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Abstract. In this paper, a finite element-based fracture prediction method for shale reservoirs was proposed using geo-
stress field simulations, uniaxial and triaxial compression deformation tests, and acoustic emission geostress tests. Given 
the characteristics of tensile and shear fractures mainly developed in organic-rich shales, Griffith and Coulomb – Mohr 
criteria were used to calculate shale reservoirs' tensile and shear fracture rates. Furthermore, the total fracture rate of shale 
reservoirs was calculated based on the ratio of tension and shear fractures to the total number of fractures. This method 
has been effectively applied in predicting fracture distribution in the Lower Silurian Longmaxi Formation shale reservoir in 
southeastern Chongqing, China. This method provides a new way for shale gas sweet spot optimization. The simulation 
results have a significant reference value for the design of shale gas horizontal wells and fracturing reconstruction programs. 
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Резюме. Статья представляет способ прогнозирования трещиноватости сланцевых коллекторов, основанный на 
методе конечных элементов с использованием моделирования поля напряжений, деформационных тестов на од-
ноосное и трехосное сжатие, а также испытаний акустической эмиссии на сжатие. Учитывая характеристики тре-
щин при растяжении и сдвиге, которые в основном возникают в сланцах, богатых органическими веществами, были 
использованы критерии Гриффита и Кулона – Мoра для расчета скоростей роста трещин при растяжении и сдвиге 
в сланцевых коллекторах. Кроме того, общая скорость роста трещин в сланцевых коллекторах была рассчитана 
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на основе отношения трещин растяжения и сдвига к общему количеству трещин. Этот метод был эффективно 
применен для прогнозирования распределения трещин в сланцевом коллекторе формации Лунмаси нижнего си-
лура на юго-востоке Чунцина, Китай, и он обеспечивает новый способ оптимизации перспективных месторождений 
сланцевого газа. Результаты моделирования имеют важное значение для проектирования горизонтальных сква-
жин для добычи сланцевого газа и создания программ по реконструкции гидроразрыва пласта. 
 

Ключевые слова: юго-восточный Чунцин, формация Лунмаси, сланцевый пласт, моделирование поля тектониче-
ских напряжений, прогноз разрушения  
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Introduction 
For low-porosity and low-permeability shale 

reservoirs, the nano-scale pores in the matrix 
have basically no seepage capability. Therefore, 
fractures not only provide important space for hy-
drocarbon storage, but also provide efficient 
channels for hydrocarbon migration [1–3]. The 
great success of the marine organic-rich shale 
gas industry in North America shows that natural 
fractures can promote the large-scale accumula-
tion of hydrocarbons in shale reservoirs [4–6]. 
Fractures are a key factor in obtaining high yields 
in shale reservoirs [7–12]. A large number of oil-
field data around the world show that the degree 
of fracture development in tight reservoirs is 
closely related to productivity [13–16]. For exam-
ple, the degree of fracture development of Paleo-
zoic marine shale in North America is positively 
correlated with total gas content and free gas 
content. The success rate of shale gas explora-
tion in the fractured zone is high. In addition, the 
natural gas productivity in the organic-rich marine 
shale reservoirs of the Lower Paleozoic in the Si-
chuan Basin of China is also positively correlated 
with the degree of fracture development [17–19].  

In this paper, a finite element-based fracture 
prediction method for shale reservoirs was pro-
posed using geostress field simulations, uniaxial 
and triaxial compression deformation tests, and 
acoustic emission geostress tests. This technol-
ogy has achieved good application effects in the 
prediction of fracture distribution in the Lower Si-
lurian Longmaxi Formation shale reservoir in 
southeastern Chongqing, China. Moreover, it 
provides a new way for shale gas sweet spot op-
timization, and the simulation results have im-
portant reference value for the design of shale 
gas horizontal wells and fracturing reconstruction 
programs. 

