the maximum amplitude in the frequency domain spectrum is the 
dominant frequency of the AE waveform signal. Based on this principle, the time-
varying dominant frequency characteristics of AE during preloading are explored by 
processing with MATLAB software and extracting the dominant frequency.

The mesoscopic fracture process of rock is characterized by different frequency 
response characteristics [12–14]. A lot of research has been carried out on the frac-
turing mechanism of rock using the first motion polarity method and moment tensor 
method, which reported that the rock fracture process presents obvious characteris-
tics of two dominant frequency bands. Specifically, the tensile fracture in the rock 
generates the waveform signals with a low dominant frequency band, while the 
shear fracture produces a high dominant frequency band. However, the division of 
the dominant frequency band of AE has not formed a unified standard. Referring to 
the research ideas of Lei et al. [15], the AE signal during preloading is divided into 
three dominant frequency bands, namely, the low frequency band (0 ~ 140 kHz), 
medium frequency band (140 ~ 210 kHz) and high frequency band (210 ~ 350 kHz). 
Considering interference of the environmental noise, the actual value range of the 
low frequency band starts from 20 to 140 kHz. According to the frequency band 
characteristics of AE signals, the types of microcracks are classified, and the micro 
fracturing mechanism of rock during preloading is analyzed. 

The time-varying evolution characteristics of AE signals in the frequency domain 
under different preload disturbances are shown in Fig. 4.4. It can be seen that the AE 
signal presents obvious dual dominant frequency band (high-low) characteristics. In 
addition, AE signals with low dominant frequency and low amplitude are mainly 
generated during the preloading process, which accounts for over 85%, indicating 
that the tensile fractures are mainly generated at the initial preloading stage. The 
medium dominant frequency signal appears in all axial loading processes, indicating 
that the mixed tensile-shear fractures occur in both of the compaction and the linear 
loading stages. In contrast, the high dominant frequency signal is more sensitive to 
the magnitude of the axial load. With the increase of axial load, the high frequency
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signal in the sample begins to increase, implying that the increase of axial load will 
also induce more shear fractures.

➀ Fluid injection process 

Figure 4.5 is the evolution curves of deformation, pump pressure and AE signal 
induced by fluid injection under different stress conditions. The hydraulic fracturing 
curves under constant injection rate (Qinj = 12 mL/min) condition show the morpho-
logical characteristics of instantaneous change. At the initial pressurization stage (0 
~ 13 s), the sample’s strain and AE signal change slightly. With the increase of pump 
pressure, the AE signal increases gradually accompanied by the axial and circum-
ferential strains. When the pump pressure exceeds 80% of the breakdown pressure 
(Pb), the AE signal surges and the sample is hydraulically fractured followed by the 
subsequent sudden change of axial and circumferential deformation and steep drop 
of pump pressure. Afterward, the pump pressure declines to zero, the AE signal falls 
synchronously, and the axial and circumferential strains remain at an approximately 
constant level.

Under different axial stress conditions, the evolution of deformation and AE 
induced by fluid injection is also different. Comparing Fig. 4.5a–c, it can be found 
that when the initial axial stress is low (≤5 MPa), the AE ring counting rate with an 
increasing rate from slow to fast will be generated in the pressurization and energy 
storage stage before fracturing. This indicates that the closing, initiation or recon-
nection of micro-cracks becomes more frequent, promoting the nonlinear increase of 
circumferential strain (Fig. 4.5a). With the increase of the initial axial stress, the axial 
restraint on the sample increases. Compared with the axial stress of 5 MPa, when 
the axial stress is 15 MPa, the activity and spanning time of AE before breakdown 
are significantly reduced, indicating that the micro-cracks in the sample are in a slow 
growth state where the cracks are instantaneously initiated or closed, which leads to 
a stepwise increase in the circumferential strain (Fig. 4.5b). When the axial stress 
is further increased to 25 MPa, it can be seen from Fig. 4.5c that there is almost no 
AE counting signals before the hydraulic breakdown, implying that the hydraulic 
fracturing process is featured by instantaneous breakdown under high-stress condi-
tions. The circumferential strain is positive and increases gradually, indicating that 
the sample has a certain degree of shrinkage deformation in the radial direction 
during the injection process. This implies that the continuously increasing pump 
pressure under high axial stress (25 MPa) induces the opposite effect of the axial 
stress (compression and expansion). At lower axial stress, the pumping injection 
causes lateral expansion of the sample (εh < 0), which is beneficial to the axial 
compression and expansion. Under low axial stress (5 MPa and 15 MPa), the axial 
strain remains approximately constant. On the other hand, under the axial stress of 
25 MPa, the axial strain shows a slowly increasing trend, indicating that under the 
action of high axial stress, the hydraulic pressurization causes the compressive defor-
mation of the sample in the axial direction. These phenomena may be because the 
low axial stress is not enough to close the micro defects completely, so the pump 
pressure facilitates the main fractures to develop or close, thus contributing to the 
radial expansion of the sample. However, under high axial stress, the sample is in a
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(b) Axial stress of 15 MPa (Sample CA-90-15) 

Fig. 4.4 The time-varying characteristics of AE frequency domain during preloading process
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(c) Axial stress of 25 MPa (Sample CA-90-25) 

Fig. 4.4 (continued)

completely compact state, and the pump pressure enlarges the pore pressure around 
the wellbore, resulting in shrinkage in both radial and axial directions. 

Table 4.1 shows the comparison of breakdown pressure, instantaneous strain 
increment and AE signal characteristic parameters during hydraulic fracturing under 
different axial stresses. Where AC represents an AE cumulative (ringing) count,Δεh 
andΔεa is the circumferential and axial instantaneous strain increment, respectively. 
It can be seen from Table 4.1 that the breakdown pressure of rock decreases with 
the increase of Axial stress. The initial damage in the sample before the injection 
is small (Fig. 4.4), and the axial limit of the sample is small under the condition of 
low Axial stress. In the process of hydraulic injection, the micro-cracks close, crack 
and connect frequently. The energy accumulated by hydraulic pressurization can be 
released to a certain extent by opening or closing these defects, so higher pump 
pressure is required to crack the rock. On the contrary, compared with the low Axial 
stress, the samples with high Axial stress have more initial damage, and the pressure 
drop and energy consumed by the closure and communication of micro-fractures are 
small, which makes it possible to maintain effective pump pressure in the borehole 
and facilitate the induction of hydraulic fracturing under low pump pressure. In terms 
of rock deformation, with the increase of initial Axial stress, the instantaneous incre-
ment of circumferential strain increases gradually while the instantaneous increment 
of axial strain decreases gradually. It is shown that different axial stresses also have
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different degrees of restraint (or promotion) on the deformation of the samples at 
the moment of fracturing, mainly showing that increasing the initial axial stress will 
promote radial expansion and inhibit axial compression. In addition, the cumulative 
counts and peak count rate of AE are negatively correlated with the change of axial

Fig. 4.5 Evolution curves of pump pressure, rock deformation and AE under different axial stress 
states
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Fig. 4.5 (continued)

stress, indicating that the AE activity decreases with the increase of initial axial stress 
during hydraulic fracturing. 

The time-domain evolution of the dominant frequency and amplitude of AE during 
hydraulic fracturing is shown in Fig. 4.6. Similar to the preloading process, the low-
frequency and low amplitude AE signals are produced in the hydraulic injection 
process. The low-frequency signals under different axial stress account for more 
than 87%, indicating that the tensile micro-cracks are mainly produced in hydraulic 
fracturing.

According to the time-domain distribution characteristics of the dominant 
frequency and amplitude of AE, the hydraulic fracturing process can be divided 
into three stages:

(1) Sporadic distribution stage of low frequency and low amplitude signals (stage i). 
This stage corresponds to the nonlinear pressure rise and energy storage process 
of the fluid in the borehole. The pump pressure transits from the initial slow

Table 4.1 Hydraulic fracturing parameters of shale samples under different axial stresses 

Axial 
stress/MPa 

Breakdown 
pressure 
Pb/MPa 

Instantaneous strain increment /% AE characteristic 
parameters 

Circumferential Δεh Axial Δεa AC Peak count 
rate (s−1) 

5 28.27 0.127 0.0194 66,956 5.4 × 107 

15 23.85 0.1386 0.0097 56,550 2.9 × 107 

25 18.53 0.1412 −0.0007 39,330 1.5 × 107 
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(a) Axial stress 5 MPa (Sample CA-90-5) 

(b) Axial stress 15 MPa (Sample CA-90-15) 

Fig. 4.6 Time–frequency characteristics of hydraulic injection process under different axial stresses
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(c) Axial stress 25 MPa (Sample CA-90-25) 

Fig. 4.6 (continued)

increase to the rapid and stable increase, and a small amount of high-frequency 
and low amplitude signals are generated during the injection process, indicating 
that the shear fracture could occur during the initial injection process.

(2) Intensive concentration stage of dominant frequency amplitude (stage ii). At 
this stage, the pump pressure keeps increasing rapidly and steadily until the 
breakdown pressure is reached. The sharply increased low and high-frequency 
double band high amplitude signals and medium frequency low amplitude 
signals appear at this stage and are densely distributed near the breakdown 
pressure, indicating that various types of micro-fractures are cracked, devel-
oped and connected before the breakdown of the sample, and the hydraulic 
fracturing process is accompanied by obvious high amplitude events. 

(3) Stable extension stage of low frequency and low amplitude signals (stage iii). 
This stage corresponds to the pressure drop stage. The hydraulic fracture gener-
ated by fracturing provides a stable seepage channel for the fracturing fluid in 
the hole. Under the action of internal pressure, the fracturing fluid overflows 
along the hydraulic fracture, resulting in the rapid attenuation of pump pressure. 
When the overflow flow is equal to the injection flow, the pressure in the sample 
remains constant (0 MPa). Since then, the low-frequency and low amplitude 
AE signals monitored are mainly generated by the flow of fracturing fluid on 
the fracture and sample surface, which indicates that the constant flow of fluid
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in the fracture may also generate low-frequency and low amplitude AE signals 
during hydraulic fracturing. 

According to Fig. 4.6, when the axial stress is 5 MPa, the proportions of the high, 
medium, and low dominant frequency bands are 87.5%, 10%, and 2.5%, respectively; 
When the axial stress is 15 MPa, the high, medium and low dominant frequency 
bands are 88%, 3.6%, and 8.4%, respectively; When the axial stress is 25 MPa, 
the high, medium and low dominant frequency bands are 96.5%, 0.2%, and 3.3%, 
respectively. Comparing the proportions of various frequency bands under different 
Axial stress, it can be found that with the increase of axial stress, the proportion 
of low-frequency signals in the sample gradually increases, and the intermediate 
frequency signals gradually decrease, indicating that hydraulic fracturing under high 
axial stress promotes the generation of tensile micro fractures, and restrains the 
generation of shear fractures, especially tensile-shear mixed fractures. 

To sum up, in the process of hydraulic fracturing, high local stress is generated 
around the borehole through constant flow pressurization, which promotes the radial 
expansion of the sample. When the pump pressure in the hole increases to the ultimate 
strength in a certain direction, the strain energy is released instantaneously, and 
the sample is fractured. When the axial stress is larger, the compaction effect of 
micro-cracks and pores in the sample is more obvious, and the breakdown pressure 
of the rock is lower. In addition, the increase of axial stress will promote tensile 
microfracture and inhibit the growth of tensile-shear mixed microfracture. It should 
be noted that the pressure corresponding to the high axial stress mentioned in this 
paper is less than 30% of the uniaxial compressive strength of the sample, that is, the 
axial stress applied will not generate macro-cracks in the sample. In addition, it is 
also noted that the pump pressure curve fluctuates obviously after the pump pressure 
reaches the breakdown pressure (such as sample CA-90-5). The reason is that the 
fluid pressure will be released with the fracture’s propagation, and the fracturing 
fluid in the fracture will leak along the existing fracture, resulting in the closure of 
the fracture tip or even fracture arrest. Only by continuously increasing the pump 
pressure can the continuous crack initiation and propagation be maintained, thus 
causing the pump pressure to fluctuate. 

➁ Hydraulic fracture morphology 

(1) Surface fracture morphology 

The fracture morphology on the sample surface under different axial stress is shown 
in Fig. 4.7. By referring to Ishida et al. [16] and Hou et al. [17], the fracture prop-
agation path and morphology are depicted based on direct observation. In addition, 
the hydraulic fracture morphology is quantitatively characterized by the tortuosity 
[18], whose expression is 

τ = 
L 

l 
(4.1)
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(a) Axial stress of 5 MPa (Sample CA-90-5) 

(b) Axial stress 15 MPa (Sample CA-90-15) 

(c) Axial stress 25 MPa (Sample CA-90-25) 

Fig. 4.7 Fracture morphology induced by hydraulic fracturing under different axial stresses (Left: 
natural light observation; Right: Ultraviolet light observation)
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Table 4.2 Fracturing 
parameters under different 
axial stresses 

Sample 
number 

Axial stress 
σ 1/MPa 

Injection rate 
Qinj/mL/min 

Tortuosity τ 

CA-90-5 5 12 1.050 

CA-90-15 15 1.028 

CA-90-25 25 1.007 

where τ represents the tortuosity, L is the actual length of the hydraulic fracture, 
and l is the distance between the two ends of the hydraulic fracture. The calculated 
tortuosity under different axial stresses is shown in Table 4.2. It should be noted that 
the tortuosity mentioned in this chapter is only for the main hydraulic fracture. 

On the whole, no matter how the axial stress varies, the hydraulic fracture shows a 
bi-wing vertical propagation mode along both sides of the borehole. The axial stress 
has a certain disturbance on the fracture morphology of the sample surface. When the 
axial stress is 5 MPa, the hydraulic fracture initiates from the asymmetric position of 
the wellbore and then deflects in the direction of axial stress, and its morphology is 
tortuous (τ = 1.05). With the increase of axial stress, the hydraulic fracture tends to be 
smooth gradually. When the axial stress increases from 5 to 15 MPa, the hydraulic 
fracture tortuosity decreases from 1.05 to 1.028, decreasing by 2.1%; When the 
axial stress continues to increase from 15 to 25 MPa, the tortuosity of the main 
fracture decreases from 1.028 to 1.007, decreased by 2%. This phenomenon shows 
that fracture tortuosity generally decreases with the increase of axial stress. 

(2) Roughness of fracture surface 

The roughness of the fracture surface is very important to evaluate the fluid flow and 
proppant migration in hydraulic fractures. The three-dimensional space coordinates 
x, y, and z (Fig. 4.8) of each point on the fracture surface can be acquired by the 
three-dimensional laser scanner and stored and output in text format so that the 
roughness parameters of the fracture surface can be calculated. The parameters used 
to quantitatively characterize roughness mainly include: the standard deviation of 
fracture surface height (SD) [19, 20], mean three-dimensional angle θ s [21], and 
surface roughness coefficient Rs [22]. Three parameters have a certain correlation in 
their length scale, but they independently correspond to different physical meanings, 
which can characterize the morphological characteristics of rough fracture surfaces 
from different perspectives.

The standard deviation of fracture surface height (SD) refers to the standard devi-
ation of the vertical height (i.e. z coordinate value) of each point on the fractured 
surface. SD is often used in geography to describe the topographic elevation degree. 
Here, it represents the fluctuation deviation degree of the concave-convex topography 
of the fracture surface. Its calculation formula is: 

SD =
/ΣN 

i=1 (zi − z)2 

N − 1 
(4.2)
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Fig. 4.8 Illustration of the calculating method of fracture toughness [22]

where N is the number of all coordinate points obtained from the fracture surface; 
Z i is the Z coordinate value of the ith coordinate point and Z the average value of the 
Z coordinates of all points. 

Figure 4.9 is the standard deviation of fracture height and isoline cloud diagram 
of the main hydraulic fracture under different axial stress. It can be seen that SD 
decreases with increasing axial stress. When the axial stress is 5 MPa, the fracture 
surface is the roughest (SD = 2.79), with the highest height of 15.59 mm and the 
lowest height of −0.42 mm. When the axial stress increases to 15 MPa, the fracture 
surface is relatively flat, and the maximum and minimum heights of the fracture 
surface are 10.89 mm and 0.11 mm, respectively. When the axial stress reaches 
25 MPa, the roughness of the fracture surface is the lowest, and the height of the 
fracture surface varies from 3.73 mm to 8.31 mm. These laws further show that 
increasing axial stress is beneficial for forming a straight hydraulic fracture.

The mean three-dimensional angle θs was first proposed by Belem et al. [21] and 
applied to evaluate the angular shape of the fracture surface. The calculation of θs 
should meet certain assumptions: the fracture surface is composed of a series of basic 
unit planes determined by the coordinate points on the fracture surface, as shown in 
Fig. 4.8. In Fig.  4.8, αk refers to the angle between the normal vector of the basic 
unit plane and the Z coordinate axis. The θs is the arithmetic average of all αk, and 
its calculation formula is: 

θs= 
1 

m 

mΣ
i=1 

(αk)i (4.3)
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Fig. 4.9 Contour maps of 
vertical hydraulic fractures 
in shale samples under 
different axial stresses

(a) Axial stress of 5 MPa (Sample CA-90-5) 

(b) Axial stress of 15 MPa (Sample CA-90-15) 

(c) Axial stress of 25 MPa (Sample CA-90-25) 
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where m represents the number of basic element planes in the fracture surface. 
The surface roughness coefficient Rs represents the roughness of the fracture 

surface, which is defined as the ratio of the true area of the fracture surface (At) to  
its normal projection area (An) (≥1). The calculation formula is: 

Rs= 
At 

An 
(4.4) 

According to Belem et al. [21], the true area of fracture surface (At) can be 
approximately calculated by the following formula: 

At ≈ (ΔxΔy)
ΣNx−1 

i=1

ΣNy−1 

j=1 

/
1 +

(
zi+1, j − zi, j

Δx

)2 

+
(
zi, j+1 − zi, j

Δy

)2 

(4.5) 

where Δx and Δy are constant calculation steps of the x-axis and the y-axis, respec-
tively. According to the definition of Rs, the larger Rs corresponds to the larger the 
actual area of the fracture surface and the rougher fracture surface. 

The mean three-dimensional angle and surface roughness coefficient of the frac-
ture surface can be calculated by Eqs. (4.3) and (4.4), and the calculation results 
are shown in Fig. 4.10. It is easy to see that as the axial stress increases, θ s and Rs 

are gradually decreased, indicating that the degree of angular undulation of the frac-
ture surface is decreased and its flatness is increased. This law further confirms that 
increasing axial stress will promote the propagation of hydraulic fracture along the 
direction of maximum principal stress, and form a flat fracture with low roughness.

4.2.2 Effect of Injection Rate 

The process of hydraulic fracturing in constant flow mode has obvious injection rate 
effect. Chitrala et al. [23] simulated the hydraulic fracturing process of Lyons sand-
stone reservoir through laboratory tests and found that a high injection rate induces 
high breakdown pressure. However, Zeng [24] thought that the high injection rate will 
reduce the breakdown pressure of the sample based on the hydraulic fracturing test 
of Jackfork sandstone and theoretical derivation and proposed a breakdown pressure 
model reflecting this relationship based on linear elastic fracture mechanics. Shao 
et al. [25] studied the effect of injection rate on breakdown pressure and pressuriza-
tion rate by conducting true triaxial hydraulic fracturing tests. The results show that 
with the injection rate increase, breakdown pressure increases nonlinearly, but the 
increase rate decreases gradually. In addition, it is also found that the injection rate 
has a linear positive correlation with the hydraulic pressurization rate in the stable 
pressurization stage. On the premise of considering the anisotropy of granite and 
ignoring the confining pressure disturbance, Zhuang et al. [26] carried out uniaxial 
hydraulic fracturing tests with the aid of AE and CT scanning. It is found that the
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Fig. 4.10 Evolution of mean three-dimensional angle and roughness coefficient of fracture surfaces 
under different axial stresses

effect of injection rate on the hydraulic fracturing process has the characteristics 
of stage threshold. When the injection rate is lower than the critical threshold, the 
hydraulic pressure in the hole increases slowly, and the water permeates into the 
rock matrix, resulting in the sample finally reaching the fully saturated state without 
being fractured. When the injection rate is greater than the critical threshold, the 
pump pressure in the hole increases rapidly until hydraulic fracturing occurs, and the 
critical breakdown pressure increases with the increase of the injection rate. 

According to the above research status, the disturbance of injection rate on the 
hydraulic fracturing process is mainly reflected in the following two aspects: (1) the 
effect of injection rate on the change of pressurization rate. Generally speaking, a 
high injection rate will produce a high pressurization rate and induce a strain rate 
effect, leading to a rapid increase of pore pressure gradient around the borehole 
during hydraulic pressurization and promoting rock fracture. (2) The injection rate 
is closely related to the hydraulic infiltration process. At a low injection rate, the 
hydraulic pressurization process takes a long time, and the fluid permeates into the 
rock matrix, which is mainly affected by the permeability of the sample and the 
pressurization time; On the other hand, when the injection rate is high, the pressure 
increases rapidly, resulting in hydraulic fracturing of the sample before infiltration. 

However, previous studies have not analyzed and discussed the evolution law of 
microfracture during hydraulic fracturing under different injection rates, so there is 
a lack of explanation of the mechanism of injection rate on microfracture during
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hydraulic fracturing. In this section, combined with AE and strain, the hydraulic 
fracturing results at injection rates of 3, 6, 12, 18 and 30 mL/min are mainly analyzed 
to explore the disturbance mechanism of different injection rates on the microfracture 
process of rocks. 

➀ Evolution of pump pressure, deformation and AE 

The evolution law of the pump pressure, deformation and AE of the sample under 
different injection rates is shown in Fig. 4.11. Comparing Fig. 4.11a–e, it can be seen 
that under different injection rates, the evolution trends of pump pressure, deforma-
tion and AE are relatively consistent, that is, with the continuous increase of pump 
pressure, the change of circumferential strain (in numerical value) of each sample 
shows a nonlinear increase, while the axial strain basically does not change. At the 
same time, the signal accumulation rate of AE counting is gradually accelerated. 
When the pump pressure is close to the breakdown pressure, the AE counting rate 
reaches the peak first. After about 0.1 ~ 0.3 s, the circumferential strain increases 
sharply, the axial strain decreases abruptly, and the pump pressure decays rapidly to 
zero.

Comparing the curves under five injection rates, it can be found that with the 
increase of injection rate, the time for hydraulic fracturing of the sample is shortened 
and the breakdown pressure (Pb) is increased, which is consistent with the test results 
of Haimson [27], Zoback [28] and Solberg [29]. 

In addition, different injection rates have different effects on the deformation 
of the samples during hydraulic fracturing. When the injection rate is low (Qinj 

= 3 mL/min), the axial and circumferential strains of the sample increase slowly 
during the injection pressurization process. Until the sample is broken, the axial 
and circumferential strains are almost constant, and the volume strain increment at 
the critical failure is 0.0881% (Fig. 4.11a). However, for the sample with Qinj = 
6 mL/min, when the pump pressure increases to 10 MPa, the circumferential strain 
increases abnormally (Δεh1 = 0.0009%), which may be caused by the sudden release 
of high pump pressure accumulated in the borehole due to local fracture in the sample 
(Fig. 4.11b). 

Unlike the experimental results with an injection rate of 3 mL/min, the circum-
ferential strain of the sample with an injection rate of 6 mL/min keeps a stable 
decreasing trend before fracturing, and at the moment of fracturing, the instantaneous 
volume strain increment of the sample reaches 0.1275%. When the injection rate is 
12 mL/min, the circumferential strain of the sample will show an obvious nonlinear 
downward trend with the pump pressure increase, and the volumetric strain at the time 
of failure is 0.2734%, as shown in Fig. 4.11c. When the injection rate is 18 mL/min 
or 30 mL/min, the axial strain of the sample is basically constant during the hydraulic 
pressurization process, and the circumferential strain shows a significant increasing 
trend (obvious lateral expansion). At the moment of fracturing, the volume strain 
increment of the two injection rates is 2.0951% and 2.938%, respectively. Overall, 
the injection rate’s effect on the sample’s deformation process is mainly reflected 
in the initial pressurization and instantaneous fracturing stages. The deformation of 
the sample after complete fracturing is no longer disturbed by the injection rate.
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Fig. 4.11 Evolution curves of pump pressure, rock deformation and AE under different injection 
rates

In the process of hydraulic pressurization, with the increase of injection rate, the 
radial expansion deformation of samples before fracturing tends to be more obvious. 
At the moment of fracturing, the volume strain at critical failure also gradually 
increases with the injection rate increase. This phenomenon can be explained from 
the perspective of energy, that is, a high injection rate will accumulate higher strain
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(c) Qinj = 12 mL/min (Sample CA-90-12) 

(d) Qinj =18 mL/min (Sample CI-90-18)
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Fig. 4.11 (continued)

energy, resulting in the release of more energy during fracturing, which induces the 
sample to produce greater volume strain. This conclusion is further confirmed by the 
increase of AE cumulative counts with the injection rate increase during fracturing, 
as shown in Fig. 4.11a–e. 

There are also differences in damage accumulation and fracture mode evolution 
under different injection rates. Comparing Fig. 4.11a–e, it can be found that with the
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Fig. 4.11 (continued)

increase of injection rate, the growth rate of AE cumulative counts gradually accel-
erates. Specifically, when the injection rate is low, the AE count generally shows a 
changing trend of slowly increasing at first and then rapidly increasing. The accu-
mulation of AE signals has a transient change, as shown in Fig. 4.11a–c. With the 
increase of injection rate (Qinj ≥ 18 mL/min), the slow growth section of AE cumu-
lative counts is significantly shortened. The count signal increases rapidly in the 
preloading stage before critical failure. In contrast, the AE count released during 
fracturing is relatively small, indicating that a high injection rate will aggravate the 
development of microfracture and promote the propagation and penetration process 
of microfracture. In addition, the AE count rate gradually fluctuates significantly in 
the hydraulic pressurization stage. Especially when the injection rate is 30 mL/min, 
there are two independent peaks in the count rate before fracturing, indicating that 
there are two fractures cracking in the sample. The initiation of a new fracture may 
lead to pressure loss at the crack tip, so it is necessary to further increase the pump 
pressure, which will eventually lead to the unstable propagation of the fracture, 
resulting in a higher breakdown pressure [28]. 

Table 4.3 records the breakdown pressure, deformation and AE characteristic 
parameters at different injection rates. It can be seen that the instantaneous strain, 
AE cumulative counts and peak count rate of the sample are positively correlated with 
the injection rate. It should be noted that the peak count rate does not strictly increase 
with the injection rate, which may be due to the difference of individual physical 
properties of the sample or the uneven distribution of micro cracks, resulting in the 
difference of the cracking degree of the sample.
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Table 4.3 Fracturing results at different injection rates 

Injection rate 
(mL/min) 

Breakdown 
pressure Pb 
(MPa) 

Instantaneous strain 
increment /% 

AE characteristic parameters 

Circumferential
Δεh 

Axial Δεa Accumulative AC Peak count 
rate (s−1) 

3 20.43 0.0403 0.0075 25,429 0.82 × 107 

6 26.5 0.057 0.0135 29,543 0.74 × 107 

12 28.27 0.127 0.0194 66,956 5.4 × 107 

18 36.5 1.0249 0.0453 98,228 1.17 × 107 

30 42.674 1.427 0.084 100,213 4.51 × 107 

Microfracture initiation pressure refers to the pump pressure corresponding to the 
time when the AE activity starts to change significantly during hydraulic fracturing 
[28]. The fracture initiation pressure of the sample under different injection rates 
has been marked in Fig. 4.11, and its magnitude relative to the breakdown pressure 
and its variation with the injection rate is shown in Fig. 4.12. Compared with the 
breakdown pressure, the fracture initiation pressure is smaller. When the injection 
rate is greater than 6 mL/min, the fracture initiation pressure is no longer sensitive to 
the change of the injection rate. The difference between the two pressures increases 
with the increase of the injection rate. 

Fig. 4.12 Breakdown pressure and fracture initiation pressure under different injection rates
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Figure 4.13 shows the time–frequency evolution of AE during hydraulic injection 
at different injection rates. Comparing Fig. 4.13a–e, it can be seen that the proportion 
of low-frequency AE signals generated by hydraulic fracturing at each injection rate 
is more than 60%, indicating that the hydraulic fracturing process mainly produces 
tensile micro-fractures, which is less affected by the injection rate. In contrast, the 
ratio of shear type (high-frequency band) AE signal is more sensitive to the change of 
injection rate. When the injection rate is low (3 and 6 mL/min), the high-frequency 
signals of shear fracture produced by hydraulic pressurization account for 24.3% 
and 17.9%, respectively. With the increase of injection rate (12, 18, and 30 mL/min), 
the shear type high-frequency band signal is gradually decreasing (2.5%, 3.6%, and 
3.3%, respectively), indicating that a high injection rate is more prone to produce 
tensile microcracks and a low injection rate promote the generation of shear micro-
cracks. The influence of injection rate on the time-domain distribution of dominant 
frequency amplitude is mainly reflected in the dense concentration section (ii). It is 
easy to see that with the increase of the injection rate, the dominant frequency time 
domain gradually presents a zonal characteristic, that is, the dominant frequency is 
concentrated at the beginning and end of the dense concentration section (ii), while 
the AE signal is less at the middle position. The above phenomenon is because this 
period corresponds to the linear pressurization process, and the sample is approxi-
mately in the elastic stage, so the micro crack initiation and penetration activities are 
less.

