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Abstract.  Using the principle of damage mechanics, zero-thickness pore pressure cohesive elements 
(PPCE) are used to simulate the casing-cement interface (CCI) and cement-rock interface (CRI). The 
traction-separation law describes the emergence and propagation of the PPCE. Mohr-coulomb criteria 
determines the elastic and plastic condition of cement sheath and rock. The finite element model (FEM) of 
delamination fractures emergence and propagation along the casing-cement-rock (CCR) interfaces during 
hydraulic fracturing is established, and the emergence and propagation of fractures along the wellbore axial 
and circumferential direction are simulated. Regadless of the perforation angle (the angle between the 
perforation and the max. horizontal principle stress), mirco-annulus will be produced alonge the wellbore 
circumferential direction when the cementation strength of the CCI and the CRI is less than the rock tensile 
strength; the delamination fractures are hard to propagate along the horizontal wellbore axial direction; 
emergence and propagation of delamination fractures are most likely produced on the shallow formation 
when the in-situ stresses are lower; the failure mode of cement sheath in the deep well is mainly interfaces 
seperation and body damange caused by cement expansion and contraction, or pressure testing and well 
shut-in operations. 
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1. Introduction 

 

According to the statistics of China National Petroleum Corporation (CNPC), during 2000 to 

2007 years, the CNPC had drilled 2378 gas wells. The Sustainable Annular Pressure (SAP) 

occured in many of these wells. Eleven of the thirteen wells in Kela gas field of Tarim basin 

experienced SAP to some extent. The SAP varied from 3.4 to 20MPa; Ten of the thirty-eight high 

sour gas wells at the Northeast of sichuan also experienced SAP, and the pressure range of the 

SAP was 0.26-20Mpa; the SAP which varied from 2.4 to 40 Mpa occurred in two of the six high 

sour gas wells in Chongqing province; the SAP also took place at Longgang-1 well, Longgang-2 
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well, Longgang-3 well, Xushen-10 well, and Xushen-901 well. So, we can see that the SAP is very 

serious in oil & gas drilling industry. 

In order to maintain the wellbore stability and protect the reservoir in drilling process (Zhu et 

al. 2013b), drilling fluid needs to have a certain plugging performance and wall building 

properties, which can produce a layer of mud cake in the wellbore wall to maintain the stability of 

the wellbore and reduce the leakage of fluid into the formation. The mud cake will decrease the 

cementing strength of cement and rock, and increase the cementing failure risk of the CCI during 

hydraulic fracturing. In field exploitation process, the formation pore pressure decreases, and the 

rock deformation increases due to the larger matrix stress. The cementing strength would also 

decrease due to the borehole fluid erosion. Additionally, the pressure test, well shutdown etc. 

operations will speed up the cement failure process. Gas leakage may be evidenced some years or 

decades later. So, cementing failure is mainly caused by interface departure and the cement 

breaking, which are caused by pressure test, well shutdown, cement expansion and shrinkage and 

so on. The micro-annulus around wellbore accelerates the propagation of the pre-fractures caused 

by well operation and cement deformation, and links up the two disconnected fractures. 

When the casing-cement interface (CCI) and cement-rock interface (CRI) are failure to sealing 

the casing and formation, the SAP is most likely happened. The change of the formation condition 

and in the post-operating process will lead to the change of the stress-strain state of the CCR 

system, and thus may cause the cement sheath to lose its sealing capacity. For an offshore well, the 

oil & gas will leak off into the sea water which leads to some environmental problem.  

The mechanism of the cement failure is complex and also one of the basic problems in the 

cementing engineering. Many scholars have studied this problem for many years. Previous reseach 

reveals that the failure model of the cement sheath includes the failure of the cement sheath and 

the cementing failure of the CCI and the CRI (Goodwin and Crook 1992; Heathman 2006; Urraca 

and Balázs 2009). According to the in-situ condition of the bottom-hole, the stress state of the 

cement sheath is extremely complex, so the analytic models based on certain assumptions can not 

analyze the process of the cumulated plastic damage of the cement sheath in the life-of-well 

(Thiercelin et al. 1998). To study the stress state of the cement sheath more accurately, 

