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Abstract
Slip usually occurs in the laminated structure of shale formations during hydraulic fracturing. In this paper, we used laminated 
shale to conduct macro and micro three-point bending experiments, as well as the visual hydraulic fracturing experiment to 
study the slip nucleation during fracture propagation, where the digital image correlation method (DIC) was used to monitor 
the interlaminar deformation. Based on the linear slip weakening model, a method to identify the slip nucleation zone (SNZ) 
using DIC was proposed, which could visually detect the formation of SNZ. In laminated shales from millimeter scale to 
decimeter scale, two asymmetric slip nucleation zones along the interface were observed on both sides of the opening-mode 
fracture tip before cohesionless slipping. The dominant path of slip could be predicted from the developed size of the conju-
gated SNZs. The linear slip weakening model considering the tensile fracture tip opening displacements ( w ) was discussed, 
according to which the SNZ length and interlaminar fracture energy would increase with w during quasi-static nucleation. 
After the cohesionless slipping, the residual slip zone was defined, which should be a part of the hydraulic fracture systems 
but was ignored in previous research. The findings of this study could help to understand the generation mechanism of slips 
in shale reservoirs during hydraulic fracturing.

Highlights

•	 A method for identifying the slip nucleation zone based on digital imaging was proposed.
•	 Two asymmetric interlaminar SNZs were found on both sides of the opening-mode fracture tip before cohesionless slipping.
•	 The dominant path of slip could be predicted from the developed size of the conjugated SNZs.
•	 The residual slip zone should be a part of the hydraulic fracture systems in shale formations.
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1  Introduction

Nowadays, conventional oil and gas resources are insuffi-
cient to meet energy demands. Since the success of the shale 
gas revolution in North America, unconventional geological 
resources such as shale oil and gas have drawn increasing 
attention around the world (Hu et al. 2020; Yan et al. 2017; 
Zhang et al. 2021). Due to the low permeability of shale 
matrix, the production of oil and gas mainly depends on arti-
ficial fracture systems (He et al. 2019; Wu et al. 2022; Zhou 
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et al. 2022). In field application, hydraulic fracturing of hori-
zontal wells has been widely used for its larger volume of 
stimulation (Nikolskiy and Lecampion 2020; Saberhosseini 
et al. 2019). Influenced by the in situ stress, the horizon-
tal wells usually generate vertical opening-mode fractures. 
Meanwhile, as sedimentary rocks, the shale formations were 
characterized by lamination development (Pan et al. 2021; 
Tan et al. 2017). Thus, hydraulic fracture propagation in 
laminated shale formations has become a research focus (Jia 
et al. 2021; Lin et al. 2017; Tan et al. 2017; Zou et al. 2016). 
In particular, the mechanical behaviors of interlaminar slip 
induced by the opening-mode fracture are the key issues to 
be discussed (Galybin and Mukhamediev 2014).

The analyses of microseismic monitoring toward in situ 
fracturing showed that hydraulic fracture (HF) could induce 
interlaminar slip (Tan & Engelder 2016), which would 
improve hydraulic conductivity (Zhao et al. 2013). Thus, 
interlaminar slip is a potential factor promoting the produc-
tion of shale formations (Zoback et al. 2012). At present, 
the slip criteria of weak interface proposed by Renshaw and 
Warpinski et al. (Renshaw and Pollard 1995; Warpinski and 
Teufel 1987) are widely used to judge the occurrence of 
interlayer slip. To find the potential slip zone, Zhao and Gray 
(2021) studied the distributions of the stress field near the 
weak interface induced by HF based on linear elastic fracture 
mechanics. However, the related research mainly focused 
on the estimation of interlaminar slip, ignoring the slip pro-
cess. Through an innovative hydraulic fracturing experi-
ment, AlTammar and Sharma concluded that shear failure 
and slippage would be generated along the weak interface 
during fracture propagation (AlTammar et al. 2019). Some 
researchers (Garcia et al. 2013; Yaghoubi 2019) also used 
numerical simulations to study the propagation of hydraulic 
fractures in shale without discussing the generation mecha-
nism of slip, especially induced by the opening-mode frac-
ture. In fact, similar to the fracture process zone ahead of a 
cohesionless opening-mode fracture of rock materials (Chen 
et al. 2020, 2021; Zhang et al. 2018), a development process 
zone also exists at the weak interface during slip, showing 
stress softening or weakening in mechanical behaviors. It 
could be called slip weakening zone or slip nucleation zone 
(SNZ), referring to the studies about fault slip (Ampuero 
et al. 2002; Chen & Knopoff 1986; Rice 1979; Uenishi and 
Rice 2003).

