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Abstract: This paper presents the effect of chloride-induced corrosion in an underground 11 
borehole system, specifically considering the steel casing and further damage to the surrounding 12 
cement. In the past four decades, oil well cement has been successfully used for underground 13 
construction. However, high concentrations of chloride ions gradually degrade the functionality 14 
and durability of well cement. Gasses and liquids can leak from deterioration caused by chloride 15 
ions, and thus motivate this study. The chemo-mechanical coupling diffusion model and a 16 
classical fracture mechanics model are applied. The model is validated with OPC concrete 17 
corrosion data from literature, and then applied to well cement using experimentally obtained 18 
material property data. The time when crack initiation, peak pressure, and complete fracture is 19 
reached in the model of the cement sheath provides a quantification of the expected service life 20 
of the borehole system. 21 
Keywords: Well cement, Chloride diffusion, Corrosion, Crack propagation 22 
 23 
1 Introduction 24 
 25 

In the last forty years, corrosion of steel embedded in concrete has become one of the most 26 
critical problems of the durability of reinforced concrete structures [1]. Based on a study from 27 
National Association of Corrosion Engineers (NACE), the estimated annual cost of repairing 28 
corrosion related damages is $276 billion in the United States [2]. One of the main causes for the 29 
corrosion of steel is the intrusion of chloride ions into concrete [3]. In chloride-induced corrosion, 30 
the chloride ions in the pore solution of the concrete can form electrolytes enable the onset of 31 
steel corrosion [4]. 32 

Steel casings used in the oil and gas industry are embedded in well cement in a borehole 33 
system. They are exposed to subsurface water with high chloride concentrations and are 34 
therefore vulnerable to corrosion damage. In this paper, the chloride-induced corrosion of steel 35 
casings used in underground borehole systems is the studied since it can degrade the service life 36 
of the system [5].     37 
1.1 Chloride Corrosion Mechanism 38 

There are three stages in the deterioration process of the corrosion of steel in cementitious 39 
materials due to the intrusion of chloride ions: the first one is the chloride penetration into 40 
concrete; the second is the rust formation and accumulation at the interface between the steel and 41 
concrete; and the third is crack development in the surrounding cementitious materials. Once the 42 
corrosion process has begun, it is irreversible. It is therefore important to characterize the 43 
penetration process of chloride into the surrounding cementitious materials. Since the volume of 44 
rust is much larger than the volume of the steel, there will be a pressure generated at the 45 
steel/cement paste interface, and the pressure will increase as the corrosion progresses. When the 46 
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pressure is beyond the tensile strength of the surrounding cementitious material, the cement paste 47 
cover will start to crack. 48 

The penetration period of chloride ions is the largest and most significant factor that needs to 49 
be considered for aboveground structures. Chloride ions penetrate through the surrounding 50 
concrete to the outer surface of the rebar. Once the concentration of chloride ions exceeds a 51 
critical value, the chloride ions will destroy the passive film on the surface of the steel, which is 52 
the steel’s final defense against corrosion. According to a previous study in Colorado, U.S., most 53 
this process usually takes 7-20 years in above ground reinforced concrete structures [6], 54 
depending on the quality of concrete and the service environment [7]. The rate of chloride 55 
penetration into the concrete mainly depends on the pore structure of the concrete. The pore 56 
structure of concrete is influenced by several factors, such as the type of cement used, aggregate 57 
properties, mixing procedure, curing procedure, and the age of the concrete. Mix design factors 58 
such as the water-to-cement ratio, mixing time, and additives also influence the pore structure [8]. 59 
From previous research, concrete cured at room temperature will hydrate better which means the 60 
diffusion coefficient of chloride into the concrete will be lower. Curing at high temperatures will 61 
generate an accelerated curing process, which can cause a more resistant concrete in the early 62 
stages. However, with the accelerated curing process, the concrete will not have enough time to 63 
hydrate, which causes an increase in porosity and results in a higher diffusion coefficient for 64 
chloride [9]. 65 

The steel casings used in the oil and gas industry are in a similar environment as embedded 66 
steel bars in reinforced concrete structures. The difference is that the steel casings are surrounded 67 
by well cement paste, while steel bars are surrounded by concrete cover. The average concrete 68 
cover for structures above ground is about two inches (five centimeters), similar to the thickness 69 
of the well cement paste surrounding a steel casing. The chloride-induced corrosion mechanisms 70 
for both cases are the same. For a borehole system, the chloride ions penetrate from the 71 
surrounding well cement to the embedded steel casing. Once the corrosion starts, the corrosion of 72 
steel will generate rust products at the interface between the steel and the surrounding well 73 
cement. For aboveground structures, all three stages of the chloride corrosion mechanism are 74 
important. For underground structures, the first stage is much shorter than that in aboveground 75 
structures because of the high moisture levels and high chloride concentrations in subsurface 76 
water which can generate a high rate of the production of rust from the steel pipe. Therefore, in 77 
this specific case, the chloride profile may not be the governing feature of the corrosion process. 78 
There are many models developed for the first stage already [10-12]. Based on the underground 79 
environment, this study’s focus is on the second and the third stage. The rust generation will be 80 
considered as the beginning of the corrosion damage process. 81 
1.2 The corrosion of steel casing in boreholes 82 