Fleckenstein et al. (2000) pointed out that finite element method is the best way to solve the 

problem of cement failure. Ravi et al. (2002a, b) studied the stress state (radial and circumferential 

stresses) and the relevant failure model with the DIANA software. They reveal that the stress and 

displacement alonge the wellbore radial direction are not continuous because of the difference 

mechanical properties between the formation, cement sheath and casing. Two kinds of cement 

failure mechanisms were well-simulated in his study. Rodriguez et al. (2003) used the ANSYS 

software to analyze the two-dimensional plain strain problem of the CCR system with the 

assumptions that the cement sheath was well-cemented with casing and formation and that the in-

situ stress is uniform. Pattillo and Kristiansen (2002) and Gray et al. (2009) simulated the stress 

states of the CCR system considering the drilling and post-operating processes, and predicted the 

integrality of the CCR system. These studies are all focus on the failure modes of the cement 

sheath, the CCI and the CRI during well test or the other production operations. Wang and Dahi 

(2012) firstly simulated the delamination fractures initiation and extension caused by excessive 

pore pressure and formation permeability considering the fractures as two zero thickness cohesive 

element layers. The cementing failure of the CCI and the CRI during hydraulic fracturing is still 

lack of research. 

In recent years, some numerical calculation methods including finite element method (Jin et al. 

2012; Jin and Shah 2013; Wang and Dahi Taleghani 2012), finite difference method (Nagel and 
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Sanchez-Nagel 2011), the boundary element method (BEM) (Hossain and Rahman 2008; Rahman 

et al. 2002), displacement discontinuity method (DDM) (Zhang et al. 2009), the discrete element 

method (DEM) (Nagel and Sanchez-Nagel 2012) and the extended finite element method (XFEM) 

(Taleghani 2009) are used to calculate initiation and propagation of fractures. The existing 

computing softwares for fracture initiation and propagation are: FLAC
3D

 (Nagel and Sanchez-

Nagel 2011), FRANC
3D

 (Rahman et al. 2002), HYFRANC
3D 

(Hossain and Rahman 2008), RFPA 

(Tang et al. 2002), Abaqus (Chen et al. 2009; Zhang et al. 2010), UDEC/3DEC (Nagel and 

Sanchez-Nagel 2011, 2012) and so on. The XFEM can describe the non-plane fracture propagation 

behavior due to a specific in-situ stresses. Taleghani (2009) devoloped a XFEM code to simulate 

hydraulic fracture propagation in fractured reservoirs. Gordeliy and Peirce (2013) used the XFEM 

to solve the propagation problem of a plane hydraulic fracture in an elastic medium. Chen (2013) 

introduced a new finite element to Abaqus to incorporate the XFEM for the solution of hydraulic 

fracture problem. Using PPCE, hydraulic fracturing modules of Abaqus software simulates 

hydraulic fractures initiation and propagation as well as hydraulic fracturing fluid flow within the 

fractures. Chen et al. (2009) simulated two-dimensional radial fracture initiation and propagation 

problems using the PPCE, and the simulation results are fully consistent with analytical solution of 

K-vertex. Plastic formation hydraulic fracturing problems is simulated by Yao et al. (2010) using 

PPCE, and the results calculated from Abaqus is closer to the analytical solution than that 

calculated from P3D model and PKN model. Zhang et al. (2010) considered the effects of casing, 

cement sheath, micro annulus and perforation holes on three-dimensional hydrualic fracture, 

studied the fracture propagation mechanism in horizontal wells. 

In this paper, we study the propagation of specific fractures along the casing-cement-rock 

interfaces during hydraulic fracturing, that is to say, the potential propagation pathes of the 

delamination cracks are known. So, the PPCE in Abaqus software can be used to solve this 

problem. Two zero thickness cohesive element layers are used to simulate the emergence and 

propagation of fractures along the wellbore axial and circumferential direction, the FEMs of 

fractures propagation along CCR interfaces in hydraulic fracturing are established. Mohr-coulomb 

criteria is used to describe the plastic behavior of cement sheath and rock. The mechanism of the 

cementing failure is simulated, which can be used to guide the well cementation design. 

 
 
2. Design of laboratory hydraulic fracturing experiments with oriented perforating 
technique 
 

2.1 The basic equations 
 
2.1.1 Coupled nonlinear flow-stress equations 
Fluid flow obeys the fluid continuity equation, and the rock mechanical properties are 

simulated by constitutive model defined by effective stress, the constitutive behavior of the fluid 

follows Darcy's law. 

