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We propose large-diameter (160 mm) pre-cracked chevron notched Brazilian disc 
(P-CCNBD) specimens were used to study the asymmetric fracture law and deter-
mine the dynamic fracture toughness of rock. Specimens were diametrically im-
pacted by a split Hopkinson pressure bar. The dynamic fracture failure process 
of each specimen was monitored by crack propagation gauges and strain gauges. 
Each of the large-diameter P-CCNBD specimens was found to exhibit prominent 
asymmetric fracture under impact load. The stress equilibrium condition cannot 
be satisfied. The dynamic fracture toughness values of the rocks were measured 
using the experimental-numerical method rather than the quasi-static method. The 
calculation results showed that the dynamic fracture toughness of rocks increases 
with the dynamic loading rate. In addition, at the 3-D crack front, the dynamic 
stress intensity factor was found be substantially different at each point. These 
data suggest that the dynamic fracture toughness of P-CCNBD specimens should 
be calculated by removing the value affected by an edge arc crack and taking the 
average value of the remaining points.
Key words: large-diameter pre-cracked chevron notched brazilian disc,  
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Introduction

During the process of mining solid mineral resources, dynamic fracture problems 
associated with rock are involved to some degree. In the study of dynamic fracture problems, 
dynamic fracture toughness, an important dynamic mechanical parameter of rock materials, 
characterizes the ability of rock to resist crack dynamic initiation and propagation, see [1, 2].

Currently, Brazilian disc specimens are widely used in split Hopkinson pressure bar 
(SHPB) systems to evaluate rock dynamic fracture toughness. In 1995, the cracked chevron 
notched Brazilian disc (CCNBD) was proposed as a specimen for determining rock fracture 
toughness by the International Society of Rock Mechanics (ISRM), see [3, 4]. Disc specimens 
with a diameter below 80 mm have been selected to study rock dynamic fracture toughness by 
most researchers, such as Zhang and Zhao [5], Zhou et al. [4], and Dai et al. [6, 7]. In the dy-
namic test, stress balance is achieved easily in small specimens, in which condition quasi-static 
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methods can be used to determine the dynamic fracture toughness. However, the destruction of 
rock materials is sensitive to mineral particle size and specimen size. In addition, rock masses in 
engineering have a larger size. Thus, it is not practical to extend the fracture toughness obtained 
by small specimens directly to large specimens, [8-11]. Therefore, it is necessary to study the 
dynamic fracture failure law of large specimens to understand the large-scale dynamic fracture 
process in rock engineering. Wang et al. [12] and Yang et al. [13] found that a stress balance 
could not be achieved in large specimens under a dynamic impact load. However, the asym-
metric fracture behavior in specimens caused by stress imbalance was not analyzed in detail. 
The dynamic asymmetric fracture behavior of large CCNBD specimens containing 3-D cracks 
recommended by ISRM was also not studied.

In view of this background, we perform a dynamic fracture experimental study on 
large-diameter P-CCNBD specimens. The dynamic fracture process of P-CCNBD specimens 
is monitored by crack propagation gauges (CPG) and strain gauges (SG). The dynamic asym-
metric fracture law and determination method of the dynamic fracture toughness of large-di-
ameter specimens are studied. The experimental study in this paper is expected to be of great 
significance for the determination of dynamic fracture toughness using large-diameter rock 
specimens.

Experimental preparation

Preparation of P-CCNBD specimens

The P-CCNBD specimens were obtained by machining two straight cracks in the 
chevron notch tip of the CCNBD specimen. Because the dynamic propagation behaviors of 
cracks in a CCNBD specimen under an impact load are complex, the dynamic stress intensity 
factor (DSIF) time history curve is completely different from that observed with a static load, 
see [14], causing the specimen to lose its advantages in the static experiment. Thus, it is not 
advisable to apply CCNBD static test principles and related data in the dynamic test. In this 
article, the dynamic fracture toughness of rock is tested by a P-CCNBD specimen containing a 
prefabricated straight crack. Because of the prefabricated straight crack, the DSIF of the crack 
tip can be calculated conveniently, and the dynamic fracture toughness of the specimen can be 
obtained more precisely.