Figure 1 shows the side view and top view of a borehole system. The steel pipe is installed 83 
first, then the well cement is injected though the steel pipe and hardens around the outside of it. 84 
The corrosion of the steel will start from the outer surface of the steel pipe, and rust will be 85 
generated and deposit on the outer surface of the pipe. The volume expansion of the rust layer 86 
generates circumferential tensile stress, which can crack the well cement. At the same time, the 87 
thickness of the steel pipe is reduced due to the formation of rust. Therefore, the strength of the 88 
steel pipe and the well cement degrade due to the corrosion process [5]. 89 
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   90 
Figure 1. Well Borehole System (a) Side View (b) Top View (Cross Section) 91 

 92 
Once the rust production starts, it will first fill the interface transition zone (ITZ) which is 93 

between the steel and surrounding well cement and the space left from the corroded steel. This 94 
generates no pressure in on the cement. This stage depends highly on the corrosion rate and the 95 
porosity of the ITZ. After the ITZ and volume of corroded steel is filled, the rust will start to 96 
generate pressure on the interface, which will push the rust into the surrounding cementitious 97 
material. As rust production continues, the pressure at the inner surface of the cement will keep 98 
increasing [11]. Similarly, the tangential stress acting in the circumferential direction will also 99 
increase with the increase of pressure. After several months (or years) of rust accumulation, the 100 
tangential stress will eventually be higher than the tensile strength of the cementitious material. 101 
Therefore, the rust accumulation and the tensile strength of the cement will dictate when 102 
cracking initiates in the cement. The cracked material has a lower resistance to crack propagation 103 
than the intact well cement. Therefore, once the cement cracks the system will rapidly degrade. 104 
To simulate the crack propagation, fracture mechanics is applied. A flow chart of the 105 
deterioration process is shown in Figure 2. 106 
 107 

 108 
Figure 2. Procedure of Cement from Intact to Failure 109 

 110 
Generally, three phases can be described: the rust production period, the pressure build up 111 

period (or accumulate period), and the crack propagation period. These are shown in Equation 1. 112 
In literature, there are other phase-separated methods which have been provided by other 113 
authors, such as Tuutti, who only split the process into two phases: “initiation” and 114 
“propagation” [13-15].  115 �������� = ��	�
 + ��
��	
�
� + ������    (1) 116 
1.3 Motivation of Work 117 

The objective of this work is to use a chemo-mechanical coupled model to simulate and 118 
predict the performance of cementitious material underground surrounding steel casing in a 119 
borehole. The chloride ions come from subsurface water. The high porosity of oil well cement, 120 
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discovered to be approximately 40% in previous research [16], leads to a lower resistance to the 121 
penetration of rust in well cement than that of regular Portland cement concrete. The pressure, 122 
temperature, and moisture levels underground are all higher than those above ground. Therefore, 123 
the penetration rate of chloride is higher. For this study, therefore, we focus on the corrosion 124 
process since the duration of the chloride diffusion process is significantly shorter.  125 

Our literature review indicated that there is no existing model to predict the fracture 126 
properties of oil well cement underground due to the corrosion of steel. Most of the previous 127 
work was focused on structures under atmospheric conditions, especially for reinforced concrete 128 
structures above ground [6-11]. Therefore, a new model needs to be developed based on previous 129 
work with major modifications to take into account the underground conditions in well cement. 130 
 131 
2 Procedure of Modelling Work 132 
 133 
2.1 Rust Production Period 134 

Once the corrosion process of steel starts, it can be assumed that the chloride content, 135 
moisture, and oxygen will be at sufficient levels for the continuation of the corrosion process. 136 
The discontinuation of these influential factors will decrease the corrosion rate, but it is assumed 137 
the subsurface environment will provide a continuing supply. The mass of the steel loss during 138 
the corrosion process can be obtained by using Faraday’s law, shown in Equation 2. The rate of 139 
steel loss can then be determined by dividing Equation 2 with time, which is shown in Equation 140 
3. The depth of corrosion per unit area can then be calculated by dividing Equation 3 by the 141 
density of the steel, shown in Equation 4.  142 

�� = ��
�� ������    (2) 143 

� = ��

 = ��

�� �����    (3) 144 

� = ��
���� ������    (4) 145 

where �� is the atomic mass for steel, n is the equivalents exchanged, F is the Faraday’s 146 
constant, ����� is the annual mean corrosion density, t is the time, � is the rate of steel loss, �� 147 
is the density of steel, and d is the depth of corrosion per unit area. Table 1 shows the values of 148 
constants used in the calculation. A similar value of icorr has been used in the previous research 149 
[17-19]. 150 

