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Abstract
Hydraulic fracture is important in unconventional oil and gas exploration. During the propagation of the hydraulic fracture, 
the crack tip is blunted due to the development of the process zone in the near-tip area. In this study, the blunting of the 
hydraulic fracture in polymethyl methacrylate specimens due to multi-timescale stress concentration is investigated. The 
ratio of the initiation toughness to the arrest toughness of the blunted hydraulic fracture is measured using both the dynamic 
and the static methods. Results show that a hydraulic fracture can be blunted with the time span of stress concentration from 
1 ms to 600 s. It is also shown that the blunting of hydraulic fracture is a highly localized process. The morphology of the 
blunted crack depends on the stress distribution in the vicinity of the crack tip.

Keywords  Hydraulic fracture · Crack blunting · Crack tip morphology

1  Introduction

Hydraulic fracture is essential in unconventional oil and gas 
exploration such as the exploration of shale gas. Despite 
significant accomplishments in successful applications of 
hydraulic fracturing in the oil industry, there are still some 
fundamental questions that need to be resolved (Ai et al. 
2018; Tan et  al. 2019). Hydraulic fracturing process is 

essentially a dynamic process. Even the controlled and over-
all stable hydraulic fracture propagation is unstable at the 
small scale (Germanovich et al. 1997). Recent dynamic anal-
yses based on numerical approaches show that the hydraulic 
fracture propagates in a stepwise manner (Cao et al. 2018) 
in both dynamic situation and quasi-static situation. There 
are also experimental evidences showing that the hydraulic 
fracture in hydrogels is stepwise (Pizzocolo et al. 2013). 
In this study, we investigate the crack blunting, which is a 
possible reason for the propagation of hydraulic fracture in 
a stepwise manner.

The blunting or reducing of hydraulic fracture mainly 
results from the near-tip stress concentration, which leads 
to the development of the process zone. In geomaterial 
such as shale, the process zone exists in the way of fissure 
swarm (Anderson 2005; Dong et al. 2019b; Li et al. 2020). 
In polymers such as polymethyl methacrylate (PMMA), the 
development of process zone is named as “crazing”. The 
mechanisms of the development of the process zone are 
fundamentally the same. The stresses in these areas exceed 
the yield stress and the material exhibits yielding, either in 
the way of micro-crack propagation (rock) or the develop-
ment of the cohesive zone (polymer). The development of 
the process zone results in stress shielding around the crack 
tip and the crack tip is thus blunted.

The blunting of dry Mode I fracture tip due to stress 
concentration is well studied. In previous experimental 
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studies, two methods have been commonly used to blunt 
or increase the fracture toughness of the crack. The first 
method uses cyclic loading. For example, Radon et al. 
(1976) used cyclic load at different frequencies to blunt 
the crack tip. It was found that it is easier to blunt a 
crack at low frequency (0.25 Hz) than at high frequency 
(35 Hz). The second method uses static loading. In a study 
by Kinloch and Williams (1980), 86% of the failure load 
was applied to the crack and was held for different time 
spans varying from 1 s to 600 days. In both methods, the 
blunting of crack is characterized by the ratio of the ini-
tiation toughness to the arrest toughness. In recent stud-
ies, researchers have focused their attention more on the 
fundamental mechanism(s) of crack blunting. Molecular 
dynamic simulation is becoming more and more popular 
as it reveals the intrinsic properties of a material (Rajan 
and Curtin 2016). Dislocation is also considered closely 
related to the crack blunting (Beltz et al. 1999; Fischer 
and Beltz 2001). Generation of dislocations from the tip 
is generally considered a major reason of ductile crack 
blunting (Shiari and Miller 2016).