The specimens consisted of gray marble 
obtained in Nanyang, China. The marble is a 
fine-grained crystalline structure with homo-
geneous density and grains sized 0.1-0.3 mm. 
Its main mineral compositions are calcite, 
dolomite and wollastonite. The geometrical 
configuration of the P-CCNBD specimen is 
shown in fig. 1. The mechanical parameters 
and geometrical parameters of the specimens 
are shown in tab. 1.

Table 1. Mechanical parameters and geometrical parameters of the P-CCNBD marble specimens

E [GPa] u ρ [gcm–3] cd [ms–1] KIC [MPa·m1/2] D [mm] B [mm] a0 [mm] a1 [mm] ap [mm]

69.04 0.26 2762 5681.1 1.57 160 50 25 46.8 36.5
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Figure 1. Geometry of specimen P-CCNBD
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Loading system and monitoring device

The SHPB loading system was selected 
in our experiment, as shown in fig. 2. In the 
test, the incident bar is impacted by the shuttle 
projectile. This approach can obtain a satisfac-
tory half sine wave and reduce the transverse 
dispersion effect, [15]. Hard paper was used as 
a waveform shaper, and vaseline was applied 
to reduce the friction effect of the contact sur-
face of the specimen and the pressure bar.

The CPG crack-monitoring device is 
shown in fig. 3. The CPG comprised 10 resis-
tance wires with equal length but different re-
sistors. In the test, the position and timing of the 
crack was determined according to the mutation 
position and the time of the voltage signals of 
the CPG. The CPG device provides advantages 
in that it has a simple design, high sensitivity, 
etc., for example, [5, 12]. The parameters for 
the SHPB and CPG monitoring devices are 
shown in tab. 2. 

Table 2. Parameters for the SHPB and CPG monitoring devices

Material parameter values of the SHPB Parameters for the  
CPG monitoring devices [12]

Eb [GPa] ub ρb [kgm–3] cb [ms–1] li [mm] lt [mm] CPG  
resistance [Ω]

C. V.  
source [V] RC1 [Ω] RC2 [Ω]

210 0.3 7850 5244 4500 2500 2 20 1076 50

The crack tips of the P-CCNBD speci-
men constituted 3-D configurations, as shown 
in fig. 1. We used SG 1-4 on the outer surface 
of the specimen to monitor the cracking signal 
of the internal crack and two CPG to monitor 
the asymmetric fracture process of the surface 
crack. The positions of attachment of the CPG 
and SG are shown in fig. 4.

Experimental recording  
and data reduction

Dynamic loads on the specimen

As shown in fig. 2, the signals of the incident wave, εi, and reflected wave, εr, are 
measured by the strain gauge SGi, and the transmission wave εt signals are recorded by strain 
gauge SGt. The strain signals on the incident bar and the transmission bar of specimen M03 
are shown in fig. 5.
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Figure 2. Schematic of the SHPB configuration

Figure 3. Circuit diagram of the CPG

Figure 4. Positions of attachment of the CPG 
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During the experimental process, the time 
period of interest occurs after the specimen is load-
ed on the incident end. The instant when the stress 
wave first arrives at the incident end is set as zero 
time. Based on 1-D elastic stress wave theory, the 
loading history curve of the P-CCNBD specimen 
at the incident end and the transmitted end are de-
termined by eqs. (1a) and (1b):

                  Pi(t) = EbAb[εi(t) + εr(t)]                (1a)

                        Pi(t) = EbAbεt (t)                      (1b)

where Eb and Ab are the elastic modulus and 
cross-sectional area of the SHPB, respectively.

Figure 6 shows the dynamic impact load 
history curve of the specimen M03 at both ends 
based on eq. (1). Figure 6 shows that the max-
imum load and its corresponding time are  
Pmax = 147.16 kN and tmax = 102.88 μs, respectively. 