 151 
 152 

Table 1 Corrosion Parameters. 153 

icorr (�A/$�%) n ��(g/mol) F (C/mol) ��(g/cm3) 
1 2 55.85 96500 7.87 

 154 
When the depth of corrosion into the steel has been obtained, the next step is to calculate the 155 

volume of corrosion product as a ring with an inner radius 7� of cement annulus. The equation 156 
is shown below: 157 8�	�
 = 9:(27�� − �%)    (5) 158 

where 9 is the volume ratio of the corrosion product to the corroded steel pipe. The value 159 
of 9 mainly depends on the chemical composition of the rust, which is shown in Table 2 [11]. 160 
 161 
 162 
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 163 
Table 2 Chemical Composition of Rust. 164 

Corrosion Product Volume Ratio 
FeO 1.7 

Fe3O4 2 

Fe2O3 2.1 

Fe(OH)2 3.6 
 165 
From the above equations, the total rust generation as a function of time can be obtained. 166 

However, not all the rust produced will cause increased pressure and permeate into the 167 
cementitious material. As discussed in the previous section, there is a porous zone between the 168 
steel pipe and surrounding cement matrix, named interface transition zone (ITZ) [20]. The 169 
corrosion product will first fill the space left by the corroded steel, and then move into the ITZ. 170 
The rust stored in these two places will not generate any pressure. Therefore, the volume of rust 171 
in the corroded steel and ITZ must be subtracted from the total volume of rust generated, 172 
Equation. 6. 173 8�HH = 8�	�
 − 8IJK − 8��    (6) 174 

where 8IJK is the volume of ITZ, 8�� is the volume of corroded steel, 8�HH is the volume 175 

of rust which can generate pressure and further permeate into the cement matrix. 176 

8�� = LMN�O
P     (7) 177 

8IJK = �IJKQR
��
    (8) 178 �IJK = ℎ�T�    (9) 179 
where ℎ� is the thickness of ITZ, T� is the porosity of ITZ, dITZ is the volume of the porous 180 

zone which can absorb the rust per unit area, Q�
��
 is the surface area of steel pipe.  181 

When the value of 8�HH is larger than zero, it means that the spaces left by the corroded 182 

steel and the ITZ pores have been filled with rust. Once these spaces are full, the rust will start 183 
penetrating the surrounding cement matrix. This diffusion process can be simulated using 184 
Darcy’s law, Equation 10. 185 UVMN�O

U
 = ∇(XMN�O
YMN�O ∇Z�	�
)    (10) 186 

where [�	�
 is the concentration of rust in pores, \�	�
 is the viscosity of rust, ]�	�
 is the 187 
rust diffusivity, and Z�	�
 is the pressure distribution based on the concentration of rust, which 188 
heavily rely on the degree of rust concentration.  189 

From the equations above, one can see that to solve this chemo-mechanical coupled 190 
diffusion equation, another equation to connect [�	�
 to Z�	�
 is necessary. Therefore, a simple 191 
linear state equation is provided below: 192 [�	�
 = ^Z�	�
    (11) 193 

where ^ is a state function, which can be determined by the process of penetration, [_ and 194 


̀  are the porosity and tensile strength of cement matrix. When all the porous media in the 195 
cement matrix are filled, [�	�
 = [_ . At the same time, Z�	�
 = 
̀ . Any additional rust 196 

generation causes a pressure build-up in the cement. The pressure generated from the rust may be 197 
larger than the tensile strength of the cement, causing cracking.  198 

So, one can conclude that: 199 

^ = Va
HO     (12) 200 
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Combining Equations 10 to 12, and the diffusion equation can then be revised as: 201 
UVMN�O

U
 = b(UcVMN�O
Uc� + d

�
UVMN�O

U� )    (13) 202 

where r is the radius of the surrounding cement. 203 

b = HOXMN�O
VaYMN�O    (14) 204 

 205 
Table 3 Parameters Used in the Diffusion Equation [11]. 206 

ft (Mpa) Cp (%) XMN�O
YMN�O  

3.3 40 0.00058 
 207 
The boundary condition (B.C.) and initial condition (I.C.) of this diffusion equation is shown 208 

in the equations below: 209 I. C.: [�	�
(k, 0) = 0    (15) 210 B. C.: [�	�
(7� , �) = ^Z��
(�)    (16) 211 B.C.: [�	�
(7n, �) = 0    (17) 212 
where 7� is the inner radius of the cement, which equals the radius of steel pipe, and 7� is 213 

the outer radius of the cement around the pipe. 214 
Initially, the concentration of rust in cement pores would be zero on the boundary. When the 215 

diffusion process begins, the concentration of rust at the interface between steel pipe and cement 216 
surrounding is found using Equation 16. The system can be treated as a thick-wall cylinder, 217 
where 7n is a point far away from the outer surface of the steel casing. The only unknown value 218 
is the Z��
(�), which is the pressure at the interface between steel casing and cement matrix. As 219 
there is no expression for Z��
(�), this can be figured out by using a numerical method, such as a 220 
finite difference method. In this paper, Euler-backward discretization on radial direction has been 221 
applied. The details are shown in the equations below: 222 