In a hydraulic fracture, the crack tip is blunted by the 
development of the process zone. To the authors’ knowl-
edge, no experiment has ever been conducted on crack 
blunting of hydraulic fracture. According to our observa-
tions, the crack blunting does not proceed if the hydraulic 
pressure is not high enough. This phenomenon has also 
been seen in tensile tests by Luo et al. (2014). Accord-
ing to these researchers, significant blunting only occurs 
when the tensile fracture stress is larger than some certain 
value. In terms of numerical simulation, finite element 
method (FEM), extended finite element method (XFEM) 
and distinct element method (DEM) are often applied in 
the numerical modeling of hydraulic fractures. Salimzadeh 
and Khalili (2015a, b) proposed a hydro-mechanical model 
for hydraulic fracturing. To the authors’ knowledge, no 
simulation considering crack blunting in hydraulic fracture 
was conducted. The present study can be implemented in 
the numerical simulation considering the crack blunting 
during the propagation of the hydraulic fracture.

In the present study, experiments on crack tip blunting 
of hydraulic fracture are conducted. Both dynamic and 
static crack blunting are studied. A high-speed camera 
is used to capture the dynamic propagation of hydraulic 
fracture. In dynamic analysis, beam theory is applied to 
determine the ratio of initiation toughness to arrest tough-
ness. In static experiments, the static pressure is applied 
to induce crack blunting and the fracture toughness of 
hydraulic fracturing in double cantilever beam (HF-DCB) 
specimens is measured. The morphology of the blunted 
crack tip is characterized using an optical microscope 
(OM).

2 � Experimental setup

In this section, the experimental setup was briefly intro-
duced. A meso-scale hydraulic fracture device was built. 
Two transparent PMMA boards were used as the frame 
structure. In order to seal the hydraulic fluid from leaking, 
two silicone sealing strips, one on each side of the specimen 
surface, were used. Silicone seals offered great performance 
in unconventional sealing situations at a low pressure. Three 
alignment steel boards were installed to adjust the position 
of the PMMA specimens. The following hydraulic and con-
trolling systems, manufactured by GCTS, the RTR-1500 
hydraulic system and SCON controlling system, respec-
tively, were used.

The elastic modulus of the PMMA specimen is 2.6 
GPa, and Poisson’s ratio is 0.33. The geometrical param-
eters are shown in Fig. 1a. The thickness of the specimen is 
b = 5.0 mm ± 0.1 mm. Two kinds of crack tips were studied. 
One is a artificial crack tip of 0.5 mm width produced by 
laser cutting, while the other is an intrinsically sharp crack 
tip produced by a Chevron notch on a regular DCB machine. 
The natural sharp crack length is 35 mm ± 2 mm.

In order to capture the crack propagation, both optical 
microscope (OM) and high-speed cameras were used. The 
resolution of the OM photo is 1624 × 1236. The sampling 
interval of the high-speed camera is 5 μs.

During the experiments, the fracturing fluid (water) was 
injected into the void between the two beams of the speci-
men. In the dynamic situation, the pressure of the fluid was 
increased until the crack started to propagate. In the quasi-
static situation, the pressure of the fluid was increased to 
some certain value, and was kept for some time, after which 
the pressure was further increased to initiate the crack.

3 � Crack blunting due to multi‑time‑scale 
stress concentration

3.1 � Short‑time dynamic stress concentration

In order to characterize the short-time crack blunting under 
dynamic loading, the initiation toughness of the intrinsically 
sharp hydraulic crack subjected to different short-time stress 
concentration is measured. The stress concentration due to 
hydraulic pressure as small as 1 ms is studied. The ratio of 
energy release rate � is defined as

where Gi is the initiation energy release rate; and Ga is the 
energy release rate at crack arrest. Thus, the degree of blunt-
ness 

√

� could be expressed as

(1)� = Gi∕Ga
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where Ki is the initiation toughness; and Ka is the arrest 
toughness.

In order to obtain the value of 
√

� , the beam theory is 
applied. The model is based on the quasi-static treatment 
of unstable propagation in a double cantilever beam (DCB) 
specimen. The treatment generally follows the approach by 
Kanninen (1973). This method was also used by Burns and 
Webb (1970) and by Heide-Jørgensen and Budzik (2018). 
This method is suitable only when the crack speed is small 
compared to the P wave speed of the material, which is the 
case in the following analysis.

