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Abstract. The study of crack propagation in rock is of great significance to the stability of structural
engineering. In this paper, through ABAQUS software, a simulation method of rock fracture
propagation law is proposed. The D-P criterion of shear effect (Drucker Prager criterion) is
embedded into the VUMAT subroutine in ABAQUS software, and the rule of rock fracture
propagation is analyzed by using the element deletion method. The results show that: (1) stress
concentration occurs first at the tip of the prefabricated crack, and then fracture occurs; (2) The
fracture pattern is perpendicular to the crack, develops symmetrically, and produces secondary
horizontal cracks; (3) The crack develops and forms an anti-wing crack, which continues to expand
with the secondary horizontal crack, and finally the rock is destroyed. (4) Compared with the test
results, the model can better reflect the law of rock crack propagation.

Keywords: ABAQUS, D-P criterion, VUMAT subroutine, Element deletion method, Rock crack
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1. Introduction

Fissure is a very common geological structure. In practical projects, the unstable development of
joints, cracks, holes and other defects in the rock will lead to geological disasters such as cave collapse
and slope instability. Therefore, it is of great significance to study the law of rock fracture propagation.

There are many methods to study rock crack propagation and fracture failure. The model test can
better observe the change of fracture development, but the model test is generally time-consuming and
costly. At present, computer simulation technology is widely used to analyze the law of rock fracture
propagation.

ABAQUS software can simulate many problems in the engineering field [1]. The elastic-plastic
model of complex high-rise building structure is established by Wang et al. [2] using ABAQUS
software, and according to the deformation and stress characteristics in the earthquake time history,
the stress strain time history and plastic strain time history of structural member section are obtained.
Yi et al. [3] used ABAQUS to carry out secondary development, and verified the effectiveness of the
subprogram through an example of uniaxial tension. The concrete damage model established by Wang
et al. [4] and Bai et al. [5] takes uniaxial tension and compression as the failure mode, uses VUMAT
subroutine to realize secondary development, and obtains the uniaxial tension and compression process
of concrete test block through numerical simulation. Li et al. [6] established the damage constitutive
model of rock, and took Mohr Coulomb criterion as the condition for failure judgment to obtain the
stress-strain relationship of rock. Wang et al. [7] used the proposed model to conduct numerical
simulation of rock failure process with maximum tensile stress criterion, maximum compressive stress
criterion and Mohr Coulomb criterion respectively, and obtained the process of crack tip from
initiation, expansion, penetration to formation of macro crack model failure. The finite element
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numerical model of rock specimen was established by Wang et al. [8] to study the initiation and
propagation of marble cracks with prefabricated cracks at different angles.

It can be seen from the above documents that the rock fracture propagation simulation system still
needs to be further improved. Based on D-P criterion and ABAQUS subroutine VUMAT as a platform,
this paper proposes a method to simulate the process of crack propagation in rock model. Compared
with the test results, the model can better reflect the law of rock crack growth, and the simulation
method is practical and reliable.

2. Establishment of rock failure model under uniaxial compression

2.1. Model establishment

Using Python language programming, through the secondary development of ABAQUS subroutine
VUMAT, a rock fracture model based on uniaxial compression is established. In ABAQUS software
platform, build a model component (Fig. 1).

Set the performance parameters of the model materials. Assume that the model materials meet the
elastic, isotropic and other conditions within the calculation range. See Table 1 for the mechanical
parameters of the simulation values [9].

Dynamic analysis step is adopted for engineering simulation to control state variables and set loads.
The normal constraint is applied at the bottom of the model, and the top of the model is compressed
by displacement controlled loading. The loading displacement is set to 15mm, the loading rate is
0.0005mm/step, and the proposed amplitude curve is set. The edges of the model components are
seeded, and the model mesh is set to triangle. In order to reduce the workload and facilitate the analysis
of fracture results, 15 species are distributed on the short side, 30 species are distributed on the long
side, 20 species are distributed on the upper and lower surfaces of the model, and 40 species are
distributed on the left and right surfaces of the model in the fracture area with obvious fracture, and
the grid is divided (Fig. 2).

Table 1. Rock mass mechanical parameters of rock materials used in the model
Density E u C ¢
Sandstone 2.6kg/m® 2930MPa 0.38 3.11MPa 40.90

2.2. D-P failure criterion

Under uniaxial compression, the failure of rock model mainly includes weak plane shear failure,
brittle failure and plastic failure, which are important characteristics of rock model. On this basis, the
fracture of the rock model is simulated, and D-P criterion is used as the condition for failure judgment.

In ABAQUS software, the D-P criterion of shear effect is embedded into the VUMAT subroutine,
and the failure element deletion algorithm is introduced, and the deformation and failure of the rock
model under uniaxial compression are simulated [10].
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D-P criterion is based on Mohr-Coulomb criterion, and VONMISE vyield criterion is modified. D-
P criterion assumes that the material is an ideal elastoplastic body, so no strengthening criterion is set
to simplify the calculation process. The yield failure surface of the object will not change with the
yield of the material, but the yield strength will increase with the increase of the pressure.

D-P criterion [11]:

f=JL+al,—K=0 (1)

J2 = [(oy _0'2)2 + (0'2—0'3)2 + (0'3_0'1)2]/6 ()
I, =0, + 0, + 03 3)

o= % (4)

K= &gf—‘;"’@ (5)

Where, J, is the second invariant of the deviatoric stress tensor; I, is the first invariant of the
stress tensor; a~ K is the material parameter of rock. o, o, o3 is the first principal stress, the

second principal stress and the third principal stress of the element respectively; C. ¢ refers to the
cohesion and internal friction angle of rock respectively.