VopqrsVop
∆
 = b( d

�o
VoqrpqrsVourpqr

%∆� + Voqrpqrs%VopqrvVourpqr
∆�c )    (18) 223 

For j=1: [d�vd = ^Z��
(�)    (19) 224 

For j=2:J-1: −b z ∆

%�o∆� + ∆


∆�c{ [|vd�vd + }1 + %∆
�
∆�c ~ [|�vd + b z ∆


%�o∆� − ∆

∆�c{ [|sd�vd = [|�    (20) 225 

For j=J: [��vd = 0    (21) 226 

From Equation 18 to 21, the diffusion equation has been discretized in time by n, and in 227 
space by j. Then, it can be formed as a tridiagonal matrix and solved using the Thomas 228 
algorithm.  229 

The next step is to calculate the volume of rust penetrated in the cement matrix at each time 230 
step. This can be accomplished by integrating the concentration of rust product in the cement 231 
matrix over the total volume of the surrounding cement matrix: 232 

8�	�
�����
 = � 2:k[�	�
�k����     (22) 233 

It is important to note that the total volume of rust production is divided into several parts: 234 
the rust which has filled some of the cement pores, the rust stored in the ITZ, the rust stored in 235 
the space of the corroded steel, and the rust that will cause the expansion and further create the 236 
crack on the cement surrounding. The volume of the rust which causes the expansion of cement 237 
is denoted as ∆8�	�
, and it can be calculated with Equation 23. Finally, the radial expansion of 238 
the cement surrounding can be directly derived from Equation 24.  239 
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∆8�	�
 = 8�HH − 8�	�
�����
    (23) 240 

��� = �∆LMN�Ov���c� − 7�    (24) 241 

where ��� is the radial expansion due to the interface pressure at 7�.   242 

2.2 Pressure Build-up Period 243 
The total volume of the rust generated is much larger than the volume of the rust stored in 244 

the cement matrix. ∆8�	�
 generates interface pressure as shown in Figure 3. Therefore, this 245 
problem can be treated as a hollow thick wall cylinder problem with hydrostatic pressure at each 246 
time period. When the pressure level is low, the interface pressure will not generate any cracks 247 
on the surrounding cement. A linear elastic condition for the thick wall cylinder can hence be 248 
considered, and the relationship between radial expansion and the interface pressure can be 249 
developed. This problem can be solved by using the Timoshenko solution [21] for a thick-walled 250 
cylinder. First, the stresses in different directions on the hollow thick wall can be calculated 251 
using Equations 25 to 27. 252 

 253 

 254 
Figure 3. The Thick-Wall Problem for Simulating the Cement due to the Rust 255 

 256 

���(k) = ���c��cs��c
(1 − ��c

�c)    (25) 257 

���(k) = ���c��cs��c
(1 + ��c

�c)    (26) 258 

��� = 0    (27) 259 
where ���  is the stress in the radial direction, and ���  is the stress in the tangential 260 

direction. 261 
The next step is to build the connection between tangential stress and radial displacement at 262 7�, which is shown in Equation 28. Finally, after combining Equations 26 and 28, the linear 263 

elastic solution for calculating the interface pressure can be obtained from the product, Equation 264 
29. 265 

��� = ��
� ���(7�)    (28) 266 

Z��
 = �
��

��cs��c��cv��c
���     (29) 267 
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Based on the equations above, the interface pressure before crack formation in well cement 268 
can be calculated using linear elasticity. With the penetration of the rust, the interface pressure 269 
will continually increase until it reaches a critical value for the onset of cracks in well cement. 270 
2.3 Crack Propagation Period 271 

When the tangential stress generated by the pressure build-up at the inner radius is larger 272 
than the tensile strength of the surrounding cement, nonlinear fracture mechanics must be used to 273 
calculate the interface pressure. In previous research, several nonlinear fracture models have 274 
been developed, such as size effect law and the fictitious crack model [22-24]. In the last two 275 
decades, more similar nonlinear fracture models have also been developed [25-27]. In this work, 276 
the Fictitious Crack Model will be adopted for calculating the pressure change after interface 277 
cracks develop. 278 