The relationship between effective stress and total stress is as follows: 

Ipw                                 (1) 

where   is the effective stress matrix;   is the total stress matrix; I  is  the second-

order unit tensor, wp  is the absolute value of pressure. 
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The control volume is V , its surface area is S , the rock matrix stress equilibrium equation is 

(Zhu et al. 2013): 

VfVStvV
V

T

S

T

V

T dˆdd   


                       (2) 

where   is the stress matrix;   is the virtual strain rate matrix; t  is surface force vector; f̂  

is the body force vector and v  is the virtual velocity vector. 

The stress equilibrium equation is discretized to get the finite element mesh of solid-phase 

material, so the fluid can flow through these meshes. Fluid flow should satisfy the continuity 

equation: 
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where J  is the volume ratio of porous medium; w  is fluid density; wn is void ratio; wv  is 

fluid seepage velocity; x  is space vector. Fluid seepage velocity obeys Darcy's law:  
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where g  is gravity acceleration, wp  is fluid flow. As can be seen from the above three 

equations, the rock matrix stress and pore fluid pressure are nonlinear coupled with each other to 

form a control equation. When it is converted into a weak form of the equivalent integral, it can be 

solved by the finite element discretization method. 

The change in void ratio is due to the deformation of rock matrix. The relationship between 

porosity and volumetric strain is as follows: 

v

01
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n
n


                                (5) 

where 0n  is the initial porosity. The relationship between the permeability coefficient and 

porosity is as follows: 
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where  is the fluid dynamic viscosity coefficient; d  is the solid particles diameter. Combining 

the above two equations, the relationship between permeability coefficient and volumetric strain 

can be expressed as (Zhu et al. 2013): 
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where 0k  is the initial permeability coefficient. 

 
2.1.2 Viscoelastic continuum damage constitutive model of the PPCE 

(1) Damage evolution model of the PPCE 

The PPCE stiffness matrix can be expressed as: 
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As shown in Fig. 1, the normal and two tangential directions of PPCE have the same damage 

mode. When the displacement difference of the upper and lower surfaces of PPCE is less than 
0

nd  

(the initial damage displacement of PPCE), the PPCE deformation is in elastic stage, and element 

stress increases with its displacement. When the stress reaches to the cementing strength 
0

nt , the 

element starts to be in its damage stage. The displacement of cohesive element in damage 

softening stage is 
0

nd ~
f

nd . At this stage, the stress which can be withstanded by PPCE decreases 

with displacement increasing. When the displacement increases to 
f

nd , the element can not 

withstand the stress, and then it completely failed with the fracture opened. 

Damage is assumed to initiate when a quadratic interaction function involving the nominal 

stress ratios (as defined in the expression below) reaches a value of one. This criterion can be 

represented as (Camanho and Davila, 2002):  
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Fig.1  Traction-separation criterion of PPCE 
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where 
0

nt  is tensile strength of PPCE, 
0

st and 
0

st  are shear strength in two tangential directions. 

PPCE damage evolution model is as follows: 
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where nt , st and tt  are stresses in three directions of PPCE in undamaged stage with linear 

elastic deformation. 

When Linear damage evolution criterion is selected, the damage factor is calculated as follows 

(Turon et al. 2006): 
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where 
max

md  is the element maximum displacement; 
f

md  is displacement when element is failure; 

0

md  is displacement when element damage starts. 

(2) Fluid flow within cohesive element 

Fluid within cohesive element flows along the normal (perpendicular to the upper and lower 

surfaces) and tangential directions, as shown in Fig. 2. Tangential flow is usually treated as 

Newtonian fluid and power law fluid. In this paper, power law fluid is selected to characterize the 

flow of the hydraulic fracturing fluid. Constitutive equation of the power-law flow is as follows: 

nK
                                   (12) 

where   is fluid tangential stress,   is fluid tangential strain rate, K   is fluid consistency; n  

is power-law coefficient.  

The volume flow rate of tangential flow within cohesive element can be expressed as: 
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Normal flow within PPCE appears in the form of fluid loss from the element upper and lower 

surfaces. Fluid flow on the element upper and lower surfaces can be expressed as: 
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Fig. 2 Flow within cohesive element 
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Fig.3  Geometry model of CCR system with delamination fractures 

 

 
where tq , bq  are volume flow rate on element upper and lower surfaces respectively; tc , bc  
are fluid loss coefficient on element upper and lower surfaces; tq , bq  are seperately pore 
pressure on element upper and lower surfaces; ip  is fluid pressure within the element. 

