
Table of contents 

V 

Table of contents 
Abstract ....................................................................................................................................... I 

Table of contents ....................................................................................................................... V 

List of figures ............................................................................................................................ X 

List of tables ....................................................................................................................... XVIII 

1 Introduction ............................................................................................................................. 1 

1.1 Motivations and objectives ........................................................................................... 1 

1.2 Research status ............................................................................................................. 3 

1.2.1 Mechanical properties of oil (gas) wells' cement .............................................. 3 

1.2.2 Mechanical integrity of oil (gas) wells' cement sheath ................................... 12 

1.2.3 Interface sealing of oil (gas) wells'cement sheath ........................................... 22 

1.3 Shortcomings of the current research ......................................................................... 26 

1.4 Research outline ......................................................................................................... 28 

1.5 Innovations ................................................................................................................. 31 

2 Experimental study on mechanical properties of hollow-cylinder cement specimens under 

multiaxial load .......................................................................................................................... 34 

2.1 Design principle and test method of hollow-cylinder cement speciments ................. 34 

2.1.1 Design principle of hollow-cylinder cement speciments ................................ 34 

2.1.2 Preparation of speciments ............................................................................... 37 

2.1.3 Test methods .................................................................................................... 38 

2.2 Analysis of deformation characteristics of hollow-cylinder cement specimens ........ 44 

2.2.1 Deformation parameter acquisition ................................................................. 47 

2.2.2 Effect of confining pressure on deformation characteristics ........................... 49 

2.2.3 Effect of hole diameter on deformation characteristics................................... 51 

2.2.4 Effect of hole pressure on deformation characteristics ................................... 52 

2.3 Analysis of damage characteristics of hollow-cylinder cement specimens ............... 54 

2.3.1 Peak strain analysis of cement specimens ....................................................... 55 

2.3.2 Effect of hole diameter on damage characteristics .......................................... 57 

2.3.3 Effect of confining pressure on damage characteristics .................................. 59 



Table of contents 

VI 

2.3.4 Effect of hole pressure on damage characteristics .......................................... 60 

2.4 Analysis of strength characteristics of hollow-cylinder cement specimens ............... 62 

2.4.1 Effect of confining pressure on strength characteristics ................................. 63 

2.4.2 Effect of hole diameter on strength characteristics ......................................... 65 

2.4.3 Effect of hole pressure on strength characteristics .......................................... 66 

2.4.4 Characterization of strength failure law .......................................................... 67 

2.5 Failure analysis of cement sheath under bi-axial tensile-compression conditions ..... 70 

2.6 Summary .................................................................................................................... 72 

3 Physical simulation experiment of cement sheath zonal isolation ........................................ 75 

3.1 Stress environment analysis of wellbore cement sheath ............................................ 75 

3.1.1 Analysis of wellbore pressure ......................................................................... 76 

3.1.2 Analysis of wellbore temperature variation .................................................... 79 

3.2 Development of wellbore simulation device .............................................................. 86 

3.2.1 Function design of wellbore simulation device ............................................... 88 

3.2.2 Structure design of wellbore simulation device .............................................. 90 

3.3 Cement sheath zonal isolation test method ................................................................ 93 

3.3.1 Wellbore cement sheath interface stress calculation model ............................ 94 

3.3.2 Cement sheath zonal isolation test method ..................................................... 99 

3.4 Physical simulation experiment of cement sheath zonal isolation ........................... 101 

3.4.1 Experimental condition ................................................................................. 101 

3.4.2 Physical simulation experiment of cement sheath zonal isolation ................ 104 

3.5 Analysis of potential factors of zonal isolation failure of cement sheath ................. 109 

3.6 Summary .................................................................................................................. 111 

4 Calculation model and theoretical research on mechanical integrity of cement sheath ...... 113 

4.1 Calculation model of the temperature differential stress of cement sheath ............. 113 

4.1.1 Calculation model of cement sheath temperature distribution ...................... 113 

4.1.2 Calculation model of the temperature differential stress of cement sheath .. 116 

4.1.3 Analysis of the temperature differential stress distribution of cement sheath119 

4.2 Elastic-plastic mechanical model of the cement sheath ........................................... 121 



Table of contents 

VII 

4.2.1 Elastic-plastic model of cement sheath based on twin-shear unified strength 

theory ...................................................................................................................... 122 

