
 
 

Journal of Mining and Environment (JME) Published online 

 Corresponding author: Sarfarazi@hut.ac.ir (V. Sarfarazi) 
 

 
Shahrood University of 

Technology 

 
Journal of Mining and Environment (JME) 

 
Journal homepage: www.jme.shahroodut.ac.ir 

 
Iranian Society of 

Mining Engineering 
(IRSME) 

 
Investigation of External Work, Fracture Energy, and Fracture Toughness 
of Oil Well Cement Sheath using HCCD Test and CSTBD Test 
 
Mohammad Omidimanesh, Vahab Sarfarazi*, Nima Babanouri, and Amir Rezaei1 

Mining Engineering Department, Hamedan University of Technology, Hamedan, Iran 
 

Article Info  Abstract 

Received 23 January 2023 
Received in Revised form 4 
February 2023 
Accepted 12 February 2023 
Published online 12 February 
2023 
 
 
 
 
DOI:10.22044/jme.2023.12633.2297 

 This work presents the hollow center cracked disc (HCCD) test and the cracked 
straight through Brazilian disc (CSTBD) test of oil well cement sheath using the 
experimental test and Particle Flow Code in two-dimensions (PFC2D) in order to 
determine mode I fracture toughness of cement sheath. The tensile strength of cement 
sheath is 1.2 MPa. The cement sheath model is calibrated by outputs of the 
experimental test. Secondly, the numerical HCCD model and CSTBD model with 
diameter of 100 mm are prepared. The notch lengths are 10 mm, 20 mm, 30 mm, and 
40 mm. The tests are performed by the loading rate of 0.018 mm/s. When the notch 
length in CSTBD is 40 mm, the external work is decreased 48%, related to the 
maximum external work of model with notch length of 10 mm (0.225 KN*mm 
decreased to 0.116 KN*mm). When the notch length in HCCD is 30 mm, the external 
work is decreased 33%, related to the maximum external work of model with notch 
length of 10 mm (0.06 KN*mm decreased to 0.04 KN*mm). The fracture energy is 
largely related to the joint length. The fracture energy is decreased by increasing the 
notch length. In constant to the notch length, the fracture energy of the CSTBD model 
is more than the HCCD model. Mode I fracture toughness is constant by increasing 
the notch length. The HCCD test and the CSTBD test yield a similar fracture toughness 
due to a similar tensile stress distribution on failure surface. The experimental outputs 
are in accordance to the numerical results. 
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1. Introduction 
Cementing is an important operation in the 

drilling process. The cement construction in the 
circular space between the borehole and casing is 
known as cementing (Figure 1a). During the 
cementing operation, cement is the main material 
for the cementing sheath, which provides the 
function of suspension and protective casing 
(Jafariesfad et al. [1]; Cheng et al. [2]; 
Kremieniewski et al. [3]; Pikłowska et al. [4]). Oil 
well cement is mostly Portland cement, with a low 
tensile strength, poor impact resistance, and easy 
cracking under the action of force (Gao et al. [5]; 
Wang et al. [6]; Xu et al. [7]). Furthermore, its 
tensile strength is also an important parameter of 
the stability evaluation of oil well cement. Micro-
cracks of cement sheath easily appear in the 
cementing operation, imparting size effects, and 
reducing the cement strength (Xiaowei et al. [8]). 

In the cementing process, numerous factors cause 
micro-cracks to appear in the cement sheath. 
During the cement slurry curing process, 
unhydrated cement particles and a hole exist. The 
mud cake attached to the wall also causes holes in 
the cement. Large-scale operations such as 
perforation and acid fracturing will result in micro-
cracks in the cement (Figure 1b). The perforating 
operation is an important factor affecting the 
cement sheath strength, and the hole left by the 
perforation will affect the cement sheath integrity. 
The stress concentration around the hole causes the 
actual carrying capacity of the cement sheath to be 
lower than the designed bearing capacity (Liu et al. 
[9]). Ladva et al. [10] pointed out that cement 
sheath failure is related to the mud cake produced 
by the cement volume shrinkage. Scholars have 
mainly studied the fracture toughness of test 

mailto:Sarfarazi@hut.ac.ir
http://www.jme.shahroodut.ac.ir


Omidimanesh et al. Journal of Mining & Environment, Published online 
 

 

material (Dai et al. [11]; Wang et al. [12]). 
According to the applied stress condition, a crack 
propagates under the three basic failure modes or 
the mixed-mode condition. Mode I is the tensile 
opening mode, in which the crack faces separate in 
a direction normal to the plane of the crack. Mode 