Materials and methods 
Experiments.  In this paper, acoustic emis-

sions and rock mechanics experimental tests 
were used to obtain the rock mechanical proper-
ties and paleostress of the target shale. The tests 
were completed in the Beijing SGS Rock Physics 
Laboratory. A GCTS petrophysical testing sys-
tem was used for rock mechanics testing. The 
pressure sensor error of this instrument was less 
than 1 %, the displacement sensor ranges were 
between ±50 mm, and the strain accuracy was 
0.0001 mm. In addition, the acoustic emission in-
strument was the SAMOSTM acoustic emission 
detection system. Its core component is the PCI-
8 acoustic emission function card that processes 
the PCI bus in parallel. It has 8 channels of real-
time acoustic emission feature extraction, wave-
form acquisition and processing capabilities on 
one board. Modern digital signal processing tech-
nology (DSP) is adopted, which is currently the 
most advanced acoustic emission processing 
system in the world.  

Finite element model. This paper used the fi-
nite element method to simulate the tectonic 
stress field and then predicted the plane distribu-
tion of tectonic fractures based on rupture princi-
ples. The core technology of this method is to es-
tablish an accurate geological model, mechanical 
model, and calculation model of the simulated 
area. The measured rock mechanical property 
parameters and paleostress values were used  
to calibrate the fake stress field (Fig. 1). The or-
ganic-rich shale mainly develops tensile and 
shear fractures. Therefore, Griffith and Coulomb – 
Mohr failure criteria were used to calculate the 
tensile and shear failure rate, respectively. Fi-
nally, proposed the comprehensive rupture rate 
based on the coupling results of tensile and shear 
ruptures (Fig. 1). 
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Fig. 1. Work flow of shale fracture prediction based on finite element method 

Рис. 1. Последовательность операций по прогнозированию трещиноватости сланцев  
на основе метода конечных элементов 

 
The geological model of the southeast area  

of Chongqing is triangularly gridded, which in-
cludes 9,965 nodes and 19,670 grid cells (Fig. 2). 

For any triangle mesh element, the displacement 
u, v of any point (x, y) in the component can be 
expressed as a matrix form:  

 

[𝑓]𝑒 = [
𝑢
𝜈
] = [

𝑁𝑖𝑢𝑖 + 𝑁𝑗𝑢𝑗 + 𝑁𝑚𝑢𝑚

𝑁𝑖𝜈𝑖 + 𝑁𝑗𝜈𝑗 + 𝑁𝑚𝜈𝑚
] = [

𝑁𝑖 0 𝑁𝑗

0 𝑁𝑖 0
     

0 𝑁𝑚 0
𝑁𝑗 0 𝑁𝑚

] [𝑢𝑖 𝜈𝑖 𝑢𝑗      𝜈𝑗 𝑢𝑚 𝜈𝑚]𝑇. (1) 

 

 
Fig. 2. Grid model of Longmaxi Formation shale in southeastern Chongqing area 

Рис. 2. Сеточная модель сланцев формации Лунмаси в юго-восточной части района Чунцин 

 
Equation (1) can be simplified as: 

[𝑓] = [𝑁][𝛿]𝑒 . (2) 
In the formula, Ni, Nj and Nm are the morpho-

logical function or shape function of the element 
displacement, [N] is the shape function matrix, 
and [δ]e is the nodal displacement component 
matrix. 

The strain of the element is a geometric equa-
tion: 

[𝜀] = [

𝜀𝑥

𝜀𝑦

𝜀𝑥𝑦

] =

[
 
 
 
 

𝜕

𝜕𝑥
0

0
𝜕

𝜕𝑦

𝜕

𝜕𝑦

𝜕

𝜕𝑥]
 
 
 
 

[
𝑢
𝜈
].  (3) 

When equation (1) is substituted into equation 
(3), the strain matrix of the element can be ob-
tained: 

[𝜀] = [𝐵][𝛿]𝑒 . (4) 
In the formula, the conversion matrix [B] is a 

geometric matrix. 
For each element, the maximum principal 

stress is obtained through coordinate transfor-
mation: 

|
𝜎𝑥 − 𝜎 𝜏𝑦𝑥

𝜏𝑦𝑥 𝜎𝑦 − 𝜎| = 0. (5) 

The maximum principal stress σ1 and the min-
imum principal stress σ3 can be obtained by solv-
ing the above formula.  
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Griffith and Coulomb – Mohr criterions. Under 
the action of regional tectonic stress, there are 
two main types of ruptures inside the rock: tensile 
and shear fractures [8–9].  