Generally, the principle of failure is based on the Eq. (1) reached by any basic unit first, and the
principle of failure is based on the failure criterion. The D-P criterion is embedded in the VUMAT
subroutine to simulate the fracture process of the rock model under uniaxial compression.

2.3. Principle of element deletion method

The element deletion method is a method that can solve the shortcomings in the finite element
analysis software. The precondition of the finite element analysis should consider the objects that meet
the continuum hypothesis. It not only considers that the substance is a continuum composed of multiple
particles without gaps, but also considers that various physical quantities of the substance will change
continuously. Therefore, the element deletion method overcomes this assumption.

Under the assumption of continuous medium, after the object is divided into several units, it is
considered that the units will not disappear. However, in the project, there will be some cases of
damage caused by fracture, compression, etc. which make some units disappear or lose efficacy due
to the existence of yield fracture. The function of unit disappearance or failure is applied to ABAQUS
software to simulate the development of rock fracture propagation.

In the subroutine VUMAT, a certain state variable is assigned according to the selected D-P
criterion, which is used to characterize whether the material fails. 0 is invalid, 1 is normal. During the
calculation, it is necessary to select the state variable in the field output manager and add the user's
subprogram file. The change of rock fracture can be clearly observed by using the element deletion
method.

Under the action of uniaxial compression load, when the stress state of a certain element is satisfied,
the model element is regarded as damaged and deleted by the principle of element deletion. Through
repeated iterative calculation, the stress and strain results of the model element are output (Fig. 3).
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Figure 3. Simulation Flow Chart

2.4. Result analysis

As shown in Fig. 4. It can be found that the stress at the tip of the prefabricated crack of the model
increases gradually under the action of uniaxial compression load, and there is an obvious stress
concentration phenomenon. With the increasing load, when the element around the stress
concentration area at the tip of the prefabricated crack meets the failure conditions of D-P criterion,
the model member will be crushed in a small range (U=7.475x<10mm), the fracture pattern is
perpendicular to the crack and continues to develop along the vertical direction (U=1.112>10"mm),
and the crack lines at the upper and lower parts of the prefabricated cracks are relatively consistent.
The number of failure elements increases with the increase of load, and secondary horizontal cracks
(U=1.990%<10"*mm)) occur at the other corner of the short side of the crack area, continuously
extending along the horizontal direction of the crack tip (U=1.778mm). Then the crack changed
direction and developed to the right surface of the model, forming an anti-wing crack (U=1.944mm),
and the secondary horizontal crack continued to expand. Finally, cracks develop into macro cracks and
rock is destroyed.

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
+1.044e+01 +2.745e+01
+9.574e+00 +2.516e+01
+8.707e+00 +2.287e+01
+7.840e+00 +2.05%+01
+6.973e+00 +1.830e+01
+6.106e+00 +1.601e+01
+5.23%+00 +1.372e+01
+4.372e+00 +1.144e+01
+3.505e+00 +9.150e+00
+2.638e+00 +6.863e+00
+1.771e+00 +4.576e+00
+9.042e-01 +2.28%+00
+3.717e-02 +2.394e-03

U=6.724x102mm U=7.475%10°mm
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S, Mises S, Mises
(Avg: 75%0) (Avg: 75%0)
+1.715e+01 +2.151e+01
+1.572e+01 +1.972e+01
+1.429e+01 +1.793e+01
+1.286e+01 +1.613e+01
+1.144e+01 +1.434e+01
+1.001e+01 +1.255e+01
+8.579%e+00 +1.076e+01
+7.151e+00 +8.963e+00
+5.723e+00 +7.170e+00
+4.295e+00 +5.378e+00
+2.867e+00 +3.586e+00
+1.438e+00 +1.793e+00
+1.032e-02 +5.519¢e-04
U=1.112x10"mm U=1.990x10"mm
S, Mises S, Mises
(Avg: 75%0) {Avg: 75%)
+2.985e+01 +2.136e+01
+2.736e+01 +1.958e+01
+2.487e+01 +1.781e+01
+2.238e+01 +1.603e+01
+1.990e+01 +1.425e+01
+1.741e+01 +1.247e+01
+1.492e+01 +1.070e+01
+1.244e+01 +8.918e+00
+9.950e+00 +7.140e+00
+7.463e+00 +5.363e+00
+4.976e+00 +3.385e+00
+2.489%e+00 +1.807e+00
+1.576e-03 +2.992e-02
U=1.778mm U=1.944mm

Figure 4. Rock Failure Process (Unit: MPa)
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Figure 5 (a) Test results [12] Figure 5 (b) Simulation results

Figure 5. Comparison Chart
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Fig. 5 shows that the simulation results are basically consistent with the test results [12]. This

simulation method provides theoretical support for further research on the expansion of rock fractures.

3.

Summary

(1) Stress concentration occurs at the tip of the prefabricated crack, and then fracture occurs.
(2) The crack pattern is perpendicular to the crack, developing symmetrically from top to bottom,

and producing secondary horizontal cracks.

(3) The crack pattern develops to form an anti-wing crack, which continues to expand with the

secondary horizontal crack, and finally the rock is damaged.

(4) The simulation results are consistent with the test results, and the simulation method is reliable.
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