
Acta Technica 61, No. 4B/2016, 75–86 c© 2017 Institute of Thermomechanics CAS, v.v.i.

Experimental and numerical analysis
of I type crack blunt propagation

mechanism1
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Abstract. A complex fracture network is investigated that may occur as a consequence
of crossing morphological and hydraulic fractures. The study is based on weak interface bedding
and natural fractures widely-distributed in unconventional reservoirs. By constructing three-point
bending test of I-type crack extension, using digital speckle correlation experiments and numerical
simulation method, change laws of surface strain field, stress field, crack tip opening displacement
and stress intensity factor can be obtained. Through experimental and simulation results, we know
that: When I-type crack intersects with weak bedding, the crack became blunt, interfacial shear
strain increases rapidly, direction of crack tip maximum circumferential stress deflects, mode I
crack transforms to a mixed mode I-II crack and ratio of KII/KI increases, then the crack extends
deflected.

Key words. I-type crack, blunt, shear, deflect, weak bedding.

1. Introduction

Weak bedding development of unconventional reservoirs, hydraulic fracture in-
tersects with weak bedding and extend along it, are the keys of forming fracture
network [1]. Study of the fracture morphology after artificial fracture and weak
bedding intersection has important significance for understanding fracture deflected
propagation mechanism and revealing the fracture network formation mechanism.

By means of theoretical and experimental methods, many scholars have analyzed
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the intersections of artificial fractures and natural fractures, and put forward some
extended criteria: Warpinski adopted linear friction theory to consider the shear
slip failure caused by the fracture surface shear stress, and analyzed the tensile
failure caused by the normal stress in the crack surface by using Mohr-Coulomb
criterion, and proposed W–T criterion [2]. Rehshaw and Pollard studied the in-
duced stress field of the hydraulic fracture tip, and proposed the evaluating criterion
of the hydraulic fracture through the natural fracture (R–P criterion) [3]. Gu and
Weng suggested the G–W criterion by extending the R–P criterion to non-orthogonal
condition and obtained the critical curve of the hydraulic fracture through natural
fracture [4]. Anderson carried out experiment research of hydraulic fracture through
the bonding interface and discussed the influence of friction coefficient [5]. Zhou
Jian et al. established a large size three-axial hydraulic fracturing experiment, and
discussed the factors that affect the direction of the hydraulic fracture after intersec-
tion with natural fracture. The above analysis provided the weak bedding opening
conditions qualitatively, it did not bring the displacement field and strain field of
crack, then it could not obtain the crack deflected propagation mechanism. Using
digital speckle correlation method and numerical simulation method can provide the
variation of strain field and displacement field, so that the method can analyze the
deflected propagation mechanism from microscopic point of view.

2. Experimental study of I-type crack propagation

As it is difficult to obtain a large number of unconventional shale cores, according
to similarity criterion [7, 8] the experimental specimens were processed with gypsum
and clay as similar materials. The experimental length, high and thickness of speci-
mens are 300mm, 150mm and 50mm, respectively. The specimens are divided into
3 layers, and in each layer of height 50mm a crack of dimensions (1mm×10mm)
was prefabricated in the middle of the specimen bottom, as shown in Fig, 1.

Fig. 1. Schematic diagram of material specimen

The specimens were loaded with servo loading test machine at the loading rate
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of 0.03mm/min (see Fig. 2). A high-speed video camera was used to capture the
variation of the speckle field of the specimen surface. Using correlation algorithm,
we can obtain the change law of displacement field and strain field in the process of
the crack propagation.

Fig. 2. Experimental loading of specimens

Figure 3 shows the evolution of horizontal strain field at different times. It can
be seen from the trend of changes that with the gradual application of the load,
the speckle field of the specimen surface gradually exhibits deformation localization
band and extends. The final morphology of the deformation localization band is in
agreement with the crack growth pattern, so that the displacement field and strain
field can be used to analyze the crack propagation process.

In combination with curve in Fig. 4 we can see for loading time of 133 s that the
local strain zone of the specimen surface extends to the interface position, and the
relative value of the horizontal strain is 0.000116mm at this time. For the loading
time of 184 s, the local strain zone tip is still at the interface position and the length
does not increase, but at this time the relative value of the horizontal strain increases
rapidly to 0.001965mm. The relative value of the horizontal strain at the crack tip
is in a slow growth phase in the initial stage of loading, but from 133 s the relative
value of the horizontal strain rapidly increases, and after 190 s it reaches the steady
state. From this we can see that when the crack is extended to the interface, the
crack tip loses the advantage of moving forward, crack growth reaches the steady
state, but the crack tip opening displacement increases rapidly, and the cracks blunt
phenomenon occurs here.



78 S. L.WANG, W. SONG, K.X.DONG, Y.B. SU, D. S. ZHANG, C.H. LI

Fig. 3. Horizontal strain field changes of specimen in different times: 1–13.5 s,
2–133.6 s, 3–184 s, 4–190 s

Figure 5 shows the evolution process of shear strain field. It was shown that
with the gradual application of the load, the shear strain of the crack surface also
exhibits a deformation localization band. Comparison with horizontal strain field
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Fig. 4. Time evolution of horizontal strain field

shows that localization band appear at the interface layer. It explains that when
crack extends to the interface layer where crack and interface layer join together,
the interface shear concentrates there.