 
2.2 Modeling technology of axial delamination fractures 
 
Since the size of the geometric units of casing and cement is in the millimeter-scale, and the 

wellbore axial length and formation is in the meter-scale, the finite element discretization of CCR 

system is very hard (Zhu et al. 2013a). Some simplifies and assumptions: (1) only considering the 

fracture emergence and propagation along the CCI and CRI; (2) assuming that there is no micro-

annulus around the wellbore; (3) ignoring the hydraulic fracture propagation process, and few 

hydraulic fracturing fluid are used to initiate and propagate and propagation the delamination 

fractures during hydraulic fracturing. As seen in Fig. 3, the region “4” and “5” are used to simulate 

the CCI and CRI respectively. The axial size of the FEM is 200m, and the radial size is 100m. The 

wellbore diameter is φ 0.22m. 

The problem is axisymmetric along the wellbore axis when the vertical stress and the maximum 

horizontal principal stress are equal. We use 127399 four-node axisymmetric, quadrilateral, 

reduced integration, hourglass control bilinear coupled displacements and pore pressure elements 

CAX3RP to mesh cement and formation rock, and use CAX3R to mesh the casing. Using sweep 

meshing technology, the region 4 and 5 are meshed by cohesive elements COHAX4, then a layer 

of pore pressure nodes are set in the middle of the cohesive elements to convert the cohesive 

elements into PPCE. Fig. 4 is the FEM of emergence and propagation of delamination fractures in 

the wellbore axial direction. 20087 PPCE COHAX4P are meshed for the fractures. The initial 
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condition of the formation rock is saturated. The initial void ratio, permeability and the in-situ 

stress are also assigned to the FEM.  The horizontal displacements of the left and right sides and 

the vertical movement of the upper side of the model is fixed, and the fluid hydrostatic pressureis 

applied to the inner casing. 

 
2.3 Modeling technology of the micro-annlus fracture and hydraulic fracture 
 
After the casing is cemented to the rock formation, a perforation gun is put into the bottomhole. 

Then a number of perforations is shoot by the perforating shaped charge around the wellbore. The 

perforations provide the flow paths of hydraulic fracturing from wellbore to the oil & gas bearing 

formation. During the process of hydraulic fracturing, it is the hydraulic fracturing fluid that has 

directly caused the tunnel wall to fracture.  

 

 

 
Fig. 4 FEM of emergence and propagation of delamination fractures 

 

 
Fig. 5 Micro-annulus around wellbore 
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Fig. 6 Modeling technology of the micro-annlus fracture and hydraulic fracture 
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Economides and Nolte (1991) pointed out that the fracturing fluid will flow around the 

wellbore (producing a micro-annulus) if the hydraulic fracture initiation point is not along the 

perforations, and the hydraulic fracture will  initiate in the most likely initiation point which 

locates in the direction of the maximum horizontal principal stress. When the perforation 

orientation is not consistent with the maximum principal stress, the micro-annulus is likely to 

increase the fracturing fluid's pressure drop near wellbore, and improves the formation initiation 

pressure.  

To study the mechanism of micro-annulus initiation and propagation in hydraulic fracture 

process, a FEM of circumferential fracture initiation and propagation along the CCI is established 

(Fig. 5). And the model size is 200m×200m. The boundary conditions are: (1) Model’s left border 

has symmetry constraints; (2) the horizontal displacement of the right border is fixed, (3) the 

vertical displacement of the upper and lower sides is fixed, (4) the upper and lower sides and right 

border are applied with in-situ pore pressure; (5) nodes of the entire model are applied with the in-

situ stresses, pore pressure, porosity and saturation. "Tie nodes" modeling technology is used 

because it is difficult to establish an annular PPCE directly. As shown in Fig. 6, the annulus PPCE 

and rock are divided into two parts, and the annulus PPCE and the hydraulic fracture PPCE are 

modeled individually. All of the fractures are meshed by COH2D elements using sweep meshing 

technology. The sweep direction of annulus fracture is from left to right, and the sweep direction 

of hydraulic fracture is from up to down. A layer of pore pressure nodes are also set in the middle 