Asymmetric fracture process  
of the P-CCNBD specimen

The voltage signals recorded by the CPG1 
and SG1 are plotted in fig. 7. The time tSG1, which 
corresponds to the first strain peak of SG1, is tak-
en as the initiation moment of the internal crack 
tip of the specimen, and the time tCPG1, which cor-
responds to the first resistance mutation time of 

the CPG1, is taken as the initiation moment of the surface crack tip of the specimen. tSG1 is 
taken as the crack initiation time of the sample. When the crack tip starts to fracture, unloading 
occurs, and this reduces the strain recorded by SG1, resulting in a peak, as shown in fig. 7, 
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Figure 5. Strain signals of the incident  
bar and the transmission bar

Figure 6. Dynamic forces for loading  
specimen M03
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similar to the results of Jiang et al. [16]. To accurately obtain the asymmetric fracture process 
of P-CCNBD specimen, the derivative of the voltage signal of CPG1 and CPG2 is obtained, as 
shown in fig. 8. 

The crack initiation time of CPG1 on specimen M03 is 14.825 µs, which is earlier 
than that of CPG2. Additionally, before CPG2 is initiated, the crack propagation on the CPG1 
path is completed. The results show that the large-diameter P-CCNBD specimen unequivocally 
follows an asymmetric fracture law under dynamic load. The crack initiation time of 8 speci-
mens at both ends is shown in tab. 3. 

Table 3. Initiation time of P-CCNBD specimens
Specimen number Pmax [kN] tPmax [μs] tCPG1 [μs] tSG1 [μs] tCPG2 [μs] Δt [μs]

M01 138.94 117.68 109.625 102.125 120.900 11.275
M02 130.72 132.48 115.325 110.025 128.300 12.975
M03 147.16 102.88 96.300 90.275 111.125 14.825
M04 146.51 109.10 111.525 105.25 123.750 11.225
M05 168.70 104.75 110.500 103.700 123.225 12.725
M06 133.92 104.10 96.750 91.620 111.075 14.325
M07 168.47 97.78 101.800 94.500 115.800 14.000
M08 146.84 105.99 103.750 97.050 115.250 11.500

The inertia effect in large specimens cannot be neglected under dynamic loads. The 
inertia effect leads to asymmetry in the stress distribution on the two crack tips of the specimen 
at the same moment, and the initiation time of the two crack tips is clearly inconsistent. The 
distance between the two crack tips of the large-diameter P-CCNBD specimen is 2ap in this 
article, and the interval of the stress wave reaching the two crack tips is 2ap /cd ≈ 12.8 μs, which 
is essentially consistent with the interval of the two crack tips obtained by the CPG, as shown 
in tab. 3. Because of the long interval, the two crack initiations are not considered to occur at 
the same time in the fracture toughness test. Therefore, we recommend that when the dynamic 
fracture toughness of rock is determined using a large-diameter specimen, the location and time 
of the first fracture must be determined first to avoid the influence of asymmetric crack initia-
tion on the fracture toughness test value.

Figure 7 shows that the initiation time tSG1 of specimen M03 is 90.275 μs. At this 
time, the times of stress wave reflection in the specimen are only (cd tSG1)/(2D) ≈ 1.6. However, 
the consensus is that the stress waves can typically reach the stress balance after reflecting 3-5 
times back and forth in the specimen, see [17, 18]. Clearly, the basic assumption of testing rock 
dynamic fracture toughness by the quasi-static method is not satisfied. Therefore, an experi-
mental-numerical method is proposed to determine the dynamic fracture toughness of rock in 
the article, see [12], which does not need to satisfy the conditions of quasi-static stress equilib-
rium necessarily.