II is the in-plane sliding or shear mode, in which 
the crack faces are mutually sheared in the 
direction normal to the crack front. Mode III is the 
tearing or out of plane mode, in which the crack 
faces are sheared parallel to the crack front (Figure 
2). 

 
Figure 1. a) Cementing diagram, b) Perforation diagram, Xiaowei et al. [8]. 

 
Figure 2. Three basic modes of crack propagation, Dai et al. [11]. 

Cement slurry failure occurred from the 
propagation of one or more cracks, and thus can be 
considered as a fracture mechanics problem. It 
follows that the fracture toughness of cement slurry 
is important in theoretical studies and engineering 
applications related to cement slurry failure. 
Among many different testing methods for rock 
fracture toughness, the International Society for 
Rock Mechanics (ISRM) suggested the chevron 
bend (CB), short-rod (SR) specimens, and cracked 
chevron-notched Brazilian disc (CCNBD) 
specimen. Considering specimen geometries, 
tensile (mode I) cracks are induced during the CB 
and SR tests. In addition, it has been reported that 
they are not appropriate for testing the fracture 
toughness of rock under mode II or mixed-mode 
cases (Fowell [13]; Lim et al., [14, 15]). Single 

edge cracked round bar bend was first used by 
Ouchterlony [16]. Also Khan et al. [17] 
investigated the effect of testing method and 
specimen geometry such as diameter, thickness, 
crack length, and the type on measured fracture 
toughness. For this purpose, straight edge cracked 
round bar bend (SECRBB), semi-circular disc 
specimens under three point bending (SCB) and 
Brazilian disc specimens under diametrical 
compression were used. Iqbal et al. [18] selected 
three brittle rock types for their study, and 
conducted more than 200 tests to measure the 
values of fracture toughness. In this investigation, 
the chevron bend (CB) test and cracked chevron 
notch Brazilian disc test were used. Moreover, 
Tutluoglu et al. [19] conducted fracture toughness 
tests for different notch lengths, span lengths, and 
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thicknesses and diameters of the cylindrical rock 
specimens. Many methods including the Brazilian 
disc (BD) method were used for determination of 
mode I fracture toughness (Guo et al. [20]); Hollow 
center cracked disc (Awaji and Sato [21], Atkinson 
et al. [22], Aliha et al. [23-25]); the double-edge 
cracked Brazilian disc (DECBD) method (Chen et 
al. [26]); the flattened Brazilian disc (FBD) method 
(Wang and Xing [27], Keles and Tutluoglu [28]); 
the hollow centre cracked disc (HCCD) method 
(Amrollahi et al. [29]); the holed-cracked flattened 
Brazilian disc (HCFBD) method (Tang et al. [30]); 
the holed-flattened Brazilian disc (HFBD) method 
(Yang et al. [31])). The aim of this paper is to 
determine fracture parameters of oil well cement 
sheath and to find a relation between mode I 
fracture toughness and the tensile strength of 
cement slurry using the HCCD test and the CSTBD 
test by both of the experimental test and PFC2D. 

2. Fracture toughness test 
2.1. CSTBD test 

In a circular disk with a central vertical straight 
notch (β = 0) subjected to a diametrical 
compression load (Figure 3a), the tensile cracks 
propagate from the notch tip. In this condition, the 

following mathematical expression, proposed by 
Atkinson et al. [22], can be used for mode I fracture 
toughness calculation: 

퐾 =
2퐹√푎
√휋퐷퐵

푁  (1) 

푁 = 1 − 4푠푖푛 훼 × (1− 푐표푠 훼)(2푎/퐷)  (2) 

2.2. HCCD test 

Schematic view and geometrical dimension of 
HCCD specimens is presented in Figure 3b. As it 
can be seen in Figure 1b, HCCD is a disc with 
radius of Ro, in which a central hole with radius of 
Ri is drilled (Amrollahi et al. [29]). Two straight 
central cracks with length of a are created from the 
surface of the hole. The macro-scale mode-I 
fracture toughness (KIC) is represented using 
normalized stress intensity factor (YI) (Figure 3c), 
maximum load (P), and dimension of specimen as 
in Equation (3). 

