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Abstract. In the context of Carbon Capture Storage (CCS) in abandoned hydrocarbon 

reservoirs, a preliminary study of the effects of pore pressure evolution on the integrity 

of oil-well cement seals is performed. A 2D cross-section of the sealed oil-well system 

(caprock-external cement sheath-steel casing-cement plug) is analysed along its service-

life (injection/production activities and abandonment) using the Finite Element Method 

with zero-thickness interface elements to represent potential cracks. In particular, these 

elements are pre-inserted in the analysis in between the contacts of caprock-external 

cement sheath, external cement sheath-casing and casing-cement plug. The results 

presented show that, depending on the initial state and range of pressure evolution, the 

different interfaces considered may open or close in a non-trivial manner during the 

pressure return process. This seems to indicate the importance of considering carefully 

the pressure return process and subsequent effective stresses evolution in abandoned 

reservoirs recycled to CCS, in order to avoid that new cracks in well cement seals may 

lead to potential CO2 leakage in the storage site. 

1 INTRODUCTION 

In Carbon Capture Storage (CCS) sites, an important element of risk to be 

considered is the integrity of the cement seals of the abandoned wells in the reservoir [1]. 

Well abandonment is the final stage of oil and gas wells lifecycle of construction, 

production and abandonment. The barrier system of abandoned wellbore mainly includes 

the cement sheath between the formation and the casing, and the cement plug in the 

casing. The main goal of abandonment procedure once the life of a well is completed is 

to maintain wellbore integrity for a long time to restore the natural integrity of the 

formation which have been crossed by the hole. In the case that the site has been 

reconverted to CCS, this is even more essential in order to prevent CO2 leaks from the 

storage site. It is important to note that the stress state of the well cement seal can be 

affected by the long term changes in pore pressures that take place after the oil 

exploitation activities have stopped [2]. For example, slow pressure return around 

extraction wells (where the pore pressure had been subjected to a sustained reduction 

during long extraction periods) may cause a progressive increase of the effective stresses 

acting on the cement casing and plug, while the opposite can happen at injection wells. 
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In addition, these effects may be partially modified by the overall structural response due 

to the volume changes induced by the effective stress changes [3].  

In this paper, a preliminary study of the effects of such stress changes on the 

potential integrity of a 2D cross-section of the sealed oil well system (caprock-external 

cement sheath-steel casing-cement plug) during its service-life (injection/production 

activities and abandonment) is presented. The study has been performed by means of 

Finite Element Method (FEM), including zero-thickness interface elements to represent 

potential cracks. These elements are pre-inserted in between the contacts of caprock-

external cement sheath, external cement sheath-casing and casing-cement plug. In a first 

analysis, the interface elements are equipped with an elasto-plastic constitutive law that 

accounts for the softening of the material strength parameters due to the fracturing 

mechanical work. This law has been proved to accurately reproduce observed fracture 

propagation behaviour of quasi-brittle cement-based materials [4,5]. However, this law 

does not represent realistically the closure behaviour of existing fractures, which turn out 

to be a key factor in the analysis. For this reason, a second analysis is presented using a 

modified version of another interface constitutive model under development, which 

accounts for the reduction of the fracture normal stiffness using a damage formulation. 

2 CONSTITUTIVE LAWS FOR ZERO-THICKNESS INTERFACE ELEMENTS 

2.1 Elasto-plastic interface constitutive model 

The existing fracture-based interface constitutive law is based on the theory of 

elasto-plasticity and it incorporates concepts of fracture mechanics and fracture energy. 