The concept of slip nucleation was systematically intro-
duced by Rice in the study of fault slip (Rice 1979) when 
discussing the mechanics of earthquake rupture. Subse-
quently, Segall et al. (Segall and Pollard 1983) described 
the nucleation process and propagation of granodiorite 
fault by field observation. As for the constitutive model of 
SNZ, the slip weakening model was developed to describe 
the mechanical behaviors of SNZ (Palmer et al. 1973; Rice 
1979), which was an extension of the cohesive zone model 

from tensile fracture to shear slip (Barenblatt 1962; Hiller-
borg et al. 1976). The slip weakening model could avoid the 
problem of stress singularity at the fracture tip, and the con-
stitutive relationship of SNZ can be described by the kinetic 
and static friction forces and slip displacements. Based on 
the slip weakening model, Uenishi and Rice investigated the 
factors influencing the critical length of SNZ and discussed 
the conditions of dynamic slip (Uenishi and Rice 2003). 
With regard to the research of SNZ induced by hydraulic 
fracturing, previous publications mainly focus on the fault 
slip (Azad et al. 2017; Garagash and Germanovich 2012; 
Zhang and Jeffrey 2016), ignoring the potential slip nuclea-
tion of the interlamination, such as the weak interface. In 
fact, the presence of SNZ would significantly affect the 
hydraulic fracture propagation of layered shale, which was 
neglected in previous studies. The study of SNZ can help 
to understand the generation of hydraulic fractures and the 
dissipation of fracture energy during fracturing in laminated 
shale reservoirs.

In this paper, the macro (specimen in centimeter scale) 
and micro (specimen in millimeter scale) three-point bend-
ing experiments and the visual hydraulic fracturing experi-
ment were carried out using laminated shales with weak 
interfaces. From the digital imaging technique, a method for 
identifying the slip nucleation zone was proposed to study 
the formation mechanism of SNZ during opening-mode 
fracturing. This study can help to understand the develop-
ment of hydraulic fractures in laminated shale.

2 � Experimental Methods and Results

2.1 �  Specimens and Experiments

The laminated shale rock from Shaanxi, China was used 
to conduct the three-point bending experiments (Fig. 1a). 
As shown in the casting thin section (Fig. 1b), the Shaanxi 
shale rock was developed with weak interfaces. The argil-
laceous structures are mainly composed of reticular clay, 
followed by quartz, feldspar, mica debris, argillaceous iron, 
kaolinite, chlorite, etc. While the sand is rich of silty quartz 
and feldspar, with some debris. The pores are represented 
by interlaminar fractures, occupied by the residual organic 
matter. The MTS-816 testing system was used to carry 
out the macro three-point bending (Macro-TPB) experi-
ments on centimeter-scale shale (Fig. 1c) to study the slip 
nucleation during opening-mode fracturing. As an effective 
means to study fracture mechanics, the three-point bend-
ing experiment could help to understand the mechanical 
behaviors of fracture initiation and propagation, similar to 
hydraulic fracturing. Due to the high brittleness of shale, the 
negative feedback method was used to control the fracture 
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opening displacement of the notch (COD) during Macro-
TPB test, and the loading rate of COD was mainly set around 
0.01 mm/min. The sizes of the specimens used in Macro-
TPB experiments are listed in Table 1 and Fig. 1e.

For investigation of the micro-scale slip during fracture 
propagation, the field emission scanning electron micro-
scope (FE-SEM) with an in situ loading system (Zhang et al. 
2021) (Fig. 1f–g) was used to conduct micro three-point 
bending (Micro-TPB) experiment on the millimeter-scale 
shale. The FE-SEM is mainly composed of the electron 
optics system, signal detection system, vacuum system and 
computer, which uses the field emission electron gun to 
generate electron beams and stimulate electronic signals on 
the surface of rock samples. After the processing of detec-
tors and computers, these signals could be converted into 
electronic images. In our experiment, the millimeter-scale 
specimen (shown in Fig. 1h) was loaded by the in situ load-
ing system, while the electronic photograph was obtained by 
FE-SEM every 5 N loading. Considering the weak mechani-
cal properties of interfaces, all the shale specimens used in 
this paper were processed by wire cutting to decrease the 
damage.

Fig. 1   Descriptions of the laminated shale. a Outcrop of Shaanxi 
shale; b micrographs of the casting thin section; c centimeter-scale 
shale specimen; d speckle of DIC and subset size; e specimens of 

macro three-point bending tests; f sigma 500 FE-SEM system; g 
in situ loading system; h specimen of micro three-point bending test; 
i shale specimen of visual hydraulic fracturing experiment