 
(3) 

 

  
(a) (b) (c) 

Figure 3. a) CSTBD specimen under diametrical compression (Atkinson et al. [22]), b) HCCD specimen [29], c) 
variations of YI with crack angle β for different crack length ratios [29]. 

3. Experimental Tests 

Cement slurries were prepared and cured 
according to the standards of API Recommended 
Practice 10B-2.2013 [37]. The experimental 
formula is as follows to simulate the actual 
operation conditions: well cement, 2% fluid loss 
additive, and water with a water/cement ratio of 
0.44. The fluid loss additive and cement powders 
were mixed and then agitated by a cement paste 
mixer. The cement slurry was mixed using a 
variable speed mixer; then it was poured into a 

molds. The solidified cylindrical specimen size was 
150 mm (diameter) × 50 mm (thickness). Diameter 
of internal hole in the HCCD sample was 40 mm. 
The cement slurries were kept in standard curing 
molds at 60 °C with 100% relative humidity for 14 
days, following which all specimens were removed 
from the mold. The mixing, casting, and curing of 
the specimens were carefully controlled to obtain 
reproducible specimens with precise properties. It 
is important to note that consistency in mixing, 
casting, curing, and testing was required to obtain 
acceptable test results. The notch lengths in both of 
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the CSTBD samples and HCCD samples are 1 cm, 
2 cm, and 3 cm. The opening of the notch was 1 
mm. Figure 4 shows the experimental set up for the 
CSTBD test and the HCCD test. Figure 5 and 
Figure 6 show the failure pattern of CSTBD 

samples and HCCD samples, respectively. Totally, 
tensile crack was initiated from notch tip and 
propagated parallel to the loading axis till 
coalescence with sample boundary. 

  
(a) (b) 

Figure 4. Experimental set up for a) CSTBD test and b) HCCD test. 

  
(a) )b(  

  
(c) (d) 

Figure 5. Failure pattern of CSTBD samples with notch length of a) 10 mm, b) 20 mm, c) 30 mm, and d) 40 mm. 
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(a) (b) (c) 

Figure 6. Failure pattern of HCCD samples with notch length of a) 10 mm, b) 20 mm, c) 30 mm. 

4. Particle Flow Code 
Potyondy [38] developed the flat joint (FJ) model 

while taking into consideration the polygonal 
particle grain structure. A pair of tightly connected 
locally flat notional surfaces that are centred at the 
contact point are used to represent the FJ contact. 
Each part has a face that acts as its imaginary 
surface and interacts with the faces of other parts. 
As a result, each facing grain looked to have a 
skirted, rounded or spherical core. Discs or lines 
make up these faces (in 2D). A group of particles 
connected together by FJ connections is referred to 
as "flat-jointed material" (FJM). The line 
separating facing grains discretized into elements, 
and these elements may or may not be joined. Once 
FJ is positioned at a grain-to-grain contact, the 
torque as well as force at each element are then 
reset to zero and updated in line with the force-
displacement law of bond as well as the relative 
movement of faces. The shear force changed 
gradually but the normal force replaced 
immediately. The behaviour of the bonded element 
continues to be linear elastic as long as the strength 
does not go above its limit [39, 40]. 

 

4.1 PFC2D model preparation and calibration 
for cement slurry 

The usual procedure for creating a PFC2D 
assembly is employed in this study for the 
construction of test models, and Potyondy [40] 
completely detail this procedure. Particle 
production, packing, isotropic stress installation 
(stress initialization), floating particle (floater), 
removal, and bond installation make up the 
procedure. The effects of gravity and the stress 
gradient caused by gravity on the macroscopic 
behaviour is minimal since the samples were tiny. 
Brazilian test calibration of particle characteristics 
and flat joint model was done. With the use of the 
micro-characteristics listed in Table 1 and standard 
calibration methods, a validated PFC particle 
assembly was produced. Figure 7 shows an 
experimental test results as well as a numerical 
simulation. The results showed a clear link 
between numerical simulation and 
experimentation. As demonstrated in Table 2, the 
derived specimen properties from the numerical 
models including the elastic modulus, Poisson's 
ratio, and UCS values are likewise very similar to 
the actual values. 