Figure 6 shows the distribution of shear strain in the interface layer at different
times and different locations. It is obvious that shear strain of the interface in-
creases gradually after crack extends to the interface layer. It reached the maximum
0.006848mm after 190 s, which is much higher than in other places.

Curves in Fig. 7 show the distributions of shear strain at different horizontal
positions for loading time of 190 s. The slice a was located at the interface layer,
and points b, c and d were located at the upper part of the interface layer. By
contrast, it is obvious that the shear strain of the interface layer is higher than
the those in other horizontal positions. Upward from the interface layer, the shear
strain decreases gradually and the maximum gradually decreases from 0.006848mm
to 0.005871mm, then to 0.004126mm and finally to 0.001644mm. It can be seen
from the above analysis that the crack gradually extends to the interface layer with
the load application. After a period of time, the crack stops growing and the hor-
izontal strain increases rapidly at the crack tip. It indicates that when the crack
tip open displacement increases rapidly, it is at the blunt stage. Meanwhile, shear
strain of the interface layer increases rapidly and is much higher than in other lo-
cations. Subsequently, the crack passes through the interface and extends inflected.
Therefore, increase of shear strain which results in crack blunt at the interface layer,
is the governing factor of inflected crack extension.

Based on the calculation method of stress intensity factor of I- and II-type crack,
the crack tip opening displacement and sliding displacement are extracted, and the
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Fig. 5. Shear strain field changes of specimen in different times: 1–13.5 s,
2–133.6 s, 3–184 s, 4–190 s
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Fig. 6. Time evolution of shear strain field change curve

Fig. 7. Shear strain field change curve at different positions

crack tip KI and KII are calculated. At the time of 133 s, the crack tip KI value is
0.12MPamm0.5, KII value is 0.0005MPamm0.5. It is obvious that the KI value is far
greater than the KII value, so that the latter one can be ignored. So before reaching
the interface bedding, the crack is I-type open crack. With the load application, KI

gradually increases up to 5.01MPamm0.5 at the time of 190 s, while the KII value
gradually increases to 2.04 MPamm0.5 and the value of KII/KI is 0.407. Coefficient
KII has an impact on the expansion of the crack. The crack changes from I-type
to I-II composite crack, and then the crack extends deflected, the deflection angle
being about 37 degrees.



82 S. L.WANG, W. SONG, K.X.DONG, Y.B. SU, D. S. ZHANG, C.H. LI

3. Simulation study of I-type crack propagation

According to the three-point bending test method, the mechanical model of I-
type crack propagation was established, and the geometrical size, force and boundary
condition of the model are shown in Fig. 8. The finite element software ABAQUS is
used to calculate the finite element model of three point bending with initial crack.
The finite element model is shown in Fig. 9, where the fixed support model is applied
on the left, the sliding bearing is applied on the right, while in the middle of the
bottom span displacement load is applied, the speed of which being 0.03mm/min.
CPE4 elements are used for the discretization grid. In order to analyze the crack
propagation, the grid encryption processing is adopted at the interface position.

Fig. 8. Mechanical model of three-point bending

Fig. 9. Finite element model of three-point bending

Three following Figs. 10, 11 and 12 show evolutions of the crack. For better
visibility, some parts are magnified.

Figure 13 shows that along with the load application, the crack length increases
linearly with the load step, crack extends to the interface layer after 51 steps, crack
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Fig. 10. Time evolution of crack propagation

Fig. 11. Crack tip morphology in different times (magnified ten times)

Fig. 12. Time evolution of circumferential principal stress of crack tip

growth length is 46mm, and crack length is the same after 61 steps, which says that
between the 51st step to 61st step, the crack does not extend forward. From 70th
step the crack continues to extend again, but the direction of propagation changes.

Figure 14 shows that after the crack extends to the interface layer, with the
increase of the load step the crack tip opening displacement increases rapidly, from
3.12 · 10−7 m (51st step) to 4.385 · 10−5 m (61st step).
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Fig. 13. Crack propagation length vs. number of steps

Fig. 14. Curve of crack tip opening displacement changes vs. loading step

4. Conclusion

In this paper, through the experimental and numerical simulation of I-type crack
propagation, the following conclusions are obtained:

1. After I-type crack extends to the interface layer, as the interface strength is
relatively low, the crack extend pauses, the crack tip opening displacement
increases, and the I-crack tip decouples and blunts.

2. During the crack blunt process, the interfacial shear strain increases rapidly
and interface shear strain is larger than other positions of shear strain. II-type
stress intensity factor increases the crack tip to the maximum circumferential
principal stress deflection, and I-type crack changes to I-II composite crack.

3. I-type crack tip caused by weak bedding, increased interfacial shear stress,
maximum circumferential principal stress direction deflection, and crack tran-
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sition from I-type to I-II type composite crack is are main control mechanisms
of deflected crack extension.
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