Table 1   The size of the laminated shale specimens of Macro-TPB 
tests

Serial num-
ber

Length/mm Hight/mm Thickness/
mm

Prefabricated 
crack length 
/mm

Specimen A 119.90 63.53 20.71 9.43
Specimen B 119.91 63.73 20.50 9.68
Specimen C 120.33 64.07 20.59 9.41
Specimen D 120.16 64.75 23.85 10.12
Specimen E 120.01 64.50 19.82 9.49
Specimen F 119.56 60.55 20.12 10.50
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To study the interlaminar slip nucleation during hydrau-
lic fracture propagation, the visual hydraulic fracturing 
(VHF) experiment was conducted on the decimeter-scale 
shale specimen using the designed equipment (Chen et al. 
2019). This equipment is mainly used to conduct hydraulic 
fracturing experiments on two-dimensional platelike speci-
mens. In this paper, the specimen size of the marine lami-
nated shale is 200mm × 200mm × 50mm , as in Fig. 1i, and 
the far-field stresses could be applied to the specimen by 
flat jacks. Compared with traditional hydraulic fracturing 
of three-dimensional specimens, the critical advantage of 
VHF is capable of observing the initiation and propagation 
of hydraulic fractures through the transparent acrylic win-
dow. The experimental system of VHF mainly consists of 
a loading device, a constant rate injection pump, pressure 
sensors, and a digital camera. The black and white speckles 
are sprayed on the specimen surface for monitoring the dis-
placements using digital imaging during fracturing.

2.2 � Monitoring Methods

When studying the deformation of interlaminations, it is 
critical to measure the displacement of specimens during 
loading. As a non-contact optical detection method for moni-
toring the deformation, the digital image correlation method 
(DIC) has been widely used in the research of rock fracture 
mechanics (Chen et al. 2019; Pan et al. 2021; Xing et al. 
2020). The significant advantage of DIC lies in its ability to 
depict the full-field deformation and obtain continuous infor-
mation with high accuracy (Xing et al. 2020). The displace-
ment changes are calculated according to the correlation of 
subsets before and after deformation, where the subset is a 
pixel value matrix (Xing et al. 2020). As shown in Eq. (1) 
(Blaber et al. 2015; Xing et al. 2020), the normalized cross-
correlation criterion is adopted to track the subsets, and the 
open-source package proposed by Blaber et al. was used for 
obtaining the displacements and strains in this paper (Blaber 
et al. 2015). Figure 1d shows the image of speckle quality 
and subset size of Macro-TPB specimens.

where � is the correlation coefficient of subset before and 
after deformation, S is the calculated area in correlation cri-
terion, 

(
x̃ref i, ỹref i

)
 and 

(
x̃curi, ỹcuri

)
 are the local coordinates in 

the reference and current images, f  and g are the grayscale 
intensity functions at position (x, y) in the reference and cur-
rent images, and functions fm and gm refer to the average 
gray values of the reference and current subsets.

(1)𝛾 =
∑

(i,j)∈S (f (x̃refi,ỹrefi)−fm)(g(x̃curi,ỹcuri)−gm)√∑
(i,j)∈S

�
f (x̃refi,ỹrefi)−fm

�2 ∑
(i,j)∈S [g(x̃curi,ỹcuri)−gm]

2
,

2.3 � Typical Results of the Macro‑TPB Experiment

The typical Macro-TPB results of laminated shale speci-
mens are shown in Fig. 2, where Fig. 2a, b show the load-
ing curves. Figure 2c, d show the horizontal (x-direction) 
displacement field after fracture propagation, which pre-
sent stepped characteristics because of the effect of weak 
interfaces. Unlike the fracture propagation in homogeneous 
rocks, fracture in laminated shale tends to reorient at the 
weak interface. With loading, the fracture first extends along 
the direction of the prefabricated crack, and the propagation 
direction may change along the weak interface. Due to the 
high brittleness and interlamination development of shale, 
the loading curves in this paper are different from those in 
conventional experiments, with the characteristics of dis-
continuous decline.

The decrease of loading indicates the further propagation 
or slippage of fractures. Specifically, the slow rise of loading 
stress means the quasi-static development of the fractures, 
while the sudden drop of stress indicates the fast propagation 
of the fracture. Taking Specimen A as an example, when the 
COD is close to 93 μm, the stress decreases and the slipping 
fracture forms. However, we find that the interlaminar defor-
mation has already occurred before the stress drop, meaning 
that the slip nucleation zone is generated before the forma-
tion of a full slipping fracture.

3 � Identification of the Slip Nucleation Zone 
from Digital Imaging

3.1 � Description Model of SNZ

SNZ is the development zone before the formation of a cohe-
sionless slip (Azad et al. 2017; Uenishi and Rice 2003), gen-
erally characterized by the slip weakening model in theory 
(Chen and Knopoff 1986; Garagash and Germanovich 2012; 
Kato 2012; Uenishi and Rice 2003). Figure 3a shows the 
schematic diagram of the slip nucleation zone ahead of an 
opening-mode fracture. When a weak interface exists ahead 
of the tensile fracture, if the shear stress is greater than the 
static friction of interlamination, SNZ will be generated 
along the bedding plane. In the slip weakening model, the 
slip displacement is zero at the end of the SNZ, and the 
slip displacement is the largest at the beginning. Friction 
force exists at the interlaminar surface, resulting in a nega-
tive stress intensity factor. Thus, the positive stress intensity 
factor generated by external stress would be counteracted, to 
avoid the singularity of the fracture tip (Chen and Knopoff 
1986; Rice 1979).