of the cohesive elements to convert the cohesive elements into PPCE. Then, the intermediate pore 

pressure node 9 of the upper annulus fracture, node 10 of the lower annulus fracture, and node 8 of 

the hydraulic fracture are replaced with a same node to simulate fluid flow simultaneously in three 

directions at this point. Node 5 of the right cement side is tied to the node 1 and 3 of the upper and 

lower annulus fracture respectively. Node 2 and 4 of the annulus fracture are tied to node 6 and 7 

of the hydraulic fracture respectively. Node 6 and 7 are tied to node 11 and 12 of the upper and 

lower part of the rock respectively. At the same time, the cohesive nodes at the upper and lower 

surfaces of hydraulic fracture are tied to the adjacent nodes of the rock, and the left and right sides 

nodes of the micro-annulus are tied respectively to the left side of cement nodes and right side of 

rock nodes. 

 
 
3. Field application 
 

3.1 Geometrical and mechanical parameters of cement, rock and casing 

 

Take C7-well of the east C platform in South China Sea as the research object. The cement 

samples are treated as φ50 mm × 100 mm cylinders and the samples are tested by the MTS rock 

mechanics experiment device (Zhu et al. 2012). The experiment results are shown in Table 1. The 

cement cohesion is about 9.2MPa, and internal fraction angle is 28.6°. Tensile strength is 

measured using the Brazilian disc test, and results are shown in Table 2. The average tensile 

strength of cement samples is 2.2MPa. From the water permeability experiment, we found that the 

cement permeability is 1e-13m2, and porosity is 0.7%. 

C7-well is the horizontal well drilled along the minimum horizontal principal stress direction, 

and the wellbore horizontal section is completed with tail casing. Perforating position is located at 

the depth of 4400 m. Well structure is shown in Table 3. The reservoir is located in the third  
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Table 1 The results of cementing cement rocks mechanics experiments 

No. 
Diameter 

(mm) 

Length 

(mm) 

Density 

(g/cm
3
) 

Confining pressure 

(MPa) 

Strength 

(MPa) 

Elastic modulus 

(MPa) 
Poisson’s ratio 

1 25.18 49.40 1.73 0 22.437 5.699 0.151 

2 25.12 48.69 1.73 0 19.269 6.7152 0.227 

3 25.12 41.86 1.73 0 19.863 5.189 0.167 

4 25.12 47.98 1.75 0 15.373 4.8105 0.148 

5 25.18 49.39 1.72 0 19.482 5.7687 0.168 

6 25.18 49.17 1.73 0 15.913 4.6694 0.151 

7 25.12 48.00 1.73 0 28.34 5.022 0.180 

8 25.18 49.07 1.73 5 43.616  5.5566  0.152  

9 24.82 48.83 1.64 5 43.62 5.395 0.187 

10 24.98 48.45 1.57 10 62.67 7.150 0.191 

11 25.12 47.99 1.73 15 72.01 7.967 0.193 

 

Table 2 Cement sample tensile test results 

No. 
Diameter 

(mm) 

Thickness 

(mm) 

Breaking stress 

(KN) 

Tensile strength 

(MPa) 

1 24.97 6.91 0.557 2.05 

2 24.97 6.56 0.601 2.33 

3 24.97 6.87 0.524 1.94 

4 25.01 7.42 0.876 3.00 

5 25.01 7.03 0.801 2.90 

6 25.01 7.09 0.815 2.93 

7 25.02 6.69 0.398 1.51 

8 25.02 6.68 0.435 1.66 

9 25.02 6.95 0.412 1.51 

 

Table 3 Casing structure of C7 well 

Wellbore size 

(in) 

Inclined 

depth 

(m) 

Vertical depth 

(m) 

Casing depth 

(m) 
Casing size 

Drilling riser   209.50 209.50 24" 

17-1/2 1605.00 1600.00 1600.00 13-3/8" 

12-1/4 4005.00 3212.00 4000.00 9-5/8" 

8-1/2 5063.00 3212.00 3850.00~5058.00 7" 

 

 

section of Zhuhai formation, and it is a positive fault formation. The vertical stress and maximum 

horizontal stress are both 63.8 MPa, the minimum horizontal stress is 51.5MPa, and the pore 

pressure is 36.5MPa. During the fracturing process, the fracturing fluid has a density of 1250 