Overall, the higher the injection rate, the more low-frequency and high amplitude 
signals are induced, and the more tensile micro fractures are generated. In addition, for 
Longmaxi shale with low permeability and high brittleness, the change of injection 
rate will not affect the overall fracture type of rock. In other words, no matter how the 
injection rate changes, the microfractures induced by hydraulic fracturing are still 
mainly tensile fractures, which account for more than 60%. However, Chitrala et al. 
[30] found in the tests that shear failure induced by hydraulic fracturing usually occurs 
at low and medium injection rates (0.5–5 mL/min), while tensile fracture occurs at 
a high injection rate. This conclusion seems to contradict the current experimental 
results. However, it should be noted that there are essential differences between 
the two test materials. Chitrala et al. [30] explored the injection rate effect based 
on Lyons sandstone samples, with a permeability of 10 μD, which is almost 100 
times of permeability of the rock used in this experiment. Therefore, in the hydraulic 
fracturing test with low and medium injection rates, the influence of local leakage of 
Lyons sandstone is obviously greater than that of the current shale. When the fluid 
infiltrates into the sandstone matrix, the pore pressure around the wellbore increases, 
and the effective stress decreases significantly, which is more likely to promote the 
local sliding of micro fractures and produce shear fractures. On the other hand, it is 
also found in the current test that when the injection rate is low, the high-frequency 
shear signal generated in the fracturing process is significantly increased, indicating 
that a low injection rate will be conducive to generating micro shear fracture in 
the sample. However, whether the shear fracture finally occurs in the sample still 
depends on the physical and mechanical properties of the rock. Moreover, in-situ 
stress, temperature, fluid viscosity, et al., may have complex effects on rock fracture
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Fig. 4.13 Time–frequency characteristics of hydraulic injection process under different injection 
rates
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Fig. 4.13 (continued)
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Fig. 4.13 (continued)

mode, and these factors are still worth further discussion. Nevertheless, the current 
test results can still provide some reference for directional control of fractures and 
evaluation of fracture morphology through injection rate in actual fracturing design. 

➁ Evolution of pressurization rate 

Pressurization rate refers to the increase rate of pump pressure per unit of time, which 
is mainly related to sample size, wellbore size and injection rate [1]. As we all know, 
the larger the injection rate, the faster the fluid pressurization, and the more intense 
the evolution of the pressurization rate. Under the premise of ignoring permeability, 
this parameter is a physical quantity to measure the speed of hydraulic pressurization 
in the wellbore. 

Figure 4.14 is the time-varying curve of the pressurization rate during hydraulic 
fracturing before fracturing under different injection rates. The abscissa of the symbol 
at the end of the curve corresponds to the time of the fracturing moment. It can be 
seen from Fig. 4.14a that the evolution trend of the pressurization rate with time is 
similar under different rates. Taking sample CI-90–12 as an example (see Fig. 4.14b), 
the pressurization rate goes through three stages in total. The pressurization rate 
increases monotonously at the beginning (stage A), then remains constant (stage B), 
and gradually decreases near the breakdown pressure (stage C). The pressurization 
rate at different rates has a maximum value in stage B. However, the difference is 
that when the rate is low (Qinj = 3 and 6 mL/min), the evolution process of the 
pressurization rate before fracturing is relatively gentle. At the same time, for the
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high injection rate (Qinj = 12 ~ 30 mL/min), the pressurization rate increases rapidly 
in stage A, then keeps fluctuating in stage B, and drops quickly in critical fracturing. 
These phenomena become more obvious with the increase of the injection rate.

To evaluate the relationship between injection rate and pressurization rate, the 
average value of pressurization rate in stage B is used to reflect the pressurization 
effect of injection rate. It can be calculated from Fig. 4.14 that when the injection rate 
is 3, 6, 12, 18, and 30 mL/min, the corresponding stable pressurization rate is 0.353, 
0.74, 1.458, 2.392, and 6.412 MPa/s, respectively, indicating that the pressurization 
rate increases with the increase of the injection rate. However, from the change law 
of the stable pressurization rate relative to the injection rate (Fig. 4.15), different 
from the previous test results [25–31], the stable pressurization rate and the injection 
rate do not maintain a strict linear relationship but are in the form of a quadratic 
polynomial (R2 = 0.997). The nonlinear relationship between stable pressurization 
rate and injection rate was also verified in the experiment of Chitrala et al. [30]. As 
shown inFig.  4.15, it can be found by fitting that the quadratic polynomial relationship 
is also suitable for Chitrala’s test results (R2 = 0.998). The reason why the stable 
pressurization rate does not maintain a strictly linear relationship with the injection 
rate may be that the fluid is compressed to a certain extent during the hydraulic 
pressurization process and may also be related to the wellbore size, permeability of 
reservoir rock, fracture distribution, temperature, in-situ stress [32, 33]. It should be 
noted that because the Lyons sandstone is selected as the research object in the test 
of Chitrala et al. [30], and the Longmaxi shale is selected as the research object in the 
current test, the relationship between the pressurization rate and the injection rate does 
not meet the same binomial formula. Nevertheless, considering the compressibility 
of liquid and the permeability of rock, this nonlinear relationship is more suitable 
for the actual hydraulic fracturing process.

➂ Fracture morphology 

(1) Fracture surface morphology 

Figure 4.16 shows the fracture morphology of shale samples under different injection 
rates. By comparing the calculation results of fracture morphology under different 
injection rates (see Table 4.4), it can be found that with the increase in injection 
rate, the fracture morphology on the surface of the sample gradually changes from 
a branched and twisted fracture to a single bi-wing fracture. This phenomenon is 
caused by the fact that under the low injection rate (Qinj = 3 ~ 6 mL/min), the  
fluid is more likely to penetrate the weak bedding plane, resulting in the increase of 
pore pressure and the decrease of effective stress, which makes it easier to slip or 
activate secondary fractures. Under the continuous action of the pump pressure, the 
fluid will have sufficient time to penetrate into the secondary fractures, thus leading 
to the propagation and penetration of the fractures at all levels, forming a tortuous 
and complex fracture morphology. When the injection rate is high (Qinj = 12 ~ 
24 mL/min), the pump pressure increases rapidly, and the fluid cannot fully penetrate 
into the primary defects and structural planes. When the local fracture cracks, the 
high pressure accumulated in the wellbore will be directly released through the
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Fig. 4.14 Curves of pressurization rate versus time (the signs at the end of the curves represents 
the time when the breakdown occurs)
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Fig. 4.15 Relationship between pressurization rate and injection rate

fracture, which induces the hydraulic fracture to propagate along its mechanically 
preferable direction (i.e., the direction of the maximum principal stress), forming a 
simple fracture. In addition, it can also be found that when the injection rate is lower 
than 6 mL/min, the angle between the hydraulic fracture and the bedding plane 
is approximately 60°, indicating that a low injection rate is conducive to inducing 
tortuous hydraulic fractures. This phenomenon may be due to the fact the axial 
preloading and fluid injection process produce more shear micro-fractures in the 
sample. At a low injection rate, the fracturing fluid has more time to infiltrate into the 
micro-fractures of the matrix, resulting in local shear along the original defects and 
disturbing the main hydraulic fracture to deviate from the initial fracture initiation 
direction, forming a tortuous fracture.

A stereomicroscope was used to observe the local fracture propagation 
morphology and measure the fracture width to further study the detailed charac-
teristics of hydraulic fracture propagation under different injection rates. Taking the 
samples with an injection rate of 3 mL/min and 30 mL/min as examples, the results 
are shown in Fig. 4.17. It can be seen that in hydraulic fracturing with a low injection 
rate, the main fracture produces two branch fractures. One branch fracture (branch 1) 
still propagates along the initial direction, but the fracture width gradually decreases. 
The other branch fracture generates local shear (green arrow position), leading to a
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Fig. 4.16 Surface fracture morphology under different injection rates
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Fig. 4.16 (continued) 

Table 4.4 Fracture tortuosity 
under different injection rates 

Sample σ 1/MPa Injection rate Qinj/mL/min Tortuosity τ 
CI-90-3 5 3 1.231 

CI-90-6 6 1.112 

CI-90-12 12 1.028 

CI-90-18 18 1.023 

CI-90-30 30 1.016

certain degree of deflection in the main fracture path. However, the final propaga-
tion direction of the main fracture is still consistent with the main fracture direction 
before shear slip (i.e., along the direction of the maximum principal stress), further 
confirming the previous inference that a low injection rate is conducive to inducing 
microfracture and shear slip. It should be noted that although the residual fracture
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width after the test may differ from the fracture width under dynamic loading of 
stress and pump pressure, the evolution of the fracture width can still provide some 
reference for analyzing the fracture propagation process [34]. Comparing the change 
of fracture width before and after the fracture branching, it can be found that the total 
width of the fracture after branching is reduced. The above phenomenon is because 
after the local shear slip occurs, the concave and convex bodies on the two staggered 
sections support each other, which forms the residual pore diameter to provide a 
channel for the internal fluid overflow [35], promoting the local injection energy 
loss, and reducing the fracture cracking effectiveness. In addition, after the slip, 
branch 2 gradually evolves into the main crack and continues to propagate, while 
the opening of branch 1 decreases until it stops propagating, which indicates that 
the local slip behavior of branch 2 impedes the subsequent propagation of branch 1. 
Similar conclusions can also be found in the experimental study of Zhao et al. [36]. 
With the increase of injection rate, the morphology of hydraulic fracture tends to be 
single and straight, the direction of fracture propagation coincides with the direc-
tion of maximum principal stress, and the width of fracture keeps approximately the 
same.

(2) Three-dimensional fracture morphology 

Figure 4.18 shows fracture morphology and standard deviation of fracture elevation 
after hydraulic fracturing under different injection rates. From the fracture surface 
morphology of the sample, it can be seen that with the increase of the injection rate, 
the fracture surface gradually changes from a shear slip surface propagating obliquely 
to a tensile fracture surface propagating vertically, which further confirms that the 
low injection rate is conducive to inducing shear cracks in the sample. In addition, 
when the injection rate is increased from 3 mL/min to 30 mL/min, the standard 
deviation of fracture surface elevation is reduced from 4.63 to 2.38, indicating that 
with the increase of injection rate, the lower the standard deviation of fracture surface 
elevation is, the rougher the fracture surface is. In fact, the relationship between the 
standard deviation of surface elevation and injection rate is nonlinear. For example, 
when the injection rate is 6 mL/min, the maximum and minimum elevations of the 
fracture surface are 18.03 mm and 2.15 mm respectively, and the elevation contrast 
of the fracture surface is 4.06, which is 12.3% lower than that of 3 mL/min. When the 
injection rate is 12 mL/min, the maximum and minimum elevations of the fracture 
surface are 15.59 and −0.04 mm. Compared with 6 mL/min, the maximum and 
minimum elevations of 12 mL/min are reduced, and the standard deviation is 2.79, 
which is 31.3% lower than that of 6 mL/min. When the injection rate increased to 
18 mL/min, the maximum and minimum elevations of the fracture surface became 
15.45 mm and 0.01 mm, while the standard deviation of surface elevation decreased 
to 2.57, which decreased by 7.9% compared with the injection rate of 12 mL/min. 
When the injection rate is further increased to 30 mL/min, the maximum elevation of 
the fracture surface of the sample is 11.59 mm, the minimum elevation is 1.29 mm, 
and the standard deviation of elevation is 2.38, which is only 7.4% lower than that 
at an injection rate of 18 mL/min. These laws indicate that the disturbance effect of 
injection rate on fracture surface morphology is limited. Within the limited injection
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Fig. 4.17 Local growth path and width evolution of hydraulic fractures under different injection 
rates

rate range (≤12 mL/min), the injection rate has a significant effect on the standard 
deviation of section elevation. On the contrary, when the injection rate is greater 
than 12 mL/min, the disturbance effect of the injection rate on the fracture roughness 
is weakened. In general, SD decreased with the increase in injection rate, but the 
decrease of SD decreased gradually. When the injection rate exceeds the critical 
threshold (approximately 12 mL/min), the standard deviation of the fracture surface 
elevation tends to be constant.

To further quantify and characterize the relationship between the injection rate 
and the roughness morphology, the three-dimensional average inclination angle and
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Fig. 4.18 Contour maps of vertical hydraulic fractures in shale samples under different injection 
rates

roughness coefficient of the fracture surface under different injection rates are calcu-
lated based on Eqs. (4.3) and (4.4). The results are summarized in Fig. 4.19. It  
should be noted that for sample CI-90-18 (Qinj = 18 mL/min), the evolution trend 
of its three-dimensional average inclination angle and surface roughness coefficient 
presents completely opposite laws compared with its adjacent injection rate condi-
tions. This phenomenon can be attributed to the difference in three-dimensional 
morphology of fracture surface caused by the heterogeneity of individual samples.
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Fig. 4.19 Evolution of mean three-dimensional angle and roughness coefficient of hydraulic 
fracture surfaces under different injection rates 

But overall, the three-dimensional average inclination and roughness coefficient of 
the fracture surface decreases with the injection rate, which further confirms the 
negative correlation and nonlinear correlation characteristics of the injection rate 
effect on the fracture surface morphology. 
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Chapter 5 
Constant Pressure Injection 

5.1 Introduction 

In practical hydraulic fracturing, limited by the operating power of the syringe pump 
and long transportation of pipelines, it is often difficult to maintain high pumping fluid 
pressure to crack the reservoir rock in deep formation. To overcome this difficulty, 
Ma et al. [1] and Zang et al. [2] tried to use “static fatigue” to break the reservoir rock 
by maintaining a constant fluid pressure on the rock for a long time, which has been 
proven to be able to reduce the breakdown pressure of the reservoir. The feasibility 
of this method has been verified in granite, limestone and sandstone reservoirs [3]. 
However, relevant technologies have not been applied to shale reservoirs, and the 
delayed fracturing process of shale lacks reliable laboratory evidence. In addition, 
few efforts focus on unraveling the mechanisms of fracturing reservoirs by constant 
pressure injection (delayed breakdown). 

The delayed breakdown process of hydraulic fractures induced by constant pres-
sure fluid is essentially the consequence of the long-term action of the extremely 
high fluid pressure, resulting in the initiation of hydraulic fractures due to fatigue 
damage. Different from the previous disturbance of pore pressure to the rock frac-
turing process, under the condition of constant pressure, hydraulic fracturing is domi-
nated by fluid pressure. In terms of pore pressure disturbance, previous studies have 
focused on analyzing the effect of uniform pore pressure on rock fracture properties. 
Under the action of constant and uniform pore pressure, the damage to rock tends 
to be progressive and integral along the minimum principal stress. The nature of 
instability and damage caused by water inrush, collapse, slip, etc. [4, 5]. At present, 
there are few related studies on the effect of heterogeneous and asymmetric high 
pore pressure on the rock fracture process. Lu et al. [6] used the stress intensity 
factor at the crack tip and analyzed the deflection mechanism of hydraulic fracture 
propagation caused by non-uniform pore pressure, but failed to clarify the effect of 
local pore pressure on rock strength, deformation and fracture characteristics. 

In this section, the constant pressure fracturing test is carried out based on previous 
research. The syringe pump is controlled by the constant pressure injection mode
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using a feedback loop control. The constant pressure injection test scheme has been 
described in detail in Sect. 3.4.2. The following is an analysis of the delayed break-
down characteristics of hydraulic fractures based on the observation under constant 
pressure injection tests. 

Note that the changes in pumping parameters (Pinj and V inj) with time and fracture 
morphology under constant pressure and constant flow conditions were presented 
and compared, respectively. Specifically, to elaborate the characteristics of these 
pumping parameters during the fracturing process, four key parameters were defined: 
the maximum pump pressure (instantaneous or delayed breakdown pressure, Pb), the 
time (onset) of pressure declining (T pd), the maximum injection rate (maxV inj) and 
the time at which the injection rate reaches the maximum (maxT inj). 

5.2 Results and Analysis 

5.2.1 Typical Curves of Pump Pressure and Injection Rate 
Versus Time 

Unstable crack propagation leading to a macroscopic failure (a crack reaching the 
rock surface and splitting the specimen into two parts) is accompanied by a simulta-
neous drop of fluid pressure in the wellbore [7]. To quantitatively evaluate the rela-
tionship between fluid pressure and crack propagation, we introduced the pressure 
decay rate (vdecay) following Gehne et al. [8]. 

vdecay = 
P(t) − P(t + Δt)

Δt 
(5.1) 

where P(t) is to the wellbore pressure at the time t, and Δt denotes an increment 
of time. According to Song et al. [9] and Hu et al. [10], when the friction flow of 
fracturing fluid inside the wellbore is neglected, the wellbore pressure (P(t)) can be 
considered the pumping pressure (Pinj) which is monitored in real-time by a pressure 
transducer near the injection hole. Thus, Eq. (5.1) can be rewritten as 

vdecay = 
Pinj(t) − Pinj(t + Δt)

Δt 
(5.2) 

In the following part, we presented curves of pumping pressure and injection rate 
as a function of time under constant pressure injection conditions of Pcon = 17, 19, 
and 21 MPa, respectively. 

(1) Constant fluid pressure (specimen P-17) 

Figure 5.1 depicts the curves of injection rate, pump pressure, and pressure decay 
rate with the increase of time for Specimen P-17. Overall, the pressurization of the
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wellbore was steadily maintained at a pump pressure of 17 MPa with no fluid leak-
off into the sample (V inj = 0). Even after this state (constant pressure stage) lasted 
for nearly 370 min, the change in the curves was still hardly identified, indicating 
that there was probably no fluid exchange between the wellbore and the hydraulic 
fracturing system. Thus, the whole rock and fluid injection system were in static 
equilibrium, which means no fracture initiation or fluid infiltration occurred over the 
entire pressurization process. In this regard, the 17 MPa pump pressure is insufficient 
to break up the shale strength on the timeframe of 370 min. A much more extended 
period or higher pump pressure value is necessary to initiate a progressive (delayed) 
breakdown for fracture behavior evaluation.

Additionally, we outlined a local zoom of a time zone (Fig. 5.1b) when increasing 
the fluid pressure from zero to its target value (Pcon = 17 MPa). The fluid injection 
rate and pressure decay rate were respectively recorded and calculated during the 
loading process, whose absolute values, unlike the increasing trend of pump pres-
sure, increased first and then decreased to zero once the fluid pressure reached the 
preset pressure. Note that the minus sign of the pressure decay rate corresponds to 
the case that the fluid pressure is continuously increasing. Practically, the variations 
of injection rate and fluid pressure are associated with the initial fluid flow in the 
pipeline and wellbore, where the air is evacuated or compressed into smaller volumes 
with the accumulation of the injected fluid [11]. In this case, the initial variation of 
pumping parameters (fluid pressure or injection rate) may only reflect a primary 
change and adjustment in the stress state of the wellbore rather than a direct response 
of fracture behaviors. Therefore, this loading phase will not be analyzed when eval-
uating the relationship between fracture characteristics and pumping parameters in 
the following sections. 

(2) Local pressure drop (specimen P-19) 

The fracturing results for Specimen P-19 are presented in terms of pump pressure, 
injection rate, and pressure decay rate over time, as seen in Fig. 5.2. A similar 
constant change in pump pressure (constant pressure stage) is visible at Pcon = 
19 MPa compared with the sample pressurized at Pcon = 17 MPa in Fig. 5.2a. We 
can see that within the first 400 min of hydrofracturing (excluding the initial loading 
stage), the pump pressure gradually stabilized at a level of 19 MPa, with the injection 
rate fluctuating around an average value of 0.1 mL/min. This fluctuation feature of 
the injection rate is different from the no fluid leakage phenomenon (V inj = 0) under 
17 MPa pump pressure, which implies that the static equilibrium previously observed 
at Pcon = 17 MPa breaks as the pump pressure increases to 19 MPa. Instead, there is 
a stable leakage stage with constant pressure (19 MPa) and a roughly stable injection 
rate (0.1 mL/min), indicating that the sample-fluid (injection) system reaches a new 
dynamic equilibrium where a constant fluid leakage was maintained by the constant 
pump pressure (i.e., inflow equals outflow). This circumstance is possibly attributed 
to the occurrence of a local crack that connects the wellbore with the rock surface 
and provides a flow channel for the injected fluid, as later confirmed in Sect. 5.2.2. 
As a result, the internal fluid will continually spill out of the wellbore via an oriented 
crack channel, which further holds back the closure of the crack. Nevertheless, due
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(a) Curves of the whole process 

(b) Local zoom of unstable loading phase 
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Fig. 5.1 Curves of pump pressure and injection rate versus time for Specimen P-17 (Pcon = 17 MPa)
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to the actual compactivity of fracturing fluid, the outflow is not strictly stable, which 
appears to be an indirect reflection of the fluctuation of the injection flow [12]. On the 
other hand, these results indicate that the currently pumped 19 MPa fluid pressure can 
only initiate local cracks (or partly activated bedding planes) in the shale specimen 
with a constant aperture (opening) rather than further promote crack growth.

It is noteworthy that after T inj = 403 min, the pump pressure started to decline, 
and the injection rate suddenly dropped to zero (Fig. 5.2a). These variations of the 
curves were caused by the stopping pumping operation when the fracturing fluid in 
the pump chamber was exhausted and the fluid injection was passively terminated, 
signifying the end of the hydraulic fracturing experiment. 

In a partially enlarged view of the local cracking stage (Fig. 5.2b), a rapid change 
in fluid pressure was recorded, accompanied by an increase in the injection rate, 
which is consistent well with the previous reports [12–14]. By integrating the Pinj 

data, the pressure decay rate became evident, which helped classify the curves into 
three key stages. First, the constant pressure stage (1.5–120 s) was maintained at 
vdecay = 0 MPa/s and V inj = 0 mL/min as the wellbore was subject to a constant 
pressure of 19 MPa. These variations of curves for Specimen P-19 look like those 
of Specimen P-17, demonstrating that Specimen P-19 is also in static equilibrium 
during this period. Afterward, the curves entered the second (typical) stage of local 
cracking at T pd = 120 s, when the pump pressure started to decline. Shortly after 
a period of 15 s, the pump pressure dropped to the lowest (18.805 MPa) and then 
rebounded to an approximately stable level. This typical process was named Pinj 

oscillation, which was caused by the fracture tip locally outpacing the driving fluid 
and then catching up to further extend the crack, according to Gehne et al. [8]. 

During the Pinj oscillation, the pressure decay rate changed significantly in 
response to a slight drop-off in the pump pressure. Meanwhile, a noticeable change 
in the curve of injection rate was recorded with the maximum value (maxV inj) of  
0.82 mL/min at maxT inj = 126 s. Considering the fact that a slight decline in the 
pump pressure always coincides with a sharp increase in the injection rate, we may 
ulteriorly correlate the fluctuation of pressure decay rate with the evolution of the 
injection rate. The variation of the injection rate allows the wellbore to be compen-
sated with an appropriate amount of fluid so as to maintain a constant pressure output 
(Pcon = 19 MPa) under feedback loop control. Hence, the attenuation rate of well-
bore pressure should correspond to the compensation rate of the injected fluid. The 
maximum vdecay (237.6 MPa/s) occurred at T inj = 125 s, which is 1 s earlier than the 
maximum injection rate. This distinction illustrates that the variation of injection rate 
lags the fluid pressure decay rate. From this point of view, the fluctuating injection 
rate can be considered the result of fluid pressure oscillation in the wellbore under 
constant pressure output. As the fluid pressure gradually stabilized around 19 MPa 
(vdecay → 0), the injection rate decreased accordingly, approximating a constant 
rate (V inj = 0.1 mL/min), which heralds the beginning of the stable leakage stage. 
This stage is in dynamic equilibrium where fluid inflow is equal to fluid outflow, as 
expounded above. However, it is noteworthy that the pressure oscillation accompa-
nied by flow compensation can still be observed, particularly during the preliminary 
leakage. Unlike the previous stage, curve oscillations during the leakage stage are
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(a) Curves of the whole fracturing process 

(b) Partially enlarged view of the local cracking stage 
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Fig. 5.2 Curves of pump pressure and injection rate as a function of time for Specimen P-19 (Pcon 
= 19 MPa)
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mainly reflected in the injection and pressure decay rates: each increase in pressure 
decay rate was associated with an increase in the injection rate. By contrast, the fluid 
pressure changes are almost indistinguishable. In this sense, the pressure decay rate 
(vdecay) behaves more sensitively to the changes in fracture initiation, which demon-
strates the feasibility of employing this pressure gradient (vdecay) to evaluate fracture 
initiation. 

(3) Continuous pressure drop (specimen P-21) 

Figure 5.3 shows the hydraulic fracturing data under the constant pressure of 21 MPa. 
Some characteristics of the curves for P-21 are similar to previous examples (P-17 
and P-19): a constant pressure stage (7.5–1560 s) was first observed after the pump 
pressure reached its target value. Then, a local cracking stage emerged, followed by 
a more evident fluid pressure oscillation compared to the Specimen P-19. However, 
the pump pressure did not return to a constant value like recorded in Fig. 5.2. Instead, 
it remained an approximately steady downward trend accompanied by a uniformly 
varying injection rate (Fig. 5.3a). This process continued for 618 s until T inj = 
2178 s when significant changes in the pump pressure curve were observed along-
side a stepwise increase of injection rate. These variations indicate that the curves 
stepped into a new stage (unstable cracking) completely different from other stages in 
previous examples. During this unstable cracking stage (Fig. 5.3a), the fluid pressure 
in the wellbore kept decreasing until encountering a transient plateau (2234–2429 s) 
after a sudden pressure reduction and recovery. Shortly afterward (57 s), the pres-
sure dropped remarkably, with the injection rate rising to the maximum (maxV inj = 
106.62 mL/min). This significant drop-off in fluid pressure means that the current 
stress conditions and the sample deformation are no longer sufficient to create an 
extra barrier to maintain the wellbore’s constant pressurization for a long duration. 
Following these changes, yellow-green fracturing fluid was seen leaking from new 
cracks on the sample surface, which finally resulted in the loss of specimen integrity. 
The hydraulic fracturing pump was manually shut down as soon as the fluid pressure 
declined to zero for the sake of protecting the experimental setup from liquid shocks. 
This operation causes a plummet in injection rate at the end of the experiment (T inj 

= 2495 s), as recorded in Fig. 5.3a.
In order to elaborate the variation characteristics of the pump pressure and injec-

tion rate for Specimen P-21, the graphs of local cracking and unstable cracking stages 
were separately amplified in Fig. 5.3b and c. Similar to Specimen P-19, the pump 
pressure experienced a pressure (Pinj) oscillation (vdecay = 170.18 MPa/s) at the begin-
ning of the local cracking stage and then jumped into a transient and stable leakage 
state with a constant injection rate of 0.12 mL/min from T inj = 1630 to 1666 s as 
marked in grey shadow in Fig. 5.3b. These similarities suggest approximate fracture 
behavior of Specimen P-19 and Specimen P-21 during the initial fracturing process, 
where the inflowing fluid equally compensates the outflowing fluid. Within 303 s 
after the leakage state, Pinj decreased gradually and uniformly with the increase of 
V inj. The fluctuation of the pressure decay rate also corresponds to the variation of 
the injection rate. Subsequently, the pump pressure met a new Pinj oscillation at T inj 

= 1976s with a pressure decay rate of 208.88 MPa/s. The new Pinj oscillation is
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(a) Curves of the whole fracturing process 

(b) Enlarged view of local cracking stage 
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(c) Enlarged view of unstable cracking stage 
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Fig. 5.3 Curves of pump pressure and injection rate versus time for Specimen P-21 (Pcon = 21 MPa)
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relatively weaker than the previous oscillation at T inj = 1578 s. In addition, a higher 
injection rate (V inj = 1.685 mL/min) at T inj = 1979s was observed in the second 
fluid oscillation compared to the maximum injection rate (V inj = 1.3 mL/min) at T inj 

= 1583 s in the first fluid oscillation. 
By contrasting the pressure curve of carbonate rocks with AE events under 

constant pressure injection conditions, Lu et al. [14] reported that the precursor 
pressure oscillation was indicative of new fracture initiation and growth. This frac-
ture initiation may provide more leakage paths for internal fluid. Thus, new fracture 
initiation or propagation could be responsible for the oscillation cases portrayed in 
Fig. 5.3b. On this basis, different oscillation degrees of the injection rate and the 
pressure decay rate should have a correlation with the fracture behavior and final 
morphology, which will be further analyzed and discussed in Sect. 5.2.2. It is also  
interesting to note that the changes in injection rate (V inj) always lag the changes 
in pressure decay rate (vdecay) in the leakage stages of Specimen P-19 and Spec-
imen P-21. Through comparison, we can speculate that this lag effect is caused by 
the pump’s feedback control loop, which works by tracking pressure changes and 
adjusting the flow rate in an effort to regain constant pressure output. Under different 
pressure conditions, the lag time (hereafter refers to the time interval between the 
variations of vdecay and V inj under the same Pinj oscillation) is different. For example, 
the lag time decreases from 5 s underΔPinj = 0.52 MPa (first oscillation) to 3 s under
ΔPinj = 0.2 MPa (new oscillation). For the Pinj oscillation of Specimen P-19 with
ΔPinj = 0.164 MPa, the lag time becomes even shorter (1 s). These indicate that the 
lag time increases with the increase of the pump pressure decrement (ΔPinj) at the  
oscillation point. More significant pressure decrements usually correspond to more 
extended fractures [15]. Therefore, the variation of lag time can reflect the cracking 
degree (fracture length and width) of hydraulic fractures in the specimen. 

As Fig. 5.3c shows, the unstable cracking stage is relatively unique compared to 
the previously observed stages. A sudden pump pressure drop followed an initial 
gentle decay of pump pressure (2160–2223 s). Each decrease in pump pressure 
corresponds to the next jump of injection rate and a significant fluctuation of the 
pressure decay rate. Then, the pump pressure entered a plateau (Pinj ≈17.77 MPa) 
when the injection rate still maintained a growing trend. Integrating the injection rate 
over time, we noted that the injected fluid volume is essentially equal to the sum of 
the leakage fluid amount and the crack volume inside the specimen. In the case of 
a constant leakage from a crack with a specified length (or width) at a certain Pinj, 
the increasing trend of injection rate broadly reflects the increase of the crack length 
(or width) per unit time inside the specimen. In this case, the sample was in the 
progressive failure stage, where crack opening and length increased gradually [16]. 
However, the continuously rising injection rate can only represent an increase in the 
fracture size (width and length) but cannot locate the specific crack coordinates. In 
other words, the increasing injection rate is a composite response of the crack volume 
change inside the rock, independent of crack location. At T inj = 2428 s, the pump 
pressure started to drop rapidly. The maximum pressure decay rate (229.5 MPa/s) 
occurred at T inj = 2484 s, and 1 s later, the injection rate reached its maximum 
maxV inj = 106.82 mL/min. In addition, the period of rapid pressure decay suggests
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that the output of 21 MPa fluid pressure cannot consistently maintain a constant fluid 
leakage like observed in P-19. Instead, the 21 MPa fluid pressure will finally induce 
the initiation of new cracks. 

In general, different pressure–time curves of the specimens (P-17, P-19, and P-
21) have similar constant pressure stages. However, as the predetermined pump 
pressure increases, the shape of these curves becomes complicated, which indicates 
the increasing possibility of new fractures. In order to verify this conclusion, it is 
necessary to evaluate the hydraulic fracture behavior and morphology during the 
constant pressure fracturing process. 