First, following the analysis by Kanninen (1973) using 
a dynamic beam theory, the energy stored in the speci-
men U(a) and the volume between the two beams VHF(a) , 
the energy release rate G and the fracture toughness K are 
derived as follows

(2)
√

� = Ki∕Ka

(3)U(a) = �2�a

(4)VHF(a) = 2��a

(5)G =
1

b
�2

d�a

da

where

where a is the crack length, � is the hydraulic pressure, E is 
the elastic modulus and all the other parameters are shown 
in Fig. 1a.

The derivation process is similar to the analysis of point-
load situation by Kanninen (1973). The distributed stress 
along the crack flank in the hydraulic-pressured DCB speci-
men is treated as multiple point loads along the crack flank. 
The details of the derivation process are in another paper 

(6)K =
√

EG

(7)�a =
b

Eh3�3

(

3

5
�3a5 + 3�2Ha4 +

7

2
�Da3 + Fa

2
)

(8)D =
sinh2(�c) + sin2(�c)

sinh2(�c) − sin2(�c)

(9)H =
sinh(�c) cosh(�c) + sin(�c) cos(�c)

sinh2(�c) − sin2(�c)

(10)F =
sinh(�c) cosh(�c) − sin(�c) cos(�c)

sinh2(�c) − sin2(�c)

(11)� = 1.565∕h

Fig. 1   Experimental setup. a Specimen and b hydraulic fracturing device. The experimental setup is largely the same as the device and specimen 
described by Dong et al. (2019a, 2020)
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(Dong et al. 2019a). It is worth noting that according to 
Eqs. (3) and (4), the total strain energy has the following 
relationship with volume: U(a) =

1

2
�VHF(a).

Second, considering the whole process of crack initia-
tion, crack propagation and crack arrest for a crack length 
ai < a < a

r
 , the energy conservation can be expressed as

where R is the energy absorption per unit area of crack 
extension, T is the total kinetic energy of the DCB specimen, 
ai is the initial length of the crack, U is the strain energy of 
the body and W� is the work done by the hydraulic pressure.

It is well known that the value of R (namely the energy 
release rate G) increases with crack velocity and begins to 
increase rapidly when the crack speed approaches Rayleigh 
wave speed (Fineberg et al. 1991; Sharon et al. 1996; Sha-
ron and Fineberg 1999; Shukla 2006). As the crack speed 
considered here (a typical average value of 5 m/s) is much 
smaller than the Rayleigh wave speed of the material (about 
1000 m/s), it is reasonable to assume that R remains constant 
or a static value during the low-speed propagation according 
to the previous studies mentioned above. Thus, R equals the 
energy release rate of arrest Ga.

W� can be treated as the work done by the pump injecting 
fluid into the void between the specimen, and is expressed 
in the form as follows

where V(a) is the fluid volume between two beams. The dif-
ficulty lies in determining �(a) during crack propagation. 
Here, according to the quasi-static assumption, �(a) keeps 
decreasing after the initiation, and it reaches the arrest pres-
sure �a at the arrest crack length of aa . In the real situation, 
due to the flow of fracturing fluid, the pressure keeps fluc-
tuating near �a and finally reaches �a . It is appropriate to 
treat �a as a constant value �a , when the pressure drop and 
fluctuation are small compared to �a . In other words, the 
propagation length is small, which is the case in the fol-
lowing calculation. Substituting �(a) = �a and Eq. (4) into 
Eq. (13) we have

Substituting R(a) = Ga , Eqs. (3) and (14) into Eq. (12), 
the total kinetic energy could be expressed as

Now considering the crack arrest at the length a = aa , and 

combining � = Gi∕Ga and Eq.  (5), we have �i
�a

=

√

�
��

a

��
i

 . 