4.2.2 Interface micro-annulus analysis method during pressure unloading ........... 127 

4.2.3 Discussion on the effcet of intermediate principal stress on the cement sheath 

yield ........................................................................................................................ 130 

4.3 Calculation method of interface micro-annulus under the effect of comprehensive 

stress ............................................................................................................................... 135 

4.3.1 Comprehensive stress calculation of cement sheath ..................................... 135 

4.3.2 Calculation method of interface micro-annulus affected by a wellbore 

temperature decrease .............................................................................................. 138 

4.3.3 Calculation method of interface micro-annulus affected by wellbore pressure 

decrease .................................................................................................................. 142 

4.4 Study on the failure law of mechanical integrity of cement sheath based on fracturing 

conditions ....................................................................................................................... 144 

4.4.1 Comprehensive stress distribution of cement sheath .................................... 145 

4.4.2 Analysis of cement sheath micro-annulus in the fracturing stage ................. 146 

4.4.3 Analysis of cement sheath micro-annulus at the end of fracturing ............... 149 

4.5 The effect of different factors on the mechanical integrity of cement sheath .......... 151 

4.5.1 The effect of construction pressure ............................................................... 151 

4.5.2 The effect of construction time ..................................................................... 151 

4.5.3 The effect of thermal expansion coefficient of casing and cement sheath .... 153 

4.5.4 The effect of temperature difference between the inner and outer walls of the 

cement sheath ......................................................................................................... 155 

4.5.5 The effect of Young's modulus and Poisson's ratio of cement sheath ........... 156 

4.5.6 The effect of yield strength of cement sheath ............................................... 159 

4.6 Summary .................................................................................................................. 159 

5 Evaluation model and theoretical research on interface sealing of cement sheath ............. 162 

5.1 Analysis of failure mode of cement sheath interface seal ........................................ 162 

5.2 Interface sealing evaluation model ........................................................................... 165 



Table of contents 

VIII 

5.2.1 Interface stress analysis ................................................................................. 165 

5.2.2 Interface sealing evaluation model ................................................................ 165 

5.2.3 Model Solution .............................................................................................. 169 

5.3 Model verification based on measured fracturing micro-seismic events ................. 173 

5.3.1 Overview of micro-seismic events ................................................................ 173 

5.3.2 Cement sheath interface sealing analysis ...................................................... 175 

5.4 The effect of different factors on interface sealing and crack propagation .............. 179 

5.4.1 The effect of internal casing pressure ............................................................ 179 

5.4.2 The effect of temperature differential stress in wellbore ............................... 180 

5.4.3 The effect of construction time ..................................................................... 181 

5.4.4 The effect of Young's modulus and Poisson's ratio of cement sheath ........... 182 

5.4.5 The effect of Young's modulus and Poisson's ratio of formation .................. 184 

5.4.6 The Effect of interface bonding strength ....................................................... 185 

5.5 Analysis of zigzag crack propagation direction ....................................................... 186 

5.5.1 The effect of mechanical properties of cement sheath and formation on ε ... 187 

5.5.2 Analysis of zigzag crack of cement sheath .................................................... 188 

5.6 Summary .................................................................................................................. 190 

6 Study on failure mechanism of zonal isolation and mechanical properties design of cement 

sheath ...................................................................................................................................... 193 

6.1 Evaluation method of cement sheath zonal isolation ............................................... 194 

6.2 Design method of mechanical properties of cement sheath ..................................... 197 

6.3 Failure mechanism analysis of cement sheath zonal isolation ................................. 199 

6.3.1 Failure mechanism analysis of single-layer cement sheath .......................... 199 

6.3.2 Failure mechanism analysis of double-layer cement sheath ......................... 203 

6.3.3 Engineering Optimization Plan ..................................................................... 204 

6.4 Zonal isolation evaluation and mechanical performance design of cement sheath in 

case wells ........................................................................................................................ 206 

6.4.1 Zonal isolation evaluation and mechanical performance design of cement sheath 

in high-pressure gas well ........................................................................................ 206 



Table of contents 

IX 

6.4.2 Zonal isolation evaluation and mechanical performance design of cement sheath 

in shale oil horizontal well ..................................................................................... 221 

6.5 Summary .................................................................................................................. 232 

7 Conclusions and outlook ..................................................................................................... 234 

7.1 Conclusions .............................................................................................................. 234 

7.2 Outlook ..................................................................................................................... 236 

References ...................................................................................................................... 238

 

 

 