5.2.2 New Insights from Observing Hydraulic Fracture 
Morphology 

The hydrofracturing characteristics of cylindrical specimens are conventionally 
described as a scenario that the fracture propagates radially via the shortest stress 
path, then, once the radial fracture reaches the edge of the sample, continuing verti-
cally and rapidly [17, 18]. During this process, the injected fluid is maintained at 
a constant flow rate (constant flow injection mode), which continually provides an 
inner impetus for the extension of hydraulic fracture and finally contributes to sample 
failure. The hydraulic fracture mainly extended along a relatively straight and smooth 
path with few bifurcations both in the axial and radial directions. With the increase of 
the axial stress (V-25 in Fig. 5.4b), the fracture in Specimen V-25 (V inj = 12 mL/min 
and σ v = 25 MPa) became slightly twisted and bent in its strike (or radial) direction. 
Further, while the confinement of lateral pressure (σ c = 20 MPa) was axisymmetri-
cally applied on the cylindrical specimen surface in Fig. 5.4c, the fracture bifurcated 
and formed a more complex shape according to Lin et al. [18]. Knowing how the 
stress conditions affect the fracture morphology is out of the analytic scope of this 
study. Here we mainly presented the results to show the morphological similarity 
under constant flow injection conditions. Overall, the rupture of the shale specimen 
(bedding planes oriented parallel to the axial loading direction) under constant flow 
injection mode was either confined to or aligned with a single bedding plane so 
that the fracture can be preferably described as “simple” with relative homogeneous 
geometry.

However, when the sample is fractured by a series of constant pump pressures (17, 
19, and 21 MPa) rather than a constant flow rate (e.g., 12 mL/min), some apparent 
distinctions can be discerned in terms of the fracture morphology. To present the 
hydraulic fracture geometry clearly, we carefully sketched the ultimate fracture path 
on the specimen surface through macroscopic observation, referring to Ishida et al. 
[19] and Hou et al. [20]. On this basis, a dimensionless parameter, tortuosity, was 
introduced to evaluate the hydraulic fracture morphology quantitatively, which can 
be expressed as [21]
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(a) Specimen V-5 (Vinj=12 mL/min and σv=5 MPa) 

(b) Specimen V-25 (Vinj=12 mL/min and σv=25 MPa) 

(c) (Vinj=12 mL/min, σv=25 MPa and σc=20 MPa) (after Lin et al. [38]) 

Fig. 5.4 Fracture morphology of Specimen V-5 and Specimen V-25 at different experimental stages
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Fig. 5.5 Fracture morphology of Specimen P-17 at different experimental stages 

τ = 
L 

l 
(5.3) 

where τ denotes the tortuosity, L is the actual length of the hydraulic fracture, l 
represents the distance between the two ends of the hydraulic fracture. It should be 
noted that only the tortuosity of the main hydraulic fractures was calculated based 
on Eq. (5.3). 

As shown in Fig. 5.5, no fluid leakage or macroscopic fractures were observed 
in the shale Specimen P-17 over the entire fracturing process. Further, the smooth 
and intact 3D morphology of the Specimen P-17 reconstructed by CT scanning data 
demonstrates that no micro-crack was ever induced inside this sample. From another 
point of view, the sample remains in static equilibrium, which corresponds to the 
constant pressure stage as aforementioned in Sect. 5.1. This steady-state confirms 
that the applied fluid pressure (17 MPa) is insufficient to crack the shale on a time 
scale of 350 min. 

Figure 5.6 shows the fracture morphology of Specimen P-19 at different exper-
imental stages. A local crevice connecting the wellbore with the sample surface 
appeared about two minutes after the pump started. This result confirms the previous 
speculation about local leakage for the decrease in pump pressure and the increase 
in injection rate in Fig. 5.2b. Then, the phenomenon of fluid continuously spilling 
out of the local crevice was visible throughout the whole experiment (Fig. 5.6b), 
which corresponds to the stable leakage stage in Fig. 5.2a. The steady fluid leakage 
(≈0.1 mL/min) inside the specimen reflects the equivalent fluid exchange process 
between the inflow and the outflow in the wellbore, indicating the local crevice’s 
approximate stable state (i.e., a crack with roughly fixed length and width). In addi-
tion, macroscopic observation under ultraviolet light (Fig. 5.6c) and 3D reconstruc-
tion based on CT data (Fig. 5.6d) after the experiment further demonstrated that there 
was only one local crack generated near the wellbore. Thus, it is reasonable to corre-
late this local crack with pump pressure and injection rate variations. Comparing 
Fig. 5.2 with Fig. 5.6, we can conclude that the initiation of the local crack is charac-
terized by the decline of fluid pressure and subsequent rise of injection rate. So, new
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Fig. 5.6 Fracture morphology of Specimen P-19 at different experimental stages 

cracks should be the fundamental reason for changes in the pump pressure and injec-
tion rate curves. On the other hand, the rapid decay of pump pressure and the growth 
of injection rate serve as two indicators for predicting the initiation and propagation 
state of the tensile crack. 

We then focus on the fracture morphology of Specimen P-19 after the fracturing 
process. The trajectory of the local crevice is outlined by combining the surface 
photograph and the CT scanning data, as shown in Fig. 5.6c and d. The local crevice 
is not strictly aligned with the direction of the bedding plane like those cracks 
induced by constant flow rate (V-5 and V-25), but across a vertical stratification group 
and restricted in vertical length. The deviation from the bedding direction could be 
attributed to the simultaneous initiation and the subsequent merge of multiple near-
wellbore micro-cracks, eventually forming the visible local crack on the specimen 
surface. In this case, the macroscopic crack morphology will be dominated by the 
initial locations of the micro-crack initiation points around the wellbore and may 
not be consistent with the bedding planes. This phenomenon (i.e., crack initiation at 
multiple points) has a great propensity to occur when a constant fluid pressure (less 
than the instantaneous breakdown pressure) is maintained for a period to induce 
static fatigue damage inside the specimen in line with Bunger and Lu [22] and Zeng 
et al. [12]. In addition, although the local crack has not yet wholly fractured the rock 
matrix, some noticeable differences can still be identified in the fracture morphology 
between the two injection conditions. The local crack path is relatively tortuous (τ = 
1.026) compared to those fractures obtained under the constant flow injection mode 
(τ = 1.001 for V-5 and τ = 1.024 for V-25). This discrepancy is essentially due to 
different degrees of fluid diffusion in the rock matrix. Under the constant flow case, 
the wellbore is likely in a “fast” (nonfluid-penetrating) pressurization regime [7], 
while during the constant pressure fracturing (static fatigue) process, more fluid can 
permeate the rock, which effectively reduces rock breakdown pressure and forms 
complex and undulated fractures [23]. 

As the wellbore pressurization remains at 21 MPa, the hydraulic fracture appears 
to be somewhat more complex. Figure 5.7a shows the specimen observed before 
the experiment. The surface is relatively homogeneous, with notable bedding planes
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parallel to the sample axis. During the experiment (Fig. 5.7b), the emergence of crack 
1# was first recorded by photography at T inj = 27 min. This crack caused the first 
Pinj oscillation in the local cracking stage of Fig. 5.3b. After about 7 min, another 
crack 2# appeared on the left side of the sample, which precisely corresponds to the 
new Pinj oscillation in the local cracking stage. The leaking fluorescent fracturing 
fluid perfectly exhibited the position and propagation state of the local cracks. As 
the experiment progressed, crack 1# started to propagate vertically, which should 
be related to the non-uniform decline in fluid pressure during the unstable cracking 
stage in Fig. 5.3c. The flow trajectory of the leaked yellow-green liquid roughly 
depicts the geometry of the hydraulic fractures. Figure 5.7c displays the resulting 
fracture morphology obtained by direct observation (under UV light), sketch, and 
3D reconstruction after the experiment. The twisted and tortuous fractures indicate 
that both the tensile and shear stresses are responsible for crack propagation [24].

In terms of the quantitative results of tortuosity in Table 5.2, the crack morphology 
of Specimen P-21 appears to be most tortuous (τ = 1.078) compared to Specimen 
P-19, V-5, and V-25. This result ulteriorly confirms that the constant pressure injec-
tion condition can make cracks more tortuous than the constant flow. To present 
the hydraulic fracture morphology in a micron-scale (500 µm), we additionally 
performed microscope observation based on two representative Specimen V-5 and 
P-21, respectively. As shown in Fig. 5.8, kinks, bends, fracture branches, diversions, 
and arrested fracture ends are all visible along the fracture path of Specimen P-
21 (Fig. 5.8a), which differs remarkably from the “simple” type fracture geometry 
controlled by constant flow (V-5) in Fig. 5.8b. Therefore, it can be inferred that an 
undulated and complex hydraulic fracture is favored in the specimen with a relatively 
high constant pressure under static fatigue conditions. Many other factors such as 
fluid viscosity, injection rate, rock strength variability, and temperature also play an 
essential role in influencing fracture tortuosity. Detailed analysis of these factors is, 
therefore, recommended for further studies.

To establish a direct correlation between the crack behavior and pumping parame-
ters (Pinj, vdecay, and V inj), some abnormal variations of the fluid pressure in Specimen 
P-21 were elaborated. During the local cracking stage (Fig. 5.3b), Specimen P-21 
experienced two evident Pinj oscillations, which correspond to the two cracks (1# and 
2#) on the specimen surface, respectively. For the first Pinj oscillation, the maximum 
decrement of Pinj, vdecay, and V inj during the oscillation is 0.52 MPa, 287.63 MPa/s, 
–1.3 mL/min, respectively, more significant than that (ΔPinj = 0.2 MPa, Δvdecay 
= 249.66 MPa/s, and ΔV inj = -–0.715 mL/min) of the second Pinj oscillation. The 
Pinj oscillation in Specimen P-19 shows that the decrements of these parameters 
are 0.16 MPa, 237.6 MPa/s, and 0.57 mL/min, respectively. Combining the frac-
ture leakage situation that followed these Pinj oscillations in Figs. 5.6b and 5.7b, we 
can infer that higher pressure decrement (or injection rate increase) corresponds to 
more significant fluid leakage as well as more extended fractures. This phenomenon 
becomes particularly evident at the end of the unstable cracking stage (Fig. 5.3(c)), 
where a sudden drop of fluid pressure (7.17 MPa) accompanied by a relatively 
intact vertical hydraulic fracture (1#) emerged (Fig. 5.7b–iii), with the maxV = 
106.82 mL/min and the maximum vdecay = 13,770 MPa/s. This result presents a



5.2 Results and Analysis 145

(a) Before experiment 

(b) During experiment 

(c) After experiment 

Fig. 5.7 Fracture morphology of Specimen P-21 at different experimental stages
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(a) 

(b) 

Fig. 5.8 Micrograph showing some details of the hydraulic fracture morphology: a Specimen P-21; 
b Specimen V-5

possible explanation for the (positive) correlation between the lag time and the pump 
pressure changes. It is likely to be the case that the relatively high Pinj oscillation 
promotes longer cracks such that more time is required for fluid injection to maintain 
a constant pressure. 

After each Pinj oscillation, as observed in Figs. 5.2b and 5.3a, the pump pressure 
tends to return to a constant level and remain for a few minutes until the next pressure
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drop-off. The injection rate is gradually leveling off amid this process. These observa-
tions are consistent with an interpretation that cracks can be arrested after their initial 
growth due to the interaction of the initiating fracture with the near-wellbore stress 
concentration, which has been theoretically verified by Detournay and Carbonell [7] 
and experimentally illustrated by Lu et al. [14]. Following such crack arrests, there is 
an unstable cracking stage (Fig. 5.3c) prior to the final loss of specimen integrity, in 
which a pressure plateau is visible accompanied by an approximately steady increase 
in the injection rate. Practically, to maintain the steadily increasing injection rate, 
the crack aperture and length should also change uniformly, which indicates that the 
pressure plateau corresponds to the stable propagation of hydraulic fractures. Other 
irregular fluctuations in the unstable cracking stage can be correlated to the process 
of unstable fracture propagation, which is influenced by the specimen geometry and 
imposed stress boundaries according to Gehne et al. [8] and Benshion et al. [25]. 

In summary, under constant pressure injection conditions, the fracture initiation 
and failure induced by static fatigue can exhibit a time-dependent progressive process 
like Specimen P-19 and P-21. In contrast to the smooth and straight fractures under 
constant flow tests, multiple fracture initiations may occur to form an undulated frac-
ture deviating from the bedding direction. In addition, a more tortuous and complex 
hydraulic fracture is favored in the specimen as the constant output pressure is rela-
tively high. In addition, the crack behaviors, such as initiation, arrest, stable and 
unstable propagation, are closely related to the relative variations of pump pressure, 
injection rate, and pressure decay rate. These findings provide a basis for possibly 
employing the curves of pump pressure and injection rate to predict and evaluate the 
extension range of hydraulic fracture in practical hydrofracturing engineering. 

5.3 Correlation Between Fracture Behavior and Pumping 
Parameters Based on Engineering Parameters 

Previous field tests can also verify the relationship between the crack behavior and 
the pumping parameters. Zorn et al. [26] analyzed the characteristics of the micro-
seismic signals in the Marcellus shale formation (Pennsylvania, America) during the 
horizontal hydraulic fracturing process. Figure 5.9a displays the map view of passive 
microseismic monitoring results. The injection fluid was stably pumped by a flow rate 
ranging from 763 to 960 m3 per hour for all treatments. Thus, the flow rate (or volume) 
controlled injection mode was practically achieved during hydrofracturing, although 
the injection rate did not remain constant. The b-value and D-value, as delineated 
in Fig. 5.9b, are indicators, which represent the fractal properties of microseismics. 
During hydrofracturing, the onset of seismic events fluid pressurization is correlated 
with the decrease of the pump pressure and injection rate (marked with red dotted 
boxes in Fig. 5.9b), which implies that the field hydrofracturing characteristics of 
shale formations can be reflected by the variation of pumping parameters (pump
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pressure and slurry rate). These apparent correlations between changes in the micro-
seismic events and pump pressure and rate perturbations reveal quantitatively that the 
fracture state and permeability of rock mass are continuously changing throughout 
hydraulic fracturing.

If combining the laboratory observations in Figs. 5.3 and 5.10, we can further 
conclude that whether under constant pressure or constant flow mode, the initia-
tion of a new crack corresponds to the decline of the pump pressure. However, the 
fracturing mechanism under the two injection modes differs in the variation of the 
pump pressure. For the constant pressure mode, the injected fluid pressure remains 
constant, and only when the pressurization lasts for enough period can rupture occur. 
In this case, the constantly controlled pressure servers as the fundamental driving 
force for the rupture of the shale specimens and thus controls the whole fracturing 
process. As aforementioned in Sect. 5.2, the initiation of a new crack (crack 1# or 
crack 2# in Fig. 5.7) was followed by a first decay in fluid pressure and a subsequent 
increase in injection rate, which indicates a phenomenon that the variation of injec-
tion rate lags pump pressure for the constant pressure mode. In the constant flow 
mode, the increase of pump pressure is unceasingly sustained by the equal inflow of 
fracturing fluid, ultimately resulting in the breakdown of shale blocks. This rupture 
of the shale samples under this injection mode is usually characterized by the first 
increasing and then decreasing pump pressure and the invariable injection rate at the 
laboratory scale [18, 27]. However, during the field treatment, the stable injection of 
fracturing fluid can hardly be maintained due to the need to pump proppant mate-
rials (e.g., sand, ceramsite). An example illustrating the variation of fluid pressure 
and injection rate in the field setting can be found in the work of Vulgamore et al. 
[28], who applied fracture diagnostics in the Woodford shale. The overall variation 
trend of the treatment pump pressure is similar to the constant flow tests (V-5 and 
V-25) during the fracturing stage. However, before the pump pressure reached the 
breakdown value, the injection rate peaked at the time T 1. After the second shutdown 
of the pump, the decline of the pressure also lagged the injection rate. These results 
are contrary to the observation under constant pressure mode (i.e., V inj lagging Pinj), 
indicating that the different injection modes will change the pump pressure and injec-
tion rate variation. In actuality, the different injection modes correspond to different 
cases of fluid diffusion in the rock matrix, which can change the effective stress 
around the wellbore and ultimately result in differences in specimen failure [29]. 
According to Vulgamore et al. [28], more microseismic events and more significant 
pressure fluctuation were found in the breakdown and sanding process, which ulte-
riorly demonstrates the correlation between the crack initiation and the variation of 
pump pressure.
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(a) 

(b) 

Fig. 5.9 Microseismic monitoring results during hydraulic fracturing operations in the Marcellus 
shale (after Zorn et al. [26]): a map view of microseismic monitoring results for Wells 1 ~ 6; b The 
recorded seismic and pumping variation in Stage 10 Well 1. Note that the b-value and D-value are 
indicators evaluating the fractal properties of microseismic according to Zorn et al. [26]
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(a) 

(b) 

(c) 

(d) 

Fig. 5.10 Schematic diagram of variations of pumping parameters resulting from a constant flow 
condition, and b–d constant pressure condition: a instantaneous failure; b constant pressure (case 
(i)); c stable leakage (case (ii)); d continuous propagation process (case (iii))
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5.4 Characterization of the Relationship Between Fracture 
Propagation and Pumping Parameters 

The tensile hydraulic fracture is known to be induced via a complex crack-tip fracture 
process zone constituted by a zone of cohesive and high shear stress [30]. This zone is 
physically described as a lag with an unknown length between the fluid front and the 
fracture tip, full of the inviscid vapors from the fracturing fluid and the compressed 
air [31]. The presence of this crack-tip cavity, to a certain extent, removes the crack-
tip singularity in the fluid pressure, according to Detournay [32]. In this case, the 
initiation of a new crack will merely require the fluid pressure to reach a critical 
value sufficient for overcoming the tensile strength of the rock matrix (or bedding 
planes). For the volume-controlled (or constant flow) tests, as mentioned in Sect. 5.2, 
the wellbore pressurization is probably in a fast nonfluid-penetrating regime, which 
results in a relatively high instantaneous breakdown pressure in line with Detournay 
and Carbonell [7]. Figure 5.10a roughly describes the pump pressure and injection 
rate variations during this instantaneous process. Under the constant pressure injec-
tion mode, a target pump pressure lower than the instantaneous breakdown pressure 
was applied and held constant for an extended period. Despite the low permeability of 
shale, constant pressurization and fluid diffusion can still be synchronously achieved 
as the loading duration is long enough. With the increase of this duration, the diffu-
sion area of the pore pressure in the rock also increases, which significantly reduces 
the near-wellbore effective stress and increases the possibility of specimen failure. 

Combining the experimental results (P-17, P-19, and P-21), we can see that there 
are three prominent failure cases under the constant pressure conditions: (i) If the 
target pressure is relatively low, no crack is induced inside the specimen, which corre-
sponds to a long constant pressure stage as Fig. 5.10b depicts. Once a tensile notch 
appears, the constant pressure feedback loop control pushes excess fracturing fluid 
into the defects, resulting in a subsequent decrease in pump pressure and increased 
fluid flow (i.e., local cracking stage). The fluid is continuously injected into the spec-
imen until a balance is reached between the notch space and fluid flow. (ii) If the 
fracture (notch) growth is arrested and the fracturing fluid can leak out via the notch, 
a stable leakage state (Fig. 5.10c) may be observed throughout the entire experiment, 
like Specimen P-19. (iii) Otherwise, a new crack near the notch appears accompa-
nied by another decrease in fluid pressure and buildup in injection rate. Afterward, 
the pressure within the crack will be ramped up, followed by a decrease in the fluid 
flow, and then gradually approach a new balance between the power of the squeezed 
fluid and the strength of the shale block (or bedding planes). Another crack initiation 
near the last crack will break the new balance again and result in similar parameter 
changes. Therefore, the continuous propagation of hydraulic fractures is likely char-
acterized by the cyclical variation of pumping parameters: the increases in injection 
rate and pump pressure occur alternately, as shown in Fig. 5.10d.
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Part III 
Theoretical Modelling Considering 

Non-uniform Fluid Pressure



Chapter 6 
Fracture Initiation 

6.1 Breakdown Process Under Constant Injection Flow 

Field in-situ constant-flow hydraulic fracturing test is an important technique to deter-
mine the tectonic stress field. Classical hydraulic fracturing mechanics regards the 
maximum tensile stress criterion as the critical initiation condition, which assumes 
that the hydraulic fracture initiates and expands when the maximum effective tangen-
tial stress around the wellbore is larger than the tensile strength of the rock, resulting in 
tensile failure of the rock. Based on this condition, Hubbert and Willis [1] put forward 
a theoretical criterion for rock breakdown, which is also taken as synonymous with 
hydraulic fracture initiation, 

Pb = 3σh − σH + σt − p (6.1) 

where σ H and σ h are the maximum and minimum principal stresses, respectively; σt 

is the tensile strength of rock; p virgin pore pressure in the formation. This criterion 
is suitable for the fast pressurization case where the fluid is not able to penetrate the 
near-wellbore region prior to breakdown (or impermeable rock medium). 

Involving the effect of impermeability of rock matrix, Haimson and Fairhurst [2] 
refined the classical criterion of Hubbert and Willis, and proposed a linear elastic 
prediction model for breakdown pressure of porous rock, 

Pb = 
3σh − σH + σt − 2ηp 

2(1 − η) 
(6.2) 

with η is a poroelastic constant and related to the Poisson’s ratio v and Biot coefficient 
b as 

η = 
α(1 − 2v) 
2(1 − v) 

, (0 ≤ η ≤ 0.5) (6.3)
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The above two criteria indicate that the breakdown pressure mainly depends on 
the initial stress state (i.e., σ H and σ h). However, the above criteria failed to consider 
the impact of pressurization/injection rate on breakdown pressure. Moreover, current 
research tends to assume a linear relationship between fluid flow and pressurization 
rate, which is limited to reflect fluid compressibility and lag zone within the crack. 
When considering fluid compressibility and hysteresis, the hydraulic fracturing phys-
ical process can be schematically described by Fig. 6.1. In a closed space, the contin-
uously injected fluid compresses the air into the defects around the wellbore. Part 
of the gas may penetrate into the pores of the rock matrix, and other part of the 
gas accumulates in front of the fracturing fluid, forming a fluid lag zone. With the 
continuous injection of fluid, the length of the fluid lag zone may decrease until a 
limit compression distance is reached. The higher injection rate results in higher 
fluid pressure in the wellbore per unit time, resulting in the corresponding increase 
amount of compression. When the fluid compression amount is close to the limit 
value, the pressurization rate begins to decrease. This section will model the rela-
tionship between the injection rate and breakdown pressure by using the quadratic 
nonlinear relation shown in Fig. 6.1. The detailed theoretical analysis process is as 
follows: 

In line with Ito [3], three tangential stress components (σ 1 θ , σ 2 θ and σ 3 θ ) induced by 
far-field in-situ stress, net fluid pressure with the fracture and pore pressure gradient 
are considered around the wellbore σ 1 θ is a function of far-field stress and polar 
coordinates (r, θ ), which can be expressed by 

σ 1 θ = 
σH + σh 

2 
(1 + 

a2 

r2 
) − 

σH − σh 

2 
(1 + 3 

a4 

r4 
) cos 2θ + 

a2 

r2 
p (6.4) 

σ 2 θ is a near-wellbore stress component generated by fluid pressure increase

Fig. 6.1 Diagram of compressed air replaced by invaded water that causes pressure build-up during 
constant flow injection process 
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σ 2 θ = 
a2 

r2 
(Pinj − p) (6.5) 

and σ 3 θ is induced by fluid infiltration into rock matrix 

σ 3 θ = 
1 − 2v 
1 − v 

α 

⎧ 
⎨ 

⎩ 
1 

r2 

r∫

a 

(Pinj − p)ρdρ − (Pinj − p) 

⎫ 
⎬ 

⎭ (6.6) 

where the wellbore pressure Pinj is a function of r and T in, which can be calculated 
by 

Pinj = 
dPinj 
dTinj 

T eq∫

0 

f (r, s)ds + p (6.7) 

with f (r, t) = 1+ 2 
π 

∞∫

0 
exp(− k 

μnβw 
u2Tinj) ×

[
J0(ur )Y0(ua)−Y0(ur ) J0(ua) 

J 2 0 (ua)+Y 2 0 (ua)

]
du 
u , k is the rock 

permeability, n is the rock porosity, μ is the fluid viscosity, βw is the fluid compression 
coefficient, J0 and Y 0 are the zero-order first and second Bessel functions. 

The total tangential stress around the wellbore can be derived based on the 
principle of stress superposition. 

σ Total θ = σ 1 θ + σ 2 θ + σ 3 θ (6.8) 

Using the maximum tensile stress principle, we have 

σ Total θ (r = a) = σt − p (6.9) 

Considering the ultra-low permeability of the shale and assuming the initial pore 
pressure to be zero, the breakdown pressure under different injection rates can be 
calculated after substituting Eqs. (6.4) ~ (6.8) into Eq. (6.9). The related calculation 
parameters are shown in Table 6.1. 

Figure 6.2 compares the theoretical calculation results of breakdown pressure with 
the experimental observations. It is easy to find that the theoretical prediction results 
are generally larger than the test breakdown pressure value. This may result from 
the preexistence of natural micro-cracks, holes, impurities and other defects near the 
wellbore, contrary to the isotropic and homogeneous assumption in the theoretical 
model. When the injection rate is high, the calculation and the test results are in good

Table 6.1 Parameters used for calculating breakdown pressure 

Rock type σ t v α k/ 10–22 m2 n/% 

Longmaxi shale 5.03 ~ 8.27 0.119 0.9 [4] 1.76 2.39 
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Fig. 6.2 Comparison between theoretical and experimental results of rock breakdown pressure 
under different flow rates 

agreement, and the deviation gradually increases with the decrease of the injection 
rate. We believe that this phenomenon is caused by the nonlinear relationship between 
the pressurization rate and the injection rate. 

A larger flow rate leads to a greater pressurization rate and a shorter nonlinear 
change section of the pump pressure. The injection flow value based on the quadratic 
fitting can better reflect the change in the actual pressurization rate, resulting in a 
more consistent fitting effect at a high injection rate. This conclusion is consistent 
with the results of Shao et al. [5] who investigated the effects of pressurization rate 
on the breakdown pressure of limestone. Therefore, in summary, the predictions of 
the current model are consistent with the experimental observations, and the model 
can better explain the effect of the injection rate on the rock breakdown pressure. 

6.2 Breakdown Process Under Constant Injection Pressure 

To characterize the continuous propagation of hydraulic fractures (case (iii)), we 
additionally presented a conceptual model based on the wave-like theory of hydraulic 
fracture introduced by Jiang et al. [6]. As shown in Fig. 6.3a, for a wellbore uniformly 
pressurized by its internal fluid pressure (Pinj), the rock near the wellbore will suffer 
a gradual diffusion stress zone starting from the highest pressure area (blue area) to 
the second-highest pressure area (orange area). Due to the static fatigue (caused by 
fluid diffusion) inside the specimen, the rock in Circle 1 (called the first splitting ring)
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will first reach the critical splitting condition (tensile failure), then the high-pressure 
water enters a fractured zone (orange area), where the natural beddings and induced 
fractures are interconnected. This process synchronously results in a decline in the 
pump pressure and an increase in the injection rate. Due to this pressure loss, the fluid 
pressure acting at the interface between the first split ring and the second split ring no 
longer satisfies the splitting condition. Thus, the rock beyond Circle 1 is temporarily 
free from hydraulic splitting failure. As the fluid pressure in the wellbore is built 
up by continuous injected fluid, the fluid pressure acting at the interface (Circle 1 
in Fig. 6.3b–i) increases accordingly. Once the increased fluid pressure meets the 
splitting condition, a new hydraulic split ring (Circle 2) appears, which corresponds 
to a yellow-green area in Fig. 6.3b–ii. By analogy, it can be inferred that as the fluid 
pressure in the wellbore is repeatedly released, increased, and released, the third 
splitting ring (Circle 3) may be formed as outlined by the green area in Fig. 6.3b–iii. 
It is worth noting that once a new fracture is initiated, there would be very little fluid 
exchange between the fracture and the rock matrix due to its low permeability, which 
means that fluid migration will occur mainly within the crack [7]. The spreading of 
the hydraulic splitting rings is the so-called wave-like theory of hydraulic fracture 
in line with Jiang et al. [6]. This process is slowly extended, which agrees well 
with the variations of the pumping parameters. In addition, according to Jiang et al. 
[6], the most crucial feature of the splitting process is that there will be more than 
two wave peaks in the injection rate and fluid pressure curves with the continuous 
propagation of a hydraulic fracture. This feature can be identified by correlating the 
two Pinj oscillations during the fracturing process of Specimen P-21. The consistency 
further demonstrates the feasibility of employing this conceptual model to explain 
the constant pressure injection fracturing process.

The circulation of the parametric variations and the split rings can be alterna-
tively repeated until the radial crack reaches the edge of the specimen surface. Then, 
the hydraulic fracture starts to propagate vertically, and the propagation state will 
primarily depend on the pump pressure. For a relatively small value of pump pressure 
(e.g., Pcon = 19 MPa), an approximately constant fracturing aperture may be abid-
ingly maintained to release the internal fluid, which corresponds to the stable leakage 
phase in the pump pressure curves. This inference was proved by the local leakage 
of the fracturing fluid observed during the experiment in Fig. 5.4b. Whereas in the 
case of a higher pump pressure (e.g., Pcon = 21 MPa), through comparing the fluid 
leakage location and trajectory at a different time in Fig. 5.7b, we see that the leakage 
paths are gradually opened with an overall increase of the injection rate (Fig. 5.3a), 
corresponding to the subsequent local and unstable cracking stages during the frac-
turing process. Thus, the speculation for the conceptual model is reliable to elucidate 
the fracturing process under constant pressure injection conditions. 