The linear slip weakening model (LSWM) is a com-
mon model for characterizing the constitutive relation of 
SNZ (Chen & Knopoff 1986; Knopoff et al. 2000), which is 
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Fig. 2   Typical loading curves and horizontal displacement field monitored by DIC. a Loading curve of Specimen A; b loading curve of Speci-
men B; c horizontal displacement contours of Specimen A; d horizontal displacement contours of Specimen B

(a)

SNZ Fracture

(c)

(b)

(d)

Fig. 3   Schematic diagram of slip nucleation zone and linear slip weakening model. a Slip nucleation zone induced by a vertical tensile fracture; 
b distribution of slip displacements in x-direction; c relation of shear stress and slip displacement; d stress distribution in x-direction
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related to the static friction force ( �s ), kinetic friction force 
( �d ) and critical slip displacement ( Δuc ) (Eq. (2)), as shown 
in Fig. 3(c). In the linear slip weakening model, the slip dis-
placement is Δuc and the interlaminar shear stress is equal 
to �d at the beginning of SNZ ( x = 0 ). At the end of the SNZ 
( |x| = c ), Δu is zero and the shear stress is�s , as shown in 
Fig. 3b, d. The constitutive relation of SNZ along x-direction 
is shown in Eq. (3) (Chen and Knopoff 1986).

In the cohesive zone model of Mode-Ι fracture, the frac-
ture process zone was characterized as a cohesive fracture. 
In fact, the slip weakening model is the generalization of 
the cohesive zone model in Mode-II fracture (Rice 1979), 
so SNZ could also be understood as a cohesive slip for the 
similar effects of cohesions during fracture development. 
The significant feature of cohesive slip is that the interlami-
nar shear stress would vary with the slip displacements. The 
cohesionless slip could be divided into cohesionless slip-
ping and cohesionless slipped fracture. If we consider the 
full process of interlaminar slip during fracture propaga-
tion, three parts can be summarized: 1) slip nucleation zone 
(cohesive slip): 0 < Δu < Δuc , and � will change with Δu ; 
2) cohesionless slipping fracture: Δu > Δuc , and � is equal 
to �d , keeping constant; 3) cohesionless slipped fracture: Δu 
does not increase, and slip stops at this stage.

where � is the shear stress, �s static friction force, �d kinetic 
friction force, Δu slip displacement, Δuc critical slip dis-
placement, and c the position where � = �s.

3.2 � Identification of SNZ Using DIC

Although the linear slip weakening model has been used in 
the study of SNZ (Chen and Knopoff 1986; Knopoff et al. 
2000), the relevant research lacked experimental verifica-
tions using digital imaging. DIC has been widely used to 
monitor the Mode-Ι fracture development process (Gao 
et al. 2022; Li and Einstein 2017; Lin et al. 2020; Pan et al. 
2021), but how to use DIC to identify the slip nucleation 
zone remains to be studied at present.

Based on LSWM, a linear variation of the slip displace-
ment exists in the slip nucleation zone on both sides of 

(2)� = �s −
(
�s − �d

) Δu

Δuc
,

(3)�(x) = �s −
(
�s − �d

)
c−x

c
,

the vertical tensile fracture tip. When the vertical meas-
urement lines were selected to monitor the variation of 
horizontal displacements in the y-direction, significant dis-
continuities could be found from the displacement curves, 
where the discontinuity difference Δu is the slip displace-
ment, decreasing from x = 0 to x = c . In this paper, u(y) 
was used to investigate the interlaminar slip in the x-direc-
tion, while u(x) was mainly used to detect the opening of 
the Mode-Ι fracture in the y-direction.

Different from the strain concentration of �xx in the 
Mode-Ι fracture process zone, slip displacement Δu would 
be generated in slip nucleation zone, leading to the con-
centration of �xy . As shown in Fig. 4a, �xy concentrates 
at the weak interface because of the inducement of the 
tensile fracture. Three vertical monitoring lines (A/B/C) 
are selected in Fig. 4a, and the corresponding displace-
ment curves u(y) are shown in Fig. 4b–d, where an obvious 
discontinuity with large slip displacement is found at Line 
C. Nonlinear characteristics still exist at Line B, but the 
discontinuous feature of horizontal displacement disap-
pears at Line A. The distribution characteristics of u(y) can 
provide a basis for judging the generation of SNZ. How-
ever, due to the objective error of DIC, it is impossible to 
define the accurate position where the slip displacement is 
zero. Therefore, the size of SNZ is difficult to be identified 
by u(y) curves intuitively.