Table 1. Micro-properties. 
Particles  Flat joints  

Kn/ks 2 Ec (GPa) 6 
Density (kg/m3) 2400 Friction angle (°) 43 
smallest disc size (mm) 0.54 Strength in tension 0.9 
Maximum disc diameter (mm) 1.08 Tensile strength standard deviation (MPa) 0.09 
Ec (GPa) 6 Cohesion (MPa) 9 
Porosity 0.08 Cohesion standard deviation (MPa) 0.9 
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(a) (b) 

  

  
(c) (d) 

Figure 7. a)  Experimental Brazilian test, b) Experimental uniaxial test, c) PFC Brazilian test, d) PFC uniaxial l 
test. 

Table 2. Comparison of macro-mechanical characteristics between model and experiments. 
Mechanical characteristics Experimental results PFC2D model results 

Elastic modulus (GPa) 9 9.1 
Poisson’s ratio 0.2 0.2 
UCS (MPa) 11 11.2 
Brazilian tensile strength (MPa) 1.2 1.22 

  
4.2 CSTBD test and HCCD test 

The diameter of the CSTBD specimen and 
HCCD specimen was identically taken into 
account in the equivalent physical test in the 
numerical modelling (i.e. 150 mm). The model 
diameter is 150 mm. Diameter of internal hole in 
HCCD model was 40 mm. The notch lengths in 

both of the CSTBD samples (Figure 8) and HCCD 
samples (Figure 9) are 1 cm, 2 cm, 3 cm, and 4 cm.  
The opening of the notch was 1 mm. The tests were 
performed by the loading rate of 0.016 mm/s. The 
crack initiation force was calculated by measuring 
the reaction forces on the upper wall in Figure 8 
and Figure 9. 
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(b) (a) 

  
(d) (c) 

Figure 8. CSTBD samples with notch length of a) 10 mm, b) 20 mm, c) 30 mm, and d) 40 mm. 

   
(a) (b) (c) 

Figure 9. HCCD samples with notch length of a) 10 mm, b) 20 mm, and d) 30 mm. 

5. Numerical results 
5.1. Failure pattern 
a) CSTBD test  

Figure 10 show crack development in the 
CSTBD tests. Tensile cracks are shown as black 
lines, whereas shear cracks are shown as red lines. 

The tensile fracture begins at the joint points and 
spreads parallel to the loading axis until coalescing 
at the sample edge. The similarity between Figure 
10 and Figure 5 demonstrates that both the 
experimental samples and the computational 
models experience the same failure pattern. 
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(b) (a) 

  
(d) (c) 

Figure 10. Failure pattern of CSTBD samples with notch length of a) 10 mm, b) 20 mm, c) 30 mm, and d) 40 mm. 

b) HCCD test 
Crack development in the HCCD tests is seen in 

Figure 11. Tensile cracks are shown as black lines, 
whereas shear cracks are shown as red lines. The 
tensile fracture begins at the notch tip and 
propagates parallel to the loading axis until 
coalescing at the sample edge. The similarity 
between Figures 11 and 6 demonstrates that both 
the experimental samples and the computational 
models experienced the same failure pattern. 

5.2. Force-displacement curve along with total 
crack number  
a) CSTBD test  

Figure 12 shows the force-displacement curve 
along with the total crack number for CSTBD 

models with different notch lengths. It can be seen 
from the figure that with the increase of force-
displacement curve until the peak, the number of 
cracks presents three stages. In the first stage, linear 
part of the curve, crack number is almost zero. This 
is elastic stage, and there is no crack in the 
specimen. In the second stage, the force is near the 
peak load. In this stage, number of cracks is in a 
slowly increasing stage, which is due to continuous 
expansion of the notch tip. In the third stage, after 
the peak load, number of cracks increase rapidly, 
because the concrete almost enters its bearing limit 
and the crack propagation speed is very fast. 
Generally, the maximum value of number of cracks 
is after the peak load. Different notch lengths lead 
to a significant change in the cracks number.  
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(a) (b) (c) 

Figure 11. Failure pattern of HCCD samples a) 10 mm, b) 20 mm, and d) 30 mm. 