In summary, the pump’s output modes (constant pressure or constant flow) have 
a pronounced influence on the morphology of the hydraulic fractures. Moreover, 
different stages of fluid pressure (or injection rate) curves are closely correlated 
with varying fracture behaviors in the fracture propagation process, which implies 
a potential for using the pumping parameter curves to predict the initiation and 
propagation of hydraulic fractures in actual engineering.
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(a) Schematic diagram of the conceptual model 

(b) Evolution of the splitting rings (θ=90°) 

Fig. 6.3 Conceptual model of fractured zone propagation during hydraulic fracturing experiments
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Chapter 7 
Fracture Propagation 

7.1 Introduction 

In previous theories regarding hydraulic fracture propagation, it is usually assumed 
the fluid pressure within the hydraulic fracture is constant in the calculation of the 
surrounding stress field. The actual fluid pressure during fracturing process, however, 
is often fluctuating, due to the disturbance of the irregular surface of rock fracture and 
the viscous flow of fracturing fluid. Considering the uneven distribution character-
istics of fluid pressure inside a hydraulic fracture and investigating the propagation 
process of this hydraulic fracture is beneficial to reflecting the realistic dynamic prop-
agation of hydraulic fractures and improving the theory of field hydraulic fracturing. 
Up to now, the specific form of fluid pressure inside the fracture remains unclear. 
The fluid pressure is not constant due to the flow and viscosity of the fluid inside 
the fracture. The fluid pressure can be any form, depending on the actual injection 
conditions (e.g., pulse hydraulic fracturing). Sneddon and Elliott [1] derived the 
theoretical solutions of the induced stress and displacement fields in response to the 
non-uniform pressure of internal fluid outside the crack, but merely obtained a form 
solution with an integral variable for the stress and displacement around the crack. 
The existence of the integral variable to a large extent complicates the state analysis 
near the crack and inhibits its potential application in investigating the fracturing 
process under non-uniform pressure. 

Considering the nonuniform distribution of fluid pressure within the crack is 
beneficial to reflect the stress state around hydraulic fractures, refine the theory of 
hydraulic fracturing and provide support for the actual fracturing process. Though 
of apparent practical importance, the effect of nonuniform fluid pressure has not 
received due attention. In this chapter, the solution of Sneddon and Elliott [1] is 
reduced to a more simplified form and solved by means of the composite Simpson’s 
rule to facilitate a stability analysis in the hydraulic fracturing process. It is theoret-
ically feasible because the validity of this semianalytical solution can be guaranteed 
within a reasonable margin of error if the number of subintervals is sufficiently 
small. The applicability of the semianalytical solution is validated by comparing the
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approximation results with those obtained from constant fluid pressure and labora-
tory experiments. The sensitivity of the initial pressure and crack length common 
in constant pressure and the perturbation of the number of subintervals and terms 
missed in constant pressure are also discussed to assess the solution’s reliability. 

7.2 Mathematical Formulation 

Assume a 2a-long Griffith crack nonuniformly pressured by internal fluid is prop-
agating in an impermeable, homogeneous and linear elastic plane-strain medium 
(Fig. 7.1).  As  shown in Fig.  7.1, a rectangular coordinate system is established with 
the center of crack O as the origin and the crack extension direction as the y-axis. The 
fluid pressure within the crack is assumed to be P ,(x), a general polynomial func-
tion of the crack length and the position coordinate x (x < a), which implies that the 
nonuniform fluid pressure can be replaced by a dimensionless ratio of x coordinates 
to half of the total crack length a. 

In order to ensure the applicability and validity of this model, the following 
assumptions are made:

(1) The rock medium is linear, elastic, homogeneous and impermeable. 
(2) The crack is propagating in the plane strain plane, ignoring the change in the 

height of the crack (perpendicular to the plane). 
(3) The fluid pressure in the hydraulic fracture is a function of the fracture length 

(a) and the transverse position (x), satisfying x < a.

Fig. 7.1 Model for a Griffith crack non-uniformly pressurized by internal fluid 
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Fig. 7.2 Schematic of a Griffith crack stress decomposition (stress superposition principle) 

(4) The hydraulic fracture is filled with fluid, ignoring the lag length between the 
fracture tip and the fluid front. 

Based on the stress superposition principle delineated in Fig. 7.2, the total stress 
acting on the crack inner face can be decomposed into far-field in-situ stress and 
induced stress. The far-field stress remains uniform and is generated by in-situ stress, 
while the induced stress originates from the effective pressure within the crack and is 
controlled by injection pressure. Thus, we may solely consider the induced stress to 
analyze the fluid effect of nonuniform pressure in consideration of the case in which 
the variable fluid pressures at different x locations will greatly disturb the stress and 
displacement field around the crack. 

7.2.1 Nonuniform Fluid Pressure Consideration 

Due to variations in the fluid flow and viscosity inside the crack, the fluid pressure 
value cannot always remain constant. In contrast, the pressure may manifest as any 
form of function in terms of practical injection conditions. Taking this problem into 
consideration and using the superposition of far-field stress, the net fluid pressure 
acting on the crack is assumed to be a general polynomial. 

P(x) = P ,(x) − σh = P0 
nΣ

k=0 

bk( 
x 

a 
)k (x ≤ a) (7.1) 

where P ,(x) is the injection pressure, σh represents the minimum horizontal in-situ 
stress, P0 is defined as the initial fluid pressure (noting the fluid pressure mentioned 
here and after excluding the effect of far-field stress), k and n are both integers (≥0),
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and bk is a series of dimensionless real coefficient variables that varies with k. With 
the fitting properties of this polynomial, any form of fluid pressure distribution can 
be approximately expressed if the pressure of certain points within the crack can be 
determined. 

According to [2], the integral transformation solution of the induced stress and 
displacement field can be expressed as (compression is considered to be negative) 

⎧ 
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

σxx  = −  
2 

π 

∞∫

0 

ξ 2 A(ξ )(1 − ξ y)e−ξ y cos(ξ x)dξ 

σyy  = −  
2 

π 

∞∫

0 

ξ 2 A(ξ )(1 + ξ y)e−ξ y cos(ξ x)dξ 

σxy  = −  
2 

π 

∞∫

0 

yξ 3 A(ξ )e−ξ y sin(ξ x)dξ 

(7.2) 

The components of the displacement vector are similarly found to be 

⎧ 
⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎩ 

ux = −  
2(1 + ν) 

π E 

∞∫

0 

A(ξ )ξ [(1 − 2ν) − ξ y]e−ξ y sin(ξ x)dξ 

uy = 
2(1 + ν) 

π E 

∞∫

0 

A(ξ )ξ [2(1 − ν) + ξ y]e−ξ y cos(ξ x)dξ 

(7.3) 

As shown in Fig. 7.2, the following boundary conditions can be obtained (noting 
that only a quarter plane (x ≥ 0, y > 0) is studied in consideration of the symmetry 
of the Griffith crack): 

⎧ 
⎪⎪⎪⎨ 

⎪⎪⎪⎩ 

x and y → ∞ :  σxx  = σyy  = σxy  = 0 
y = 0, 0 <x < ∞, σxy  = 0 
y = 0, 0 <x < a, σyy  = P(x) 
y = 0, x > a, uy= 0 

(7.4) 

Combining Eqs. (7.2) ~ (7.4), we can obtain
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⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

− 2 
π 

∞∫

0 
ξ 2 A(ξ ) cos(ξ x)dξ = P(x), 0 < x < a 

∞∫

0 
A(ξ )ξ cos(ξ x)dξ = 0, x > a 

(7.5) 

The form of Eq. (7.5) can be transformed into a dual integral equation, 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

∞∫

0 
η f (η)J−1/2(ηρ)dη = g(ρ), 0 <ρ< 1 

∞∫

0 
f (η)J−1/2(ηρ)dη = 0, ρ>  1 

(7.6) 

where 

x = ρa, η  = aξ,  cos(ξ x) = ( 
πξ  x 
2 

) 
1 
2 J−1/2(ξ x), 

g(ρ) = aP0 
/

πa 

2 

nΣ

k=0 

bk(ρ)k ρ−1/2 , A(ξ )ξ 3/2 = f (ξ ) = f (η) (7.7) 

The general form of a dual integral equation can be expressed as 

⎧ 
⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎩ 

∞∫

0 

ηα f (η)Jv(ηρ)dη = g(ρ), 0 < ρ  <  1 

∞∫

0 

f (η)Jv(ηρ)dη = 0, ρ  >  1 

(7.8) 

whose solution is given by [5] in the form of 

f (η) = 
(2η)1−α/2

⎡(α/2) 

1∫

0 

u1+α/2 Jv+α/2(uη)du 

1∫

0 

g(ρu)ρv+1 (1 − ρ2 )α/2−1 dρ (7.9) 

where α and v are the power of a power function (ηα) and the order of a Bessel 
function (Jv) both in Eqs. (7.8) and (7.9). 

It is easy to find that Eq. (7.8) can be simplified to Eq. (7.6) in the case of α = 
1, v = − 1 

2 . After substituting the determined α = 1 and v = − 1 
2 into Eq. (7.9), the 

expression of f (η) becomes
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f (η) =
/
2η 
π 

1∫

0 

u 
3 
2 J0(uη)du 

1∫

0 

g(ρu)ρ 
1 
2 (1 − ρ2 )−

1 
2 dρ (7.10) 

If the function of g(ρ) in Eq.  (7.7) is substituted into Eq. (7.10), we have 

f (η) = aP0 
√
aη 

nΣ

k=0 

bk 

1∫

0 

uk+1 J0(uη)du 

1∫

0 

ρk (1 − ρ2 )−
1 
2 dρ (7.11) 

According to the Tables of Integrals [3], the definite integrals of power function 
and algebraic function can be found in the form of 

a∫

0 

xα (ac − xc )β dx = ⎡( α+1 
c )⎡(β + 1) 

n⎡( α+1 
c + β + 1) 

aα+cβ+1 (7.12) 

where c is a nonzero positive integer, and a, α and β are nonzero real numbers. 
For the function of

∫ 1 
0 ρ

k(1 − ρ2)− 1 
2 dρ in Eq. (7.11), it is easy to find that a = 1, 

x = ρ, c = 2, α = k and β = − 1 
2 . Thus, Eq. (7.11) has a more simplified form of 

f (η) = f (ξ ) = aP0 
√
aξπ  
2 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

1∫

0 

uk+1 J0(uξ)du (7.13) 

Substituting Eq. (7.13) into Eq. (7.7), we can obtain 

A(ξ ) = ξ −
3 
2 f (ξ ) = aP0 

√
aπ 
2ξ 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

1∫

0 

uk+1 J0(uξ)du (7.14) 

Combining Eq. (7.2) and Eq. (7.14), the induced stress and displacement fields 
under nonuniform fluid pressure become
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⎧ 
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

σxx  = −aP0 

√
a √
π 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

1∫

0 

uk+1 

∞∫

0 

ξ J0(uξ)(1 − ξ y)e−ξ y cos(ξ x)dξdu 

σyy  = −aP0 

/
a 

π 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

1∫

0 

uk+1 

∞∫

0 

ξ J0(uξ)(1 + ξ y)e−ξ y cos(ξ x)dξdu 

σxy  = −aP0 

√
a √
π 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

1∫

0 

uk+1 du 

∞∫

0 

yξ 2 e−ξ y J0(uξ)  sin(ξ x)dξ 

ux = −  
aP0(1 + ν) 

E 

/
a 

π 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

1∫

0 

uk+1 

∞∫

0 

J0(uξ)[(1 − 2ν) − ξ y]e−ξ y sin(ξ x)dξdu 

uy 
← = 
aP0(1 + ν) 

E 

/
a 

π 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

1∫

0 

uk+1 

∞∫

0 

J0(uξ)[2(1 − ν) + ξ y]e−ξ y cos(ξ x)dξdu 

(7.15) 

The pure analytical solution of Eq. (7.15) can be derived under the premise that 
the integrals about u and ξ are solved and integrated in the proper order. It is easy 
to see that the integrals about ξ in Eq. (7.15) (hereafter called ξ-integrals) primarily 
consist of Bessel, trigonometric, exponential and power functions, which can be 
unified into two general forms:

∫ ∞ 
0 ξ ce−ξ y Jv(uξ)  sin(ξ x)dξ (c = 0, 1, 2; v = 0) 

and
∫ ∞ 
0 ξ de−ξ y Jv(uξ)  cos(ξ x)dξ (d = 0, 1, 2; v = 0). These ξ-integrals can all be 

deduced based on the recursion formula of the Bessel function and integration by 
parts (see Appendix 1 for details). 

As c, d and v all equal 0, the solution of ξ-integrals can be obtained referring to 
[3],



172 7 Fracture Propagation

∞∫

0 

e−ξ y J0(uξ)  cos(ξ x)dξ = R−1 cos 
1 

2 
ϕ 

∞∫

0 

e−ξ y J0(uξ)  sin(ξ x)dξ = −R−1 sin 
1 

2 
ϕ 

(7.16) 

where R and ϕ, hereafter, are both functions of the location coordinates and the 
integral variable u and can be expressed as R4 = (y2 + u2 − x2)2 + 4x2 y2 and 
ϕ = arg(y2 + u2 − x2 − 2i xy), respectively. 

In the case of c = d = 1 and v = 0, according to [3], the following solution of 
ξ-integrals can be provided: 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

∞∫

0 
ξe−ξ y J0(uξ)  cos(ξ x)dξ =R−3(y cos 3 2 ϕ − x sin 3 2 ϕ) 

∞∫

0 
ξe−ξ y J0(uξ)  sin(ξ x)dξ = −R−3(x cos 3 2 ϕ + y sin 3 2 ϕ) 

(y > 0) (7.17) 

When both c and d equal 2 and v = 0, ξ-integrals become 

⎧ 
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

∞∫

0 

ξ 2 e−ξ y J0(uξ)  cos(ξ x)dξ = 
1 

u

[
3uR−5 ((y2 − x2 ) cos 

5 

2 
ϕ 

− 2xy  sin 
5 

2 
ϕ) − uR−3 cos 

3 

2 
ϕ

]

∞∫

0 

ξ 2 e−ξ y J0(uξ)  sin(ξ x)dξ = 
1 

u

[
3uR−5 ((x2 − y2 ) sin 

5 

2 
ϕ 

− 2xy  cos 
5 

2 
ϕ + uR−3 sin 

3 

2 
ϕ

]

(7.18) 

Substituting Eqs. (7.16) ~ (7.18) into Eq. (7.15) and changing the order of inte-
gration allow one to specify the relation between the stress (or displacement) vector 
and the variable u in terms of a single integration. Simultaneously, the variable ξ 
in Eq. (7.15) can be eliminated by separating the variables and solving the definite 
integration on ξ. The new form of Eq. (7.1) is shown as follows:
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⎧ 
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

σxx  = −aP0 

√
a √
π 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

1∫

0 

uk+1[R−3 (y cos 
3 

2 
ϕ − x sin 

3 

2 
ϕ) 

− (3R−5 ((y3 − x2 y) cos 
5 

2 
ϕ − 2xy  sin 

5 

2 
ϕ) − yR−3 cos 

3 

2 
ϕ)]du 

σyy  = −aP0 

√
a √
π 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

1∫

0 

uk+1 du[R−3 (y cos 
3 

2 
ϕ − x sin 

3 

2 
ϕ) 

+ (3R−5 ((y3 − x2 y) cos 
5 

2 
ϕ − 2xy  sin 

5 

2 
ϕ) − yR−3 cos 

3 

2 
ϕ)] 

σxy  = −aP0 

/
a 

π 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

1∫

0 

uk+1

[
15R−7 ((x3 y − 3xy3 ) cos 

7 

2 
ϕ 

− (y4 − 3x2 y2 ) sin 
7 

2 
ϕ) + 9R−5 (y2 sin 

5 

2 
ϕ + xy  cos 

5 

2 
ϕ)

]
du 

ux = aP0 
√
a(1 + v) 
E

√
π 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

1∫

0 

uk+1[(1 − 2ν)R−1 sin(− 
1 

2 
ϕ)du 

− y(R−3 (x cos 
3 

2 
ϕ + y sin 

3 

2 
ϕ))]du 

uy = aP0 
√
a(1 + v) 
E

√
π 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

1∫

0 

uk+1[2(1 − ν)R−1 cos( 
1 

2 
ϕ) 

+ R−3 (y2 cos 
3 

2 
ϕ − xy  sin 

3 

2 
ϕ)]du 

(7.19) 

Since R and ϕ are implicit functions about the variable u, it becomes difficult to 
solve the integrals about u at the interval of [0, 1]. To solve this nested integral, a 
numerical approximation is suggested for calculating these integrals by discretizing 
the integral interval of [0, 1], which can facilitate to approach the real solution as 
long as the computational accuracy is high enough. 

7.2.2 Semianalytical Solution 

The composite Simpson’s rule is an approximated method for numerical integration, 
which can reduce errors by quadratic interpolation. Suppose that the interval of u, [0,  
1] is split up into m subintervals of equal length, with m as an even number. Then, 
the composite Simpson’s rule is given by
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1∫

0 

f (u)du = 
1 

6m

[
f (0) + 4 

m−1Σ

i=0 

f (ui+1/2) + 2 
m−1Σ

i=1 

f (ui ) + f (1)

]
(7.20) 

Based on Eq. (7.20), the variable u can also be removed from the integrand 
in Eq. (7.19). Consequently, semianalytical and seminumerical solutions (called 
semianalytical solutions for short) of the stress and displacement field subjected 
to nonuniform fluid pressure can be completely derived. 

To evaluate the applicability of the solution, let us consider a computational area 
for –5 ≤ x ≤ 5 and -5 ≤ y ≤ 5. Notably, the values of stress for the negative x- and 
y- axes are sketched by symmetric transformation considering the limitation of the 
positive coordinate position in Eq. (7.4). Adopting a set of rock and fluid properties 
[4], E , = 30 GPa, v = 0.25, and P0 = 7 MPa, the total length of the Griffith crack 
is  assumed to be  l = 2a = 2 m, the real variable bk remains constant at 1, and the 
number of term n is taken as 100 for the sake of reducing the computational load and 
facilitating the analysis. Figure 7.3 shows the regularity of the stress distribution of a 
Griffith crack induced by nonuniform fluid pressure. It is clear that the value of stress 
increasingly approaches infinity near the crack tip, which illustrates the existence of 
a tip-stress singularity. Another obvious feature is that the contour marked in red 
dotted boxes in Fig. 7.3a, b are caused by the precision of subinterval division as 
well as the error (y = 0), which violates the limitation of Eq. (7.17). To ensure the 
continuity of stress contours, the values of contours at y = 0 are assumed to equal 
those at y = 1/m. This assumption can be valid as the number of terms m is great 
enough.

7.2.3 Propagation Conditions Under Nonuniform Fluid 
Pressure 

Considering nonuniform net fluid pressure in terms of a polynomial (Eq. 7.1) to  
simulate the arbitrary pressure distribution inside the crack, the assumed net fluid 
pressure at the inlet, crack tip and other places can be expressed piecewise as 

P(x) = 

⎧ 
⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎩ 

P0b0, x = 0 

P0 
nΣ

k=0 
bk( x a )

k, 0 < x < a 

P0 
nΣ

k=0 
bk, x = a 

(7.21) 

For the existence of stress singularity as x equals a, the near-crack-tip behavior holds 
the key to fracture propagation conditions according to the linear fracture mechanics 
(LFEM). In LFEM, the stress intensity factor (SIF) is usually adopted to describe the 
stress state of the crack tip, which can be expressed in terms of the Bueckner–Rice
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Fig. 7.3 Stress contours of 
σ xx (a), σ yy (b) and  σ xy 
(c) for a Griffith crack 
subjected to non-uniform 
fluid pressure (m = 100)

(a) 

(b) 

(c) 
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weight function [6] 

KI = 
2 
√
a √
π 

a∫

0 

P(x) 
f (x/a) √
a2 − x2 

dx (7.22) 

where f is a ‘configurational’ function modified by Nilson and Proffer (1984) and 
f (x/a) ≃ 1, in line with [7]. 
Integrating Eq. (7.22) by parts and after some simplification, we can obtain, 

KI √
πa 

= 
a∫

0 

F( 
x 

a 
) 
dP(x) 
dx 

dx + P0b0 (7.23) 

where 

F( 
x 

a 
)= 

2 

π 

1∫

x/a 

f (x/a) √  
1 − (x/a)2 

d( 
x 

a 
) (7.24) 

(The closed form for function F(ξ ) is given in Appendix 2). 
In the case of a Griffith crack, [7] provided a more simplified form of Eq. (7.24) 

F( 
x 

a 
) = 1 − 

2 

π 
arcsin 

x 

a 
(7.25) 

Substituting f (x/a) ≃ 1 and Eq. (7.25) into Eq. (7.23), we can finally obtain 

KI √
πa 

= 
a∫

0 

(1 − 
2 

π 
arcsin 

x 

a 
) 
dP(x) 
dx 

dx + P0b0 (7.26) 

If Eq. (7.21) in the case of x→a is substituted into Eq. (7.26), the stress intensity 
under nonuniform fluid pressure becomes 

KI = P0
√

πa 
nΣ

k=0 

kbk 
ak 

a∫

0 

(1 − 
2 

π 
arcsin 

x 

a 
)xk−1 dx + 

√
πaP0b0 (7.27) 

Integrating Eq. (7.27) by parts and consulting the Tables of Integrals [3], we can 
get 

KI = P0 
√
a 

nΣ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

+ √
πaP0b0 (7.28)



7.3 Validation of the Semianalytical Solution 177

The stress intensity near the crack tip shows noticeable dependence on the number 
of polynomial terms, the crack length and the initial fluid pressure. 

Based on LFEM theory, a Griffith crack starts to initiate and propagate in its 
favored direction when the SIF reaches its critical value, i.e., rock fracture toughness 
KI = K N IC . Consequently, Eq. (7.28) can be expressed as 

K N IC  = P ,
0 

√
a,

n,Σ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

+ √
πa,P ,

0b0 (7.29) 

7.3 Validation of the Semianalytical Solution 

In the case of constant fluid pressure when the first item of Eq. (7.1) is considered 
for n = 0, b0 = 1, [1] deduced the form of 

A(ξ ) = ξ −
3 
2 f (ξ ) = 

πaP0 
2 

ξ −2 J1(aξ) (7.30) 

To verify the validity of the semianalytical solution under nonuniform fluid pres-
sure, we compare the derived stress and critical intensity factor with those under 
classic constant fluid pressure. All of the related parameters are selected the same as 
those assumed in Sect. 7.2.2. 

7.3.1 Degradation from Nonuniform Pressure to Constant 
Pressure 

In reality, the nonuniform pressure herein considered can be expressed in the form of 
constant pressure when the number of terms equals 0, as stated in Eq. (7.21). Never-
theless, whether it is feasible for the semianalytical solution to be degraded into the 
analytical solution of constant fluid pressure while simultaneously enabling reason-
able accuracy still needs further verification. Consequently, we make a comparison 
between the two forms of the solutions by changing the number of subintervals m. 
The comparison aims to evaluate the approximation degree of the semianalytical 
solutions to the analytical solutions when the nonuniform pressure is degraded to be 
constant, by which the validity of the semianalytical solution is further validated. 

Due to the symmetrical stress distribution of σ xx, the tensile and compressive 
stresses on the positive y-axis are separately considered to analyze the difference, 
as shown in Fig. 7.4. Focusing on the same position on the line of x = 5 m, the  
semianalytical solution of stress under constant fluid pressure gradually approxi-
mates the real analytical solution with the increase in the number of subintervals m.
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It seems that the discrepancy of the two solutions for both tensile stress and compres-
sive stress can be roughly eliminated when m exceeds 30. This elimination makes 
it possible to supplant the analytical solution of constant pressure with the approxi-
mated semianalytical solution for unified analysis if the number of subintervals can 
ensure adequate calculation accuracy. In other words, the semianalytical solution is 
suitable for analyzing the stress induced by constant fluid pressure under the condi-
tions in which a small reasonable error is accepted. This conclusion to some degree 
verifies the applicability of the semianalytical solution.

7.3.2 Stress Distribution 

The approximate stress field induced by nonuniform fluid pressure has been analyzed 
in Sect. 7.2.2. Correspondingly, the stress distribution under constant fluid pressure is 
depicted in Fig. 7.5. Comparing Figs. 7.3 and 7.5, the induced stresses generated by 
constant fluid pressure and assumed nonuniform fluid pressure show similar stress 
distribution laws in contour shape. However, the magnitude of the stresses under 
the nonuniform fluid pressure is much greater than that induced by the constant 
fluid pressure amid the same conditions. Note that this result is concluded under the 
assumptions of bk = 1 and n = 100 for the convenience of calculation. In fact, the 
difference will change as n and bk vary. The influence of n will be further discussed 
in Sect. 4.3.

We may take the stress at x = a or y = 0.1 as a separate example to evaluate the 
varying regularity of the normal and tangential stresses. On the line of x = a shown 
in Fig. 7.6a–c, with the increase of the y coordinate, the stress variation influenced 
by constant pressure is nearly the same as that under nonuniform pressure. It is also 
of interest to find that as y tends to zero, regardless of different fluid pressure effects, 
σ xx experiences the tension–compression stress transformation twice (y/a = ±  2.1, 
y = ±  0.08), σ yy experiences it once (y/a = ±  0.8), but σ xy does not at all. These 
similarities partly illustrate the consistency of the stress distribution between constant 
fluid pressure and nonuniform fluid pressure.

A similarity ratio is introduced as the ratio of the stress components (σ xx, σ yy 
and σ xy) under nonuniform fluid pressure to that under constant fluid pressure. As 
shown in Fig.  7.6d, the normal stresses (σ xx and σ yy) separately induced by constant 
pressure (n = 0, b0 = 1) and nonuniform pressures (n = 100) present an obvious 
similarity, with average similarity ratios of 3500.57 and 3353.89 (neglecting the 
singular abrupt points), while the variation of the similarity ratio of tangential stress 
σ xy mainly behaves as a fluctuation of a concave function. Moreover, two abrupt 
points on the curve of normal stresses are found symmetrically distributed on both 
sides of the crack tip (y = 0) in Fig. 7.6d. The emergence of these abrupt points marks 
the transition of tension–compression stress. For example, when a point moves from 
afar to y = 0, the normal stress σ xx of this point changes from tension to compression 
(T → C) at y/a = 2.1, then returns to tension (C → T) at y/a = 0.08 and finally 
increases abruptly towards infinity at the crack tip. However, for the tangential stress



7.3 Validation of the Semianalytical Solution 179

(a) 

(b) 

Fig. 7.4 Degradation from non-uniform pressure to constant pressure on the line of x = 5 m (P0 
= 7 MPa):  a σ xx > 0 (tension); b σ xx < 0 (compression)
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Fig. 7.5 Stress contours of 
σ xx (a), σ yy (b) and  σ xy 
(c) for a Griffith crack 
subjected to constant fluid 
pressure

(a) 

(b) 

(c) 
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Fig. 7.6 Comparison of σ xx 
(a), σ yy (b), σ xy (c) and  
similarity ratio (d) induced 
by non-uniform and constant 
pressure as x = a (Unit: 
MPa)

(a) 

(b) 

(c) 

(d) 
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σ xy, the similarity ratio remains symmetrically and uniformly distributed around the 
crack tip and progressively approaches infinity with the increase of the y coordinate. 
There is no abrupt point on the similarity curve of σ xy, and correspondingly, there is no 
tension–compression transition, which precisely illustrates the correlation between 
the stress state and singularity ratio. 

A similar variation of the induced stresses is found in Fig. 7.7 as y equals 0.1. The 
main stress discrepancy between Figs. 7.6 and 7.7 lies in the position change of the 
tension–compression transition point. Less influenced by tip singularity compared 
with x = a, which covers the singular point of y = 0 into the computational domain, 
the values of stress remain finite, and the tension–compression transitions all appear 
at the nearest point to the crack tip, x/a = ±  1. Moreover, the tangential stress (σ xy) 
starts to initially experience the tension–compression transition at x/a = ±  1. These 
results differ from those in Fig. 7.6 and can be explained by the absence of stress 
singularity on the line of y = 0.1.

As evident from the two examples of x = a and y = 0.1, nonuniform fluid pressure 
in the form of a polynomial (n = 100, bk = 1) can produce a linear increasing effect 
on the normal stress, whereas a nonlinear effect is apparent on the tangential stress. 
This distinction implies that the stress state has a great correlation with the singularity 
ratio under the action of different fluid pressures and that the stress state can also be 
a reflection of stress singularity to a certain extent. 

7.3.3 Critical Propagation Condition 

The crack influenced by constant fluid pressure starts to move ahead as the magnitude 
of fluid pressure exceeds the critical value Phf . According to [8] and [9], the SIF can 
be calculated using 

K C IC  =
√

π a(Ph f  − σh) (7.31) 

Together with Eq. (7.29) which gives the expression of the critical SIF (frac-
ture toughness) under nonuniform fluid pressure, the relationships and discrepancies 
of critical propagation conditions under different fluid pressures can be found by 
changing the parameters of P0, a and KIC as follows: 

(i) Regarding the same fracture geometry, rock medium and stress environment, the 
physical and mechanical properties of rock and in-situ stress are identical, which 
means that the critical propagation conditions of the crack for both constant and 
nonuniform pressures are the same. Thus, we can obtain 

P ,
0 

√
a 

100Σ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

+ √
π aP ,

0b0 = (Ph f  − σh)
√

π a (7.32)
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Fig. 7.7 Comparison of σ xx 
(a), σ yy (b), σ xy (c) and  
similarity ratio (d) induced 
by non-uniform and constant 
pressure as y = 0.1 (Unit: 
MPa)

(a) 

(b) 

(c) 

(d) 
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Assuming the coefficient variable and term number of the designated polynomial 
to be the same as before (bk = 1, n = 100), Eq. (7.32) can be simplified to 

Ph f  − σh = 15.401P ,
0 (7.33) 

This expression exhibits a linear relationship between critical constant fluid pres-
sure and critical nonuniform fluid pressure in an identical rock medium and stress 
environment. Additionally, the net fluid pressure under the effect of constant pressure(
Ph f  − σh

)
is much greater than that of nonuniform fluid pressure at the injection 

point
(
P ,
0

)
, which indicates that greater pump pressure is required to promote crack 

extension under constant fluid pressure than nonuniform fluid pressure. 

(ii) In a two-dimensional horizontal plane, the magnitude of the in-situ stress is a 
direct reflection of the fracture geometry. Based on Eqs. (7.28) and (7.31), the 
relation of fracture length under different fluid pressures can be expressed by 
(Note that only a is changed for different fluid pressures and bk = 1, n = 100) 

P ,
0 

√
aN 

100Σ

k=0 

bk
⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

+
√

πaN P ,
0b0 = P ,

0

√
πaC (7.34) 

where aN and aC represent the critical fracture length at the beginning of frac-
ture propagation under nonuniform and constant fluid pressure, respectively. After 
simplification, we obtain 

269.112aN = aC (7.35) 

From Eq. (7.35), it is easy to conclude that the critical fracture length, which is 
needed to maintain the continuous propagation of a hydraulic fracture under constant 
pressure, is much greater than that under nonuniform fluid pressure. 