To identify SNZ accurately, the absolute value |Δu(y)| 
between the adjacent monitoring points of u(y) is intro-
duced to characterize SNZ. As shown in Fig. 4f, g, |Δu(y)| 
in the slip nucleation zone is higher than those in the elas-
tic zone. At the end of SNZ, the distribution of |Δu(y)| 
at the weak interface approximates to the elastic zone 
(Fig. 4e). In the linear slip weakening model, the area 
where |Δu(y)| > 0 is defined as SNZ. However, the objec-
tive error of DIC monitoring decides that |Δu(y)| won’t be 
equal to zero, so a threshold Δuk needs to be defined. That 
is, SNZ is considered formed when |Δu(y)| > Δuk . Δuk is 
associated with the monitoring error of DIC. As |Δu(y)| in 
SNZ is significantly higher than that in the elastic zone, 
it is reasonable to set Δuk as the maximum of |Δu(y)| in 
the elastic zone. In this paper, we determine Δuk by the 
average of |Δu(y)|max in different positions of the elastic 
zone. Taking Specimen A as an example, the horizontal 
distributions of |Δu(y)|max in the elastic zone are shown in 
Fig. 4h, where Δuk = 1.35μm.

The definition of thresholds Δuk provides a standard to 
determine the length of SNZ. In this paper, we character-
ize SNZ by the contours of |Δu(y)| , of which the develop-
ment scale and morphology could be identified intuitively. 
As in Fig. 4i, when the calibration of the contours is lim-
ited in ( 0 − Δuk ), the white zone where |Δu(y)| > Δuk is 
the slip nucleation zone.

Fig. 4   SNZ characterization at 78% of peak load of Specimen A. a 
Contours of shear strain; b u(y) distribution at Line A; c u(y) distribu-
tion at Line B; d u(y) distribution at Line C; e distribution of |Δu(y)| 
at Line A; f distribution of |Δu(y)| at Line B; g distribution of |Δu(y)| 
at Line C; h distribution of |Δu(y)|max in x-direction; i identification 
of SNZ based on the contours of |Δu(y)|

◂
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4 � The Development Characteristics 
of the Slip Nucleation Zone

4.1 �  Development of SNZ During the Opening 
of Tensile Fracture

Based on LSWM, this paper proposed a method to identify the 
slip nucleation zone using DIC, showing the quasi-static devel-
opment of SNZ before the formation of a cohesionless slip.

Figure 5a–d presents the development process of slip nucle-
ation in Specimen A when the vertical tensile fracture length is 
9.69 mm (referring to the y-axis of Fig. 5). The development 
maturity of SNZ varies in the horizontal direction: SNZ is 
more developed when the position is closer to the tip of the 
tensile fracture (around x = 0 mm), and the development of 
SNZ becomes less obvious far from the tip, consistent with the 
linear slip weakening model.

Before the cohesionless slipping of interlamination, the 
development lengths of SNZ ( ls ) on both sides of the tensile 
fracture tip increased with loading stress (Fig. 5a–d). Accord-
ing to previous studies (Uenishi and Rice 2003), ls of Mode-
II slipping fracture depends on the shear modulus G , Pois-
son's ratio � and slip weakening rate R , as shown in Eq. (4) 
(Uenishi and Rice 2003). In the linear slip weakening model, 
R =

(
�s − �d

)
∕Δuc , thus ls can be characterized by Eq. (5).

(4)ls = �
GR

1−�
,

(5)ls = �
GΔuc

(1−�)(�s−�d)
,

where G is shear modulus, � Poisson's ratio, R slip weaken-
ing rate, and � is a fixed constant.

According to Eq. (5), a key parameter related to ls is the 
critical slip displacement Δuc . To study the induced effect 
of Mode-Ι fracture on Δuc , the fracture tip opening displace-
ments (Lin et al. 2014, 2020) under different loading stress 
were characterized when the fracture propagates to the weak 
interface, as shown in Fig. 6a. The critical slip displacement 
of SNZ presents a positive linear correlation with the Mode-Ι 
fracture tip opening displacement (Fig. 6b), as shown in 
Eq. (6). In the three-point bending experiments, the normal 
stress of interlamination increases with loading stress, so the 
change of interlaminar friction force should be considered. 
The experimental results show a linear correlation between the 
loading stress P and the fracture tip opening displacements w 
(Eq. (7)). In Specimen A, the values of the linear fitting param-
eters (a, b, c and d) are 0.60, 1.78, 0.10 and 0.24, respectively. 
Combining Eqs. (4)–(7), we can obtain the formula (Eq. (8)) 
of SNZ length induced by a vertical tensile fracture in the 
three-point bending experiment, i.e., ls is characterized by the 
fracture tip opening displacements. During the slip nuclea-
tion, ls increases nonlinearly with w (Fig. 6c), consistent with 
the results obtained by DIC (Fig. 5a–d). The characterization 
of interlaminar fracture energy Gs and slip weakening rate R 
considering w are shown in Eq. (9, 10), where Gs increases 
quadratically and R decreases nonlinearly with the increase 
of w (Fig. 6d).