Shear rupture follows the Coulomb – Mohr cri-
terion, and tensile fracture follows the Griffith cri-
terion [19–21]. 

The expression of the plane rupture criterion 
of Griffith theory is: 

When σ1 + 3σ3 ≥ 0, the rupture criterion is: 
(𝜎1 − 𝜎3)

2 − 8(𝜎1 + 𝜎3)𝜎𝑇 = 0. (6) 
When σ1 + 3σ3 < 0, the rupture criterion is: 

𝜎3 + 𝜎𝑇 = 0. (7) 
In the formula, σ1 is the maximum principal 

stress, MPa; σ3 is the minimum principal stress, 
MPa, and σT is the tensile stress of the rock, MPa. 

The Coulomb – Mohr criterion believes that 
the shear failure on a plane is related to the com-
bination of the normal stress σ and the shear 
stress τ. The Coulomb – Mohr shear rupture cri-
terion can be expressed as: 

|𝜏| = 𝐶 +  𝜎 tan 𝜑. (8) 
In the formula, |τ| is the shear strength of the 

rock, MPa; σ is the normal stress, MPa; C is the 
cohesive force, MPa; φ is the internal friction an-
gle, ˚; tanφ is the internal friction coefficient. 

Comprehensive rupture rate. In this paper, 
the tensile rupture rate It and the shear rupture 
rate In were introduced to characterize different 
types of fractures:  

𝐼𝑡 = 𝜎𝑇/𝜎𝑡 . (9) 
In the formula, σT is the effective tensile 

stress, MPa; σt is the tensile strength of the rock, 
MPa. When It ≥ 1, tensile ruptures will occur. 

𝐼𝑛 = 𝜏𝑛/|𝜏|. (10) 
In the formula, τn is the effective shear stress, 

MPa, and |τ| is the shear strength of the rock, 
MPa. When In ≥ 1, shear ruptures will occur. 

The rupture mode of shale is a comprehen-
sive reflection of tensile and shear stresses [9–
10]. Therefore, in order to better quantitatively 
characterize the development degree of struc-
tural fractures in shale reservoirs, a comprehen-
sive fracture coefficient was proposed. 

𝐼𝑧 = (𝑎𝐼𝑡 + 𝑏𝐼𝑛)/2. (11) 
In the formula, a and b are the ratios of tensile 

and shear fractures respectively. In this paper, 
a : b = 3 : 2. Similarly, when Iz ≥ 1, the rock 
reaches a fractured state, and the higher the 
comprehensive fracture rate value of shale, the 
greater the fractured degree. 

 
Results 

Palaeo-stress based on acoustic emission. In 
the simulation of in-situ stress, the assignment of 
reasonable rock mechanics parameter attributes 
of the geological model of the target layer is es-
sential. Furthermore, the assigned geological 
model is converted to a mechanical model. Ac-
cording to regional tectonic movement and 
acoustic emission tests, it is believed that during 
the Yanshan period, the tectonic activity in south-
eastern Chongqing was the strongest (148.8 
MPa maximum tectonic stress); followed by the 
Himalayan movement (122.5 MPa maximum tec-
tonic stress) (Table 1). 

Rock mechanics parameters. The faults in the 
study area were divided into first-order, second-
order, and third-order faults. At the same time, 
the fold areas were split into slot folds, battlement 
folds, and barrier folds. The rock mechanics test 
results of different types of shales in the 
Longmaxi Formation in the study area are shown 
in Table 2. 

Mechanical properties of fault and fold zones. 
The fault zone was defined as a "weak zone" 
whose elastic modulus was 50–70 % of the ordi-
nary sedimentary strata. At the same time, the 
Poisson's ratio was more extensive than that of 
the ordinary sedimentary strata, and the differ-
ences between them were between 0.02 and 0.1. 
The folding zone was identified as a "tough 
zone", and its elastic modulus was 1.5 to 3 times 
that of the normal sedimentary formation. At the 
same time, the Poisson's ratio was smaller than 
the normal sedimentary formation, and the differ-
ences between them were between 0.01 and 
0.15 (Table 3).  