The objective of using this model is first to build a relationship between the crack size and 279 
radial expansion, and further derive the pressure generated from the radial displacement. The 280 
fictitious crack model assumes that cracks will appear when the pressure is higher than the 281 
tensile strength of the cementitious material. With a continuous increase of the crack size, the 282 
tangential stress will decrease with time. When the crack size reaches a critical value, the stress 283 
will decrease to zero. Generally, the relationship between tangential stress and crack size needs 284 
to be obtained from experimental work. In this study, this relationship was simplified as a linear 285 
function as shown in Figure 4 [11]. From the figure below, one can see that when the tangential 286 
stress is equal to the tensile stress of the cement, there are no cracks. During the crack 287 
propagation process, when the critical crack size (wc) is reached, the tangential stress equals zero.  288 
Equation 30 describes this process. The area in the figure below the curve is the total energy 289 
absorbed during the full process of the fracture propagation, which can be calculated with 290 
Equation 31. Combining Equations 30 and 31, produces the expression of critical crack length 291 
that can be calculated in Equation 32. In addition, the fracture energy for the oil well cement may 292 
be tested by doing a three-point-bending test. 293 
 294 

 295 
Figure 4. The Relationship between Tangential Stress and Crack Size 296 

 297 

�(�) = 
̀(1 − �
��)    (30) 298 

�� = � �(�)����n     (31) 299 

�� = 2 ��
HO     (32) 300 

In the fictitious crack model, the surrounding cement after the crack formation can be 301 
divided into two parts: the linear elastic part (uncracked section) and the softening part (cracked 302 
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section). Both parts will provide resistance to cracking. The energy balance equation can be seen 303 
in Equation 33. 304 

2Z��
7� = 2Z��7�� + 2 � ���(k)�k��M��     (33) 305 

where Z�� is the resistance from the elastic part, 7�� is the critical radius that separates the 306 
elastic and softening parts, and the second part on the right-hand side is the resistance from the 307 
cracked section (integral part). 308 

In Equation 33, there is a constant ‘2’ on both sides of the equation. This is due to the 309 
symmetry of the stress field in consideration. When a cut is made in a horizontal direction on the 310 
wellbore hole, two cracks are assumed in opposing directions, which is shown in Figure 5. It 311 
should be mentioned that different numbers of cracks will not affect the form of Equation 33. 312 
The only change is to replace “2” by “n”. The value of Z�� can be calculated based on the elastic 313 
solution, in Equation 34. The critical radius will be calculated based on the radial displacement at 314 7� (Equation 35). 315 
 316 

 317 
Figure 5. Equilibrium of the stress relations due to the rust production 318 

 319 

Z�� = 
̀ (��cs��Mc )
(��cv��Mc )    (34) 320 

7�� = �
HO ���     (35) 321 

Then, the only unknown variable is tangential stress (���(k)). To formulate the tangential 322 
stress, first the tangential elongation will be considered. From Figure 5, the total tangential 323 
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elongation includes two parts: the elongation from elastic part and the width of the two cracks. 324 
Therefore, the elongation can be obtained using Equation 36. 325 �(k) = 2�(k) + (2:k − 2�(k))�
(k)    (36) 326 

where �
 is the tangential strain. 327 
Since the value of 2�(k)�
(k) is much smaller than the value of 2:k�
(k), it can be 328 

neglected from the calculation, which means Equation 36 can be simplified as in Equation 37. 329 �(k) = 2�(k) + 2:k�
(k)    (37) 330 
When the radius r reaches the critical radius 7��, the tangential stress of the cement would 331 

be equal to the tensile strength of the cement matrix. Therefore, the crack width at the critical 332 
radius 7�� equals zero. Poisson’s effect has been neglected. Using Equations 37 to 39, the 333 
equation of crack width can be derived. Finally, after combining Equations 40 and 32, the 334 
general expression of tangential stress due to the radius can be obtained in Equation 41. 335 �(7��) = 2:7�����    (38) 336 

��� = HO
��    (39) 337 

� = : �7�� HO
�� − k�
(k)� = :(7�� HO

�� − k �O(�)
�� )    (40) 338 

�
(k) = 
̀(%���s���MHOc
%���s��HOc )    (41) 339 

Combining the derived Equations 33-41, the expression of interface pressure Z��
 can be 340 
obtained: 341 

Z��
 = 
̀ ���cs��Mc �
���cv��Mc �

��M
�� + d

�� � 
̀ }%���s���MHOc
%���s��HOc ~ �k��M��     (42) 342 

This equation can be numerically solved: 343 

Z��
 = 
̀ ���cs��Mc �
���cv��Mc �

��M
�� + (���MHOcs%���)

���HO ln (%���s���MHOc%���s���HOc )    (43) 344 

Equation 43 calculates the interface pressure after a crack appears. One thing to note is that 345 
during the crack propagation, the chemical-mechanical coupling phenomenon still exists. The 346 
diffusion in Equation 14 always needs to be considered both in the uncracked step and in the 347 
cracking step. One can determine the interface pressure change by using theoretical analysis [28, 348 
29]. 349 