(6)Δuc = a ⋅ w − b ,

(7)P = c ⋅ w + d ,

Fig. 5   Development characteristics of SNZ under different loading stress (Specimen A). a 55.75% pre-peak; b 70.50% pre-peak; c 84.89% pre-
peak; d the peak
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where a and b are the linear fitting parameters of w and Δuc , 
c, d the linear fitting parameters of w and P , w the fracture tip 
opening displacement, Gs the interlaminar slipping fracture 
energy, � the conversion coefficient between loading load 
and interlaminar stress, �s the coefficient of static friction, 
and �d the coefficient of kinetic friction.

(8)ls = �
G(a⋅w−b)

�(1−�)(�s−�d)(c⋅w+d)
,

(9)Gs = �
(
�s − �d

)
(c ⋅ w + d)(a ⋅ w − b)∕2 ,

(10)R =
�(�s

−�
d)(c⋅w+d)

(a⋅w−b)
,

4.2 �  Formation of the Cohesionless Slipping 
Fracture from an SNZ

From the cohesive zone model of Mode-Ι fracture and the 
slip weakening model, when the vertical fracture arrives at 
the weak interface, the development process will be trans-
formed from FPZ to SNZ if the interlaminar shear stress 
reaches the static friction ( �s ), and the increased energy 
mainly dissipates in the slip nucleation.

The appearance of SNZ indicates the formation of a slip-
ping fracture. As shown in Fig. 5a–d and Fig. 7d–f, the gen-
eration of SNZ always presents in pairs, with asymmetric 
distributions, mainly due to the inhomogeneous distribution 
of interlaminar mechanical properties.

Figure 7a–c shows that the slipping fractures always 
propagate along the side with a longer SNZ after nuclea-
tion. The difference in length between the conjugated SNZs 

Fig. 6   Description of the fracture tip opening displacement (Specimen A). a Identification of the fracture tip opening displacements; b the rela-
tionship between w and Δuc; c change of ls influenced by w; d change of Gs and R influenced by w 
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determines the propagation direction of subsequent cohe-
sionless slipping: the cohesionless slipping occurs in the 
direction with a larger SNZ length. Since the critical slip 
displacements Δuc of the conjugated SNZs are the same at 
the beginning ( x = 0 ), the main factor affecting the develop-
ment size of SNZ is the interlaminar mechanical properties 
referring to the calculation formula of SNZ length (Eq. (5)). 
In this paper, the slip nucleation factor Ω is defined as shown 
in Eq. (11), which is used to compare the mechanical proper-
ties of conjugated SNZs and judge the propagation direction 
of slip. In the conjugated SNZs, the cohesionless slips prefer 
to develop along the side with a larger Ω . Thus, the differ-
ence between kinetic and static frictions will be the decisive 
factor when the parameters G and � are the same.

where Ω is the slip nucleation factor.

4.3 � Slip Nucleation of Millimeter‑Scale Specimen 
Scanned by an Electron Microscope

Based on the Macro-TPB results, the slip nucleation and the 
formation of cohesionless slips during opening-mode frac-
turing have been studied on centimeter-scale specimens. To 
study the micro-scale slip nucleation, we adopted a real-time 
electron microscope to detect the fracture propagation of the 
millimeter-scale specimen in the Micro-TPB experiment.

Figure  8c shows the microscopic characteristics of 
Shaanxi laminated shale with 200 times magnification, 

(11)Ω =
G

(1−�)(�s−�d)
,

Fig. 7   Fracture slip path and SNZ contour plot. a Fracture propaga-
tion path of Specimen B; b fracture propagation path of Specimen C; 
c fracture propagation path of Specimen D; d SNZ of Specimen B 

when the tensile fracture length is 16.95 mm; e SNZ of Specimen C 
when the tensile fracture length is 5.28 mm; f SNZ of Specimen D 
when the tensile fracture length is 2.64 mm
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where the laminated distributions are more obvious. DIC 
analysis was carried out on the electron microscope pho-
tos with 100 times magnification (Fig. 8a). We found that 
when the micro-scale opening fracture propagated to the 
weak interface (Fig. 8d), a pair of conjugated SNZs appeared 
at the interlamination, as shown by the digital imaging in 
Fig. 8a. Compared with the Macro-TPB results, the length 
of SNZ on the micro-scale is only hundreds of microm-
eters, and the critical slip displacements on the left/right 
sides of the tensile fracture tip are only 1.65 μm/1.35 μm 
(Fig. 8b), which is about an order of magnitude smaller than 
the Macro-TPB results.

Consistent with the Macro-TPB fracture experimental 
results, the SNZs observed in the Micro-TPB test present 
asymmetric developments (Fig. 8a), and the side with a 
longer SNZ is accompanied by a larger critical slip dis-
placement, following the prediction of Eq. (5). Finally, the 
cohesionless slipping fracture propagated along the side with 
a longer SNZ, as shown in Fig. 8e. In summary, the devel-
opment of SNZ and the formation of cohesionless slipping 
show similarities at the different scales of shale.