Kg/m
3
, its viscosity is 0.1Pas and its displacement is 0.24m

3
/min. The elastic modulus of the rock 

formation is 14.6 GPa, the Poisson's ratio is 0.14, the permeability rate is 2e-10 m
2
, porosity is 

11%, density is 2600 Kg/m
3
, the cohesive strength is 12Pa, the internal friction angle is 26°, and 

the tensile strength is 5.8 MPa. Casing elastic modulus is 210GPa and its Poisson's ratio is 0.21. 
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Fig. 7 Fracture width 

 

 
Fig. 8 Equivalent plastic strain of cement and rock 

 
 
3.2 Fracture emergence and propagation along wellbore axis during hydraulic 

fracturing 
 

3.2.1 Fracture emergence and propagation of the CCI and CRI simultaneously 
The fracture width along axial wellbore in horizontal well and the equivalent plastic strain of 

cement and rock, are as shown in Fig. 7 and Fig. 8 respectively. We can conclude that: (1) the 

nonlinearity of the model is very high, and the calculation amount is large when two delamination 

fractures propagate simultaneously; (2) fracture width is large and difficult to propagate further. 

As the hydraulic fracturing continues, the fracture width increases, but the fracture length is hard 

to grow; (3) The plastic deformation of cement and the fracture tip is very strong. Plastic flow 

leads to strong choking effect, resulting that the fractures are hard to open.  

 
3.2.2 Fracture emergence and propagation of the CCI 
We set a layer of PPCE along the CCI. The cement and rock share the same nodes at their 

interface. The geometric parameters and boundary conditions of this model is the same as that of 

FEM considering the CCI and CRI fractures simultaneously. 

Only considering the fracture emergence and propagation of the CCI, fracture width is shown 

in Fig. 9. The fracture width is uniform. The fracture tip width has a slight increasing, which is 

caused by the plastic strain of fracture tip (Fig. 10). The large plastic flow area restrains the 

fracture propagation. The relationship between the fracture length along wellbore axis and the 

fracturing time is shown in Fig. 11. The fracture grows steadily and the fracture length is 

proportional to the fracture time. The fracture growing velocity is about 7m/min. In fact, this 

situation cannot exist.  For a horizontal well in the direction of minimum horizontal principal 
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stress, the fracture initiation pressure can be expressed as: 

tvHf SPp  3                       (15) 

According to the in-situ conditions of the C7-well, the fracture initial pressure is 96.9MPa. 

Seen from Fig. 12, the fracture propagation pressure increases gradually, and it is three times of the 

fracture initiation pressure. Actually, this situation can not happen during hydraulic fracturing 

process. A typical hydraulic fracturing curve seen in Fig. 13 (Zhu et al. 2013), during hydraulic 

fracturing, the bottom-hole pressure firstly increases to the rock fracture pressure, and then the 

fracture propagates away from the bottom-hole. The bottom-hole pressure will maintain at a 

certain pressure during fracture prapagation. The fracture propagation pressure is lower than the 

fracture initiation pressure, which illustrates that the CCI fracture can hardly propagate along 

wellbore axis. 

 

 
 

 
Fig. 9 Fracture aperture 

 

 
Fig. 10 Equivalent plastic strain of cement and rock 

 

 
Fig. 11 The relationship between the fracture length and the fracturing time 
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Fig. 12 The relationship between the bottom-hole pressure and the fracturing time 

 

 
Fig. 13 The filed hydraulic fracturing operation curve of an oil-well (Zhu et al. 2013) 

 
 
 

3.3 Fracture emergence and propagation along wellbore circumference during 
hydraulic fracturing 
 

(1) If the perforation direction is 90° from the maximum horizontal principal stress, the fracture 

width of the micro-annulus and hydraulic fracture is calculated in Fig. 14. The realationgship 

between the bottom-hole pressure and the fracture time at the 90° and 0° perforation angle are 

shown in Fig. 15. When the cementing strength is lower than the tensile strength of the rock 

formation, the micro-annulus can emergence and propagation quickly, and the initial pressure of 

micro-annulus fracture is 0.05MPa higher than that of hydraulic fracture. The restrict zone limits 

the fluid’s flow around the wellbore, and the throttling effect exists to cause the pressure 

decreasing. This will increase the bottom-hole pressure and the sand screening risk. The width of 

the throtting channel produced in the entrance of the hydraulic fracture is Dw 8/2
 (Economides 

and Nolte, 1991), where the D  is wellbore diameter. 