 350 
3 Numerical Procedure 351 
 352 

Since all the equations needed for the numerical procedure have been provided above, a 353 
brief discussion of the results will be provided. One thing to notice is that the inner side of the 354 
boundary condition varies with time, which means the assumed pressure in the boundary 355 
condition must be equal to the pressure calculated based on the theoretical analysis. Therefore, a 356 
finite difference method is introduced to solve this chemo-mechanical coupled problem. 357 
 The first step is to input all the corrosion product’s parameters, such as the Young’s modulus 358 
of the cementitious material, the annual mean corrosion density, and the size of the steel pipe and 359 
cement surroundings, etc. When all the parameters have been entered, the timestep needed for 360 
iteration will be determined. In this case, the simulation time is fixed at 0.01 years. The next step 361 
is to use the equations above to calculate the depth of corrosion in the steel pipe and iteratively 362 
calculate the ITZ pressure when the pores in the ITZ and corroded steel are filled with rust. After 363 
that, interface pressure will start to be generated. An assumed interface pressure is used to solve 364 
the diffusion equation. The rust distribution is obtained after the calculation. Based on the rust 365 
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distribution from the diffusion equation, one can obtain the volume expansion of the corrosion 366 
product and the radial displacement of the structure. Then, one calculates the interface pressure 367 
from the stress in the cement by using either the linear elastic method or nonlinear fracture 368 
mechanics which are determined by the stress in the cement surroundings. The last step is to 369 
make a comparison of the computed interface pressure with the assumed interface pressure. If 370 

there is a difference larger than the tolerance set, which equals 1 × 10s� MPa, the calculation is 371 
re-run until the convergence is within the tolerance zone. 372 

 373 
4 Model Validation Using Concrete 374 
 375 

The results from the theoretical and numerical models need to be validated. The model 376 
prediction results are highly dependent on the input material parameters. With different 377 
parameters, such as the radius of the steel pipe, or the annual corrosion density, the crack 378 
propagation times are different. Based on previous research, some experimental results from a 379 
corrosion test of concrete can be used here for validation [30]. The experimental results are 380 
shown in Table 4.  381 
 382 

Table 4 Adjusted Model Compared with the Experimental Study on First Cracking. 383 

Case Ri (mm) Ro (mm) E (Mpa) ft (Mpa) icorr (�A/$�%) TEx TModel 

1 8 34.88 27000 3.3 3.75 0.72 0.67 

2 8 56 27000 3.3 2.41 1.84 1.84 

3 8 78.3 27000 3.3 1.79 3.54 3.54 

 384 
where TEx is the time to first cracking, and TModel is the time to the first crack predicted in the 385 

modelling work.  386 
According to the test results and comparisons shown in Table 4, one can conclude that only 387 

the time to the first crack can be used to compare with the modelling work, which is the 388 
simulation results obtained from Section 2.1 and 2.2. The results from the model and the actual 389 
time to the first crack shown in Table 4 are close to the results from the experimental work, 390 
especially for case 2 and 3, which have large size of the concrete. The comparison is directly 391 
indicative of the effectiveness of the model.  392 

Simulation of interface pressure and concentration of rust is shown in Figures 6 to 8. From 393 
part (a) of these figures, one can see that the interface pressure would increase with time before 394 
arriving at the peak value. The complete cracking time depends on the size of cement 395 
surrounding and the annual corrosion density. After the interface pressure passes the peak value, 396 
it drops rapidly to zero, which means the structure would crack quickly after reaching the peak 397 
load. From part (b) of these figures, the radial displacement, similarly, would increase with the 398 
increase of interface pressure before reaching the peak interface pressure. After reaching the peak 399 
pressure, the radial displacement would continuously increase with a lower rate. In part (c) of 400 
these figures, one can see that the concentration of rust is low compared with general chloride 401 
concentration [31]. The concentration of rust is influenced only by the diffusion coefficient of 402 
rust, “k” in Equation 14. In conclusion, although the entire process cannot be validated from the 403 
previous experimental study, the simulation of the behavior before cracking can be validated. 404 
 405 
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 406 
                   (a)                                    (b) 407 

 408 
(c) 409 

Figure 6. Modelling Results for Case 1 (a) Interface Pressure vs. Time (b) Interface 410 
Pressure vs. Radial Expansion of Concrete (c) Concentration of Rust along the Radius of 411 

Concrete 412 
  413 

 414 
                   (a)                                     (b) 415 
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 416 
(c) 417 

Figure 7. Modelling Results for Case 2 (a) Interface Pressure vs. Time (b) Interface 418 
Pressure vs. Radial Expansion of Concrete (c) Concentration of Rust along the Radius 419 

of Concrete 420 

 421 
                   (a)                                    (b) 422 

 423 
(c) 424 

Figure 8. Modelling Results for Case 3 (a) Interface Pressure vs. Time (b) Interface Pressure vs. 425 
Radial Expansion of Concrete (c) Concentration of Rust along the Radius of Concrete 426 

 427 
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5 Influence Factors of the Modelling 428 
 429 

The chemo-mechanical coupled model has been tested and partially validated. From the 430 
results, one can conclude that varies parameters affect the crack formation process. Here we 431 
conduct a parametric study of thickness of the cement surrounding, corrosion current density, 432 
volume ratios of the corrosion product, tensile strength of the cement, and the elastic moduli 433 
using this model. 434 