(12)U(ai) +W� = U(a) + b∫
a

ai

R(a)da + T(a)

(13)W� = ∫
V

Vi

�(a)dVHF(a)

(14)W� = �a
(

V(a) − Vi

)

= 2�2
a
�a − 2�a�i�i.

(15)
T(a) = �2

i
�i + 2�2

a
�a − 2�a�i�i − �2

a
�(a) − bGa(a − ai).

Then, substituting it into Eq. (15), leads to the following 
expression :

By taking Ta = 0 , � could be solved as long as aa and ai 
are given.

Use of the above formulation requires that aa and ai be 
obtained from experimental results. Typical experimental 
results of the crack tip as a function of time are shown in 
Fig. 2. A copper foil of 0.05 mm thickness is pasted on each 
side of the surface of the specimen to avoid side flow of 
the fracturing fluid to the crack tip. This treatment ensures 
that the crack will quickly get arrested after every initiation 
because it takes some time for the fluid flow to supply the 
sufficient fracturing pressure. Based on our experimental 
observations, the copper foil could resist the side flow from 
the specimen surface within 10 mm from the crack tip. As 
it can be seen in Fig. 2, the crack propagates in a stepwise 
manner during quasi-static propagation. After every arrest, 
the crack stops for a typical time span of 1–25 ms. During 
this short-time arrest of the crack, the process zone develops 
and blunts the crack. The degree of bluntness 

√

� , could be 
calculated using Eq. (16). For every jump, the position of 
initiation ai , the position of arrest aa , and the duration of last 
arrest Δt are extracted. These parameters are then substituted 
into Eq. (16). The value of Ta is considered zero after the 
arrest of the crack. Thus, by taking Ta = 0 , the degree of 
bluntness 

√

� can be calculated for every jump and is shown 
in Fig. 3.

The copper foil might exert some influence on the 
mechanical behavior of the PMMA specimen, namely the 
energy release rate, which is analyzed next. The copper foil 

(16)

Ta = �2
a

�

��i

��
a

��
i

− 2
√

��i

�

��
a

��
i

+�a − (aa − ai)�
�
a

�

.
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Fig. 2   Typical results of crack tip positions as a function of time in a 
dynamic situation
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applies a traction force to both crack flanks near the crack 
tip and increases the energy release rate just like a cohesive 
zone. The value of � derived from Eq. (16) can be written as

where GPi is the energy release rate of the PMMA speci-
men and GC is the energy release rate of the copper foil. 
By letting the PMMA’s real ratio of energy release rate as 
�� = GPi∕GPa , we have

Equation  (18) suggests that the copper foil has little 
influence as long as GC is small compared to GPi . Moreo-
ver, when � is slightly larger than 1.0, GC barely exerts any 
influence on �′ . Thus, � is directly used here. A brief esti-
mation of the comparison between �′ and � is illustrated in 
Fig. 4. The energy release rate G for both copper foil and 
PMMA is calculated using Eq. (6). The fracture toughness 
KC of copper is 10 MPa

√

m , the elastic modulus EC is 120 
GPa (Qin et al. 2009) and the total thickness SC is 0.1 mm. 
The fracture toughness (arrest toughness KPa ) of PMMA is 
1 MPa

√

m based on regular DCB tests, the elastic modulus 
EP is 2.6 GPa and the thickness SE is 5 mm. Thus, the value 
of GC∕GPa is expressed as follows based on Eq. (6):

The estimated value of GC∕GPa is 0.044 according to 
Eq. (19). As it can be seen in Fig. 4, �′ and � are only slightly 
different over the range investigated.

(17)� =
GPi + GC

GPa + GC

(18)�� = � +
GC

GPa

(� − 1).

(19)
GC

GPa

=
K

2
C
EPSC

ECK
2
Pa
Sp

.

As it can be seen, the degree of bluntness 
√

� increases 
with the duration of arrest. One could conclude from these 
results that in a hydraulic fracture, the crack is blunted at 
the timescale of 1 ms. At the small timescale, the longer the 
crack arrests, the more the crack is blunted.