5 � Discussion of the Fracture Nucleation 
During Hydraulic Fracturing in Laminated 
Shale

5.1 � An Experimental Validation from the Visual 
Hydraulic Fracturing

In the laboratory, the three-point bending test is a common 
method (Lin et al. 2020; Pan et al. 2021; Xing et al. 2019; 
Zhang et al. 2018) used to study the mechanical behav-
iors of hydraulic fractures. Based on the fracture results of 
laminated shale, we found the conjugated SNZs would be 
generated before fracture reorientation, and the cohesion-
less slip will appear on the side with a more developed 
SNZ. However, whether the development characteristics 
of the SNZ during hydraulic fracturing are consistent with 
the three-point bending experiments needs further valida-
tion. Therefore, using DIC to monitor the propagation of 
hydraulic fractures (AlTammar et al. 2019; Li and Einstein 

Fig. 8   Results of micro-scale fracture experiment. a Digital imaging 
of slip nucleation; b critical slip displacements; c electron microscope 
photos with 200 × magnification; d electron microscope photos with 

100 × magnification: slip nucleation; e electron microscope photos 
with 100 × magnification: cohesionless slip
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2019) will help to verify the conclusions, especially in 
laminated shale.

To study the slip nucleation during hydraulic fracture 
propagation, the visual hydraulic fracturing experiment was 
carried out on the shale specimen. Unlike in the three-point 
bending test, the shale specimen was applied with a con-
stant stress perpendicular to the lamination, approximately 
3 MPa, and the pressure fluid composed of water, guar gum, 
and red dye was injected. During the fracturing process, we 
found that a pair of asymmetrical slip nucleation zones also 
appeared when the hydraulic fracture propagated to the weak 
interface (Fig. 9c). With the increase of w , the development 
size of SNZ also increased (Fig. 9b), and the cohesionless 
slipping fracture was finally generated on the side with a 
larger SNZ (Fig. 9(d)). According to Eqs. (5), (6), in hydrau-
lic fracturing, ls linearly increases with w , which is consistent 
with our monitoring results (Fig. 9b), indicating that the 
linear slip weakening model is reasonable for characterizing 
the quasi-static nucleation process.

Figure 9(a) shows the experimental results of visual 
hydraulic fracturing in decimeter-scale shale, where the 
hydraulic fracture propagates from the vertical direction to 
the weak interface, as predicted by the longer SNZ. The 
analyses above indicate that the conclusions about the slip 
nucleation obtained by three-point bending experiments are 
suitable for discussing hydraulic fracturing in shale forma-
tions. In addition, the slip nucleation and cohesionless slip 
of laminated shale show similarities at different scales from 
millimeter, centimeter to decimeter.

5.2 � The Residual Slip Zone After the Fracture 
Propagation

The conjugated slip nucleation zones would appear before 
the fracture propagates along the interlaminations. However, 
how the shorter SNZ will change after fracture propagation 
is still unclear. In this paper, the residual slip zone (RSZ) is 
defined as the side with an initial SNZ, but without forming 
a cohesionless slip during hydraulic fracturing.

To determine whether slippage exists in RSZ, the hori-
zontal displacement curves perpendicular to RSZ were stud-
ied. Figure 10a–d presents the displacement distribution 
near RSZ in different positions, when the fracture opening 
displacement is 44.34 μm and the corresponding vertical 
tensile fracture length is 11.89 mm. Significant discontinui-
ties were observed in the horizontal displacement, indicating 
that slippage still exists in RSZ after fracture propagation. 
Figure 10a–d shows that the slippage becomes smaller at a 
farther distance from the fracture turning point, indicating 
that the slip nucleation is still retained in RSZ.

Since the initial SNZ size of the residual slip zone is 
smaller, it does not become the dominant path of cohesion-
less slip. However, when evaluating the hydraulic fracture 
system, not only macroscopic fractures but also the potential 
fractures represented by RSZ need to be studied. We found 
that slippage exists in RSZ. Therefore, RSZ also possesses 
hydraulic conductivity (Zhao et al. 2013) and should be 
regarded as a part of fracturing fractures of shale.

Fig. 9   Experimental results of the visual hydraulic fracturing in laminated shale. a Hydraulic fracture propagation path; b relationship between 
w and length of the longer SNZ; c SNZ when w is 13.63 μm; d horizontal displacement contours when w is 35.94 μm
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5.3 � Fracture Nucleation Modes During Hydraulic 
Fracturing

Hydraulic fracturing is an effective technique in the stimula-
tion of shale oil reservoirs. The findings in this paper help 
to understand the slip nucleation behavior during hydrau-
lic fracturing. However, the nucleation mode of hydraulic 

fractures in laminated shale still needs to be discussed based 
on the research in this paper and previous related works 
(AlTammar et al. 2019; Chen et al. 2021; Pan et al. 2021; 
Yao 2012).