Its behaviour is formulated in terms of the normal and tangential stress components along 

the mid-plane of the interface elements, 𝝈 = [𝜎𝑁 , 𝜎𝑇]𝑡, and the conjugate relative 

displacements 𝒓 = [𝑟𝑁 , 𝑟𝑇]𝑡 ( t = transposed). The interface fracture model is based on a 

hyperbolic cracking surface [4], Fig.1a. The corresponding yield (cracking) function 𝐹 is 

defined in terms of normal and shear stresses and three geometric parameters: the uniaxial 

tensile strength (𝜒), the apparent cohesion (𝑐) and internal friction angle (𝑡𝑎𝑛𝜙). The 

algebraic expression of 𝐹 is [4]: 

𝐹(𝝈) =  − (𝑐 − 𝜎𝑁𝑡𝑎𝑛𝜙) + √𝜎𝑇
2 + (𝑐 − 𝜒𝑡𝑎𝑛𝜙)2 = 0 (1) 
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Figure 1: Interface model: (a) cracking surface and potential surface; (b) fundamental modes of fracture; 

(c) evolution of cracking surface; (d) softening laws for 𝜒, 𝑎 and 𝑡𝑎𝑛𝜙. Adapted from [4, 6]. 
  

 The hardening/softening laws (evolution laws of the parameters of the fracture 

surface: 𝜒, 𝑎 and 𝑡𝑎𝑛𝜙) are formulated in terms of a single history variable, 𝑊𝑐𝑟, defined 

as the energy spent in fracture processes. The variable 𝑎 is the horizontal distance between 

the vertex of the updated hyperbola and its asymptotes. These laws, represented in Fig.1 

(d), include as parameters the classical fracture energy in Mode I, 𝐺𝑓
𝐼 (pure tension) and 

a second mode of fracture, Mode IIa, defined as fracture under shear and high 

compression without dilatancy, with corresponding energy parameter 𝐺𝑓
𝐼𝐼𝑎 (Fig.1 (b)). 

The history variable evolution is defined incrementally as: 

𝑑𝑊𝑐𝑟 =  {      

𝜎𝑁𝑑𝑟𝑁
𝑐𝑟 + 𝜎𝑇𝑑𝑟𝑇

𝑐𝑟     𝑖𝑓 𝜎𝑁 ≥ 0 (𝑡𝑒𝑛𝑠𝑖𝑜𝑛)

 𝜎𝑇𝑑𝑟𝑇
𝑐𝑟 (1 − |

𝜎𝑁𝑡𝑎𝑛𝜙

𝜎𝑇
|)     𝑖𝑓 𝜎𝑁 < 0 (𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛)    

 (2) 

 

These expressions imply that, in tension, all work dissipated in the crack goes into 

the fracture process, while, in compression, the contribution to 𝑊𝑐𝑟comes only from the 

shear work by subtracting the basic friction [4]. Note that, with the definitions above, the 

evolution of the cracking surface is as depicted in Fig.1c: from configuration “0” with 

initial tensile strength 𝜒0 and asymptotic cohesion 𝑐0, as the history variable reaches 

𝑊𝑐𝑟 = 𝐺𝑓
𝐼 the surface moves to configuration “1” with zero tensile strength, and as it 
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approaches 𝑊𝑐𝑟 = 𝐺𝑓
𝐼𝐼𝑎 the surface moves toward configuration “2” which correspond to 

a pair of straight lines of residual friction and no cohesion. 

This elasto-plastic law is capable of representing most of the features of 

developing cracks under most loading scenarios [4]; however, it exhibits a limitation 

when simulating the behaviour of fractures under load-unload-reload cycles because 

unloading takes place with elastic stiffness, therefore potentially leading to premature 

unrealistic compression. This limitation may be avoided by using an alternative damage-

frictional constitutive law with secant unloading which briefly outlined below. 

2.2 Damage model 

This model, which is currently under development in the MECMAT group at UPC 

[7], combines, a cohesive behaviour based on scalar damage theory, with basic frictional 

behaviour.   