 
Table 1. Measurement results of acoustic emission stress of Longmaxi Formation in Well Y1 
Таблица 1. Результаты измерения напряжения акустической эмиссии формации Лунмаси  
в скважине Y1 
 

Well Depth, m Formation Effective value of σ1, MPa Number of tectonic activities 

Y1 well 0~325.5 Longmaxi Formation 23.1, 40.8, 57.4, 91, 122.5, 148.8 6 

http://www.nznj.ru/
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Table 2. Rock mechanics test results of different types of shales in the Longmaxi  
Formation in the study area 
Таблица 2. Результаты испытаний механики горных пород различных типов сланцев  
в формации Лунмаси в районе исследования 
 

Lithology 
Density  

ρo, g·cm-3 

Tensile  
strength  

t, MPa 

Compressive 
strength  

c, MPa 

Elastic  
modulus  
E, GPa 

Poisson's  
ratio μ 

Cohesion 
C, MPa 

Internal  
friction  

angle ,  

Black shale 2.715 16.67 100.95 52.83 0.266 22.33 34.53 

Dark gray shale 2.657 5.95 149.6 59.75 0.255 27.71 34.56 

Argillaceous 
siltstone 

2.688 12.23 102.75 65.82 0.286 3.84 56.36 

Calcareous shale 2.655 6.79 132.87 42.87 0.205 16.42 49.01 

Siliceous shale 2.747 9.06 101.83 54.06 0.261 12.42 58.11 
 

Table 3. Assignment of rock mechanics parameters in the fault and fold zones in the study area 
Таблица 3. Определение параметров механики горных пород в разломной и складчатой  
зонах исследуемой территории 
 

Geological unit type Elastic modulus, MPa Poisson's ratio 

Fault zone 

First-order fault 21,435 0.332 

Second-order fault 32,436 0.317 

Third-order fault 36,981 0.305 

Fold zone 

Slotted fold 102,180–137,460 0.2–0.211 

Battlement fold 85,660–102,180 0.211–0.248 

Barrier fold 65,740–85,660 0.248–0.256 
 

Discussion 
Tectonic stress field distribution. It can be 

seen from the simulation results of the tectonic 
stress field (Fig. 3) that the maximum principal 
stresses of the Longmaxi Formation shale reser-
voir in southeastern Chongqing were concen-
trated between -217.404 and -4.109 MPa. Posi-
tive values were defined as tensile stress, and 
negative values were defined as compressive 
stress. The maximum principal stress inside the 

fault zone was lower than that of ordinary sedi-
mentary strata, and the stress intensity values 
were mainly distributed between -46.768 and  
-4.19 MPa. For areas with underdeveloped faults, 
the maximum principal stress value distribution 
ranged from -103.647 to -46.768 MPa. 

The rocks inside the fold zone are severely 
deformed, especially the rocks at the shaft and 
turning ends of the folds are more severely de-
formed. The stress in these structural parts will 

 
Fig. 3. Distribution of maximum principal stress of Longmaxi Formation shale  

in southeastern Chongqing area  
Рис. 3. Распределение максимумов основных нормальных напряжений в сланцах  

формации Лунмаси в юго-восточной части района Чунцин 
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be highly concentrated under the premise that 
there is no fault damage and cannot release the 
stress. Suppose the fold is clamped by reverse 
faults, such as the southwestern Huayuan and 
Pengshui west-trending fault fold belt, or the fault-
related folds adjacent to the fault, such as 
Longshan and Xiushan areas. In that case, the 
maximum principal stress value will be higher. In 
addition, the closer the fold is to the fault, the 
more obvious the stress gradient changes. In ad-
dition to the fold mentioned above belts, the fault 
belt's end and the fault's turning end are also the 
transition areas from the broken rocks inside the 
fault belt to continuous strata. The rocks in these 
areas are at the edge of ruptures. Therefore, the 
stress value is higher. The maximum principal 
stress distribution in these areas ranges from  
-217.404 to -103.647 MPa. 

The shear stresses of the target shale reser-
voir in the study area ranged from -4.707 to 
49.222 MPa (Fig. 4). Among them, positive val-
ues were defined as left-handed and defined  
negative values as right-handed. The structures 
of the study area showed obvious strike-slip char-
acteristics, and the NNE-trending "S"-shaped 
faults and folds had the attributes of counter-
clockwise rotation and twisting. It can see from 

Figure 4 that the shear stress value in the study 
area is mainly positive, reflecting the counter-
clockwise left-handed shear stress field in the 
Himalayan period in southeast Chongqing. The 
simulation results are consistent with the com-
pression-torsional strike-slip structural defor-
mation characteristics shown in the Himalayan 
period in the study area. 