Determination of dynamic fracture toughness 

The 3-D model of the P-CCNBD specimen

According to the symmetry of the P-CCNBD specimen, the 1/4 3-D model of disk 
specimen is established by the finite element software ANSYS, 33,422 units and 90,847 nodes 
are created in the model, as shown in fig. 9(d). The models are meshed with SOLID95 units. 
The crack tip is divided by SOLID95 singular units, as shown in fig. 9(a); the 3-D crack tip 



Lu, Y., et al.: The Dynamic Asymmetric Fracture Test and Determination  ... 
S902	 THERMAL SCIENCE: Year 2019, Vol. 23, Suppl. 3, pp. S897-S905

co-ordinate system is shown in fig. 9(b). In the 3-D crack tip finite element model of P-CCNBD 
specimen, many layers of precast straight crack parts exist. To conveniently analyze the varia-
tion rule of the DSIF of a straight crack, we establish a local co-ordinate system along the center 
of the straight crack (thickness z = 0) and divide the mesh of the straight crack segments into 
18 parts, as shown in fig. 9(c).
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Figure 9. One-quarter finite element model of P-CCNBD; (a) the 3-D singular element SOLID95,  
(b) the 3-D crack tip co-ordinate system, (c) straight crack tip co-ordinate system, and (d) 1/4 finite 
element model

The dynamic load Pi(t) obtained by eq. (1a) is applied to the specimen. The DSIF of the 
P-CCNBD specimen is calculated by eq. (2) using the displacement method given in [19].
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where E and μ are the elastic modulus and Poisson’s ratio, respectively, r0B is a quarter length of 
r0A in the singular element, vA(t) – the time history of the displacement of node an in the vertical 
(y) direction, and vB(t) corresponds to node B, as shown in fig. 9(b).

Determination of dynamic  
fracture toughness

According to the finite element model shown in fig. 9(c), the DSIF time history curves 
for each node of the incident straight crack are calculated, as shown in fig. 10. Figure 10 shows 

that the curves obtained in each layer node start 
with a small segment at 0 because it takes some 
time for the stress wave to arrive the crack tip. 
Subsequently, as the load gradually increases, 
the opening displacement generated by the 
crack tip also gradually increases. When the 
opening displacement reaches a critical value, 
the specimen begins to crack. At this time, the 
DSIF is the dynamic fracture toughness of the 
specimen, which is denoted by KID. For speci-
men M03, at the moment of fracture t = tSG1, the 
DSIF values at each layer of nodes are shown 
in fig. 11 with the dimensionless Z/0.5B co-or-
dinates.
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As shown in fig. 11, as the dimensionless 
Z /0.5B co-ordinates increase, the DSIF gradu-
ally increases, and the final four values are larg-
er due to the influence of the edge arc crack. 
To eliminate the influence of the edge arc crack 
on the fracture toughness value, it is suggest-
ed to remove the points in the large range of 
the edge arc crack and take the average value 
of the remaining data points as the dynamic 
fracture toughness of the specimen, similar to 
Wang et al. [19] method for recalibrating the 
fracture toughness of a static CCNBD. In this 
article, the values with dimensionless straight 
crack lengths in the range of 0.26-0.34 are re-
moved, and the average value with dimension-
less straight cracks in the range of 0-0.26 is used as the dynamic fracture toughness value of the 
specimen. The dynamic crack fracture toughness values of the P-CCNBD specimens measured 
by the experimental-numerical method are listed in tab. 4. 

Table 4. Dynamic fracture toughness obtained with the  
experimental-numerical method

Specimen number KID [MPa·m1/2] KID /KIC K*   [MPa·m1/2·s–1]
M01 6.84 4.36 6.698 
M02 5.09 3.24 4.626 
M03 5.34 3.40 5.915 
M04 5.66 3.61 6.109
M05 6.54 4.17 6.307 
M06 4.99 3.18 5.446 
M07 4.68 2.98 4.952 
M08 6.96 4.43 7.172 