Scalar damage model 

The elastic degradation of the stiffness matrix depends on the evolution of a single 

scalar damage variable 𝐿, according to the following expression :   

𝐊𝑠𝑒𝑐 = 𝑒−𝐿𝐊 (3) 

 

in which the initial elastic stiffness matrix 𝐊 is a diagonal matrix with coefficients 𝐾𝑁 and 

𝐾𝑇 in the normal and tangential direction respectively, and 𝐊𝑠𝑒𝑐 is the secant stiffness 

matrix. 𝐿 is the logarithmic damage variable (internal variable) that leads to the evolution 

of the accumulated damage in the interface element, through the following expression: 

𝐷 = 1 − 𝑒−𝐿 (4) 

 

where 𝐷 is the damage parameter, ranging between zero, for intact zone, and one for a 

completely damaged zone.  

 The fracture surface is the same as in the elasto-plastic law (Eq.(1)) but evolution 

laws of the surface parameters (𝜒, 𝑐 and 𝑡𝑎𝑛𝜙) are modified. With the new evolution 

laws the initial cracking surface simply moves horizontally as a function of the damage 

parameter (𝐷), reaching the final state of the hyperbola with vertex at the origin when 

𝐷 = 1 and the tensile strength is exhausted. 

Frictional behaviour 

A formulation based on the one proposed by [8] has been adopted considering that 

there is no degradation of the asperities (dilatancy is kept constant). The details of this 

formulation can be found in [7, 8], although this aspect of the formulation does not play 

a role in the present study.  

2.3 Comparison of the constitutive laws 

 In order to illustrate the main differences in the behaviour of the elasto-plastic law 

and the damage-frictional law, a pure tension test with different load-unload-reload cycles 

is simulated. A single zero-thickness interface element is considered, with the following 

constitutive parameters: 𝐾𝑁 = 𝐾𝑇 = 1000 MPa/mm; 𝜒0 = 3 MPa; 𝐺𝑓
𝐼 = 0.03 N/mm and 
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𝐺𝑓
𝐼𝐼𝑎 = 10𝐺𝑓

𝐼. The unload-reload cycles are imposed at different points on the softening 

branch. Figure 2 shows the constitutive response of both laws. For the elasto-plastic law, 

the successive unload-reload cycles occur according to the initial elastic stiffness (Fig.2 

(a)). In contrast, for the damage-frictional law, the successive unload-reload cycles occur 

according to secant stiffness, leading to a more realistic unloading. Note that, in the 

compression zone there is in any case a restitution of the initial stiffness (Fig.2 (b)). 

 
 

(a) Elasto-plastic law 

 

 
 

(b) Damage-frictional law 

Figure 2: Pure tension test with load-unload-reload cycles. Normal stress versus normal relative 

displacement: (a) elato-plastic law and (b) damage-frictional law.  
  

3 STRESS EVOLUTION AT THE MATERIAL INTERFACES OF A SEALED 

OILWELL  
 

Conditions in a long-term reservoir show changes in pore pressure during 

injection/production activities and subsequent abandonment [2, 3]. The stress state of the 

well cement seal can be affected by the long term changes in pore pressures during its 

service life. Stress evolution can create cracks, especially at the contacts between caprock 

and cement sheath, between cement sheath and casing, and between casing and cement 

plug, and these cracks could eventually lead to CO2 leakage in context of Carbon Capture 

and Storage. 

The main objective of this study is to evaluate if, from a purely mechanical 

viewpoint, the expected stress changes may led to the opening and development of such 

cracks. 

 

3.1 Model geometry and parameters 
 

The geometry considered consists of a horizontal cross-section of the well system 

at the bottom level of the caprock. As shown in Fig.3 (left), three concentric circles 

configure the sealed oilwell system; starting from the centre these include: cement plug, 

steel casing, cement sheath and caprock. Due to the circular symmetry of geometry and 

loads, the analysis is run on one quarter of the well cross-section. 

The analysis takes into account the construction sequence of the different 

components of the oilwell system, as illustrated in Fig.3 (right). Phase 1, when the well 

has not been perforated yet, corresponds to the caprock initial state. Phase 2, the well has 

been perforated but no casing has been installed yet. Phase 3, the cement sheath and steel 
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casing are installed. Finally, Phase 4, corresponds to the abandonment of the reservoir, 

when a cement plug has been placed to seal the well.  