Prediction of fracture distribution. In this pa-
per, the degrees of fracture development in shale 
reservoirs were divided into five levels (Table 4). 

According to Figure 5, there are widely distrib-
uted fractures of grade I–IV in the eastern part of 
the study area, and the fracture development co-
efficients are mainly 1.4–4. Among them, the 
sizeable trough-shaped fold axis in the northern 
part of Huayuan is an area with highly developed 
fractures (level IV), and the fracture development 
coefficient has even reached above 4 (the for-
mation was severely broken). The southern 
(Xiushan, south of Huayuan) and northwestern 
(Lianhu area) areas are favorable areas for level 
II and level I fractures, respectively. The western 
part (Wulong, Pengshui) mainly develops first-
level fractures, and the fracture development co-
efficients are between 1–1.4.  

 

 
Fig. 4 Distribution of shear stress of Longmaxi Formation shale in southeastern Chongqing area 

Рис. 4. Распределение напряжений сдвига в сланцах формации Лунмаси  
в юго-восточной части района Чунцин 

 

Table 4. Criteria for the development of fractures in shale reservoirs 
Таблица 4. Критерии развития трещин в сланцевых коллекторах  
 

Fracture  
development 

X I II III IV 

Iz Iz < 1 1 ≤ Iz ＜ 2 2 ≤ Iz ＜ 3 3 ≤ Iz ＜ 4 Iz ≥ 4 

Fracture  
description 

Undeveloped 
Relatively  
developed 

Developed 
Well  

developed 
Extremely  
developed 
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Fig. 5. Distribution of fracture development coefficient in Longmaxi Formation shale  

in southeastern Chongqing area 
Рис. 5. Распределение коэффициента развития трещин в сланцах формации Лунмаси  

в юго-восточной части района Чунцин 

 
The areas with high TOC content and brittle 

mineral content in Longmaxi Formation shale res-
ervoirs are mainly located in the deposition center 
of black shale, namely Lianhu-Qianjiang and 
South Longshan areas. With the same compre-
hensive fracture coefficient, shale fractures with 
high TOC content and brittle mineral content are 
more developed. The eastern and southern parts 
of the study area have the most developed frac-
tures, especially in the areas adjacent to the 
faults and the relatively strong-deformed grooved 
fold shafts, where some normal tensile faults 
have appeared. The southern part of the study 
area is the development zone of sandy shelf fa-
cies shale. The rock elastic modulus is high, and 
Poisson's ratio is low. It is prone to develop frac-
tured under the action of external forces.  

 
Conclusions 

(1) The core of the numerical simulation 
method of the tectonic stress field lies in the es-
tablishment of the accurate geological model, 
mechanical model, and mathematical model. 
Given the particularity of shale reservoirs, the  
geological model must be used as the basis dur-
ing the simulation process, and shale types and 

rock mechanical properties must be classified ac-
cording to rock facies. 

(2) For the interior of the fold belt in the study 
area, especially the shale reservoir near the axis 
of the fold and the turning end, has suffered se-
vere structural deformation, which is a highly con-
centrated area of stress. The end of the fault zone 
and the turning end are the continuous transition 
area from the broken shale inside the fault zone 
to the ordinary sedimentary strata, which is at the 
edge of rupture and has high-stress values. The 
black carbonaceous, siliceous, and calcareous 
shale of shallow sea shelf facies with stable dis-
tribution and weak structural deformation in the 
deposition center have high elastic modulus and 
low Poisson's ratio. These brittle shales are 
prone to develop structural fractures. 

(3) The quantitative prediction of shale frac-
ture distribution cannot be based on a single fac-
tor as the criterion. Otherwise, it will cause one-
sided and limited results. The total fracture rate 
that affects the development of fractures in shale 
reservoirs should be considered as much as pos-
sible. This study found that fracture development 
areas are mostly concentrated in high-stress ar-
eas with severe structural deformation.  
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