(iii) For the same initial net fluid pressure and fracture length, the SIF under different 
forms of critical fluid pressure can be expressed as

{
K C 

I 
= √

aπ(Ph f  − σh) = 1.772 
√
aP0 

K N I = 29.069 
√
aP0 

(7.36) 

where K N I and K C I are the SIFs under critical nonuniform and constant fluid 
pressures, respectively. 

Crack propagation occurs when the SIF reaches the critical value, rock fracture 
toughness KIC, i.e., 

KI = KIC (7.37)
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Considering the inequation of K N I > K C I , the SIF under nonuniform fluid pressure 
is more likely to reach or exceed the fracture toughness of rock formations than that 
under constant pressure. 

Generally, this simplified nonuniform fluid pressure (bk = 1, n = 100) yields a 
higher SIF and requires lower pump pressure as well as a smaller fracture length to 
drive a crack forward than constant fluid pressure. Thus, it is reasonable to conclude 
that nonuniform fluid pressure is more likely to promote crack extension than constant 
pressure under this assumed form of fluid pressure (bk = 1, n = 100). This conclusion 
can be verified by field and experimental observations. For example, pulse hydraulic 
fracturing, which causes fluctuating variations in fluid pressure inside the hydraulic 
fracture, usually requires lower breakdown pressure and results in a more compli-
cated fracture network than low-speed fluid fracturing operations [11, 12]. The fluid 
pressure acting on the crack’s inner face is hard to remain constant in consideration 
of the pressure difference of fluid flow even during constant rate fracturing treat-
ment [10]. Therefore, a nonuniform fluid pressure distribution is more realistic and 
applicable to reflect the crack propagation state in the field. 

7.4 Parametric Sensitivity Analysis 

It is notable that the semianalytical solution deduced herein is implemented for 
the analysis of the stress and displacement around a Griffith crack, different from 
the work conducted by Garagash and Detournay [13], which focused on the crack 
itself and the internal fluid pressure. The reliability and accuracy of this solution are 
determined by a series of parameters, such as the number of subintervals m, the crack 
length a, the initial fluid pressure P0 and the number of terms n. 

7.4.1 Reliability Analysis of the Numerical Solution 
(Perturbation of the Number of Subintervals m) 

As mentioned above, the calculation accuracy of the derived semianalytical solution 
depends on the number of subintervals m in composite Simpson’s rules. In theory, 
the greater the value of m is, the more accurate the solution becomes. However, a 
large m will conversely aggravate the computational load. In this regard, we tried 
to analyze the sensitivity of m to evaluate an appropriate value that can both ensure 
accuracy and reduce computational cost. 

The function of Eq. (7.19) to be integrated can be uniformly expressed in 
the form of 

P(k)
∫ 1 

0 
uk+1 F(u)du. (7.38)
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Table 7.1 Value of σ xx for 
different numbers of 
subintervals m 

(x, y) = (a, 5) (x, y) = (a, 0.1)  
mi σ xx (MPa) mi σ xx (MPa) 

100 309.159876 100 −1292.262680 

500 309.185738 500 −1287.527011 

1000 309.198441 1000 −1285.296700 

2000 309.201990 2000 −1284.002504 

5000 309.208494 5000 −1283.578436 

8000 309.208522 8000 -1283.241820 

Thus, we may take Eq. (7.19) as an example (here we choose σ xx) to elaborate the 
solution reliability resulted by m. 

The difference of σ xx under adjacent m must be below a certain small numerical 
tolerance, i.e., convergence is considered to be achieved if the following conditions 
are fulfilled:

||σ mi+1 
xx  − σ mi 

xx

|| < ε (7.39) 

where ε is the small numerical tolerance convergence, which can be≤ 0.1% according 
to [14]. 

When m increases from 100 to 8000 in Table 7.1, 6 significant figures (shown 
in bold) in the value of σ xx are observed at (a, 5), while only 4 significant figures 
are found at (a, 0.1). This difference means that the convergence rate of the solution 
decreases at a closer distance to the crack tip, which can be ascribed to the influence 
of the tip-stress singularity. In other words, the results of this semianalytical solution 
can be reliable outside the zone of tip-stress singularity and are suitable for the 
calculation of the induced fields. However, the specific range of this singular zone 
still needs further study. 

7.4.2 Sensitivity Analysis of the Initial Fluid Pressure P0 
and Crack Length a 

Both P0 and a are assumed to be initially constant in the calculation process of 
nonuniform fluid pressure. By means of the control variable method, we can analyze 
the sensitivity of the two parameters. Specifically, 3 groups of crack lengths (a = 1, 
5 and 10 m) are initially considered, and P0 was successively set to 7, 14, 21 and 
28 MPa. 

Figure 7.8a, b shows the distribution of σ xx on the lines x = a and y = 0.1 under 
different crack lengths. Obviously, the larger crack length value indicates the greater 
magnitude of σ xx for the same position. The varying crack length will not change the 
tension and compression stress range divided by x coordinates, which implies that
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an increase in crack length will result in a change in the stress value. To analyze the 
stress value variations at the same position, we extract three points on the line of x = 
a (y = 5, 2.5 and 0.1 m). Another two cases of a = 15 m and a = 20 m are considered 
for better regularities of the curves. As shown in Fig. 7.8c, the values of σ xx at the 
selected locations all exhibit increasing trends when the crack length changes from 
1 to 20 m. So, the crack length has a nonlinear on the stress variation.

In addition, the distribution of σ xx induced by nonuniform fluid pressure under 
different initial fluid pressures is depicted in Fig. 7.9. A similar increase of σ xx is 
also found with the increase of P0 in Fig. 7.9a, b. However, as shown in Fig. 7.9c, 
the stress value pressure exhibits linear growth with the increase of initial fluid P0. 
As P0 is changed from 7 MPa to 14, 21 and 28 MPa, the value of σ xx at the point of 
(a, -0.1) will be accordingly expanded to 2, 3 and 4 times as much as its initial value 
(P0 = 7 MPa). Similar outcomes can also be found at other positions on the line x 
= a, which means that a linear increment in the initial fluid pressure P0 will lead to 
the same magnitude of stress increasing at different locations.

Based on Eq. (7.29), the critical intensity factor K N IC  for a crack to propagate 
under nonuniform fluid pressure is a function of P0 and a. If the number of terms 
n and the coefficient variable bk are considered to remain invariable as before (n = 
100, bk = 1), the sensitivity of P0 and a can be separately evaluated in Fig. 7.10. 
Similar to the variation of the stress value, the initial fluid pressure P0 is linearly 
related to the critical intensity factor, while the crack length poses a nonlinear effect 
of a power function with a power of 1/2 on the critical propagation condition.

In summary, the varying initial fluid pressure P0 shows a linear correlation with 
the stress value and the critical intensity factor. Meanwhile, with the increase of 
the crack length a, the magnitude of the induced stress near a Griffith crack and 
the critical intensity factor present a nonlinear increase, and the increase rate also 
increases. 

7.4.3 Perturbation Analysis of the Number of Terms n 

In terms of fluid with power-law (non-Newtonian) rheology, the number of terms n 
in Eq. (7.1) represents the distribution form of fluid pressure inside the Griffith crack, 
which may fluctuate the surrounding stress state of certain locations. To explore the 
perturbation effect of different n, a series of numbers of terms (n = 0, 1, 2, 3, 4, 5) 
were considered when analyzing the variation of σ xx on the line x = 5 m (a = 1 m).  
It is also important to mention that the number of subintervals m is chosen to be 1000 
in consideration of the calculation accuracy. 

As Fig. 7.11 shows, an equal increase in the number of terms n results in an incre-
mental increase in stress value according to the peak line of σ xx (the rate of increase 
becomes greater and greater). The demarcation between the compressive and tensile 
stress zones remains stable despite the varying number of terms n. It can be inferred 
that fluid with power-law rheology may merely influence the magnitude of the stress 
value instead of the form of stress distribution around the crack. Additionally, as a
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Fig. 7.8 Distribution of σ xx 
on the lines of x = a (a) and  
y = 0.1 m (b) as well as the  
variation of stress value 
(c) under different crack 
lengths a

(a) 

(b) 

(c) 
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Fig. 7.9 Distribution of σ xx 
on the lines of x = a (a) and  
y = 0.1 m (b) as well as the  
variation of stress value 
(c) under different initial 
fluid pressures P0

(a) 

(b) 

(c) 
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Fig. 7.10 Curves of critical stress intensity factor versus the crack length a and the initial fluid 
pressure P0

point at line x = 5 m moves from y = −5m to  y = 0, the stress in the x-axial direction 
(σ xx) decreases gradually and then increases until to the peak value. Symmetrical 
law is also observed on the positive y-axis. It seems that the closer a point is to y = 
0, the greater the σ xx becomes, which exactly reveals the effect of stress singularity 
near the crack tip.

The continuing crack propagation (K I ≥ K IC) or arrest (K I < K IC) partly depends 
on the changing number of terms n. For the convenience of calculation, bk is assumed 
to be the same as that in Sect. 7.2.2. According to Eq. (7.29), we can derive a 
dimensionless form of the critical intensity factor κ: 

κ = K N IC  

P0
√

πa 
= 

1 √
π 

n,Σ

k=0

⎡( k 2 + 1 2 )
⎡( k 2 + 1) 

+ 1 (7.40) 

Figure 7.12 illustrates the relationship between the dimensionless critical intensity 
factor and the number of terms n. As  n increases from 0 to 300, the dimensionless 
critical intensity factor exhibits an increasing trend, while its increase rate decreases 
gradually from 0.636 and tends to be constant at 0.051. Therefore, the accumulated 
number of terms of the polynomial form of fluid pressure ultimately possesses a linear 
effect on the critical propagation as n exceeds 200. The crack propagation behavior is 
related to the compound effect of injection fluid pressure and in-situ stress. Assuming 
bk equals 1 is too simplified to reflect realistic and practical hydraulic fracturing.
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Fig. 7.11 Distribution of σ xx on the line x = 5 m under different the number of terms n

Nonetheless, analyzing the variation of n can still help evaluate the perturbation of 
the fluid pressure form on the crack propagation conditions.

A mechanical model of a Griffith crack nonuniformly pressurized by interval fluid 
in a linear elastic and homogeneous plane is formulated. The initial state involving 
stress and displacement around the crack and the critical propagation condition of 
the crack are studied in detail. Based on Fourier transformation and the composite 
Simpson’s rule, a semianalytical solution for a crack under nonuniform fluid pressure 
is obtained as a function of two numbers: the number of subintervals (m) and the 
number of terms (n).
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Fig. 7.12 Curves of dimensionless critical SIF κ versus the number of terms n

Appendix 1. ξ-Integrals Function 

A pair of general form functions composed of Bessel, trigonometric, exponential and 
power functions (ξ-integrals) can be expressed as 

⎧ 
⎪⎪⎨ 

⎪⎪⎩ 

∞∫

0 
ξ de−ξ y Jv(uξ)  cos(ξ x)dξ 

∞∫

0 
ξ ce−ξ y Jv(uξ)  sin(ξ x)dξ 

(c = d = v, v + 1, v + 2, . . .) (7.41) 

where c, d and v are integers ranging from zero to infinity. 
Gradshteyn and Ryzhik [3] also provided the following solution of ξ-integrals 

when c and d both equal v + 1:
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⎧ 
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

∞∫

0 

ξ v+1 e−ξ y Jv(uξ)  cos(ξ x)dξ = 
2(2u)v √

π
⎡(v + 

3 

2 
)R−2v−3[y cos(v + 

3 

2 
)ϕ 

− x sin(v + 
3 

2 
)ϕ] 

∞∫

0 

ξ v+1 e−ξ y Jv(uξ)  sin(ξ x)dξ = −2(2u)v √
π

⎡(v + 
3 

2 
)R−2v−3[x cos(v + 

3 

2 
)ϕ 

+ y sin(v + 
3 

2 
)ϕ] 

(y > 0, v > − 
3 

2 
) (7.42) 

A recursion formula of the Bessel function is given by 

(xv Jv(ax))
, = a · xv Jv−1(ax) (7.43) 

Making v in Eq. (7.43) equal to w + 1 (w is an integer greater than or equal to 0) 
and substituting this equation into the ξ-integrals, we obtain 

∞∫

0 

ξ w+1 e−ξ y Jw(uξ)  cos(ξ x)dξ = 
1 

u 

∞∫

0 

(ξ w+1 Jw+1(uξ)),e−ξ y cos(ξ x)dξ 

∞∫

0 

ξ w+1 e−ξ y Jw(uξ)  sin(ξ x)dξ = 
1 

u 

∞∫

0 

(ξ w+1 Jw+1(uξ)),e−ξ y sin(ξ x)dξ (7.44) 

Using integration by parts, Eq. (7.44) can be expressed as 

∞∫

0 

ξ w+1 e−ξ y Jw(uξ)  cos(ξ x)dξ = 
1 

u 
[ξ w+1 Jw+1(uξ)e−ξ y cos(ξ x)

||∞ 
0 

− 
∞∫

0 

ξ w+1 Jw+1(uξ)(e−ξ y cos(ξ x)),dξ ] 

∞∫

0 

ξ w+1 e−ξ y Jw(uξ)  sin(ξ x)dξ = 
1 

u 
[ξ w+1 Jw+1(uξ)e−ξ y sin(ξ x)

||∞ 
0 

− 
∞∫

0 

ξ w+1 Jw+1(uξ)(e−ξ y sin(ξ x)),dξ ] (7.45) 

After simplification, Eq. (7.45) becomes
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∞∫

0 

ξ w+1 e−ξ y Jw(uξ)  cos(ξ x)dξ = 
x 

u 

∞∫

0 

ξ w+1 Jw+1(uξ)e−ξ y sin(ξ x)dξ 

+ 
y 

u 

∞∫

0 

ξ w+1 Jw+1(uξ)e−ξ y cos(ξ x)dξ 

= 
x 

u 
Y + 

y 

u 
X = M1 

∞∫

0 

ξ w+1 e−ξ y Jw(uξ)  sin(ξ x)dξ = −  
x 

u 

∞∫

0 

ξ w+1 Jw+1(uξ)e−ξ y cos(ξ x)dξ 

+ 
y 

u 

∞∫

0 

ξ w+1 Jw+1(uξ)e−ξ y sin(ξ x)dξ 

− 
x 

u 
X + 

y 

u 
Y = M2 (7.46) 

In Eq. (7.46), two binary linear equations of
∫ ∞ 
0 ξ w+1e−ξ y Jw+1(uξ)  cos(ξ x)dξ (X) 

and
∫ ∞ 
0 ξ w+1e−ξ y Jw+1(uξ)  sin(ξ x)dξ (Y ) can be solved using M1 and M2 derived 

by Eq. (7.42). Notably, these deductions, held as variables of c, d, v and w, are  all  
integers ranging from zero to infinity. Thus, it is appropriate to replace variable w 
with v in X and Y for the sake of consistent expression with Eq. (7.45). Thus, the 
unknown functions X and Y are separately expressed as 

⎧ 
⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎩ 

X = 
∞∫

0 

ξ v+1 Jv+1(uξ)e−ξ y cos(ξ x)dξ = 
(2u)v+1 

√
π

⎡(v + 
3 

2 
)R−2v−3 cos(v + 

3 

2 
)ϕ 

Y = 
∞∫

0 

ξ v+1 Jv+1(uξ)e−ξ y sin(ξ x)dξ = − (2u)v+1 

√
π

⎡(v + 
3 

2 
)R−2v−3 sin(v + 

3 

2 
)ϕ 

(7.47) 

In the case of c = d = v+2, using the recurrence relation of Eq. (7.43), we can 
obtain 

(xv+2 Jv+1(ax))
, = a · xv+2 Jv(ax) + xv+1 Jv+1(ax) (7.48) 

Then, this relation reduces to 

xv+2 Jv(ax) = 
1 

a 
· [(xv+2 Jv+1(ax))

, − xv+1 Jv+1(ax)] (7.49) 

Substituting Eq. (7.49) into  ξ-integrals, we can obtain
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∞∫

0 

ξ v+2 e−ξ y Jv(uξ)  cos(ξ x)dξ = 
1 

u 

∞∫

0 

[(ξ v+2 Jv+1(uξ)),

− xv+1 Jv+1(ux)]e−ξ y cos(ξ x)dξ 
∞∫

0 

ξ v+2 e−ξ y Jv(uξ)  sin(ξ x)dξ = 
1 

u 

∞∫

0 

[(ξ v+2 Jv+1(uξ)),

− xv+1 Jv+1(ux)]e−ξ y sin(ξ x)dξ (7.50) 

Based on integration by parts, Eq. (7.50) can be further simplified to 

∞∫

0 

ξ v+2 e−ξ y Jv(uξ)  cos(ξ x)dξ = 
x 

u 

∞∫

0 

ξ v+2 Jv+1(uξ)e−ξ y sin(ξ x)dξ 

+ 
y 

u 

∞∫

0 

ξ v+2 Jv+1(uξ)e−ξ y cos(ξ x)dξ 

− 
1 

u 

∞∫

0 

xv+1 Jv+1(ux)e
−ξ y cos(ξ x)dξ 

∞∫

0 

ξ v+2 e−ξ y Jv(uξ)  sin(ξ x)dξ = −  
x 

u 

∞∫

0 

ξ v+2 Jv+1(uξ)e−ξ y cos(ξ x)dξ 

+ 
y 

u 

∞∫

0 

ξ v+2 Jv+1(uξ)e−ξ y sin(ξ x)dξ 

− 
1 

u 

∞∫

0 

xv+1 Jv+1(ux)e
−ξ y sin(ξ x)dξ (7.51) 

When v in Eq. (7.42) equals v + 1, it is easy to derive 

∞∫

0 

ξ v+2 e−ξ y Jv+1(uξ)  cos(ξ x)dξ = 
2(2u)v+1 

√
π

⎡(v + 
5 

2 
)R−2v−5[y cos(v + 

5 

2 
)ϕ 

− x sin(v + 
5 

2 
)ϕ] 

∞∫

0 

ξ v+2 e−ξ y Jv+1(uξ)  sin(ξ x)dξ = −2(2u)v+1 

√
π

⎡(v + 
5 

2 
)R−2v−5[x cos(v + 

5 

2 
)ϕ
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+ y sin(v + 
5 

2 
)ϕ] (7.52) 

Substituting Eqs. (7.47) and (7.52) into Eq. (7.51), ξ-integrals in the case of c = 
d = v + 2 are solved: 

⎧ 
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

∞∫

0 
ξ v+2e−ξ y Jv(uξ)  cos(ξ x)dξ = 1 u 

⎡ 

⎢⎣ 

2(2u)v+1 √
π

⎡(v + 5 2 )R
−2v−5((y2 − x2) 

cos(v + 5 2 )ϕ − 2xy  sin(v + 5 2 )ϕ) 
− (2a)v+1 √

π
⎡(v + 3 2 )R

−2v−3 cos(v + 3 2 )ϕ 

⎤ 

⎥⎦ 

∞∫

0 
ξ v+2e−ξ y Jv(uξ)  sin(ξ x)dξ = 1 u 

⎡ 

⎢⎣ 

2(2u)v+1 √
π

⎡(v + 5 2 )R
−2v−5((x2 − y2) 

sin(v + 5 2 )ϕ − 2xy  cos(v + 5 2 )ϕ) 
+ (2a)v+1 √

π
⎡(v + 3 2 )R

−2v−3 sin(v + 3 2 )ϕ 

⎤ 

⎥⎦ 

(7.53) 

Appendix 2. Closed—Form of F(ξ ) 

The function F(ξ ) in Eq.  (7.24) can be expressed as 

F(ξ ) = 
2 

π 

1∫

ξ 

f (ξ ) √  
1 − ξ 2 

dξ 

= F0 − 
2 

π 
(χ arcsin ξ − (χ − 1) 

ξ α+1 

α + 1 2 
F1( 

α + 1 
2 

, 
1 

2 
; α + 3 

2 
; ξ 2 )) (7.54) 

where 2F1 is a hypergeometric function. 
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Chapter 8 
Fracture Interaction Behaviors 

8.1 Introduction 

Problems arising from hydraulic fracturing involve the nonlinear coupling of rock 
deformation and fluid flow, the nonlocal character of the fracture elastic response, 
the time dependence of fracture propagation and the interacting interference between 
the pre-existing and induced fractures. These problems will result in the offsetting of 
the fracture path and leak-off of fracturing fluid and then complicate the analysis of 
hydraulic fracturing [10]. Whereas the economic production from these reservoirs 
tends to depend on the efficiency of hydraulic fracturing stimulation treatment [26]. 
So fully modeling hydraulic fracturing is necessary and significant in optimizing the 
fracturing parameters and stimulating reservoir production. 

Early research efforts concentrated on modeling the propagation of single planar 
hydraulic fracture (HF) in linear elastic, impermeable and homogeneous rock. As 
the horizontal in-situ stress in the overlying and underlying layers is much larger 
than that in the reservoir layer, the growth of HF height is expected to decline and 
ultimately stop, and therefore the phenomenon of constant fracture height appears 
[20, 30]. When the fracture length is sufficiently small compared to the fracture 
height, this hydraulic fracturing problem can be theoretically simplified to a plane-
strain model, well-known as KGD and PKN models [11, 13, 18]. These models 
typically rely on the simplification of the fracturing problem either with respect to 
the fracture width profile or the fluid pressure distribution. However, the simple HF 
geometric assumption of a straight and bi-wing planar feature is untenable because 
of the pre-existing geological discontinuities including fissures, veins, joints, faults 
and bedding planes (assumed to be a natural fracture with a frictional interface and 
thereafter called NF) in naturally fractured formations [28]. The HF will inevitably 
intersect with multiple NFs and therefore result in complicated fracture networks 
[14]. Plenty of microseismic measurements and field observations [17, 9, 24] also  
suggest that the creation of complicated fracture networks is a common occurrence 
during the process of hydraulic fracturing treatments.
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Fig. 8.1 Intersection modes between an HF and an NF [12] 

Based on experiment and field analysis [4, 12, 33], three intersection modes 
(crossing, opening and slippage) were mainly observed when the HF propagated 
in naturally fractured formations as sketched in Fig. 8.1. The case of “Crossing”, 
“Opening” and “Slippage” means that the HF crosses the NF, the NF slips upon 
contact with HF, and the HF propagates along the dilated NF, respectively. The 
occurrence of each intersection behavior depends on the stress conditions and mate-
rial mechanic properties to a large extent [22]. In reality, the minimum horizontal 
stress contrast defines the lower limit for the propagation capacity of the HF where the 
pressure for initiating a fracture needs to exceed the sum of the minimum horizontal 
stress and the rock tensile strength. 

In this chapter, the goal is to predict the intersection behaviors (including crossing, 
slippage and opening) between the HF and the NF based on known parametric condi-
tions and assumed geometric models. We pay attention to presenting a composite 
criterion to predict subsequent behaviors based on stress conditions before the HF 
comes into contact with the NF. This criterion is validated by comparing the predicted 
results with previously published experimental observations and intersection criteria. 
Furthermore, this new criterion includes the sensitivity of the HF approaching 
distance missed in previous intersection models, with which the new criterion is 
discussed in detail. 

8.2 Intersection Model Between Hydraulic Fracture 
and Natural Fracture 

As shown in Fig. 8.2a, a plane-strain model is developed considering a finite-length 
HF uniformly pressurized by internal fluid which is approaching an unbounded fric-
tional NF (red rough line) at an arbitrary angle β. The internal fluid inside the HF is 
incompressible and inviscid. The initial stress field equals the far-field in-situ stress 
components σ H and σ h which are parallel and perpendicular to the HF in the Oxy 
reference plane, respectively. The yellow arrow denotes the injection location and
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injection rate Q0. For convenience, a local coordinate system (O’ βx βy) is estab-
lished on the NF, where the βx axis is codirected with the NF in the direction of the 
approaching HF and intersects the βx axis at the NF midpoint (Fig. 8.2a).

During an HF approaching an NF, the stress components acting on the NF are 
influenced by the co-action of the fluid flow within the HF on both sides of the 
injection point and the far field in-situ stress. As the HF extends and moves closer to 
the NF, the stresses on NF increase and become closer to the critical failure thresholds 
(rock tensile strength or NF cohesion strength). Assuming a limit state where HF 
is infinitely close to but not in contact with the NF (Fig. 8.2b), the existing stress 
singularity near the HF tip will greatly influence the stress distribution on the NF, 
and certain points on the NF may have reached or even exceeded the critical failure 
limit. The possible behaviors of crossing, slippage and opening between the HF and 
the NF are assumed mutually independent. The mixed behaviors of opening after 
crossing and crossing after slippage are not considered. 

8.2.1 Solution of Net Pressure Inside 
the Toughness-Dominated HF 

Since the fracturing fluid is assumed to have zero viscidity, the propagation of HF 
can be identified be in the toughness-dominated regime [7]. The half-length of the 
HF is designated l(t), the HF width is w(x, t), Pnet denotes the net pressure within 
the HF which only depends on the x coordinate (with origin at the injection point, 
O), and the fluid injection time is t. 

According to [7], the unified form of theoretical solution to a single fracture is 
defined in a dimensionless form: 

l(t) = L(t) · γ [ρ(t)] 

w(x, t) = ε(t) · L(t) · Ω(ξ, t) 
Pnet (x, t) = ε(t) · E , · ⊓(ξ, t) (8.1) 

where ξ = x/l(t) (0  ≤ ξ ≤ 1) refers to the scaled position which defines a moving 
system of coordinates (with respect to the fixed system of coordinates x); ε(t) denotes 
a small dimensionless parameter that guarantees the variation range ofΩ and⊓ from 
zero to infinity; L represents the length scale; γ ,Ω, and⊓ are the dimensionless frac-
ture half-length, opening and net pressure, respectively; and ρ(t) is the dimensionless 
evolution parameter. 

Based on the  scaling of Eq.  (8.1), the elasticity equation can be expressed as

Ω = −4γ 
π 

1∫

0 

ln

|||||
√  
1 − ξ 2 + √

1 − s2 √  
1 − ξ 2 − √

1 − s2

|||||⊓(s, t)ds (8.2)
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(a) Geometry of the intersection model 

(b) Limit state for Δl 0 

Fig. 8.2 Schematic diagram of a hydraulic fracture approaching a natural fracture
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The fluid lubrication equation can be written as 

( ̇
εt 

ε 
+ 

L̇t  

L 
)Ω − 

L̇t  

L 
ξ 
∂Ω

∂ξ 
+ ρ̇t ( 

∂Ω

∂ρ 
− 

ξ 
γ 
dγ 
dρ 

∂Ω

∂ξ 
) = 1 

Gmγ 2 
∂ 
∂ξ 

(Ω3 ∂⊓

∂ξ 
) (8.3) 

The fluid mass balance is 

2γ 
1∫

0

Ωdξ = Gv (8.4) 

The HF propagation condition (K I = K IC) is

Ω = Gkγ 1/2 (1 − ξ)1/2 , 1 − ξ <<  1 (8.5) 

In the toughness-dominated regime, the dimensionless groups of Gv and Gk both 
equal 1, and Gm is a function expression about the known parameters (Gm = μ,

ε3 E ,t , 
μ, represents the magnitude of fluid viscosity) according to [1]. The classic zero-
viscosity solution of a toughness-dominated fracture is derived by Garagash [10], 
and the related dimensionless parameters are expressed as follows: 

K , = 8 √
2π 

· KIC  , E , = 
E 

1 − v2 
(8.6) 

ε(t) = ( 
K ,4 

E ,4 Q0t 
)1/3 , L(t) = 

E ,Q0t 

K ,
2/3 

(8.7) 

γ = 2 

π 2/3 
,Ω(ξ  )  = π −1/3 · (1 − ξ 2 )1/2 ,⊓ = 

π 1/3 

8 
(8.8) 

where E , is defined as plane-strain elastic modulus, v denotes Poisson’s ratio, K IC is 
the rock fracture toughness and Q0 represents the injection rate. 

Finally, the hydraulic fracturing solution of a single HF is obtained by combining 
Eqs. (8.1) and (8.6) ~ (8.8): 

l(t) = γ · ( E
,

K , )
2/3 · (Q0t)

2/3 (8.9) 

w(ξ, t) = Ω(ξ ) · ( K
,

E , )
2/3 · (Q0t)

1/3 (8.10) 

Pnet(ξ, t) = E , · ⊓(ξ ) · ( K
,

E , )
4/3 · (Q0t)

−1/3 (8.11)
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8.2.2 Slippage Condition for the NF 

The HF propagates is subject to the combined action of far-field in-situ stress (σ H 
and σ h) and inner fluid pressure (Pf). According to the stress superposition principle 
[23], the total stress on the NF interface should be equivalent to the superposition of 
the far field stress and the induced stress. The far field stress keeps uniform and is 
generated by in-situ stress, while the induced stress originates from the net pressure 
(Pnet) within the HF and is generated by internal fluid flow. 