3.2 � Long‑time static stress concentration

To study crack blunting due to long-time stress concentra-
tion under hydraulic pressure, the fracture toughness values 
of both intrinsically sharp crack and 0.5-mm notch crack 
subjected to long-time pressure hold were measured. The 
intrinsically sharp crack was induced using Chevron notch 
using a DCB machine, after which the DCB specimen with 
a intrinsically sharp crack was subjected to 1.0 MPa pressure 
(about 67% of fracturing pressure) and the pressure was held 
for some time. The pressure applied to 0.5-mm notch crack 
was 2.0 MPa (about 74% of the fracturing pressure). Then 
the specimens were quickly fractured. The typical pressure-
hold times were 6, 60 and 600 s. The fracture toughness 
was calculated using Eq. (6). In order to obtain the value 
of 

√

� = Ki∕Ka , the arrest toughness Ka of the intrinsically 
sharp crack was measured using a DCB test. The tensile 
force at the arrest of the crack after a slow and short distance 
propagation was used to calculate the arrest toughness. The 
average value of the arrest toughness Ka is 1.0 MPa

√

m . 
All the HF-DCB test results are listed in Table 1. All the 
results of the bluntness 

√

� subject to long-time and short-
time stress concentration are shown in Fig. 5.

As it can be seen in Fig. 5, both the intrinsically sharp 
crack tips and the crack tips of 0.5 mm notch width exhibit 
significant blunting due to the stress concentration induced 
by hydraulic pressure. The blunting of crack tip of HF 
results from stress the shielding by the process zone in 

1E-4 0.001 0.01 0.1

1.00

1.05

1.10

1.15

1.20
Intrinsically sharp crack

∆t, s

η

Fig. 3  
√

� as a function of blunting time (duration of stress concen-
tration) in dynamic situation

1.0 1.2 1.4
1.000

1.005

1.010

η'
/η

η 

η'/η

Fig. 4   ��∕� as a function of �
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the way of crazing. It is evident from Fig. 5 that even the 
slightest crazing in hydraulic crack tip exerts a significant 
influence on fracture toughness of the specimen. The pro-
cess zone could develop within several milliseconds when 
the crack tip is subjected to a pressure slightly lower than 
the fracture pressure, which means that even if we inject 
hydraulic fluid very fast to fracture the specimen within 
seconds, the process zone still develops to some degree 
inevitably.

Based on the observations from this study, the following 
three factors play a dominant role in the development of a 
process zone: hydraulic pressure, stress concentration time, 
and local stress field ahead of the crack tip. The size of the 
process zone (crazing zone) largely depends on hydraulic 
pressure. Figure 6 shows the morphology of the craze zone 
subjected to different hydraulic pressures for 15 min. As it 
can be seen, the crack tip subjected to 1.0 MPa hydraulic 
pressure barely exhibits any sign of crazing. The one sub-
jected to 2.0 MPa develops an approximately spherical craze 
zone of 1 mm diameter. This phenomenon confirms the 
results reported by Luo et al. (2014) in which they proposed 

that crack blunting only occurs when the crack is subjected 
to tensile fracture stress that is larger than certain value.

As it can be seen in Fig. 7, the process zone grows with 
time. It is worth noting that this cannot proceed unlimitedly. 
After blunting for a certain time (typically 10 min), the fis-
sures in the process zone tends to stop due to stress relief 
by the enlargement of the process zone. In other words, the 
stress intensity factor at every crack tip of the fissures is 
insufficient to drive the microcrack forward. This leads to 
the halt of the process zone development.

As it can be seen in Fig. 8, the morphology of the two 
kinds of crack tips are different. The difference lies in the 
direction of the microcracks, which results from the differ-
ence of the localized stress distribution. The microcracks are 
always prone to propagate in the direction perpendicular to 
the direction of minimum principal stress.