The nonlinear development of hydraulic fractures in lay-
ered shale formations could be divided into two modes: one 
is the development of fracture process zone when the fracture 
propagates vertically, and the other is the development of slip 

Fig. 10   Slippage in RSZ after fracture propagation (specimen of the visual hydraulic fracturing). a x = −  3.96  mm; b x = −  11.89  mm; c 
x =  − 22.09 mm; d x =  − 33.41 mm

Fig. 11   Development characteristics of hydraulic fractures in lami-
nated shale. a Diagram of FPZ development; b FPZ ahead of the pre-
fabricated fracture in Specimen C; c constitutive relationship of FPZ; 

d diagram of SNZ ahead of a hydraulic fracture; e LSWM consider-
ing the fracture tip opening displacements
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nucleation zone when the fracture slips at the interlamination. 
As shown in Fig. 11a, when the hydraulic fracture propagates 
vertically without reaching the weak interface, the fracture 
process zone (FPZ) will be developed in front of the fracture 
tip, presenting microfractures aggregation (Fig. 11a) as well 
as tensile stress softening (Fig. 11c) (Chen et al. 2021; Elices 
et al. 2001; Lin et al. 2020). It is common to describe the 
fracture process zone as a cohesive tensile fracture based on 
the cohesive zone model (Q. Lin et al. 2020), and the tensile 
stress ahead of hydraulic fracture will begin to soften when 
the rocks reach the tensile strength. The corresponding con-
stitutive model is illustrated in Eq. (12), which characterizes 
the relationship between tensile stress and fracture opening 
displacements. Combining with the existing FPZ identification 
method (Chen et al. 2021), the FPZ shape can be characterized 
based on DIC, as in Fig. 11(b).

where � is the tensile stress.
The fully developed fracture process zone means the 

formation of a new fracture, and the vertical fracture will 
propagate forward. When the vertical fracture propagates 
near the weak interface, the interlaminar elastic deforma-
tion will occur first (Fig. 11e). When the interlaminar shear 
stress reaches the static friction force, the interface becomes 
weakening, accompanied by the generation of SNZ. Due to 
the inhomogeneous distribution of interlaminar mechani-
cal properties (different values of Ω ), SNZs will present an 
asymmetric distribution (Fig. 11d). After the quasi-static 
slip nucleation, a cohesionless slip would be formed along 
the side with a longer SNZ. The linear slip weakening model 
considering the fracture tip opening displacements is shown 
in Fig. 11e (Chen and Knopoff 1986; Rice 1979). With the 
increase of hydraulic fracture tip opening displacement, 
the development length of SNZ ls and interlaminar fracture 
energy Gf  increase, but the slip weakening rate R decreases.

When the opening displacements of the hydraulic fracture 
tip increase to a certain value, the cohesionless slip will be 
generated along the side with a longer SNZ ( Ω is larger), 
while the other side will be transformed into a residual slip 
zone. RSZ was neglected in previous evaluations of hydrau-
lic fracture systems. Although the formation of RSZ con-
sumes fracture energy, slippage exists in RSZ. Therefore, 
RSZ should be the effective fracture with enhanced hydrau-
lic conductivity, a part of the hydraulic fracture systems in 
shale formations.

(12)� = f (w) ,

6 � Conclusions

In this paper, the laminated shale was used in the macro 
and micro three-point bending experiments, as well as the 
visual hydraulic fracturing experiment, where DIC was used 
to monitor the interlaminar deformation. The slip nucleation 
during fracture propagation was observed in the shale speci-
mens from millimeter scale to decimeter scale. The findings 
could help to understand the generation process of interlami-
nar slip during hydraulic fracturing, summarized as follows:

1.	 Based on the linear slip weakening model, we proposed 
a method to identify the slip nucleation zone using DIC, 
visually detecting the SNZ size. Two asymmetric SNZs 
were observed on both sides of the tensile fracture tip 
before the formation of a cohesionless slip.

2.	 The cohesionless slipping direction could be predicted 
according to the development size of the conjugated 
SNZs, where the cohesionless slip will be generated 
along the side with a longer SNZ, as judged by the 
defined factor Ω . The side with a smaller difference 
value of kinetic and static friction force will be the pre-
ferred path of cohesionless slipping.

3.	 For SNZ development, the linear slip weakening model 
considering the fracture tip opening displacements was 
discussed. With the increase of w , SNZ length and inter-
laminar fracture energy will increase, whereas the slip 
weakening rate will decrease.

4.	 The results of visual hydraulic fracturing verified the 
applicability of slip nucleation in shale formations, 
where two nucleation modes (FPZ and SNZ) will be 
generated during fracturing. With the characteristics 
of slippage, the residual slip zone was defined, which 
should be a potential part of the hydraulic fracture sys-
tems.
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