 

 

 
 

Figure 3: General geometry of the oilwell system (left image), and different phases in the construction 

sequence (right image). 
  

 For the FE analysis, the above geometry has been meshed with 751 quadratic 

triangular elements for the continuum medium. Along the contacts between different 

materials, 45 zero-thickness interface elements have been inserted to represent potential 

cracks (Fig.4). Continuum elements are assumed linear elastic (Table 1). Interface 

elements are equipped with the constitutive laws presented in Section 2, with the 

following parameters: 𝐾𝑁 = 𝐾𝑇 = 10000 MPa/mm; 𝜒0 = 1.2 MPa; 𝑐0 = 2.5 MPa; 

𝑡𝑎𝑛𝜙 = 0.8; 𝐺𝑓
𝐼 = 0.03 N/mm; 𝐺𝑓

𝐼𝐼𝑎 = 10𝐺𝑓
𝐼. 

Table 1: Material properties of continuum 
Material Young Modulus [MPa] Poisson’s coefficient [-] 

Caprock 20000 0.17 

Cement 15000 0.20 

Casing 210000 0.26 
 

 

 
Figure 4: Geometry sketch and dimensions of the domain considered for the FE analysis, with detail of 

mesh used in the well area (different colours are used for the interface elements along the contacts 

between the different materials).  
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3.2 Boundary conditions 

Given the purely mechanical nature of the model, the stress changes due to the 

variation of pore pressure in the reservoir will be simulated by means of changes in the 

values of the effective stresses applied as loads on the outer circular boundary. The 

boundary conditions are applied at each of the four stages of the construction sequence 

of Fig.5, are the following:  

- Stage 1 (initial condition): corresponds to Phase 1 (Fig.5, right (a)), in which a 

uniform distributed load of 48 MPa is applied. 

- Stage 2: corresponds to Phase 2 (Fig.5, right (b)), in which the distributed load is 

maintained (while, although not explicit in the figure, excavation of the inner hole 

implies the release of those stresses along the inner circular boundary). 

- Stage 3 (injection activity): corresponds to Phase 3 (Fig.5, right (c)), in which 

once the casing and sheath cement have been placed, the load is linearly varied 

until the end of the stage by decreasing its value from 48 to 41 MPa (as a first 

simplified assumption, it is estimated that with the injection activity pore 

pressures around the well increase by 7MPa, and effective stress decrease by the 

same magnitude, without any structural redistribution effects). 

- Stage 4 (abandonment): corresponds to Phase 4 (Fig.5, right (d)), in which once 

the cement plug has been placed, the load is linearly increased again by the same 

value of 7MPa, therefore returning effective stresses to the initial caprock 

conditions. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Time evolution of the external load (effective stresses) applied over the outer circular domain 

boundary (left diagram), an corresponding boundary conditions applied during the different construction 

stages of the analysis (right). 
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3.3 Results obtained with the elasto-plastic law 

The diagram in Figure 6 (a) represents the time evolution of the normal stress 

obtained for each interface between continuum materials: caprock-cement joint (red line), 

cement-casing joint (green line) and casing-plug joint (blue line), during the stages 

considered. It can be appreciated that from stage 3, when the distributed load applied is 

linearly decreasing, due to the elevated reservoir pressures during injection activity, 

tensile stresses develop and cracks open along the caprock-cement interface (red) and the 

cement-casing interface (green). At the beginning of stage 4, however, this tendency is 

reversed and all interfaces (including the casing-plug interface that is incorporated only 

at this stage, in blue) change to compression. 

 

 

 

Figure 6: Results obtained with elasto-plastic law: (a) time evolution during the stages 3 and 4, of the 

normal stress obtained along the caprock-cement interface (red line), the cement-casing interface (green 

line) and the casing-plug interface (blue line), and (b) evolution of the stress-deformation state of the 

caprock-cement interface (red line) and cement-casing interface (green line). 