Unlike the regular dry crack tip, the process zone in a 
hydraulic fracture is more prone to develop because the 
fissures in the process zone are subject to hydraulic pres-
sure as well as the stress concentration induced by the far-
field load. The direction of the fissures near the crack tip 
is controlled by the distribution of near-tip stress. Figure 9 
shows the test results of HF-DCB and regular DCB under 
the same stress concentration duration (6 s). As it can be 
seen, the fracture toughness of the HF-DCB specimen is 
obviously higher than the regular DCB specimen due to the 
development of process zone. Furthermore, according to our 
observation, the process zone hardly develops in the regu-
lar dry DCB specimen even when the stress intensity factor 
approaches the fracture toughness. In the previous study, 
the tip of the hydraulic fracture is often considered as “dry 
zone”. The relationship between the fluid front and the crack 
tip in dynamic hydraulic fracture was studied by Dong et al. 
(2019a). In the quasi-static hydraulic, the crack tip is often 
considered dry due to the viscosity of the fracturing fluid.

Table 1   Summary of test results including statistical parameters

Notch width Pressure-hold 
duration, s

Hydraulic pres-
sure, MPa

Average Ki, MPa 
√

m

Standard deviation Number 
of tests

HF-DCB tests 0.5-mm notch 6 2.0 2.60501 0.32999 10
60 2.97043 0.43995 4

600 3.14321 0.09788 5
Natural sharp crack 6 1.0 1.94 0.04429 5

60 2.26 0.12882 3
600 2.94 0.50122 5

0.0001 0.01 1 100 10000

1

2

3

4

5
Notch width 0.5 mm

Duration of stress concentration, s

η

Intrinsically sharp crack

Fig. 5   Summary of 
√

� as a function of blunting time (duration of 
stress concentration), including long-time and short-time blunting, 
0.5-mm notch width cracks and intrinsically sharp cracks
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4 � Discussion

Crack tip blunting is a highly localized process. We managed 
to create a quasi-statically propagating crack which curved 
after initiation due to deviated stress between the horizontal 
and vertical directions. As it can be seen in Fig. 10d, the 
process zone is localized within the vicinity of the crack 
tip and its morphology is mainly influenced by the stress 

distribution of the crack tip. The far-field stress distribution, 
namely the deviated stress, seems to exert little influence on 
the morphology of the process zone.

The general method for crack observation in large-scale 
3D hydraulic fracture experiments is using fluorescent dye, 
which is mixed with the fracturing fluid (Tan et al. 2017). 

Fig. 6   Process zone subjected to different hydraulic pressures for 
15 min. a 1.0 MPa, b 1.5 MPa, c 2.0 MPa. The notch width is 0.5 mm

Fig. 7   Development of the process zone at different times. a 5 s, b 
60 s, c 900 s. The hydraulic pressure is 2.0 MPa, the notch width is 
0.5 mm
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The crack tip is characterized using OM in this study, which 
is different with general method due to the scale of the 
experiment. The rock properties also influence the hydraulic 
fracture. The difference between rock and the PMMA used 
in this study is that the PMMA is impermeable, which means 
there is no pore pressure in it. This influence the results to 
some extent.

The crack blunting due to stress concentration is also seen 
in rocks such as shale. Figure 11a shows the scanning elec-
tron microscope (SEM) photographs of the crack tip area 
in shale subjected to long-time Mode I stress concentration 
(regular dry DCB test). Figure 11b shows the same area 
after a short propagation of the crack tip. As it can be seen, 
the crack tip area subjected to stress concentration exhibits 
abundant fissures due to the development of process zone 
induced by long-time stress concentration. It blunts the crack 
tip in a similar way as the process zone does in hydraulic 
fracture.