According to Westergaard’s analysis [27], the induced stress field produced by 
the net fluid pressure within the HF in Oxy reference plane is 

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎪⎩ 

σxx = Pnet
[ r0 
2r∗

]
×

[
2 cos

(
θ ∗ − θ0

) + 2 sin  θ0 sin θ ∗ − sin θ1× 
sin(θ ∗ + θ1 − θ0) − sin θ2 sin(θ ∗ + θ2 − θ0)

]
− Pnet 

σyy = Pnet
[ r0 
2r∗

]
×

[
2 cos

(
θ ∗ − θ0

) − 2 sin  θ0 sin θ ∗ + sin θ1× 
sin(θ ∗ + θ1 − θ0) + sin θ2 sin(θ ∗ + θ2 − θ0)

]

τxy = Pnet
[ r0 
2r∗

]
× [

sin θ1 cos(θ ∗ + θ1 − θ0) − sin θ2 cos(θ ∗ + θ2 − θ0)
]
(8.12) 

where 

−π ≤ {θ0, θ1, θ2, θ  ∗} ≤  π, 
r∗ = √r1r2, θ  ∗ = 1 2 (θ1 + θ2) ,  
r0 = 

√  
x2 + y2, θ0 = tan−1( y x ), 

r1 = 
√  

(x − l)2 + y2, θ1 = tan−1( y 
x−l ), 

r2 =
√  

(x + l)2 + y2, θ2 = tan−1( y 
x+l ), 

The stress components of the HF-induced stress applied to the NF, inclined by 
the angle β with respect to the direction of σ xx, are expressed as follows: 

⎧⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎩ 

σPnet,βx = 
σxx + σyy  

2
+ 

σxx − σyy  

2 
cos(2β) + τxysin(2β); 

σPnet,β y = 
σxx + σyy  

2
− 

σxx − σyy  

2 
cos(2β) − τxysin(2β); 

τPnet,β = −  
σxx − σyy  

2 
sin(2β) + τxycos(2β); 

(8.13) 

The stress components projected on NF (inclined at angle β) from far-field stresses 
σ H and σ h are given by 

⎧⎨ 

⎩ 

σγ,βx = σH+σh 
2 + σH−σh 

2 cos 2β 
σγ,βy = σH+σh 

2 − σH−σh 
2 cos 2β 

τγ,β  = − σH−σh 
2 sin 2β 

(8.14)
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The total normal and shear stress of the combined stress field can be obtained by 
superposing Eqs. (8.5) and (8.6):

{
σβ y = σPnet,βy + σγ,βy 

τβ xy  = τPnet,β + τγ,β  
(8.15) 

When the normal stress on the NF is compressive, the failure of the interface can be 
judged by Mohr–Coulomb criterion (supposing compressive stress to be negative):

||τβxy

|| ≥ c − μσβ y (8.16) 

where μ is the friction coefficient, c denotes the cohesion of the NF, σ βy and τ β are 
the total normal and shear stresses on the NF interface, respectively. 

The onset of slip is analytically estimated using the geometric model illustrated in 
Fig. 8.1b. If Eq. (8.16) holds, the NF may undergo shear failure at different degrees 
such that the growth of the HF will probably get arrested by the NF. Once the HF 
is arrested by NF, the pre-existing stress singularity at HF tip will diminish, and the 
stress field in the vicinity of the HF tip will differ significantly. 

8.2.2.1 Opening Criterion for the NF 

The critical fluid pressure required to open the NF and sustain the HF propagation 
[29] is  

PNF = σβy + 
KIC √
πl 

√
η (8.17) 

PNF ≤ PHF (8.18) 

where η = γ NF/γ Rock, γ NF and γ Rock are the surface energy of the NF and the intact 
rock matrix, respectively. 

The NF will be probably opened by the fracturing fluid inside the HF under the 
opening condition (Eq. 8.18) which defines the upper limit of the NF opening in 
combined stress field. Once the HF encounters the NF, the penetrating fracturing 
fluid may flow along either side of the NF midpoint, which highly depends on the 
intersection angle [21]. 

8.2.2.2 Crack Initiation Condition 

According to the linear elastic fracture mechanics, the stress field near the fracture 
tip is approximated as
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⎧⎪⎪⎪⎪⎪⎪⎪⎨ 

⎪⎪⎪⎪⎪⎪⎪⎩ 

σx = σH + KI √
2πr 

cos 
θ 
2 
(1 − sin 

θ 
2 
sin 

3θ 
2 

) 

σy = σh + KI √
2πr 

cos 
θ 
2 
(1 + sin 

θ 
2 
sin 

3θ 
2 

) 

τxy  = 
KI √
2πr 

sin 
θ 
2 
cos 

θ 
2 
cos 

3θ 
2 

(8.19) 

where K I is the stress intensity factor, r and θ are the polar coordinates with the 
origin at HF tip, and θ = β (or β–π ). 

As the HF tip approaches the NF, the stress projected on the NF is increased such 
that the inelastic deformation is produced within a certain range of the HF tip, which 
implies the existence of a nonlinear region adjacent the approaching intersection 
point in limit state (Fig. 8.1b). Within the nonlinear region, the rock may stay in 
elastoplastic or plastic state and the highly accumulated elastic strain energy near 
the HF tip has been dissipated to some extent in the form of heat and surface energy, 
which makes the linear elastic fracture mechanics invalid for distances less than the 
critical radius (rc) to the HF tip. Therefore, the effective stresses within nonlinear 
region is always assumed to be equal to or less than the stresses at rc [2, 8, 12]. 

Similar to the notion of [12], which considered the inelastic behavior of the HF 
tip prior to contacting with the NF, the mechanical condition for a new fracture 
initiation on the opposite side of the NF interface is to achieve equilibrium between 
the maximum principle tensile stress and the rock tensile strength T 0. Hence the 
critical initiating condition is given by 

σ1 = 
σx + σy 

2
+

/(
σx − σy 

2

)2 

+ τ 2 xy  = T0 (8.20) 

With known T 0 and K IC (critical stress intensity factor), the nonlinear region 
critical radius rc is derived by combining Eqs. (8.19) and (8.20). 

Thus, the initiation position can be determined by checking the stress acting on 
the NF starting from the distance of rc away from the NF midpoint. It follows then 
that crossing will occur if the stresses of certain points outside the nonlinear region 
(r ≥ rc) dissatisfy the shear failure condition (Eq. 8.16) and the opening condition 
(Eq. 8.18):

||τβxy

|| < c − μσβ y; PNF > PHF (8.21) 

Many researchers [5, 25] have demonstrated that the in-situ stress difference and 
intersection angle were the predominant factors to be considered in the analysis 
of HF-NF intersection mechanism. Thus, we pay attention to the sensitivity of the 
stress difference of far-field maximum and minimum horizontal stresses and the 
intersection angle on the condition that other related parameters including fracture 
toughness, friction coefficient and initial fracture length remain constant.
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Fig. 8.3 Diagram of different intersection modes based on composite criterion where the 
dimensionless stress constant Δ = (σ H−σ h)/σ h 

Combining the slippage, opening and initiation conditions expressed in Eqs. 
(8.16), (8.18) and (8.21), the possible intersection behaviors can be predicted mathe-
matically with coded computational program, and the corresponding critical slippage 
as well as the opening curves can also be drawn out. As delineated in Fig. 8.3, the  
division of these zones is directly related to the critical shear failure condition and 
the critical opening condition of the NF. Therefore, the scope of each zone will also 
be directly related to the mechanical parameters of the two critical conditions. 

8.3 Validation of Composite Criterion 

8.3.1 Comparison with Previous Intersection Criteria 

Previous research effort has concentrated on establishing effective predicting crite-
rion for the HF-NF intersection behavior through theoretical and numerical analysis 
[4, 6, 15, 16, 25, 29]. To explore the discrepancy and advantage between the proposed 
criterion and previous criteria, we conduct a comparison using Blanton’s criterion, 
Gu and Weng criterion and Yao criteria under the same parametric conditions.
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Figure 8.4 shows the boundary of different areas of the predicting intersection 
behavior corresponding to different analytical criteria in the parameter space of the 
intersection angles β and the horizontal in-situ stress difference. The initial material 
parameters are selected from Blanton experiments, where Devonian shale is chosen 
as the rock sample with tensile strength T 0 of 5.67 MPa (823 psi), fracture toughness 
K IC of 1.59 MPa m1/2, Young modulus E of 10 GPa and Poisson ratio ν of 0.22, NF 
cohesion c of 0 MPa, NF friction efficient μ of 0.75, minimum horizontal in-situ 
stress σ h of 5 MPa (725 psi), initial HF length l of 0.06 m, and injection rate Q of 
0.82e−6 m3/s.

(1) Blanton’s criterion 

In Blanton’s experiments and analysis of HF-NF intersection [3] an intersection 
criterion was developed and validated through dynamic triaxial fracturing tests. The 
crossing will occur and the initiation of a new fracture can initiate provided that the 
treating pressure within the HF exceeds the superposition of the rock tensile strength 
and the stress acting parallel to the NF. After mathematical simplification, the final 
form of the crossing criterion is introduced by the following: 

σH − σh >
−T0 

cos 2β − b sin 2β 
(8.22) 

where b = 0.2 as an asymptote for an unbounded interface at the NF. 
As shown in Fig. 8.4a (red dash line), the lower and upper branches of Blanton 

curve are almost parallel to the bottom segment of slippage curve and the top part 
of opening curve, respectively. This result implies that the two criteria have approxi-
mately identical predicting results for a relatively large and small intersection angle. 
However, based on the initial assumptions and mechanical conditions, the subse-
quent behavior predicted by Blanton criterion is either crossing or opening, but the 
case of slippage and the effect of induced stress field is not taken into consideration, 
which results in the criterion merely relating to three parameters (stress difference, 
intersection angle and b). Hence Blanton criterion is to some extent insufficient for 
predicting all of the intersection behaviors. 

(2) Gu and Weng criterion (Gu and Weng criterion) 

Gu et al. [12] considered an HF approaching a frictional interface prior to contact at 
non-orthogonal angles and proposed a crossing criterion based on linear elastic stress 
analysis near the fracture tip. This criterion can be applied to determine the occurrence 
of crossing provided that the accumulated fluid pressure is sufficient to initiate a new 
crack on the opposite side of the NF before the superposition stress consisting of the 
remote in-situ stress and the HF-tip stress field along the interface reaches the critical 
shear resistance. As shown in Fig. 8.4a (black dash-dot line), Gu and Weng criterion 
was plotted as the boundary between the area of crossing and no-crossing. And the 
crossing area is relatively reduced compared with the crossing region separated by 
the two critical curves of the composite criterion. As the intersection angle exceeds 
67.5°, the lower branch of Gu & Weng crossing curve becomes closer to the x-axial
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(a) Compared to Blanton and Gu & Weng criteria 

(b) Compared to Yao criteria 

Fig. 8.4 HF-NF criteria plotted as the boundary of the intersection areas
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than that of the proposed opening curve but farther from the x-axial than that of the 
proposed slippage curve. These distinctions are attributable to the neglected effect 
of the inner fluid pressure inside the HF in Gu and Weng criterion. 

Moreover, field and laboratory observations have demonstrated that opening is 
a common occurrence when investigating the intersection between the HF and NF 
[3, 5, 33]. The opening zone (no slippage) depicted in orange color in Fig. 8.3 also 
designates that the NF may also be dilated in the case of no slippage occurring, which 
will subsequently impede the HF propagation to penetrate across the NF. 

(3) Yao criteria 

In Yao’s work [29], it is assumed that an HF gets blunted upon contacting an NF 
and will temporarily stay in the NF for a while and then breakout to propagate in 
a mechanically favorable direction depending on the orientation of natural fracture 
relative to the stress field. On basis of energy conservation and slip stability anal-
ysis, the opening and slippage criterion in terms of stress difference is derived and 
correspondingly expressed as: 

σH − σh > 
KIC(1 − √η) √

πl sin2 β 
(8.23) 

σH − σh > 
c − μKIC/

√
πl 

sin β(cos β − μ sin β) 
(8.24) 

Yao criterion is delineated in Fig. 8.4b compared with the presented composite 
criterion. It can be seen that Yao’ slippage curve is approximately manifested in 
the regulation of quadratic function, which means that the difficulty for slippage 
to occur decreases initially and then increases progressively with the increase of 
intersection angle. This significantly differs from the monotonically steep decrease 
of the slippage curve proposed herein. Furthermore, the opening curve of Yao outlines 
a larger crossing area than that of the composite criterion as the intersection angle 
decreases away from 90°. 

8.3.2 Comparison with Laboratory Experiments 

To validate the applicability of the composite prediction, the intersection behaviors 
predicted by current analytical model are compared to three independent laboratory 
experiments: Blanton experiments, Zhou experiments and Gu experiments [3, 4, 12, 
33]. It should be noted that the value of η in Eq. (8.17) is assumed to be zero for  the  
surface energy of NF is infinitely small compared with that of rock. 

(1) Blanton experiments 

Blanton [3] preformed the fracture intersection experiments using hydrostone blocks 
which were fractured by a pre-existing surface under different angles of approach
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Fig. 8.5 Comparison between Blanton’s experimental results and predictions of the proposed 
composite criteria 

(30°, 45°, 60° and 90°) and stress states (−σ h = 5 or10 MPa and the principal 
differential stresses varied from 2 to 15 MPa). The pre-fractured surface was frictional 
and cohesively with a friction coefficient of 0.75. The tensile strength of hydrostone 
was 3.1 MPa. And the Mode I fracture toughness was 0.176 MPa m1/2. The fracturing 
fluid was injected at a constant flow rate of 0.82 cm3/s through a wellbore simulated 
by a steel pipe. In addition, the half-length of the HF was equal to 0.06 m. The fluid 
viscosity is assumed to be sufficiently small in a toughness-dominated HF, so its 
effect becomes negligible. Figure 8.5 summarizes the results of Blanton experiments 
and the corresponding calculation outcomes from the new criterion. 

(2) Zhou experiments 

Zhou et al. [33] reported similar experiments about the HF-NF intersection on 
cement-sand model blocks with scaled proportion to real rock in triaxial compressive 
stress state. The pre-fractures were created by 3 types of paper with cohesion of 
3.2 MPa and friction coefficient of 0.38, 0.89 and 1.21, respectively. The interaction 
angles in each block between the HF and NF were varied systematically of 30°, 60° 
and 90°. The Mode I fracture toughness of model blocks is 0.59 MPa m1/2, and the 
half-length of HF was designed as 0.06 m. The vertical stress remains invariable at 
20 MPa, meanwhile, the horizontal stress difference was changed from 3 to 10 MPa. 
The comparison is shown in Fig. 8.6.
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Fig. 8.6 Comparison between Zhou et al.’s experimental results and predictions of the proposed 
composite criteria 

(3) Gu experiments 

In recent experiments conducted by [12], Calton sandstone (T 0 = 4.054 MPa, K IC 

= 1.6 MPa m1/2) was cut into rectangle blocks and prepared for the intersection test 
at true triaxial-stress condition. A discontinuity interface characterized by friction 
efficient of 0.615 and negligible cohesion was prefabricated in the blocks at specified 
angles ranging from 45° to 90°. Silicone oil (viscosity of 1 Pa s) was injected at a 
constant rate of 0.5 cm3/s. The vertical stress remains invariable at 27.58 MPa, 
meanwhile, the horizontal stress difference was changed from 0.69 to 10.35 MPa with 
unchangeable minimum horizontal stress of 6.89 MPa. And the initial half-length of 
HF was 0.076 m. The prediction results are depicted in Fig. 8.7.

In general, the comparison results in Figs. 8.5–8.7 indicate that the calculation 
outcomes obtained from the composite criterion show good agreement with the 
experimental results except for several particular cases. The disagreement between 
the experimental and predicted results arises from the inappropriate range of the 
nonlinear zone which implies that the actual nonlinear region at the crack tip is 
relatively larger. A possible explanation for this change is the co-action of stress 
singularity and plastic zone ahead of the HF tip which can enlarge the radius of the 
nonlinear zone. In this case, the initially calculated points at rc no longer follow the 
linear elastic mechanics, resulting in inapplicable cases.
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Fig. 8.7 Comparison between Gu et al.’s experimental results and predictions of the proposed 
composite criteria

8.4 Composite Criterion Considering Nonuniform Fluid 
Pressure 

8.4.1 Nonuniform Form of Fluid Pressure 

The intersection between a hydraulic fracture and a natural discontinuity is ubiq-
uitous during hydraulic fracturing treatment. For better prediction of the fracture 
intersection, Zhao et al. [31, 32] proposed a composite criterion that synchronously 
considered three possible intersection modes (opening, crossing and arrested) and 
the coupling effects between fluid flow and solid elastic deformation. Nevertheless, 
the fluid effect in Zhao et al. [31, 32] is confined to a uniform pressure distribution at 
the limit intersection point where the hydraulic fracture is infinitely close to but does 
not intersect with the discontinuity. In this section, we aim to use the newly derived 
semianalytical solutions for the stress field induced by nonuniform fluid pressure and 
replace the induced stress field with that of constant fluid pressure. Subsequently, 
the induced stress is superimposed with far-field in-situ stress, and then the total 
stress field around the hydraulic fracture and possible fracture intersection can be 
evaluated. Meanwhile, we can compare the laboratory experimental observations of 
fracture intersection [25, 33] with the corresponding intersection results predicted by 
the semianalytical solution of nonuniform pressure, through which the validity and 
applicability of the presented semianalytical solution can be further demonstrated.
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The specific polynomial form (Eq. (8.1)) was determined by fitting the analytical 
relationship of the nonuniform fluid pressure distribution along the crack referring 
to the first-order approximation of large toughness solutions in [7]. As depicted in 
Fig. 8.8, with the increase of the polynomial degree, the fitting precision (R-square) 
increases while the enlarged precision range decreases. Specifically, as the degree 
equals 7, it is easy to find that the continuous increase of the polynomial degree will 
only yield less than a 0.5% difference in accuracy. For convenience of calculation, 
we set the degree of fitting polynomial to 7. Then, referring to [1], the form of net 
fluid pressure inside the hydraulic fracture can be expressed as 

P(x) = P0⊓ = P0
(−137.128ξ 7 + 445.392ξ 6 − 567.697ξ 5 + 358.686ξ 4− 
116.684ξ 3 + 18.261ξ 2 − 1.249ξ + 0.373

)

(8.38) 

where 

P0 = ( 
K ,4 

E ,Qt 
)1/3 , ξ  = x/a 

K , = 8 √
2π 

· KIC  , E , = 
E 

1 − v2

Fig. 8.8 Fitting curves of the non-uniform fluid pressure within a toughness-dominated crack based 
on [7] 
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It should also be noted that the net fluid pressure inside the crack is assumed to be 
always positive, but the abnormal negative ⊓ marked in the red box near the region 
of ξ = 1 is attributed to the existence of stress singularity of the crack tip. 

8.4.2 Comparison with Laboratory Experiments 

Using this fitted pressure distribution as well as the critical conditions of the 
composite criterion presented by Zhao et al. [32], possible behaviors influenced 
by nonuniform fluid pressure under different in-situ stresses and approaching angles 
can be obtained. Meanwhile, the predicted results are also compared to previous 
conclusions, which neglected the effect of nonuniform fluid pressure in Zhao et al. 
[32]. 

Table 8.6 lists the results of Warpinski experiments [25], the corresponding calcu-
lation outcomes from the composite criterion of Zhao et al. [32] and the results 
predicted by the semianalytical solution for nonuniform fluid pressure. Note that the 
notation β refers to the intersection angle (≤90°) between the hydraulic fracture and 
the natural discontinuity. The Warpinski experiment was deployed using Coconino 
sandstone (Young’s modulus of 34.5 GPa, Poisson’s ratio of 0.24, fracture tough-
ness of 1.59 MPa m1/2) that was processed into prismatic blocks and prepared for 
the intersection test under true triaxial stress conditions. A discontinuity interface 
characterized by a friction efficient (μ) of 0.68 and cohesion of 0.1 MPa was prefab-
ricated at specified angles (β) ranging from 30° to 90°. Fracturing fluid was injected 
into the wellbore at a constant rate of 0.1 cm3/s. The vertical stress was maintained 
at an invariable level for all tests, while the maximum horizontal in-situ stress (σ H) 
changed from 6.89 to 13.79 MPa with an unchangeable minimum horizontal in-situ 
stress of 3.45 MPa. The initial half-length of HF was 0.06 m. In addition, the nota-
tion rc denotes the critical radius of the plastic zone ahead of the fracture tip, and its 
corresponding calculation formula can be found in [19].

Table 8.7 shows the comparison of intersection results newly predicted by nonuni-
form fluid pressure with the Zhou experiment and the predicted outcomes of Zhao 
et al. [32]. In line with the experiment of Zhou [33], the model blocks were prepared 
from a mixture of No. 325 Chinese cement and fine sand with a tensile strength of 
3.2 MPa, Young’s modulus of 8.402 GPa and a Poisson’s ratio of 0.23. Furthermore, 
a discontinuity interface characterized by three types of friction coefficients (0.38, 
0.89, 1.21) and cohesion of 3.2 MPa was prefabricated in the blocks at specified 
angles (β) ranging systematically from 30° to 90°. The Mode I fracture toughness 
of the model blocks is 0.59 MPa m1/2, and the half-length of hydraulic fracture was 
designated as 0.06 m. The injecting fluid is assumed to be incompressible, with 
a viscosity of 0.135 Pa s and an injection rate of 4.2 × 10–9 m3/s. The vertical 
stress remains invariable, and the maximum and minimum horizontal in-situ stress 
difference was changed from 3 to 10 MPa.

Tables 8.6 and 8.7 suggest that both constant and nonuniform fluid pressure can 
properly predict fracture intersection within a reasonable range of accuracy. However,



216 8 Fracture Interaction Behaviors

Table. 8.6 Comparison with Warpinski experiment and Zhao predicted results 

β (°) σ H (MPa) σ h (MPa) rc (m) μ Experimental 
results 

Constant 
predicted 

Nonuniform 
predicted 

30 6.89 3.45 0.0068 0.68 Opening Opening Opening 

30 10.34 3.45 0.0067 0.68 Opening Opening Opening 

30 13.79 3.45 0.0066 0.68 Arrested Arrested Arrested 

60 6.89 3.45 0.0083 0.68 Opening Arrested Opening 

60 10.34 3.45 0.0083 0.68 Crossing Arrested Crossing 

60 13.79 3.45 0.0083 0.68 Crossing Crossing Crossing 

90 6.89 3.45 0.0066 0.68 Opening Crossing Opening 

90 10.34 3.45 0.0063 0.68 Crossing Crossing Crossing 

90 13.79 3.45 0.0062 0.68 Crossing Crossing Crossing

Table. 8.7 Comparison with Zhou experiment and Zhao predicted results 

β (°) σ H (MPa) σ h (MPa) rc (m) μ Experimental 
results 

Constant 
predicted 

Nonuniform 
predicted 

90° −8 −3 0.0020 0.38 Crossing Crossing Crossing 

90° −8 −5 0.0012 0.38 Crossing Crossing Crossing 

60° −10 −3 0.0026 0.38 Crossing Crossing Crossing 

60° −8 −3 0.0026 0.38 Opening Crossing Crossing 

30° −10 −3 0.0021 0.38 Arrested Arrested Arrested 

30° −8 −3 0.0021 0.38 Opening Opening Opening 

90° −10 −5 0.0011 0.89 Crossing Crossing Crossing 

90° −10 −3 0.0019 0.89 Crossing Crossing Crossing 

60° −10 −3 0.0026 0.89 Crossing Crossing Crossing 

60° −13 −3 0.0026 0.89 Crossing Crossing Crossing 

60° −8 −5 0.0026 0.89 Opening Opening Opening 

30° −10 −5 0.0012 0.89 Opening Opening Opening 

30° −8 −5 0.0012 0.89 Opening Arrested Opening 

30° −13 −3 0.0021 0.89 Arrested Opening Opening 

90° −8 −3 0.0020 1.21 Opening Crossing Crossing 

90° −13 −3 0.0019 1.21 Crossing Crossing Crossing 

60° −13 −3 0.0026 1.21 Opening Crossing Crossing 

60° −10 −3 0.0026 1.21 Opening Crossing Crossing 

30° −13 −3 0.0021 1.21 Opening Opening Opening 

30° −8 −3 0.0021 1.21 Opening Opening Opening
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the difference is that the results using the semianalytical solution of nonuniform fluid 
pressure exhibited better agreement with the experimental observations than those 
predicted by Zhao et al. [32]. This distinction can be attributed to the variable fluid 
pressure inside the crack, which demonstrates the necessity to consider nonuniform 
fluid pressure. Furthermore, the fine matching between the experiments and the 
predicted results from nonuniform pressure further reveals the applicability of the 
presented semianalytical solutions for hydraulic fracturing analysis. 

8.5 Perturbation Analysis of Key Parameters 

The composite criterion is a function of horizontal in-situ stress, initial fracture length, 
intersection angle, fracture toughness and approaching distance. As mentioned 
above, the composite criterion curves of the stress difference versus the intersec-
tion angle were drawn and delineated at constant minimum horizontal stress and 
fracture toughness, and infinitesimally small approaching distance, which initially 
and geometrically restrict the composite criterion curve to be explored in depth. 
For further understanding fracture behavior at different parameters, it’s necessary 
to conduct parametric sensitivity analysis considering minimum horizontal in-situ 
stress, fracture toughness and approaching distance, and conduct stress field analysis 
adjacent to the intersection. For convenience, a slip function f is introduced based 
on the slippage condition, which is expressed as: 

f = ||τβxy

|| − c + μσβy, (σβ y < 0) (8.25) 

Note that the increase of slip function means its absolute value decreases and the 
possibility of the NF slippage increases. 

8.5.1 Impact of Initial Horizontal In-Situ Stress 

The critical curves of the composite criterion considering the influence of varying 
the minimum horizontal stress at constant maximum horizontal stress and varying 
the maximum horizontal stress at constant minimum horizontal stress are depicted 
in Fig. 8.9a. To facilitate the contrast analysis, the critical curves of stress difference 
versus intersection angle at fixed minimum horizontal stress (σ h = −5 MPa) are  
delineated in Fig. 8.9b. It should be specified that the critical curves in Fig. 8.9 are 
calculated and plotted at identical parametric conditions aside from initial valve of 
the horizontal stress.

By comparison, it can be seen that as the variation of horizontal stress changes from 
decreasing σ h to increasing σ H, the slippage curve deflects symmetrically along the 
line β = 60° while the opening curve hardly exhibits significant changes in shape. On 
the other hand, there is an evident discrepancy in the curvature of opening curves in
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(a) Composite criterion at constant maximum horizontal stress  

(b) Composite criterion at constant minimum horizontal stress 

Fig. 8.9 Influence of horizontal stress difference: a varying σ h with fixed σ H = −20 MPa (−2900 
psi); b varying σ H with fixed σ h = −5 MPa  (−725 psi)
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Fig. 8.9a compared with Fig. 8.9b. The discrepancy mainly embodies in the decreased 
opening tendency and subsequently imposes greater difficulty for opening to occur. 
In addition, it’s also easy to find that slippage becomes easier as the intersection 
angle β decreases from 90° according to Fig. 8.9a, which is opposite to the slipping 
tendency in Fig. 8.9b. 

The slippage analysis of certain points at the intersection angle β = 30° (solid 
black dots) and β = 75° (red forks) with the stress difference of 4, 8, 12, 16 MPa 
are also respectively shown in Fig. 8.9. For further analysis of the NF stability, we 
solely concentrate on the slippage curves. We can predict that the solid black dots 
will probably slip whereas the red forks can remain stable regardless of the stress 
difference and initial horizontal stress value in line with their relative position to the 
slippage curves. This indicates that varying the minimum horizontal stress does not 
affect the final predicted intersection results at some intersection angles, thus it is 
feasible for the composite criterion to be used for the verification of the laboratory 
experiments as the minimum horizontal stress varies. 

Figure 8.10 presents the slip function distribution on the NF interface when the HF 
approaches the NF at the angle of 30° (b) and 75° (c). Due to the existence of the stress 
singularity at the intersection, the starting points for calculation are determined by 
the radius of nonlinear region ± rc and sixty points are symmetrically extracted from 
the natural frictional interface on both sides of the intersection in βx-βy coordinate 
system. The slip functions under different stress conditions share similar distribution 
characteristics of steep convex profile, which is manifested as the larger values of 
slip function for the closer distance to the intersection. And the slip function values 
of the calculation points on the negative NF interface (βx < 0) are less than those on 
positive NF interface (βx > 0). This difference means slippage is probably to occur 
on the positive NF rather than on the negative NF interface.

In addition, the values of slip function partially or entirely exceed zero for β 
= 30° in Fig. 8.10a, b, which implies the tangential stress applied along the NF 
is greater than the shear resistance and therefore further substantiates the slippage 
occurrence. As for β = 75°, the values of slip function all stay below zero in spite 
of the initial horizontal stress (Fig. 8.10c, d). This result ensures sufficient stability 
to inhibit slippage on the NF interface. For clarity, the zero value of the slip function 
is marked out with dash lines shown in these figures. 

8.5.2 Impact of Fracture Toughness 

The opening and slippage curves of the composite criterion with fracture toughness of 
0.59, 1.09, 1.59 and 2.09 MPa/m1/2 are plotted in Fig. 8.11. A small contrast in fracture 
toughness makes significant changes in the slippage curves whereas a relatively 
slight effect on the opening curve. Specifically, as the fracture toughness increases, 
the scope of crossing zone increases especially at low stress differences, while the 
slippage zone decreases despite the intersection angle and the stress difference. This
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(a) Fixed σh and increasing σH (β=30°)   (b) Fixed σH and increasing σh (β=30°) 

(c) Fixed σh and increasing σH (β=75°)   (d) Fixed σH and increasing σh (β=75°)
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Fig. 8.10 Distribution of slippage tendency function f on the natural fracture interface

discrepancy signifies that the occurrence of crossing becomes easier at larger values 
of fracture toughness.

Furthermore, the opening curves have two-stage variation with the increase of 
fracture toughness: (i) distinguishable changes of the opening curves in the action of 
different fracture toughness are found in the angle range of 26–54° (shadow area); 
(ii) the opening curves tend to coincide as the intersection angle increases from 54°. 
This allows us reach a conclusion that the effect of fracture toughness on the open 
curve is limited in a certain range of the intersection angle. 

Figure 8.12 shows the slippage stability and stress distribution of the analyzed 
point. For different fracture toughness, the values of slip function of the analyzed 
point increase progressively as the calculated points move closer to the HF tip and 
finally presents a steep increase at the intersection. By comparison, the slip function 
on the positive βx axis is greater than that on the negative βx axis, indicating that 
the incipient slippage probably takes place on the right side of the NF rather than on 
the left. In general, the slip function increase with the increase of fracture toughness, 
which is contrary to the various laws in the coordinate interval of (−0.14 m, -0.08 m)
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Fig. 8.11 Composite criteria considering the variation of rock fracture toughness

on the NF interface. Thus, the fracture toughness has a nonlinear effect on the slip 
function as the coordinate of the NF varies.