At first, the influence of the thickness of cement sheath is considered. To study this effect 435 
for different thicknesses, the inner radius of the cement was fixed at 8 mm and the outer radius at 436 
34.88 mm, 56 mm, and 78.30 mm. The results are shown in Figure 9 below. 437 
 438 

 439 
                   (a)                                    (b)  440 

 441 
                   (c)                                     (d)  442 
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 443 
(e) 444 

Figure 9. Simulation Results from Different Influence Factors (a) Thickness of the Cement 445 
Surrounding (b) Corrosion Current Density (c) Volume Ratios of the Corrosion Product (d) 446 

Tensile Strengths of the Cement (e) Elastic Moduli 447 
 448 

From the Figure 9(a), it can be seen that with the increase of thickness of the cement 449 
surrounding, both the time of cracking would occur earlier, and accumulation of interface 450 
pressure would be increased, which means the thicker cement surrounding would have a longer 451 
lifetime.  452 

The next parameter that was considered is the corrosion current density. From literature, one 453 
can see that this parameter is not a constant. It is mainly affected by the chemical composition of 454 
the metal [32]. From the result shown in Figure 9(b), it can be concluded that the different 455 
corrosion current densities had a large effect on the lifetime of the surrounding cement. When the 456 
value of the corrosion current density is lower, the lifetime of cement is longer. The corrosion 457 
current density did not have any influence on the peak value of the interface pressure. 458 

The next influence factor considered here is the volume ratio of the corrosion product, which 459 
is shown in Table 2. Different volume ratios of the corrosion product are compared in Figure 460 
9(c). From the figure, it can be concluded that with the increase of the volume ratio of the 461 
corrosion product, the lifetime of cement surrounding is shorter (FeO > Fe3O4 > Fe2O3 > 462 
Fe(OH)2). Similarly, the volume ratio of corrosion product does not affect the peak value of 463 
interface pressure. 464 

Two other influence factors are the tensile strength and elastic modulus of the cement, which 465 
can be discussed together since they are both the material parameters for the surrounding cement. 466 
The influence of tensile strength of cement is complicated. When the tensile strength increases 467 
from 1.8 to 2.8 MPa, both the time to crack and the interface pressure increase. However, when 468 
the tensile strength continues increasing up to 3.3 MPa, the cracking time is even shorter 469 
compared to a tensile strength of 2.8 MPa. Therefore, it can be concluded that there should be a 470 
critical value of tensile strength which can effectively extend the lifetime of cement surrounding. 471 
In addition, from Figure 9(e), the difference among elastic modulus shows a clear trend that with 472 
the increase of the elastic moduli, both peak value of interface pressure and the lifetime of the 473 
cement surrounding would increase. 474 
 475 
6 Application of Model to Well Cement 476 
 477 
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To apply the model to a well environment, Class G cement properties are determined 478 
experimentally, and realistic dimensions are introduced. 479 

A borehole system was applied in the model with inner radius of 51 mm and an outer radius 480 
of 151 mm. The thickness of the steel pipe is 38 mm. For the model, the material parameters 481 
needed are fracture energy, tensile strength, elastic modulus, and the porosity of the cement. 482 
These three parameters are determined experimentally. Class G cement samples are cast 483 
following the API 10A standard. 484 

The elastic modulus of the Class G cement can be derived from a compression test [33]. 485 
Then, the elastic modulus can be calculated with Equation 44 assuming the ascending part of the 486 
stress-strain curve is linear. 487 

� = H�
�     (44) 488 

where E is the elastic modulus of the well cement, fc is the compressive strength of the Class 489 
G cement, and � is the strain corresponding to fc. 490 

The fracture energy can be derived from the fracture test. The three-point bending test of the 491 
notched cement beam is in accordance with the ASTM Standards [34]. According to the data 492 
obtained from the test and the calculation method from the ASTM standard, the fracture 493 

toughness KIC equals 0.88 (��� ∙ �n.�). After that, the fracture energy can be derived from the 494 
fracture strength found in Equation 45. 495 

�� =  ¡¢c
�     (45) 496 

where KIC is the fracture strength, and Gc is the fracture energy of the well cement. 497 
The tensile strength of the well cement can be measured by the splitting tension test [35]. 498 

Cylinder samples were prepared and cured for 28 days. The porosity of the well cement can be 499 
measured using the method determined by ASTM C830 [36]. The porosity of well cement can be 500 
calculated using Equation 46. 501 

Z£k£¤��¥ =
¦§§¨u¦©¨ª«¬O­ML�¬®a¯­     (46) 502 

where WSSD is the weight of sample under saturated surface dry condition, WOD is the weight 503 
of sample under oven dry condition, Vsample is the volume of sample, and ρwater is the density of 504 
water. 505 