  
(a) (b) 

  
(c) (d) 

Figure 12. Force-displacement curve along with total crack number for CSTBD model containing the notch 
length of a) 10 mm, b) 20 mm, c) 30 mm, and d) 40 mm. 

b) HCCD test 

Figure 13 shows the force-displacement curve 
along with the total crack number for HCCD 
models with different notch lengths. It can be seen 
from the figure that with the increase of force-
displacement curve until the peak, the number of 
cracks presents three stages. In the first stage, linear 
part of the curve, crack number is almost zero. This 
is elastic stage, and there is no crack in the 
specimen. In the second stage, the force is near the 

peak load. In this stage, number of cracks is in a 
slowly increasing stage, which is due to continuous 
expansion of the notch tip. In the third stage, after 
the peak load, the number of cracks increase 
rapidly, because the concrete almost enters its 
bearing limit and the crack propagation speed is 
very fast. Generally, the maximum value of 
number of cracks is after the peak load. Different 
notch lengths lead to a significant change in the 
cracks number.  
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(a) (b) 

 
(c) 

Figure 13. Force-displacement curve along with total crack number for HCCD model containing the notch 
length of a) 10 mm, b) 20 mm, and c) 30 mm. 

5.3. Rose diagram of crack growth in CSTBD 
test and HCCD test 

Figures 14 (a) and 14 (b) show the rose diagram 
of crack growth in the CSTBD test and the HCCD 
test, respectively. The angle between the majority 
of micro-cracks and vertical axis was 0°. It means 
that the variation of notch length and model 
configuration has not any influence on the crack 
initiation angle. 

 

5.4. External work at peak load point in CSTBD 
test and HCCD test 

The external work done by the loading system is 
illustrated by the area of the shaded region in 
vertical load–displacement diagram (Chen, [41]), 
as shown in Figure 15. The value of W that 
indicates external work at the final point can be 
calculated according to the corresponding area of 
the shaded region. ∆ is vertical displacements at the 
corresponding loading points. 

  
(a) (b) 

Figure 14. a) Rose diagram of crack growth for CSTBD test with notch length of 40 mm, b) rose diagram of 
crack growth for HCCD test with notch length of 30 mm. 
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Figure 15. Load versus vertical displacement. 

The variation of external works at the peak point 
versus the notch length for two types of specimens 
(CSTBD and HCCD) is shown in Figure 16. The 
external work is largely related to the joint length. 
External work was decreased by increasing the 
notch length. This is because the rock bridge ahead 
of the notch decreases when notch length increased 

alongside the Y coordination systems. In constant 
to the notch length,  the external work of the 
CSTBD model is more than the HCCD model. This 
is because the rock bridge length ahead of the notch 
in the CSTBD model is more than that in the 
HCCD model. 

 
Figure 16. Variation of external work with notch length for CSTBD and HCCD models. 

Table 3 shows the value of external work at pick 
load for different simulations. When notch length 
in CSTBD was 40 mm, the external work was 
decreased 48%, related to the maximum external 
work of model with notchlength of 10 mm (0.225 
KN*mm decreased to 0.116 KN*mm). When 
notch length in HCCD was 30 mm, the external 

work was decreased 33%, related to the maximum 
external work of model with notchlength of 10 mm 
(0.06 KN*mm decreased to 0.04 KN*mm). 

In constant to the notch length, the external work 
of the CSTBD model was decreased nearly 70%, 
related to the external work of the HCCD model. 
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Table 3. External work (KN*mm) in CSTBD test and HCCD test. 

 Notch length (mm) Test configuration 
CSTBD test HCCD test 

External work 
(KN.mm) 

10 0.225 0.06 
20 0.16 0.0475 
30 0.125 0.04 
40 0.116  

 
5.5. Fracture energy in CSTBD test and HCCD 
test 

The fracture energy, FE, can be calculated as 
follows (Koksal, [42]):  

퐹퐸 = (푊 +푚푔∆)/퐴 (4) 

where W is the area of the region below the 
vertical load–displacement diagram in Figure 15, 
m is the mass of specimen, ∆ is the maximum 
vertical displacement of loading position, and A = 
total surface aria.  