Moreover, the variation in the total normal stress with the increase of the fracture 
toughness on both sides of βx = −0.02 m is entirely contrary. The higher the fracture 
toughness gets, the smaller the total normal stress on the left side of βx = −0.02 m 
is, whereas the greater the normal stress on the right of βx = −0.02 m becomes. 
However, the contrast of the normal stress on the right of βx = −0.02 m is lower than 
that on the right side under different fracture toughness. A reasonable explanation 
for this result is that the calculated points at the positive βx axis are far from the 
HF, where the net pressure within the HF has an inappreciable stress component 
on the positive NF interface. As shown in Fig. 8.12c, the total shear stress appears 
approximately symmetrical distribution on both sides of the NF midpoint and has 
a positive correlation with fracture toughness. Hence the slippage stability of NF is 
mainly dominated by the total normal stress.
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(a) Distribution of slippage tendency function on the natural fracture interface 
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Fig. 8.12 Slippage stability and stress distribution on the NF interface at analyzed point for 
intersection angle β = 66°, σ H = -20 MPa and σ h = -5 MPa
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8.5.3 Impact of Approaching Distance 

The approaching distance is introduced as a small perturbation between the right tip 
of HF and the intersection point, which aims to investigate whether the slippage will 
occur before the HF tip intersects with the NF. The magnitude of the approaching 
distance reflects the degree of HF tip close to the intersection. For the convenience of 
comparison, the HF half-length is assumed to be 6 m, and four sets of approaching 
distances (0, 0.03, 0.07, 0.22, and 1.5 m) are taken into account. 

Figure 8.13 displays the critical opening and slippage curves under different 
approaching distances. With increasing approaching distance, the critical opening 
curves (Fig. 8.13a) are close to the coordinate axis, and the angle interval, within 
which the occurrence of the opening is more prone even at a relatively small stress 
difference, is surely reduced. Thus, it might become more difficult for the NF opening, 
especially at greater intersection angles. The opening can occur only under the prereq-
uisite of the HF contacting HF. But here we merely concentrate on possible behaviors 
before the intersection. Thus, the opening curves are delineated by comparing the 
fluid pressure (PHF) inside the HF with the total normal stress (σ βy) acting perpen-
dicularly to the NF, which defines the upper limit for opening to occur. In Fig. 8.13b, 
the larger value of approaching distance indicates the more symmetrical shape of 
the slippage curves. The form of asymmetrical curves for Δ l = 0.03 m can be 
attributed to the combined action of fluid pressure and far-field in-situ stress. And 
as the approaching distance increases, the HF goes far away from the NF. So, the 
influence of fluid pressure diminished gradually and the remote in-situ stress starts 
to exert a dominating effect on the slippage.

The slip function curves in Fig. 8.14 show different tendencies under various 
intersection angles. In detail, the slip function curves are symmetrically distributed 
on both sides of the NF midpoint for β = 90°. While β equals 60°, 30° and 10, 
the values of slip function on the left side are greater than that on the right. This 
discrepancy is because the left side (negative βx axis) is closer to the HF than the 
right side, leading to a higher influence degree, which appears a larger variation 
magnitude of the slip function on the left.

In summary, the chance of slippage of the NF increases gradually during the 
approaching process. When the intersection angle increases from 30° to 90°, the slip 
function value decreases. And the natural fracture becomes less likely to slip, which 
indicates that the crossing behavior may more easily occur.
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Fig. 8.14 The slippage 
tendency (slip function) 
under different approaching 
distances for different 
intersection angles
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Part IV 
Field Implication



Chapter 9 
Formation of Complex Networks 

9.1 Introduction 

When a hydraulic fracture interacts with multiple natural fractures (such as bedding 
planes, faults, weak interlayers, and formation interfaces) in the formation, arrests, 
bifurcations, crossings, and openings may occur, contributing to forming a complex 
fracture network (referred as CFN). Shale differs from other types of rocks due to 
its apparent bedding anisotropy, making it easier to form complex fracture networks 
during hydraulic fracturing. A mass of field hydraulic fracturing data and labo-
ratory studies have confirmed that the hydraulic fractures generated in shale reser-
voirs are not bi-wing planar fractures in homogeneous media, but multi-dimensional, 
asymmetric, and non-planar complex hydraulic fractures (as shown in Fig. 9.1) [1–3].

Although many scholars have investigated hydraulic fracture propagation and 
evaluated its spatial geometry through field and laboratory tests, most of the prob-
lems related to the control and reconstruction of hydraulic fracture networks are still 
empirical. Since there is no reliable standards to evaluate hydraulic fracturing effec-
tiveness, it is difficult to adjust parameter settings and guide the construction process 
according to the hydraulic fracture network. Using a conventional hydraulic fracture 
model to simulate and guide fracturing design may lead to poor fracturing effective-
ness or even the failure of fracturing. To qualitatively assess the hydraulic fracturing 
effectiveness, previous scholars have mainly divided the morphologies of hydraulic 
fracture into the following categories [4, 5]: (a) single transverse hydraulic frac-
ture; (b) main Arc fracture; (c) fishbone-like complex fracture; (d) complex fracture 
network (see Fig. 9.2).

Research on the formation mechanism of complex fracture networks and effective 
fracture network reconstruction (number and connectivity of HF) have a pronounced 
impact on enhancing fluid infiltration and improving the extraction rate of shale gas 
[6]. However, technically limited by hydraulic fracturing (e.g., working pressure 
and flow), the recovery rate of shale reservoirs fluctuates from 5 to 60%), and the 
initial recovery rate is quite low (5–15%). The core reason is the stress shadow effect 
between different hydraulic fractures, which makes it fail to form a fracture network
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Fig. 9.1 Hydraulic fracture morphology retained by injecting fluid into the particulate material 
matrix

Fig. 9.2 Different types of hydraulic fracture morphology
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in which multiple fractures simultaneously propagate. Effective fracture networks 
are fundamental to maximizing the production of shale gas [7, 8]. In addition, high-
pressure injection during hydraulic fracturing reduces the effective stress of the local 
formation, which may induce fault activation and seismic slip [9]. The infiltration of 
fracturing fluid via secondary fractures can also deteriorate the pollution of ground-
water. Therefore, it is particularly important to understand the formation mechanism 
of the complex fracture networks. 

Based on experimental set-ups used for uniaxial and true triaxial hydraulic frac-
turing described in Chap. 2, this chapter investigated the deformation and hydraulic 
fracture propagation in different types of shales (Longmaxi shale and Lushan shale), 
bedding inclinations (β = 0°, 45° and 90°) and stress levels (uniaxial stress state (σ H 
> σ v = σ H = 0), normal-faulting stress regime (σ v > σ H > σ h), strike-slip faulting 
stress regime (σ H > σ v > σ h) and reverse faulting stress regime (σ H > σ h > σ v), and 
qualified the formation mechanism of the complex fracture networks. The results 
can provide experimental references for hydraulic fracturing design and optimiza-
tion of the fracturing parameters to obtain the optimal fracturing effectiveness, so as 
to enhance reservoir permeability and improve reservoir recovery. 

9.2 Effect of Bedding Anisotropy on Hydraulic Fracturing 

Shales are intrinsically anisotropic and heterogeneous sedimentary rocks due to the 
preexisting bedding planes and microfractures. Bedding anisotropy directly affects 
hydraulic fracture behaviors. Available data indicate that the propagation of hydraulic 
fractures perpendicular to the bedding plane requires higher injection pressure than 
that parallel to the bedding plane [10]. The change of bedding inclination will disturb 
the propagation pattern of hydraulic fractures, resulting in crossing, sliding, arresting 
and even opening at the intersection. Lin et al. [11] explored the effect of shale 
anisotropy on the propagation of hydraulic fractures using Longmaxi shale samples. 
They found that when the bedding inclination is greater than 60°, hydraulic frac-
tures would propagate along the bedding plane, while when the bedding inclina-
tion is small, the hydraulic fractures will deflect into the bedding direction. Guo 
et al. [10] performed triaxial hydraulic fracturing tests with anisotropy Longmaxi 
shale. The results demonstrate that the breakdown pressure of rock decreases with 
increasing bedding inclination, and the complex hydraulic fracture networks are 
prone to be created at the bedding inclination of 0–30°. Wang et al. [12] quantita-
tively analyzed the hydraulic fracturing characteristics of anisotropic shale based on 
the fractal dimension and the equivalent fracture width. They found that with the 
increase of bedding inclination, the fractal dimension and equivalent fracture width 
showed an “S” shape (i.e. decrease-increase-decrease). However, previous studies 
do not reveal the relationship between shale anisotropy and acoustic emission evolu-
tion during hydraulic fracturing. In addition, limited by sample size (100–300 mm), 
current observation and description of fracture morphology mostly focus on the main 
hydraulic fracture. In fact, there are many micro-cracks around hydraulic fractures,
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so it is necessary to carry out micro-scale observation of fractured shale samples to 
deepen our understanding of the influence mechanism of anisotropic bedding planes. 

In this section, the acoustic emission technique is used to monitor fracturing char-
acteristics of anisotropic shales (β = 0°, 45° and 90°) in real time. Meanwhile, 
microscopic observations of hydraulic fractures are conducted on a stereomicro-
scope. Moreover, the hydraulic fracturing results of the Longmaxi shale and the 
Lushan shale are compared to clarify the impact of bedding anisotropy and rock 
heterogeneity on the hydraulic fracturing characteristics of shale. 

9.2.1 Pump Pressure and Deformation 

The evolution of shale hydraulic fractures is a complicated three-dimensional 
process. When pump pressure exceeds the bearing capacity of the surrounding rock, 
hydraulic fractures initiate. To gain an in-depth understanding of hydraulic frac-
ture initiation and propagation, axial and circumferential strain gauges were used to 
measure the deformation in the process of hydraulic fracturing. Taking the results 
under an injection rate of 12 mL/min as an example, the effects of bedding anisotropy 
and matrix heterogeneity on the hydraulic fracturing fracture process are analyzed 
in the following part. 

Figure 9.3 shows the evolution of pump pressure, deformation and acoustic emis-
sion of the Longmaxi shales and the Lushan shales with different bedding inclina-
tions during hydraulic fracturing. It can be seen from Fig. 6.3 that as the bedding 
inclination increases from 0° to 90°, the breakdown pressure and instantaneous defor-
mation (including circumferential (ΔDc) and axial (ΔDa)) of the two kinds of shale 
show a first increasing and then decreasing trend, which reaches the maximum at 45° 
bedding. This tendency agrees with the conclusions of Chong et al. [13] and Zhao et al. 
[14], who stated that the relationship between breakdown pressure and anisotropic 
angle approximately was characterized by a quadratic polynomial. Thus, we can 
conclude that the variation of shale anisotropy could mainly affect the breakdown 
pressure and instantaneous deformation during hydraulic fracturing.

Matrix heterogeneity would seriously complicate the effect of bedding anisotropy 
on the deformation and breakdown process. Comparing Fig. 9.3a–c and d–f, it can 
be found that in Longmaxi shale with good homogeneity, the hydraulic fracture 
initiation and propagation state can be identified according to the variation of AE 
cumulative energy. The fracture initiation and propagation pressures (15.10 MPa and 
20.59 MPa) of the 0° sample are higher than those of 90° sample (11.67 MPa and 
18.10 MPa). This can be attributed to the case that the 0° bedding is perpendicular 
to the axial stress. Initiation of micro-cracks induced by fluid injection must over-
come axial stress limitation, so higher injection pressure is required. However, in the 
Lushan shale reservoirs with poor homogeneity, the AE count rate and cumulative 
energy increase steeply when the fluid pressure reaches the breakdown value. There 
is no microfracture initiation and propagation phenomenon before the injection pres-
sure reaches the breakdown pressure, indicating that the Lushan shale matrix shows
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(a) Longmaxi sample CV-0-12(β=0°) (b) Longmaxi sample CV-45-12(β=45°) 

(c) Longmaxi sample CV-90-12 (β=90°) (d) Lushan sample LV-0-12 (β=0°) 

(e) Lushan sample LV-45-12 (β=45°) (f) Lushan sample LV-90-12 (β=90°) 

Fig. 9.3 Fracturing results of anisotropic shale samples
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typically brittle characteristics. Concerning the AE count rate and the cumulative 
energy, for the Longmaxi shale, when the bedding inclination increases from 0° to 
90°, the AE peak count rate always keeps increasing, which is 2.55 × 107 s−1, 3.13  
× 107 s−1 and 5.4 × 107 s−1, respectively, while the cumulative energy of AE first 
decreases and then increases. However, for the Lushan shale, with the increase of 
bedding inclination, AE peak count rate and AE cumulative energy increased first and 
then decreased. Du et al. [15] show that the AE counting rate reflects the initiation and 
propagation behavior of microcracks in the sample, and the AE cumulative energy 
reflects the energy consumption and fracturing degree of the sample. Therefore, it can 
be inferred that rock heterogeneity could suppress the effect of bedding anisotropy 
and make it mainly reflect in the initiation and evolution state of microfractures and 
the final rupture degree of the sample. 

9.2.2 Acoustic Emission Response of Microfracture 

As described in Sect. 4.2 of Chap. 4, the evolution characteristics of the dominant 
frequency band of the acoustic emission waveform can reflect the microfracture 
mechanism inside the rock. Specifically, the low-frequency signal corresponds to 
the tensile fracture, the medium-frequency signal reflects the tension-shear mixed 
fracture, and the high-frequency signal reflects the shear fracture. Figure 9.4 shows 
the time-varying frequency domain evolution curve of acoustic emission during 
hydraulic fracturing of anisotropic shale. Comparing Fig. 9.4a–c (or d–f), the evolu-
tion law of the induced microfractures is closely related to the bedding inclination 
during fluid injection. The proportion of low-frequency bands in anisotropic shales 
is generally more significant than the sum of the medium and high-frequency bands, 
indicating that tensile micro-fractures are mainly produced in the entire hydraulic 
fracturing process. Taking Longmaxi shale as an example, when the bedding inclina-
tion (β) is 0°, the proportions of low and high dominant frequency bands are 55.9% 
and 43.7%, respectively; When β is 45°, the low and high dominant frequency bands 
account for 80.59% and 17.3%, respectively; When β is 90°, the proportions of 
low and high dominant frequency bands are 87.5% and 2.5%, respectively. These 
phenomena indicate that with the increase of bedding inclination, the proportion 
of tensile micro-fractures increases, whereas the proportion of shear micro-fractures 
decreases. This is because under the action of the initial axial stress (without confining 
pressure), hydraulic fractures mainly initiate and propagate along the axial direction 
(i.e., the direction of the maximum principal stress). For samples with 0° bedding, 
hydraulic fractures will frequently intersect with beddings in their propagation path. 
More shear fractures are prone to be produced in the branching, initiation, and re-
propagation at the intersection. For the samples with a bedding inclination of 90°, 
since the propagation direction of hydraulic fractures is consistent with the direction 
of the bedding plane, the tensile fractures are mainly generated in the 90° samples. In 
addition, in the time-varying frequency domain of acoustic emission of 45° samples, 
there is no stable propagation stage (III) of low-frequency and low-amplitude signals,



9.2 Effect of Bedding Anisotropy on Hydraulic Fracturing 237

indicating that the samples with 45° bedding are entirely fractured, and no closed 
crack reopening or new cracks initiation can occur. 

Comparing Fig. 9.4a–c and d–f), the difference in shale heterogeneity not only 
affects the evolution characteristics of mixed tension-shear micro-fractures, but also 
changes the relative size of each dominant frequency band. Specifically, for the 
homogeneous Longmaxi shale, the proportion of medium frequency band signals and 
the amplitude of each frequency band keep increasing with the increase of bedding

(a)Longmaxi sample CV-0-12(β=0°) (b)Longmaxi sample CV-45-12(β=45°) 

(c)Longmaxi sample CV-90-12(β=90°) (d)Lushan sample LV-0-12(β=0°) 

(e)Lushan sample LV-45-12(β=45°) (f)Lushan sample LV-90-12(β=90°) 

Fig. 9.4 Time-varying features of AE frequency domain of anisotropic shale samples during the 
fluid injection process 
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inclination. However, for the heterogeneous Lushan shale, the proportion of the 
medium frequency band decreases with the increase of the bedding angle, and the 
low-medium- and high-frequency amplitudes show a trend of increasing first and then 
decreasing. In addition, the influence of matrix heterogeneity can also be reflected 
by the time-domain distribution difference of frequency band signals. For example, 
the dominant frequency and amplitude detected in the Longmaxi shale concentrate 
mainly before the fluid pressure reaches the breakdown pressure. But in the Lushan 
shales with 0° and 45°, although the dominant frequency and amplitude have the same 
distribution trend as those of the Longmaxi shales when the bedding of Lushan shale 
is 90°, accumulation of dominant main signals are not visible before the injection 
pressure reaches the breakdown pressure. The reason for this phenomenon may be 
that the injected fluid directly activated the micro-cracks in the case of 90° bedding 
so no obvious signals appeared before the injection pressure reached the breakdown 
pressure. 

9.2.3 Hydraulic Fracture Morphology 

The anisotropic bedding plane of shale has a great impact on the hydraulic frac-
ture propagation behavior. Figure 9.5 shows the macroscopic fracture propaga-
tion morphology on the sample surface after hydraulic fracturing. By exposing the 
sample to ultraviolet light, the fluorescent fracture path can be discerned. Overall, 
the hydraulic fracture propagation behavior is significantly different under different 
bedding inclinations. For the samples with a bedding inclination of 90°, the hydraulic 
fractures mainly spread along the bedding direction, resulting in vertical failure 
perpendicular to the fluid-injection direction. The propagation of the hydraulic frac-
ture with a 45° bedding finally deflects toward the bedding plane. In the two types 
of shale, it can be observed that the hydraulic fractures are both 45° inclined to the 
horizontal plane. When the bedding plane of the sample is 0°, there are two prop-
agation patterns. One is that hydraulic fractures propagate vertically and intersect 
with the bedding planes (Fig. 9.5a); The other is that the hydraulic fracture spread 
horizontally along the bedding plane (Fig. 9.5b).

Comparing Fig. 9.5a and b, it can be seen that the hydraulic fractures in Lushan 
shale are basically along the bedding plane regardless of varying bedding inclina-
tions. By contrast, the fracture morphology in Longmaxi shale is relatively complex. 
Specifically, the hydraulic fracture of 90° Longmaxi shale bends to the direction 
perpendicular to the shale bedding, which is different from fractures parallel to 
bedding orientation in the 90° Lushan shale. For 45 shale, the hydraulic fracture 
oblique to the bedding finally deflects towards the axial direction. When the bedding 
inclination is 0°, the hydraulic fracture crosses the bedding and further extends verti-
cally to the bedding plane. These differences can be attributed to the abundant and 
randomly-distributed microcracks and defects in Lushan shale (see Sect. 3.2 for 
microscopic observation). Initiation of hydraulic fractures will promote the rupture, 
coalescence and overlapping of these defects, forming a preferable way for hydraulic
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Fig. 9.5 Morphology of 
hydraulic fracture on sample 
surface

(a) Longmaxi shale 

(b) Lushan shale 
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fracture to propagate in the bedding direction. On the contrary, Longmaxi shale a 
relatively homogeneous and bedding plane is not developed. Thus, hydraulic frac-
tures are confined to grow along the mechanically preferential way, which results in 
axially growing hydraulic fractures. 

To further analyze the influence of bedding anisotropy and matrix heterogeneity 
on hydraulic fracture propagation, the microscopic morphology of hydraulic fracture 
was observed by a stereomicroscope (500 µm). The results are shown in Figs. 9.6 and 
9.7. Compared with 0° and 90°, 45° shale has the most twisted fracture path, and the 
fracture opening is the largest. Since these tests are carried out without confining pres-
sure, the propagation of hydraulic fractures is mainly affected by the bedding planes, 
matrix homogeneity and axial stress. When the main hydraulic fracture spreads along 
the bedding, there will also be associated micro-fractures extending in the longitu-
dinal direction. This conclusion can be verified by observing the fractures in Fig. 9.6c 
and 9.7b. In addition, whether the hydraulic fracture is parallel to or perpendicular 
to the bedding direction, the fracture opening varies slightly (Fig. 9.6b), indicating 
that the changes in fracture opening are probably dominated by the difference of 
individual samples rather than the bedding plane.

From Figs. 9.6 and 9.7, it can be found that the presence of defects in Lushan 
shale causes hydraulic fractures to propagate along the boundary of matrix defects 
(Fig. 9.7a) or through the shale matrix (Fig. 9.7c), and then the hydraulic fractures 
are slipped, branched or diverted. Especially, when the bedding inclination is 45°, 
an obvious shear spall zone appears near the main hydraulic fracture. The hydraulic 
fractures neat the matrix defects show “discontinuous and intermittent” on a micro-
scopic scale (Fig. 9.7c). The hydraulic fractures in the discontinuous part are mainly 
connected with the shear dislocation zone (marked with red ovals in Fig. 9.7), forming 
complex hydraulic fractures. 

Figure 9.8 summarizes the roughness parameters of the anisotropic shale fracture 
surface: (see Sect. 3.2.1 in Chap. 3 for definitions of these parameters). It is easy to find 
that with the increase of bedding inclination, the standard deviation (SD) of fracture 
surface elevation and the three-dimensional average inclination angle (θ s) both show 
a first increasing and then decreasing trend. When the hydraulic fractures are inclined 
to the bedding planes (β = 45°), a relatively rough fracture surface is created. By 
contrast, the fracture surfaces generated by the propagation of hydraulic fractures 
perpendicular to the bedding planes (β = 0°) are rougher than those along the bedding 
planes (β = 90°). In addition, the surface roughness of Longmaxi shale is generally 
larger than that of Lushan shale. Due to the difference in matrix properties, the 
hydraulic fracture in Lushan shale propagates primarily along the bedding direction, 
while the fracture in Longmaxi shale mostly grows vertically confined by the axial 
stress. These two different propagation patterns lead to differences in the roughness 
of the fracture surface. From another point of view, this phenomenon also shows 
that the surface roughness of hydraulic fractures will decrease when they propagate 
along the bedding, while the propagation through the bedding is more conducive to 
the formation of rough and complex hydraulic fracture morphology. Therefore, in 
the actual fracturing operation, the induced hydraulic fractures should be designed 
to cross the shale beddings as much as possible to promote the formation of complex
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(a)Longmaxi sample CV-0-12(β=0°) 

(b)Longmaxi sample CV-45-12(β=45°) 

(c)Longmaxi sample CV-90-12(β=90°) 

Fig. 9.6 Surface morphology of hydraulic fracture of anisotropic Longmaxi shale samples
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(c)Lushan sample CL-90-12(β=90°) 

(a)Lushan sample CL-0-12(β=0°) 

(b)Lushan sample CL-45-12(β=45°) 

Fig. 9.7 Surface morphology of hydraulic fracture of anisotropic Lushan shale samples
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fracturing fracture networks with larger fracture surfaces, so as to provide a good 
channel for the effective migration of natural gas and improve the permeability and 
production of shale reservoirs.

9.3 Effect of Different In-Situ Stress States and Wellbore 
Orientations on the Formation Mechanism of Complex 
Fracture Networks 

The true triaxial hydraulic fracturing tests can restore the three-dimensional stress 
state of reservoir rock, and more truly simulate the process of initiation and prop-
agation of hydraulic fractures and the formation of fracture networks in shale-gas 
reservoirs. During the tests, the in-situ stress state (magnitude and direction) has an 
important influence on the formation of the fracture networks. The current hydraulic 
fracturing tests mainly focus on the effect of the in-situ stress magnitude (difference) 
on the propagation law and the complexity of fracture networks. Based on the true 
triaxial hydraulic fracturing tests, the research results of Ma et al. [16], Guo [17] 
and Zeng et al. [18] show that with the increase of the in-situ stress difference, the 
hydraulic fractures change from vertical fractures to horizontal fractures, and mainly 
propagate along the weak beddings to form a relatively simple hydraulic fracture 
morphology. In fact, when the magnitudes of the three principal in-situ stresses are 
the same, there are three stress states, as shown in Fig. 9.9, due to the different in-situ 
stress directions: normal faulting stress state (σ v > σ H > σ h), strike-slip faulting 
stress state (σ H > σ v > σ h) and reverse faulting stress state (σ H > σ h > σ v). However, 
there are relatively few studies on the fracture network formation process in the 
context of the anisotropic stress state of the reservoirs. Zhou et al. [19] discussed 
the influence of the normal faulting stress state and strike-slip faulting stress state on 
hydraulic fracture morphology based on true triaxial hydraulic fracturing tests. The 
results show that under the normal faulting stress state, the hydraulic fractures mainly 
expand vertically with more branches along the way, while under the slip faulting 
stress state, the hydraulic fractures are tortuous and have fewer branches. However, 
Guo et al. [20] insisted that horizontal beddings are easier to be activated under a 
strike-slip faulting stress state, resulting in more branched hydraulic fractures. By 
analyzing the field data, Salvage and Eaton [21] found that the field hydraulic frac-
turing operations may change the direction of the principal stress of the formations, 
resulting in the stress state of the deep formations changing from the stress state of 
strike-slip faulting to the stress state of reverse faulting. Therefore, it is necessary 
to further analyze the influence of reverse faulting stress state on hydraulic fracture 
propagation and fracture network formation.

The wellbore orientation also plays a key role in the propagation of hydraulic 
fractures. Guo et al. [10] compared the effect of wellbore orientations including 
horizontal and vertical wellbores on fracture propagation law and found that the 
breakdown pressure of horizontal wellbore fracturing was lower than that of vertical
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(a) Standard deviation of fracture surface elevation (SD) 

(b) Three-dimensional average inclination angle of fracture surface θ s 

Fig. 9.8 Evolution of fracture toughness parameters of anisotropic shale samples
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Fig. 9.9 Anisotropy of in-situ stress regime in shale reservoirs (revised from [22, 23])

wellbore fracturing, and horizontal wells mainly produce horizontal transverse frac-
tures while vertical wells mainly produce vertical fractures. These phenomena are 
obvious at small bedding inclinations. However, the tests of Guo et al. [10] were  
carried out on cylindrical samples, so the fracture propagation is limited by the length 
in the radial direction of the samples. In this section, based on previous studies, the 
differences in bedding inclinations, in-situ stress states and well orientations were 
taken into account to more truly simulate the fracturing process in shale reservoirs. 
By analyzing the results of the true triaxial hydraulic fracturing test and quantita-
tively characterizing the shape and complexity of the fracture network with the help 
of statistical methods, the formation mechanism of the complex hydraulic fracture 
network in reservoir rock shale is revealed. 

The results of the true triaxial hydraulic fracturing test are summarized in Table 
9.1. By comparing samples #1 and #2, we can get the effect of the normal-faulting 
stress state and strike-slip faulting stress state on hydraulic fracturing results, as 
shown in Fig. 9.10a and b. The effect of the normal faulting stress state and reverse 
faulting stress state on hydraulic fracturing can be studied by comparing samples 
#3 and #4, as shown in Fig. 9.10a and b. samples #5 and #6 are used for hydraulic 
fracturing of horizontal wells under the assumption that the vertical stress is applied 
along the Z-axis, as shown in Fig. 9.10e and f.
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Table 9.1 Hydraulic fracturing schemes and observation of experimental results 

No. In-situ state Injection rate 
(mL min−1) 

Breakdown pressure 
(MPa) 

Fracture morphology 

#1 σ v > σ H > σ h 20 27.27 Multiple HFs 
(M-III) 

#2 σ H > σ v > σ h 20 25.85 Multiple HFs 
(M-IV) 

#3 σ v > σ H > σ h 20 21.42 Single bi-wing HF 
(M-I) 

#4 σ H > σ h > σ v 20 19.19 Multiple HFs 
(M-II) 

#5 σ v > σ H > σ h 20 17.69 Multiple HFs 
(M-IV) 

#6 σ H > σ v > σ h 20 22.36 Single bi-wing HF 
(M-I)

9.3.1 Characteristics of Fluid Pressure and Deformation 

(1) Fluid Pressure Response 

The fluid pressure curves under various conditions can be described by four typical 
stages, which are the slow pressurization stage (stage I), rapid pressurization stage 
(stage II), pressure releasing stage (stage III), and pressure stabilization stage (stage 
IV), respectively (see Sect. 3.5.3 for details). However, there are still significant 
differences in injection pressure curves under different conditions, mainly reflected 
in stages II and IV. According to the division criteria of each stage of the injection 
pressure curve in Chapter II, stage II corresponds to the process of injection pressure 
increasing rapidly until reaching the breakdown pressure, and stage IV corresponds to 
the process of injection pressure stably fluctuating. We considered two in-situ stress 
states (normal faulting and strike-slip faulting) when investigating the hydraulic 
fracturing effectiveness of vertical wells (samples #1 and #2) whose wellbore is 
perpendicular to the bedding plane. In stage IV, there are two stages of pressure 
drop, pressure stability and pressure rise in sample #1, which may be caused by the 
pressure holding, re-initiation, and arrest of hydraulic fractures. 

Compared with the injection pressure curve of sample #1, the injection pressure of 
sample #2 appears at an approximate climbing stage before reaching the breakdown 
pressure (Pb = 25.85 MPa), and the time for sample #3 to reach the stabilized pressure 
is 55 s longer than that of sample #1. The reason for the above phenomenon of sample 
#2 may be that the fluid pressurization causes the local cracking of the sample, 
resulting in the leakage of fluid through the crack, which eventually leads to the slow 
process of pressurization and pressure stabilization. Similarly, the injection pressure 
of sample #3 with an angle of 45° between the wellbore and bedding plane shows 
a phenomenon of slow decline and fluctuating rise before reaching the breakdown 
pressure, which can also be explained by the local cracking of the sample. The
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Fig. 9.10 Curves of pump 
pressure and sample 
displacement with time 
under different beddings and 
true triaxial stress conditions

(a) sample #1 

(b) sample #2 

(c) sample #3 

(d) sample #4 

(e) sample #5 

(f) sample #6 
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difference between the injection pressure changes of samples #2 and #3 in stage II 
can be attributed to the relative time difference between fluid pressure release and 
pressure holding caused by different crack cracking degrees. The difference between 
the injection pressure changes of samples #2 and #3 in stage II can be attributed 
to the difference in the relative time difference between fluid pressure release and 
pressure holding, which is caused by the difference in the crack cracking degree 
of samples #2 and #3. For sample #4 with 45° bedding, under the reverse faulting 
stress state, the injection pressure appears at the second peak which is defined as the 
secondary breakdown pressure (Pb = 19.19 MPa) after the breakdown pressure (Pb 

= 21.51 MPa), which reflects that the sample is not fully fractured at 21.51 MPa, and 
the subsequent injection can continue to hold pressure. When the injection pressure 
reaches 19.19 MPa, sample #4 is fully fractured, and then the pump pressure remains 
stable. Further, when the wellbore is parallel to the bedding plane (horizontal well 
fracturing), the evolution trend of the pump pressure evolution curve of the two 
samples (sample #5 is in normal faulting stress, and sample #6 is in tectonic stress 
state) is similar. The injection pressure curves of samples #5 and #6 maintain the 
characteristics of the above four stages, but there are still differences in breakdown 
pressure and pressure stabilization time due to different in-situ stress directions. 
These phenomena show that the stress mechanism will directly affect the variation 
trend of injection pressure by disturbing the crack initiation process. The deformation 
along the direction of the minimum principal stress is less than those along the 
directions of the middle and maximum principal stress. 