All parameters for the well cement are listed in Table 5. The values for normal concrete are 506 
also included as comparison. One can see that for the same porosity, well cement has a lower 507 
tensile strength and elastic modulus, and higher fracture energy. Using these parameters, the 508 
theoretical modelling work was applied to the oil well cement. The prediction results are shown 509 
in Figures 10 to 14. 510 

 511 
Table 5 Comparison of the Changed Parameters. 512 

Fracture Energy 
(N/mm) 

Elastic Modulus 
(MPa) 

Tensile Strength 
(MPa) Porosity (%) 

Well Cement 0.0863 8968.5 2.38 40 

Concrete 0.02 27000 3.3 40 
 513 
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 514 
Figure 10. Interface Pressure vs. Radial Displacement 515 

 516 

 517 
Figure 11. Interface Pressure vs. Time 518 

 519 
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 520 
Figure 12. Concentration of Rust before Completely Crack (17.98 years) 521 

 522 

 523 
Figure 13. Steel Pipe Radius vs. Time 524 

 525 
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 526 
Figure 14. Volume Change for Rust and Steel Pipe 527 

 528 
From Figure 10, one can see that with the increase of interface pressure, the radial 529 

displacement also increases. This is due to the formation of the large amount of rust, which 530 
results in increased radial displacement.  The curve can be divided into three parts. The first 531 
part is the linear elastic part. During this part, there are no cracks in the cement. The interface 532 
pressure is totally resisted by the cement surroundings which behaves linearly. The beginning of 533 
the second stage is the top point shown in Figure 10, which shows a slope change. This point is 534 
the starting point of the nonlinear elastic part. During this period, the crack starts to form and 535 
propagate. The slope of the curve in the second portion gradually decreases until it reaches a 536 
peak, which is the starting point of the third section. After the peak point, the interface pressure 537 
starts to decrease, and rapidly approaches zero, indicating that the crack propagation period is 538 
quick, and the resistance is weak.  A similar trend appeared with interface pressure vs. time, 539 
shown in Figure 11. Figure 12 shows the concentration of rust. As discussed above, the diffusion 540 
coefficient “k” is relatively low, which makes it hard for the rust to penetrate. 541 

Figure 13 and Figure 14 describe the volume change of steel due to the rust formation. The 542 
volume of steel decreased linearly due to the linear corrosion rate used in the model. However, 543 
the net volume increased due to the generated rust. This is because the volume of rust is larger 544 
than the original volume of the steel. It is the reason why the rust formation results in interface 545 
pressure. As mentioned in Section 2.1, not all the rust directly contributes to the interface 546 
pressure causing cracking of well cement. Part of the rust production will first fill the space left 547 
by the corroded steel, fill the interface transition zone (ITZ) between the steel casing and the 548 
surrounding well cement, and fill some pores in the well cement. The excess rust will produce 549 
the interface pressure.  550 

 551 
Table 6 Timeline of Cracking. 552 

Condition Time (years) 

Crack Initiation 8.12 

Peak Pressure 14.09 
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Completely Fracture 17.98 
 553 
Table 6 shows the prediction of cracking by the model prediction under one set of input data. 554 

Compared to previous cases, a larger borehole system would not greatly affect the lifetime of the 555 
cement surrounding. The material parameters are the main influence factors to be considered. 556 
Since mechanical properties of Class G cement differ from normal concrete, the time to crack 557 
completely is shorter. However, because of its prominent fluidity, it can be used to replace 558 
concrete in the field. 559 

 560 
7 Conclusions 561 
 562 

The potential lifespan of well cement surrounding the steel casing in the borehole system 563 
underground has been simulated by using a chemo-mechanical coupled model. This paper 564 
mainly focuses on the impact of steel corrosion on well cement. The rate of rust production was 565 
predicted and the effect of the generated pressure by the rust on the interface of steel pipe and 566 
surrounding well cement was calculated. The penetration of rust into surrounding well cement 567 
was captured by using Darcy’s law. When the interface pressure is larger than the tensile strength 568 
of the cement, the well cement cracks. From crack initiation in the well cement to a complete 569 
fracture of the surrounding well cement, the process was predicted with the Fictitious Crack 570 
Model. Additionally, several important points are concluded below: 571 

(1) The time to the first cracking of well cement can be effectively predicted using the model 572 
calibrated based on previous experimental work. 573 

(2) The modelling results are highly dependent on input parameters, especially the material 574 
parameters of well cement and steel pipe, and the size of the borehole system. 575 

(3) The material properties of Class G cement were experimentally obtained and used in the 576 
model.  577 

(4) The diffusion coefficient of rust was assumed as a small value, and thus, the diffusion 578 
level of rust is low.  Further experimental study is needed to verify the diffusion coefficient of 579 
rust in well cement.  580 

(5) This chemo-mechanical coupled model can successfully predict the general trend of rust 581 
formation, generation of interface pressure, and the cracking mechanism for a steel casing 582 
surrounded by well cement in an underground borehole system. 583 
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