 

To better understand the curves of Fig.6 (a), it is useful to represent the evolution of 

the various interface stresses on the corresponding constitutive diagram (normal stress-

relative displacement diagram of Fig.6 (b)). There, it can be seen that stresses along the 

caprock-cement interface (red line) and cement-casing interface (green line) start 

evolving similarly, but the green line reaches the maximum strength slightly earlier, at 

Point 2. Then, the cement-casing interface already descends along the softening branch, 

while the caprock-cement interface is still in elastic state until it reaches the peak at Point 

3. After that, tensile stress is reduced in both interfaces, but while the caprock-cement 

interface follows the softening branch until the end of the stage 3 (Point 5), the cement-

casing interface unloads elastically until Point 4 when it goes into compressive values. 

From the stage 4 once injection stopped and pore pressure returning (Points 5 to 6) both 

interfaces goes into compression state. As it will be seen in the next section, the elastic 

unloading causes premature compressions and may be unrealistic. 

 

3.4 Results obtained with the damage-frictional law 

 Figure 7 includes the results obtained with the damage-based interface law with 

secant unloading. The points marked in the diagrams designate the similar stages as in 

Fig.6. It can be seen that up to Point 3 the behaviour of both joints remains the same as 

the previous case with an elasto-plastic law. However, from this point, the evolution of 
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the cement-casing interface (green line) remains in the tensile zone during stage 3, and in 

stage 4 the stresses of the caprock-cement and cement-casing interfaces both vanish 

uniformly while the casing-plug interface never reaches cracking (Fig. 7 (a)). The 

caprock-cement interface has the same behaviour as in the previous case until Point 5 

(end of stage 3), but the cement-casing interface enters into a secant unload state (towards 

the origin) until Point 5, leading to real unloading. Finally, once injection stopped until 

the end of the stage 4 where the initial condition is recovered, a secant unload is produced 

in both interfaces until the total closure of cracks, therefore not now developing any 

compression states of the two interfaces, which is a major difference to the results of the 

previous section using the elasto-plastic constitutive law.  

 

 

Figure 7: Results obtained with damage law: (a) time evolution during the stages 3 and 4, of the normal 

stress obtained along the caprock-cement interface (red line), the cement-casing interface (green line) 

and the casing-plug interface (blue line), and (b) evolution of the stress-deformation state of the caprock-

cement interface (red line) and cement-casing interface (green line). 

 

4  CONCLUDING REMARKS 

- A preliminary study of the stresses evolution at the material interface of an oilwell 

casing and plug along its service life has been performed. 

- In injection oilwells, the increase of pore pressure generates a decrease in effective 

stresses which, after stopping injections and sealing the oilwell, slowly recovers 

its initial conditions. This situation generates that, during the exploitation activity, 

the caprock-cement interface and cement-casing interface enter a state of cracking 

that, in their interaction, gives rise to the unload of the cement-casing interface 

while the caprock-cement interface remains in softening area. Regarding the 

pressure return phase, the trend is the opposite, that is, a decrease in pressure and 

an increase in effective stress, which tends to close the cracks opened in the 

previous stage. 

- The interface elasto-plastic constitutive law cannot represent realistically the 

complete or partial closure of the cracks, the unloading occurs according to the 

magnitude of the elastic stiffness, leading to unrealistic compression. 

- The interface damage-frictional law can represent more realistically the complete 

or partial closure of the cracks, the unloading occurs according to the lower 

magnitude of the (secant) stiffness, leading to more realistic unloading. 
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- In the analysis carried out, constant total stress conditions have been assumed, 

which in general may not occur. Lower or higher stresses caused by the opposite 

changes in the pore pressures may lead to expansion or contraction of the 

reservoir, thereby reducing or increasing stresses in the overlying caprock and 

possibly changing the local vertical stresses due to the arching effects. These 

structural effects have not been taken into account in this study. 
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