The process zone is also expected in hydraulic fracture 
propagating in rock matrix. This study only provides results 
of some limited dimensions. The real hydraulic fracture is 
on a much larger scale, which could be tens of meters. This 
study focuses on the microscale properties of the hydraulic 
fracture, which is on the scale of centimeter. The size effect 
is not negligible. The process zone in real hydraulic fracture 
might also be upscaled due to the large size of the fracture. 
The size of the process zone in the real case is expected to 
be much larger than the laboratory-scale results. The size 
depends on the in situ stress, the pressure of fracturing fluid, 
the dimension of the hydraulic fracture and the mechanical 
properties of the rock materials. Due to the existence of the 
in situ stress and the fracturing fluid, the size of the process 
zone may not be a material constant as linear elastic fracture 
mechanics (LEFM) tells us. The high-pressure fracturing 
fluid also enhance the complexity of the microcracks, which 
makes up the process zone. On the other hand, in reality 
the rocks are usually saturated with hydrocarbons and that 
develops poroelastic effects. The poroelastic effects can alter 
the behavior of the hydraulic fractures significantly as shown 
by Salimzadeh et al. (2017). The experiments on the poroe-
lastic geomaterial are to be conducted in the further study.

In the real fracturing process, multi-fracture is often 
expected. The crack blunting not only exerts influence on 
single crack, but also plays a role in multi-fracture propaga-
tion. The most important parameter that affects the multi-
fracture propagation is the ratio of characteristic size of 
the process zone to the characteristic size of the distance 
between the fractures. When this dimensionless value is 
small, the effect of blunting on the interaction can there-
fore be ignored. When this parameter is relatively large, the 
blunting area has a different stress distribution compared 
to the LEFM solution and therefore influences the initia-
tion, propagation and the stress distribution of other frac-
tures. Further in situ observation is needed to investigate 

Fig. 8   Development of the process zone due to hydraulic pressure. a 1.0 MPa, intrinsically sharp crack tip, 2 min, b 2.0 MPa, 0.5 mm notch 
width, 15 min

Dry DCB tests
number of tests: 5

HF-DCB tests
number of tests: 10

0

2

1

3

4
Stress concentration duration: 6 seconds

K
, M

Pa
m

Fig. 9   Comparison of dry DCB tests and HF-DCB tests under the 
same stress concentration duration



242	 Petroleum Science (2021) 18:234–244

1 3

Fig. 10   Curving of hydraulic fracture due to deviated stress. The principal stress is in the vertical direction. a Initiation, b curving, c crack direc-
tion perpendicular to the minimum principal stress, and d morphology of the process zone

Fig. 11   Crack tip of a shale sample with abundant fissures subjected to stress concentration. a Crack tip area subjected to stress concentration, 
and b the same area after a short propagation of the crack tip
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the influence of the crack blunting on the morphology of the 
multi hydraulic fracture.

This study provides an experimental guidance to the 
numerical simulation of hydraulic fracturing process. In 
traditional numerical methods, the energy release rate of 
the fracture is set constant. For example, in DEM method 
(such as PFC), the debonding energy of the bond is a con-
stant determined by the particle radius and the tensile/shear 
strength. This study tells us that the energy release rates 
are different at initiation and propagation of the fracture. 
Thus, the energy consumed by the debonding process should 
be set different values at different stages of the propaga-
tion. As is shown in Fig. 5, the arrest time also affects the 
energy release rate as well as the fracture toughness. Thus, in 
numerical simulation, the toughness and the energy release 
rate should be values depending on the status of the crack.

5 � Conclusions

In this study, the blunting of the hydraulic fracture in PMMA 
specimens due to multi-timescale stress concentration was 
investigated. The initiation toughness of the blunted hydrau-
lic fracture was measured using both the dynamic beam 
theory and the static methods of fracture toughness testing. 
Conclusions can be drawn as follows:

1.	 The development of the process zone is the main rea-
son for the hydraulic crack blunting. The blunting of 
the hydraulic fracture is a highly localized process. The 
morphology of the blunted crack depends on the stress 
distribution in the vicinity of the crack tip.

2.	 The hydraulic pressure, the duration of stress concentra-
tion and the near-tip stress field are the dominant factors 
that influence the development of the process zone.

3.	 A hydraulic fracture can be blunted at the time span 
from 1 ms to 600 s.
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