(2) If the perforation angle is 0°, the fracture width of the micro-annulus and hydraulic fracture 

is shown in Fig. 16. Although the cementing strength is lower than the rock tensile strength, the 

micro-annulus also emerges and propagates. The bottom-hole pressure increases after the 

emergeing of the micro-annulus, and then hydraulic fracture starts to initiate. The micro- annulus 

grows around the wellbore no matter what the direction of perforation is. Under the same  
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Fig. 14 Fracture width of the micro-annulus and hydraulic fracture at 90° perforation angle 

 

 
Fig. 15 The realationgship between BHP and fracture time 

 

 
Fig. 16 Fracture width of the micro-annulus and hydraulic fracture at 0° perforation angle 

 

 
Fig. 17 Micro-annulus when the stress difference is larger than 20MPa 
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conditions, the width of micro-annulus in 0° perforation is almost the same as that in the 

90°perforation, that is due to the smaller stress difference between the max. and min. horizontal 

principle stresses (63.8-51.5 = 12.3 MPa).  

When the stress difference between the max. and min. horizontal principle stress is larger than 

20MPa, the micro-annulus width of the 90°perforation is larger than the 0° perforation, and the 

micro-annulus is different to generate (Fig. 17). 

 
3.4 Results and discussion 

 
(1) The axial fractures of CCI and CRI are hard to propagate at the same, because the plastic 

deformations of cement and the fracture tip restrict the fracture propagation.  

(2) Only considering the CCI fracture, the fracture grows steadily and the fracture length is 

proportional to the fracture time, and its growing velocity is about 7 m/min. Actually, the bottom-

hole pressure increases nonlinearly during hydraulic fracturing. When the hydraulic fracture 

initiation pressure of the rock formation is lower than the CCI fracture initiation pressure, the 

hydraulic fracture firstly initiates and propagates, and then the bottom-hole pressure decreases to 

the hydraulic fracture propagation pressure. The bottom-hole pressure can’t increase to the 

initiation pressure of the CCI fracture. So, for a deep horizontal well, the delamination fractures 

are hard to generate, which verifies the Dusseault et al. (2000)’s results “Emergence and 

propagation of delamination fractures generate in the vertial well of shallow formations where the 

in-situ stress and pore pressure are not too large or the old oilfied where the formation pressure is 

much smaller.” indirectly.  

(3) When the cementing strength of the CCI and CRI is lower than the rock tensile strength, the 

micro-annulus emerges and propagates no matter what the direction of perforation is. So, the 

circumferential stress in uncased well should be used to calculate the fracture initiation pressure in 

hydraulic fracturing if the cementing strength is lower than that of the rock formation. 

(4) Seidel and Greene (1985) point out that “A micro-annulus of only 0.001” (0.025 mm) is 

sufficient to give gas a flow path”. When the gap between the cement sheath and the casing 

reaches to 0.025 mm, the fracturing fluid with high viscosity can’t always pass. It means that the 

fracturing fluid cannot always flow as we think about it. Dusseault et al. (2000) also pointed out 

that the wellbore gas would go up to the well surface when the gap of CCR system is about 10-20 

μm. The micro-annulus around the wellbore is hard to propagate along the wellbore axis in the 

well horizontal section during hydraulic fracturing. Although the micro-annulus doesn’t generate 

in the horizontal well, the cement need to have a strong plastic property to avoid the debonding 

between the cement and the casing. 

 
 
4. Conclusions 
 

Using the viscoelastic continuum damage mechanics, the FEM models of the emergence and 

propagation of delamination fractures are proposed. Delamination fractures are hard to generate in 

horizaontal well during hydraulic fracturing happen, the cementing failure of the cement in a 

horizontal well is caused by the pressure changeable inside the wellbore during drilling and 

completion operation. When the cementing strength of the CCI and CRI is lower than the rock 

tensile strength, the micro-annulus emerges and propagates no matter what the direction of 

perforation is. When the stress difference between the max. and min. horizontal principle stress is 
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larger than 20MPa, the micro-annulus width of the 90°perforation is larger than the 0° perforation, 

and the micro-annulus is different to generate. 
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