The variation of fracture energy versus the notch 

length for two types of specimens (CSTBD and 
HCCD) is shown in Figure 17. The fracture energy 
is largely related to the joint length. Fracture 
energy was decreased by increasing the notch 
length. This is because the rock bridge ahead of the 
notch decreased when notch length increased 
alongside the Y coordination systems. In constant 
to the notch length, the fracture energy of the 
CSTBD model is more than the HCCD model. This 
is because the rock bridge  length ahead of the 
notch in the CSTBD model is more than that in the 
HCCD model. 

 
Figure 17. Variation of fracture energy with notch length for CSTBD and HCCD models. 

Table 4 shows the value of fracture energy for 
different simulations. When notch length in 
CSTBD was 40 mm, the fracture energy was 
decreased 57%, related to the maximum fracture 
energy of model with notch length of 10 mm (0.025 
N/m decreased to 0.0106 N/m). When notch length 
in HCCD was 30 mm, the fracture energy was 

decreased 37%, related to the maximum fracture 
energy of model with notchlength of 10 mm (0.06 
N/m decreased to 0.04 N/m). 

In constant to the notch length, the fracture 
energy of the CSTBD model was decreased nearly 
72% related to external work of the HCCD model. 

Table 4. Fracture energy (N/m) in CSTBD test and HCCD test. 

 Notch length (mm) Test condition 
CSTBD test HCCD test 

Fracture energy 
(N/m) 

10 0.025 0.0069 
20 0.0184 0.00511 
30 0.0125 0.00435 
40 0.0106  
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5.6. Fracture toughness of CSTBD test and 
HCCD test 

Figures 18 (a) and 18 (b) show the variation of 
fracture toughness with notch length for 
experimental test and numerical simulation, 
respectively. Fracture toughness of the CSTBD 
tests and the HCCD tests are obtained by Equation 

(1) and Equation (3), respectively. Results show 
that Mode I fracture toughness is constant by 
increasing the notch length. The HCCD test and the 
CSTBD test yield the similar fracture toughness 
due to similar tensile stress distribution on failure 
surface. The experimental outputs and numerical 
results are similar. 

 

  
(a) (b) 

Figure 18. Variation of fracture toughness with notch length in a) experimental test and b) numerical simulation; 
CSTBD test and HCCD test. 

5.7. Comparison between fracture toughness 
and tensile strength 

Table 5 and Table 6 show a comparison between 
the fracture toughness for the CSTBD and HCCD 
tests in the experimental test and numerical 
simulation, respectively. Also Table 5 and Table 6 

show the tensile strength of intact cement slurry. 
The results show that Mode I fracture toughness is 
constant by increasing the notch length. Mode I 
fracture toughness and tensile strength of cement 
slurry can be related to each other by the equation 
σt =5.8 KIC. 

Table 5. A comparison between experimental fracture toughness for CSTBD and HCCD tests.  
Test method Notch length (cm) Fracture toughness (MPa m½) Tensile strength (MPa) 

CSTBD 

10 0.2 1.2 
20 0.21 1.2 
30 0.2 1.2 
40 0.22 1.2 

HCCD 
10 0.22 1.2 
20 0.22 1.2 
30 0.2 1.2 

Table 6. A comparison between numerical fracture toughness for CSTBD and HCCD tests. 
Test method Notch length (mm) Fracture toughness (MPa m½) Tensile strength (MPa) 

CSTBD 

10 0.22 1.3 
20 0.21 1.3 
30 0.2 1.3 
40 0.22 1.3 

HCCD 
10 0.22 1.3 
20 0.21 1.3 
30 0.2 1.3 

 
6. Conclusion 

The results show that: 
 By using flat joint model, it is possible to 

determine the crack growth path and crack 
initiation stress similar to the experimental one.  

 The maximum value of number of cracks is 
initiated after the peak load. Different notch 
length lead to a significant change in the cracks 
number.  