(2) Deformation Response 

It can be seen from Fig. 9.10 that the sample deformation caused by pumping is 
abrupt, which mainly occurs at the moment of fracturing (Pinj = Pb). Under different 
stress conditions, the deformation characteristics of samples induced by pumping 
are different. When the wellbore is perpendicular to the bedding, under the normal 
faulting stress state (Sample #1), the deformations in X-, Y- and Z-directions increase 
at the moment of breakdown, while under the strike-slip faulting stress state (Sample 
#2), at the moment of breakdown, the deformation in the X-direction is basically 
unchanged, the deformation in the Y-direction increases, and the deformation in the 
Z-direction decreases. When the wellbore is 45° with the bedding, at the moment 
of breakdown, sample #3 has no deformation in the X-direction, while the deforma-
tions in the Y- and Z-directions decrease. For sample #4 whose wellbore direction 
is consistent with the direction of the minimum principal stress, the deformations 
of sample #4 in three directions did not change when the injection pressure reached 
the breakdown pressure but began to decrease synchronously after 170 s from the 
breakdown point. When the wellbore is parallel to the bedding, the deformations of 
samples #5 and 6# in X-, Y- and Z-directions show a decreasing trend at the moment 
of sample breakdown. Therefore, different stress conditions significantly affect the 
deformation caused by injection pressure. On the one hand, in the process of constant 
flow pressurization, the fluid pressure acting on the wellbore is non-uniform distri-
bution, which leads to a different release of injection pressure in different directions 
at the moment of breakdown, and eventually leads to uneven deformation of the
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wellbore. On the other hand, due to the heterogeneity caused by the micro-cracks, 
beddings and other defects distributed in the shale, it is difficult to unify the initiation 
direction of hydraulic fractures at the moment of fracturing, which directly affects the 
propagation of subsequent fractures, and then affects the deformations of samples. 

9.3.2 Hydraulic Fracture Propagation Modes 

As summarized in Table 9.1, the morphology of hydraulic fractures can be mainly 
classified into four types in terms of different causes: (i) a single bi-wing hydraulic 
fracture (samples #3 and #6) generated by opening a weak bedding plane, which is 
called M-I; (ii) the multiple hydraulic fractures formed by cracking shale matrix and 
then coalescing with bedding planes, called M-II (e.g., sample #4); (iii) the multiple 
hydraulic fractures formed by activating natural fractures and then coalescing with 
bedding planes, which are called M-III (e.g., sample #1); (iv) the multiple hydraulic 
fractures formed by first cracking shale matrix and activating natural fractures and 
then coalescing with the bedding planes, called M-IV (e.g., samples #2 and #5). 
These experimental results are consistent with the observations of Warpinski et al. 
[24], Hou et al. [25], and Jiang et al. [26], who also conducted hydraulic fracturing 
experiments using similar anisotropic shale blocks. 

For the convenience of analyzing, we introduced several symbols to characterize 
and distinguish the type of fractures induced by hydrofracturing. Fractures formed 
by cracking the shale matrix are defined as the main fractures Mi. Note that i hereafter 
refers to the fracture number of the specified fracture type (0 ≤ i ≤ N, N is the total 
number of fractures). The bedding planes opened by fracturing fluid are denoted as 
BP, the hydraulic fractures are represented by Hi, and the natural fractures activated 
by fluid injection are denoted as Ni. 

Figure 9.11 shows the typical unfolded surface morphology of type M-I hydraulic 
fractures in the X–Z plane. The induced hydraulic fractures in samples #3 and #6 
propagated along the direction of the bedding plane. The difference in bonding prop-
erties between beddings can cause the twisting of induced fractures, while the main 
fracture propagation direction did not turn and branch. Possible reasons for forming 
M-I type hydraulic fractures can be summarized as follows: (i) there is a fully devel-
oped bedding plane near the open hole section of the wellbore; (ii) no pre-existing 
natural fractures, joints and other weak bedding planes are distributed along the 
trajectory of induced hydraulic fracture; (iii) the tensile strength of shale matrix and 
the cohesion strength of other bedding planes are higher than the activated bedding 
plane.

Figure 9.12 depicts the unfolded surfaces of M-II multiple fractures by taking 
sample #4 as an example. Under the confinement of the maximum in-situ stress 
(σ max), two main fractures (M1 and M2), parallel to the direction of the maximum 
in-situ stress, were formed in the shale matrix. The fluid pressure opened a bedding 
plane (45° BP) near the open hole section of the wellbore and formed a hydraulic 
fracture H1. In the propagation process of fractures M1 and M2, the fluid pressure
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(a) sample #3(with β=45° and σv>σH>σh) 

(b)sample #6(horizontal well and σH>σv>σh) 

Fig. 9.11 Unfolded surface morphology of hydraulic fractures that belong to type M-I
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successively opened two bedding planes, forming hydraulic fractures H2 and H3. 
The propagation path of the M-II type main fracture is relatively short, and the main 
fracture produces branches with the same propagation direction at the bedding. As 
shown in Fig. 9.12, the main fractures M1 and M2 only appear on the surface of X2 of 
sample #4. When hydraulic fractures (M1 and M2) intersect with bedding planes, two 
fracturing effectiveness will occur: (1) hydraulic fractures are arrested by the bedding 
plane and open the bedding plane (H3); (2) hydraulic fractures cross directly bedding 
planes and open bedding planes (H1 and H2). The activation of bedding will divert 
the fluid in the matrix fracture. Because the fluid is divided at H1 and H2, the fluid 
pressure is insufficient to make the matrix fractures (M1 and M2) cross the bedding 
plane when matrix fractures propagate to H3, resulting in more fluid flowing into 
the bedding (H3) and promote H3 to propagate to other surfaces of sample #4. The 
main causes for this kind of hydraulic fracture (M-II) are as follows: (i) microcracks 
are highly developed in the rock matrix near the open hole section of the wellbore; 
(ii) the direction of the maximum in-situ stress is not parallel to the bedding plane 
but at an inclination angle of θ = 45°; (iii) the initiation pressure of microcracks in 
the rock matrix is less than the cohesion strength of the bedding planes, so that the 
hydraulic fractures propagate along the direction of the maximum in-situ stress in 
the matrix before propagating along the bedding; (iv) the cohesion strength of the 
bedding planes is lower than the tensile strength of the rock matrix, which causes the 
matrix fractures M1 and M2 to cross and open the bedding planes (H1, H2, and H3). 

Fig. 9.12 Unfolded surface morphology of hydraulic fractures that belong to type M-II (Sample 
#4, β = 45° and σ H > σ h > σ v)
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The M-III fracture morphology represented by sample #1 is displayed in Fig. 9.13. 
The cyan  dotted line on the  Z2 surface in Fig. 9.13 is the location of the wellbore. It can 
be seen that hydraulic fractures (H1, H2, H3, and H4) are formed by the activation of 
bedding planes located in the open hole section of the wellbore due to fluid injection 
pressurization. It should be noted that the direction of the maximum principal stress 
is perpendicular to the direction of the bedding plane, and the hydraulic fractures 
propagating along the bedding plane first need to overcome the limitation of the 
maximum principal stress. Under the limit of the maximum principal stress, the 
range of each hydraulic fracture propagating along the bedding plane is small. For 
example, H2 only propagates to the Z2 surface, H1 and H3 only appear on the X1 

and Z2 surfaces, and although H4 appears on the four surfaces (X1, X2, Z1, and 
Z2), its propagation path does not completely connect the bedding planes where it 
is located. In addition, an obliquely propagating natural fracture N1 is generated 
near the open hole section of the wellbore. The natural fracture is mainly distributed 
on the surfaces of X2, Z2, and Y2, and is a branch of H4 after the termination of 
its propagation at a 0° bedding, whose propagation direction is determined by the 
interaction of the maximum principal stress and the fluid pressure. The causes of M-
III type fractures are as follows: (i) the fluid pressure first opens the bedding plane in 
the open hole section of the wellbore; (ii) the natural fracture in the open hole section 
of the wellbore is activated; (iii) when the fracturing fluid encounters a bedding plane 
in the activation process of a natural fracture, fluid pressure will directly open the 
bedding plane. 

Fig. 9.13 Unfolded surface morphology of hydraulic fractures that belong to type M-III



9.3 Effect of Different In-Situ Stress States and Wellbore Orientations … 253

Unfolded surfaces of M-IV type hydraulic fracture morphology after fracturing 
is shown in Fig. 9.14. This type of hydraulic fracture includes cracked shale matrix, 
opened bedding planes, and activated natural fractures. The hydraulic fractures are 
connected and overlapped with each other to form a complex fracture network. The 
formation process and network morphology of hydraulic fractures significantly differ 
under different matrix and bedding structures. For example, there are three matrix 
fractures M1, M2, and M3 propagating obliquely in sample #2. From the perspective 
of fracture penetration on the surface, M1 is directly overlapped with the wellbore 
and mainly appears on Y1 and Z1 surfaces, M2 appears on Y1 and X2 surfaces, 
and M3 only appears on Z1 surface. The matrix fractures appear intermittently and 
are mainly connected with the bedding plane (H1 and H2) and the natural fracture 
(N1). When there are hydraulic fractures formed by opening bedding and hydraulic 
fractures formed by cracking the matrix at the same time near the wellbore, the tensile 
strength of the matrix is generally higher than the cohesion strength of the bedding, 
so the former usually give priority to cracking. It can be inferred that for this type of 
hydraulic fracture, the natural fracture (N1) is activated in the process of hydraulic 
fracture propagating along the bedding, and finally, the hydraulic fracture extends 
along the matrix. Due to the different degrees of disturbance by opening bedding, 
the hydraulic fractures formed by cracking the matrix are not continuous. Similarly, 
in sample #5, the hydraulic fractures (H1, H2 and H3) propagating along beddings 
near the wellbore activate the natural fracture (N1) during their propagation process 
and induce the matrix to crack, forming a main fracture (M1). The reason for M-IV 
type hydraulic fractures are as follows: (i) the bedding planes with similar cohesion 
strength near the wellbore are fully developed, resulting in multiple bedding planes 
being opened; (ii) natural fractures exist in the rock matrix, which is the key to the 
evaluation of the propagation behavior of the main fractures and the formation of 
complex fracture networks.

In summary, hydraulic fractures in shale reservoirs primarily propagate along the 
bedding plane. However, due to different in-situ stress states and the distribution of 
natural fractures, hydraulic fractures may have different propagation modes, forming 
different fracture network morphology. Based on the initiation and propagation mode 
of hydraulic fractures in anisotropic shale reservoirs, hydraulic fracture morphology 
could be divided into four categories in detail: (1) a single bending hydraulic fracture 
formed by propagating along the bedding (Fig. 9.15a); (2) fishbone-like hydraulic 
fractures formed by hydraulic fractures crossing the beddings (Fig. 9.15b); (3) 
dendritic fractures formed by hydraulic fractures first propagating along the beddings 
and then activating natural fracture (Fig. 9.15c); and (4) a complex fracture network 
formed by hydraulic fractures opening and crossing the beddings and activating 
natural fractures (Fig. 9.15d).
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(a)Sample #2(Vertical well and σH>σv>σh) 

(b)Sample #5(Horizontal well and σv>σH>σh) 

Fig. 9.14 Unfolded surface morphology of hydraulic fractures that belong to type M-IV
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Fig. 9.15 Classification of fracture networks after hydrofracturing in anisotropic shale reservoirs 

9.3.3 Quantitative Evaluation of Fracture Morphology 

To quantitatively evaluate the morphological characteristics of the hydraulic frac-
ture network under various working conditions, the three-dimensional hydraulic 
fracturing effectiveness is quantitatively evaluated by counting the induced fracture 
occurrence and stimulated rock area (SRA) [25]. 

(1) Induced Fracture Occurrence 

In order to better display the distribution of hydraulic fractures in the fractured 
samples with three bedding inclination angles, a polar coordinate axis is established 
with the wellbore center as the origin as shown in Fig. 9.16. The distribution angle 
between the induced fracture and horizontal bedding plane is defined as β. When 
the fracture is parallel to the horizontal bedding plane, β is 0°, and the sign of β is 
assumed to be positive in the clockwise direction.

The statistical results of the induced fractures for each sample were quantitatively 
presented in the form of a rose diagram (Fig. 9.17) in accordance with the method 
suggested by Taleghani and Olson [27] and Ezati et al. [28]. It is easy to see that 
the main reasons for the formation of multiple hydraulic fractures (M-II, M-III and 
M-IV) are the simultaneous initiation of multiple bedding planes in the open hole 
section of the wellbore and the generation of main fractures propagating along the 
shale matrix. The reason for the formation of a single bending fracture (M-I) is
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Fig. 9.16 Schematic diagram of hydraulic fracture statistical method

that there is only one hydraulic fracture propagating along a bedding plane near 
the wellbore. In addition, it can be found that the number of hydraulic fractures in 
the sample with activated natural fractures is more than that in the sample without 
activated natural fractures, which indicates that the activation of natural fractures 
leads to more branches and more complex fracture networks. 

(2) Stimulated Rock Area 

The fracture network generated by hydraulic fracturing of shale samples is composed 
of one or more combinations of the main fractures, the activated natural fractures

Fig. 9.17 Rose diagram of hydraulic fractures occurrence in each sample 
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(turning, opening or crossing), and the opened bedding planes. Since the hydraulic 
fracture morphology of the sample is the observation result under the condition 
of three-dimensional complete unloading, the traditional method of calculating the 
stimulated reservoir volume [29] is no longer applicable, so the “stimulated reservoir 
area (SRA)” proposed by Hou et al. [30] is used to evaluate the hydraulic fracturing 
effectiveness. According to Hou et al., the SRA was the total area of the main frac-
tures, the opened bedding planes and the activated natural fractures, which were 
divided into four grades based on the fracture area: 1.0 (approximately 200 mm × 
200 mm), 0.75 (approximately 150 mm × 150 mm), 0.5 (approximately 100 mm 
× 100 mm), and 0.25 (approximately 50 mm × 50 mm). Moreover, larger SRA 
resulted in a larger fracture area in the reservoir, which was conducive for complex 
fracture formation and gas migration. Using identical method, we analyzed the shale 
fracturing effectiveness under different conditions. 

The SRA of various types of fractures calculated by fracturing samples is shown 
in Fig. 9.18. The SRA actually reflects the extent of fracture propagation, while the 
counted number of hydraulic fractures represents the complexity of fractures. On the 
whole, the SRA of four types of hydraulic fracture (M-I, M-II, M-III and M-IV) in 
Sect. 9.3.2 increases successively, and the complexity of the four types of hydraulic 
fracture also increases correspondingly. The M-IV type fractures (samples #2 and #5) 
with activated natural fractures and opened bedding planes have the best effectiveness 
in increasing and stabilizing production. There is an overall good correspondence 
between the SRA value and the counted number of hydraulic fractures. However, it 
is insufficient to evaluate the hydraulic fracturing effectiveness only by SRA value or 
the counted number of hydraulic fractures. For example, the SRA values of samples 
#2 and #4 are 0.5, but the number of the main fractures is 3 and 2, respectively 
(Fig. 9.18a). In opened bedding planes, the SRA of samples #1 and #2 are 1.25 
and 1.5, whereas the number of (activated) bedding planes is 4 and 3 (Fig. 9.18b). 
Although samples #1, #2, and #4 have the same counted number of natural fractures, 
their SRA values are different (Fig. 9.18c). These differences may be related to the 
limitation of the sample size. Although a large-scale shale sample with a side length of 
200 mm has been used in the tests, such a sample size is still insufficient to reflect the 
state of reservoir rocks. Therefore, in the process of hydraulic fracturing tests, once 
hydraulic fractures propagate to the surface of the sample, the fracturing fluid is likely 
to leak directly through the induced fractures, resulting in the instantaneous reduction 
of fluid pressure, which cannot drive other fractures to continue to propagate. In other 
words, the SRA value is essentially related to the time when the hydraulic fracture 
propagates to the surface of the sample. The larger the sample size is, the larger 
the SRA value of each type of hydraulic fracture will be. Therefore, the SRA value 
and the counted number of hydraulic fractures are synchronously adopted as the 
quantitative evaluation indexes to evaluate the hydraulic fracturing effectiveness.
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Fig. 9.18 SRA and fracture number distribution of the fractured shale samples 

9.3.4 Effects of Bedding Planes 

By comparing the fracture morphology of sample #1 (the bedding is orthogonal to 
the wellbore), sample #3 (the bedding is oblique to the wellbore (45°)), and sample 
#5 (the bedding is parallel to the wellbore), the influence of anisotropic bedding on 
the fracture network morphology is analyzed. It can be seen from Table 6.1 that 
samples #1, #3 and #5 are in a normal faulting stress state. 

When the bedding is vertical to the wellbore, the fracture network of sample 
#1 belongs to dendritic hydraulic fractures (M-III type) that propagate along the 
beddings and activate natural fractures. We found five hydraulic fractures in sample 
#1, four of which (H1, H2, H3, and H4) propagate along the 0° bedding planes, and one 
of which (N1) is an activated natural fracture. The calculated SRA of all fractures in 
sample #1 is 1.5 in line with Fig. 9.18. However, under the same stress state, when the 
angle between the bedding and the wellbore is 45°, only a single hydraulic fracture 
(M-I) is produced in sample #3, and the calculated SRA is 0.75, which is 50% lower 
than that of the sample #1. When the bedding is parallel to the wellbore, the hydraulic 
fracture morphology of sample #5 is M-IV complex fracture network morphology,
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and compared with samples #1 and #3, sample #5 has the largest SRA value and the 
counted number of hydraulic fractures, which are 2.5 and 6 respectively. 

Comparing the SRA values of samples #1, #3, and #5, it can be found that the 
hydraulic fracturing effectiveness is the smallest when the bedding inclination is 45°, 
which seems to be in contradiction with Sect. 9.2 of this chapter. However, it should 
be noted that the sample size used in the true triaxial fracturing tests is larger than 
that used in the uniaxial tests. During the sampling process, it is inevitable to produce 
differences in individual properties, resulting in the fracture morphology of sample 
#3, not in line with expectations. Therefore, the difference between the bedding and 
fracture morphology of shale before and after the test is compared to explain the 
cause of this phenomenon. As shown in Fig. 9.19a, comparing the photos before 
and after the test of sample #1, it can be found that although the beddings of sample 
#1 propagate horizontally as a whole, the propagation track is not straight, and the 
spacing and distribution of beddings are also extremely uneven. The beddings on 
the Z1 surface do not appear in the X1 surface, indicating that the beddings on the 
Z1 surface are not fully developed. For these reasons, after multiple beddings are 
opened instantaneously to form hydraulic fractures, they will not always propagate 
along the bedding of Z1 surface, but will deflect or terminate under the disturbance 
of the maximum principal stress. The actual propagation morphology of sample #1 
(Fig. 9.13) also confirms this conclusion. However, it can be seen from Fig. 9.19b that 
there is obvious bedding that completely extends to the surface of sample #3, resulting 
in the tendency of the sample to slip along 45° during the loading process of three-
dimensional stress. In addition, during the fluid injection process, new cracks initiate 
near the weak bedding, and the fracturing fluid flows into the bedding plane, further 
reducing the effective stress of the bedding. Once the sample breaks slightly along 
the bedding plane, the fluid pressure is released instantly and drives the hydraulic 
fracture to propagate along the bedding plane, forming a single hydraulic fracture 
propagating along the 45° direction. In Fig. 9.19c, the local details of sample #5 
whose bedding is parallel to the wellbore before and after fracturing are compared. It 
is easy to find that there is no obvious weak bedding before the test in the sample #5, 
and beddings with the same width are densely distributed near the wellbore. Shale 
with this structure is prone to crack at many places during hydraulic fracturing to 
form multiple hydraulic fractures propagating along beddings. In addition, there is no 
obvious weak bedding in sample #5, which ensures that the hydraulic fractures can 
propagate along their mechanical optimal direction and the bedding direction. This 
process may lead to the initiation of fracture matrix, activation of natural fractures, 
and forming an M-IV type of complex fracture network. It should be noted that since 
the wellbore of sample #5 is arranged horizontally, in addition to the bedding plane, 
the wellbore orientation may also be a factor in the generation of the M-IV fracture 
network, which will be discussed in Sect. 9.3.6.

In conclusion, hydraulic fractures in anisotropic reservoirs mainly initiate and 
propagate along the bedding plane. The complexity of the hydraulic fracture network 
depends on the distribution of beddings and the difference in bedding strength and 
is less affected by the change of bedding inclination angle. When a bedding plane 
is developed, a hydraulic fracture directly penetrates the bedding to form a single
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(a)Sample #1(The bedding is 90°orthogonal to the wellbore) 

(b)Sample #3(The bedding is 45°orthogonal to the wellbore) 

(c)Sample #5(The bedding is parallel to the wellbore at 0 ) 

Fig. 9.19 Effect of bedding on hydraulic fracture networks
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hydraulic fracture, while when the bedding planes are uniformly distributed or locally 
developed, it is easier to form a relatively complex fracture network. In the actual 
fracturing, to prevent fluid leak-off into the beddings near the wellbore, the plug-
ging agents are widely used, and the fracturing parameters (injection rate, injection 
pressure, fluid viscosity) can be adjusted to make fracture reorientation. 

9.3.5 Effects of In-Situ Stress 

Under a normal faulting stress state (σ V > σ H > σ h), the dendritic hydraulic fractures 
(M-III) formed by activating natural fractures and then coalescing with bedding 
planes are generated in sample #1. The SRA value and the counted number of 
hydraulic fractures of sample #1 are 1.5 and 5, respectively. However, under the 
strike-slip faulting stress state, a complex fracture network (M-IV) with activated 
natural fractures and open bedding planes is generated in sample #2. The SRA 
value and the total number of fractures are 2.25 and 7, respectively. In compar-
ison, the fracture area and fracture complexity of sample #2 are higher than those of 
sample #1, which indicates that it is easier to form tortuous and complex hydraulic 
fracture morphology under the strike-slip faulting stress state. The bedding incli-
nation angle and in-situ stress difference of samples #1 and #2 are the same, but 
the direction of the maximum in-situ stress is different. Concretely, the direction of 
the maximum principal stress of sample #1 is perpendicular to the bedding plane, 
while the direction of the maximum principal stress of sample #2 is parallel to the 
bedding plane. In the process of hydraulic fracturing, the maximum principal stress 
in the normal faulting stress state inhibits the initiation and propagation of hydraulic 
fractures along the 0° bedding, while the maximum principal stress in the strike-
slip faulting stress state is easier to make hydraulic fractures propagate horizontally 
along the bedding plane. Therefore, under the strike-slip faulting stress state, the 
resistance of hydraulic fracture propagating along 0°bedding is small, and more frac-
tures propagating along bedding may be generated. When the beddings of shale are 
not developed, under the combined action of fluid pressure and maximum principal 
stress, multiple bedding planes may occur, resulting in multiple hydraulic fractures 
propagating along the bedding inclination. During the propagation of hydraulic frac-
tures along the bedding plane, fluid activates natural fractures and even induces the 
cracking of the shale matrix. Therefore, under the strike-slip faulting stress state, 
the morphology of hydraulic fracture is more complex. This conclusion is consistent 
with the indoor true triaxial test observations by Guo et al. [20], Zhou et al. [19], and 
Hou et al. [31]. 

In the case of horizontal well fracturing, the fracture patterns under the normal 
faulting and strike-slip faulting stress are also compared. The M-IV complex frac-
ture network is produced in sample #5 under the normal faulting state, while a single 
hydraulic fracture is generated in sample #6 under the strike-slip faulting stress state. 
This is because there is a well-developed bedding plane in sample #6 (Fig. 9.20),
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which leads to the fact that in the process of hydraulic fracturing, a hydraulic frac-
ture directly cracks and propagates along this bedding plane without multiple frac-
tures forming complex fractures. However, under the strike-slip faulting stress state, 
the propagation path of the main fracture of sample #6 is tortuous (as shown in 
Fig. 9.11b), and its tortuosity is higher than that of the main fracture of sample #5 
(Fig. 9.14b), which is consistent with the conclusion that the sample in the stress 
state of strike-slip faulting is more likely to produce tortuous hydraulic fracture. 

When the bedding inclination angle is 45°, the influence of the normal faulting 
stress state and reverse faulting stress state on the morphology of hydraulic frac-
ture can be analyzed by comparing those of samples #3 and #4. It can be seen 
from Sect. 9.3.2 of this chapter that sample #3 has a single hydraulic fracture (M-I), 
under a normal faulting stress state. Because there is obvious bedding in sample 
#3 (Fig. 9.19b), under the action of the maximum vertical principal stress and fluid 
pressure, the hydraulic fracture mainly initiates and propagates along the bedding, 
forming a single hydraulic fracture. However, under the reverse faulting stress state 
(σ H > σ h > σ V), the maximum principal stress is arranged along the horizontal 
direction, while the vertical in-situ stress is the minimum principal stress. Under the 
reverse faulting stress state, hydraulic fractures of sample #4 propagate along bedding 
planes and induce the activation of natural fractures to form dendritic hydraulic frac-
tures (M-II). The SRA value and the counted number of hydraulic fractures are 2 
and 5 respectively, which are higher than those of sample #3 (0.75 and 1 respec-
tively) under a normal faulting stress state, indicating that the fracture morphology 
of sample #4 is more complex and the fracturing effectiveness of sample #4 is better. 
This phenomenon also shows that compared with the normal faulting stress state, the 
reverse faulting stress state is also conducive to the formation of complex hydraulic 
fractures in shale reservoirs. In addition, since the vertical stress has the least restric-
tion on the sample, the shale matrix in sample #4 is cracked along the direction of the 
maximum principal stress, and two main fractures connecting the parallel bedding 
planes are generated (M1 and M2 in Fig. 9.12), forming dendritic hydraulic fractures.

Fig. 9.20 Bedding distribution of end faces of Sample 6# before fracturing tests 
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9.3.6 Effects of Wellbore Orientations 

It can be seen from Table 6.1 that samples #1 and #5 simulate the hydraulic fracturing 
of vertical and horizontal wells, respectively, under a normal faulting stress state, 
while samples #2 and #6 simulate the hydraulic fracturing of vertical and horizontal 
wells, respectively, under a reverse faulting stress state. In addition, the breakdown 
pressures of vertical well hydraulic fracturing are higher than those of horizontal well 
hydraulic fracturing, which accords with the experimental observations of triaxial 
hydraulic fracturing in shale performed by Guo et al. [10]. 

However, due to the pre-existing obvious bedding planes and natural fractures in 
sample #6, it becomes inappropriate to use sample #6 for comparison. Therefore, we 
compared sample #1 to sample #5 to investigate the effects of wellbore orientations 
on hydraulic fracture morphology. 

The SRA value and the total number of fractures of the vertical well (sample 
#1) are 1.5 and 5, respectively. The SRA value and the total number of fractures 
of the horizontal well (sample #5) are 2.5 and 6, which increased by 66.7% and 
20% compared with the fracturing of vertical wells. Since the wellbore direction is 
vertical to the bedding plane direction, hydraulic fracturing of vertical wells often 
produces fractures propagating vertically or horizontally along the bedding [32]. 
Since the maximum principal stress acts vertically on the wellbore, when the fractures 
around the wellbore crack, under the limitation of the maximum principal stress, the 
hydraulic fractures will propagate perpendicular to the bedding, resulting in main 
fractures (such as M1 in sample #5). This process is conducive to the formation of a 
complex fracture network. 
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Epilogue 

Main Insights 

Comparing the mechanism of fracturing with a constant injection rate and frac-
turing with constant pressure injection, and characterizing the relationship between 
the behaviors of fracture initiation, arrest, stable and unstable propagation and 
pumping parameters (injection rate and injection pressure), the time-delayed initia-
tion mechanism of hydraulic fractures fatigue induced by constant pressure injection 
is revealed. 

By considering that the fluid pressure in the fracture is in the form of non-uniform 
distribution, this breaks through the limitations of existing studies that less consider 
the effect of non-uniform fluid pressure distribution in the fracture. The model equa-
tion of hydraulic fracture whose fluid pressure changes with the position in the frac-
ture is constructed to determine the distribution law of the stress field and displace-
ment field near the hydraulic fracture under non-uniform pressure and to predict the 
propagation trajectory of hydraulic fracture. 

A composite criterion based on the critical intersection process of a hydraulic 
fracture and a natural fracture is established to predict the subsequent intersection 
behavior and to systematically analyze the effects of singularity at the tip of hydraulic 
fracture, approach distance and fracture toughness on the intersection behaviors. 

Considering the disturbance effect of wellbore orientations (vertical well or hori-
zontal well) and in-situ stress states (normal faulting, strike-slip faulting and reverse 
faulting) on the morphology of hydraulic fracture network, the anisotropic fracturing 
characteristics of shale are evaluated, and the formation mechanism of complex 
fracture network is revealed.
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Implications for Future Study 

The hydraulic fracture behaviors of shale are studied through laboratory tests and 
theoretical analysis, and some meaningful conclusions are obtained. The following 
research work will be carried out from the following aspects: 

(1) Based on the uniaxial stress state, the hydraulic fracturing tests with constant 
injection rate and constant pressure are studied. There is little research on the 
deformation, breakdown pressure, acoustic emission signal evolution and frac-
ture morphology characteristics of samples of hydraulic fracturing tests with 
constant injection rate and constant pressure under triaxial and true triaxial 
stress, which still needs further research. 

(2) Both the model and the composite intersection criterion of non-uniform pres-
sure hydraulic fracture are two-dimensional models are two-dimensional. In 
the actual three-dimensional fracturing, affected by the vertical stress, their 
applicability and reliability need to be further verified. 

(3) The effects of bedding inclination angle, in-situ stress state and wellbore orien-
tation on the morphology of complex fracturing network and fracturing effec-
tiveness are analyzed, but the relative disturbance of different parameters on the 
fracture network morphology has not been deeply explored. Fracturing param-
eters need to be further refined, so as to further clarify the influence of these 
parameters on fracture behaviors and fracture network morphology can be more 
clear, which will be further explored in the future.
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