Influence of loading rate on  
dynamic fracture toughness

Dynamic fracture tests must take into account the effect of dynamic loading rates 
on dynamic fracture toughness. The dynamic loading rate K is defined in eq. (3) using the 
value given [20], and the calculated result for the dynamic loading rate is given in tab. 4. 
Table 4 shows that in the P-CCNBD dynamic test, the loading rate increases from 4.426  ⋅ 104 
MPa m1/2 s–1 to 7.172 ⋅ 104 MPa m1/2  s–1, and the corresponding dynamic fracture toughness of 
4.68 MPa m1/2 increases to 6.96 MPa m1/2. The results are compared with the research results 
of scholars working in the same area, Zhang et al. [21], Yang et al. [13], Wang et al. [12], 
and Zhang and Zhao [5]. To eliminate the influence of the material properties of the rock, the 
experimental results are treated dimensionlessly using eq. (3), and the experimental results 
are plotted in fig. 12.
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Figure 12 shows that the dynamic frac-
ture toughness of both marble and sandstone 
increases with increasing loading rate and sat-
isfies an approximately linear relationship in the 
interval from 104 to 2 ⋅105 s–1. However, the rate 
of increase in the dynamic initiationughness of 
different rock materials varies significantly. The 
dynamic fracture toughness of sandstone and 
marble summarized in this paper shows that the 
rate of increase of the dynamic fracture tough-
ness of marble is significantly higher than that 
of sandstone. The dynamic fracture toughness is 

related to the physical properties of rock, such as the mineral composition, structural structure, 
density, and degree of weathering.

Conclusion

In our work, using the SHPB device to impact P-CCNBD marble disc specimens, 
we found that the crack tip initiation time near the incident bar was generally earlier than the 
crack tip initiation time near transmission. The large-diameter disc specimens with prefabricat-
ed cracks were found to exhibit prominent asymmetric cracking phenomena under impact load-
ing. When a large-diameter disc specimen is used to determine the rock fracture toughness, we 
recommend that the experimental-numerical method should be used to determine the dynamic 
fracture toughness and that the dynamic fracture toughness of a crack near the incident bar 
should be calculated as a test value. In addition, the DSIF of the P-CCNBD specimen gradually 
increased along the center of the crack tip outward. We recommend that the fracture toughness 
should be calculated by removing the value of the edge affected by the side arc and taking the 
average value of the remaining values. The work in this paper provides new ideas and methods 
for testing rock fracture toughness in large-diameter specimens and addresses the insufficiency 
of the CCNBD specimen for testing dynamic fracture toughness.

Acknowledgment

This work was financially supported by the State Key Research Development Pro-
gram of China (Grant No. 2016YFC0600701), National Natural Science Foundation of China 
(Grant No. 51822403,51674170).

Nomenclature

K
K

ID
IC

/

12

10

8

6

4

2

0

0 2 4 6 8 10 12 14 16 18 20

This paper, Marble

[21]

[13]

[11]

[5]

K K/ /10 sIC

4 –1

Figure 12. Relation between the dynamic 
fracture toughness and dynamic loading rate 

B 	 – 	thickness of P-CCNBD, [mm]
D, Db 	– 	diameter of P-CCNBD and SHPB, 

respectively, [mm]
E, Eb 	 – 	young’s modulus of marble and SHPB, 

respectively, [MPa] 
cd, cb 	 – 	dilatational wave of marble and SHPB, 

respectively, [m s–1]
K* 	 – 	dynamic loading rate, [MPa m1/2 s–1]
KIC 	 – 	static fracture toughness, [MPa m1/2]
KID 	 – 	dynamic fracture toughness, [MPa m1/2]
li, lt	 – 	length of incident and transmission bar, 

respectively, [mm]
Pmax	 – 	peak load, [kN]

Pi, Pt 	– 	force on the incident and transmission  
bar–specimen interface, respectively, [kN]

tPmax 	 – 	the time corresponding to  
the peak load, [μs]

tCPG1, tCPG2, tSG1 – initiation time of CPG1, CPG2,                 
             SG1, respectively, [μs]

u, ub 	 – 	Poisson’s ratio marble and SHPB, 
respectively

Greek symbol

ρ, ρb 	 – density of marble and SHPB, respectively, 
[kgm–3]
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Acronyms

CPG 	  – crack propagation gauge
DSIF – dynamic stress intensity factor

P-CCNBD – pre-cracked chevron notched  
       Brazilian disc 

SG	 – strain gauge