 When notch length in CSTBD was 40 mm, the 
external work was decreased 48%, related to the 
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maximum external work of model with 
notchlength of 10 mm (0.225 KN*mm decreased 
to 0.116 KN*mm). When notch length in HCCD 
was 30 mm, the external work was decreased 
33%, related to the maximum external work of 
model with notchlength of 10 mm (0.06 KN*mm 
decreased to 0.04 KN*mm). 

 When notch length in CSTBD was 40 mm, the 
fracture energy was decreased 57%, related to the 
maximum fracture energy of model with notch 
length of 10 mm (0.025 N/m decreased to 0.0106 
N/m). When notch length in HCCD was 30 mm, 
the fracture energy was decreased 37%, related 
to the maximum fracture energy of model with 
notch length of 10 mm (0.06 N/m decreased to 
0.04 N/m). In constant to the notch length, the 
fracture energy of CSTBD model was decreased 
nearly 72%, related to the external work of the 
HCCD model. 

 Mode I fracture toughness was constant by 
increasing the notch length. The HCCD test and 
the CSTBD test yield similar fracture toughness 
due to similar tensile stress distribution on failure 
surface.   

 Mode I fracture toughness and tensile strength of 
cement slurry can be related to each other by the 
equation σt =5.8 KIC. 

 The experimental outputs and numerical results 
are similar. 

 Crack propagation in the cement have a 
significant effect on the strength and deformation 
characteristics of the oil well cement. The notch 
position influences the cement crack initiation 
and direction. Fracture toughness of cement 
slurry is important in theoretical studies and 
engineering applications related to cement slurry 
failure. Experimentally, the measurement of 
fracture toughness of cement slurry is more 
complicated and more expensive than that of 
tensile strength. Therefore, the relation given 
here provides a helpful method for estimating the 
fracture toughness from the tensile strength 
value, which can be measured more easily. In 
order to investigate the reasons for the relation 
more deeply, a further theoretical and 
experimental study is necessary.  
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  چکیده:

 شیاردار یو دیسک برزیلدار دیسک حلقوي ترك هايتستبا استفاده از  پوشش سیملنی دیوار چاهچقرمگی شکست این مقاله، کار خارجی، انرژي شکست و  در 
 د.کالیبره ش پوشش سیمانی، مقادیر میکروپارامترهاي شگاهیبا استفاده از نتایج آزمای درابتدا مگاپاسکال است. 2/1مقاومت کششی پوشش سیمانی تعیین شد. 

 40و  30،  20ها، میلیمتر و طول شکاف 100قطر مدل شبیه سازي شد.  PFCتوسط نرم افزار  شیاردار یو دیسک برزیلدار و دیسک حلقوي ترك هايتستسپس 
درصد کمتر  48خارجی است، کار mm 40 شیاردار یدیسک برزیله طول شکاف در آزمایش زمانیکمیلیمتر بر ثانیه است.  0,018باشد. نرخ بارگذاري میلیمتر می
است،  mm 30دار كنیکه طول شکاف در دیسک حلقوي تریابد). زماکاهش می KN×mm 116/0به  KN×mm 225/0است ( mm 10طول شیار از نمونه با 
یابد). انرزي شکست با طول شکاف مرتبط است. کاهش می KN×mm 04/0به  KN×mm 06/0است ( mm 10درصد کمتر از نمونه با  طول شیار  33کارخارجی 

دار است. با دیسک حلقوي ترك بیشتر از تست شیاردار یدیسک برزیلیابد. در طول شکاف ثابت، انرژي شکست شکست با افزایش طول شکاف کاهش میانرژي 
تنش  برابر است. این مهم بدلیل توزیع شیاردار یدیسک برزیلدار و دیسک حلقوي ترك تستدر افزایش طول شیار، چقرمگی شکست ثابت است. چقرمگی شکست 

  باشد. نتایج عددي و آزمایشگاهی در تطابق خوبی هستند.کششی برابر در صفحه شکست می

  

  .وش اجزا مجزارپوشش سیمانی، ی، چقرمگی شکست مود کشش، شیاردار یدیسک برزیلدار، دیسک حلقوي تركتست  کلمات کلیدي:
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