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A B S T R A C T   

Carbon capture and sequestration (CCS) method is the only viable method for reducing massive amount of carbon dioxide (CO2) from the atmosphere to prevent the 
subsequent environmental and health threats. However, the process is accompanied with geomechanical risks due to the unavoidable pore pressure buildup, such as 
caprock failure, reactivation of existing faults, poroelastic response of rock and well integrity loss. Not only may the risks lead to undesirable environmental concerns 
such as CO2 leakage to the surface, induced seismicity, and surface uplift, but it also would disturb achieving the public’s consensus on the CCS process. In this paper, 
we present an overview of possible geomechanical risks during CCS. We also review the mechanisms and theories of possible geomechanical risks during the CCS and 
the relevant precedent studies are introduced and described. This study would facilitate understanding the potential geomechanical risks during the CCS and 
establishing the optimal design of the CCS process to achieve the public acceptance. Some challenges related to handling the geomechanical risks during the CCS are 
also discussed.   

1. Introduction 

According to the Paris agreement, 197 countries have reached for the 
‘low greenhouse gas emissions development’ [1], which restricts the 
greenhouse gas emission of the signees to achieve the global average 
temperature rise within 1.5 ◦C above pre-industrial levels. The anthro
pogenic CO2 emission will be reduced by the carbon capture, utilization 
and storage (CCUS) technologies. When the carbon capture and 
sequestration (CCS), also known as the geological carbon storage (GCS), 
is adopted, CO2 is injected and stored in a targeted geologic structure 
such as depleted hydrocarbon reservoirs, saline aquifers, and under
ground caverns [2,3]. CCS is the most feasible way to remove and 
sequestrate the massive amount of CO2. 

According to the sustainable development scenario projected by In
ternational Energy Agency (IEA), at least 650 megatons of the anthro
pogenic CO2 is required to be stored annually by 2030 to meet the 
emission goals. The CO2 storage capacity of the current large commer
cial CCS projects is approximately 40 megatons per year, which is only 6 
% of the desired amount [4]. In the same manner, the South Korea 
government plans to reduce the CO2 emission by 40 % business as usual 
(BAU) in 2030 and achieve the net-zero by 2050. The amount of CO2 
sequestrated by the CCS process is expected as at least 55 megatons, 69 

% of the total CO2 reduction until 2050 [5]. One of the target geologic 
structure is the depleted Donghae gas reservoir in East Sea, which is 
planned to be repurposed for the CO2 storage, where 0.4 megaton of CO2 
per year are expected to be geologically stored from 2025 [6]. 

When CO2 is injected and stored into an underground geological 
structure, the pore pressure buildup is unavoidable. The change of the 
pore pressure redistributes the stress status and induces the poroelastic 
responses at the caprock and target formation [7–10]. If severe, it may 
lead to geomechanical hazards such as leakage of the injected CO2, 
surface uplift, and induced seismicity, which are major environmental 
concerns during the CCS project. In addition, the well integrity should be 
considered because the injected CO2 could be leaked through any 
component of the well what was designed to be used as the flowing path. 
Uncontrolled release of injected fluid can shorten life cycle of the well 
and it may lead to CO2 leakage. Therefore, establishment of the optimal 
CCS design considering the geomechanical risks is important to perform 
the environmentally safe project and to achieve the public acceptance 
[11]. 

There are geomechanical risks during a CCS process, but in
vestigations of causes, mechanisms and post-analysis methods have not 
yet been conducted [12]. In this paper, geomechanical risks potentially 
caused by the pore pressure buildup due to the CO2 injection will be 
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reviewed. We also provide the key principles to integrated geo
mechanical analysis for the optimal CCS design. The fundamentals are 
described with related precedent studies focusing on both computa
tional and experimental approaches. Moreover, field scale applications 
of the possible environmental and health concerns are introduced. In 
Section 2, the overall geomechanical risks and its mechanisms are 
briefly described. The following sections focus on the mechanisms, 
theories and analysis methods based on the relevant studies. The 
research history and field scale observations reviewed in this study 
provide important fundamentals of the potential geomechanical risks 
that may occur during a CCS project. In addition, the paper suggests 
important insights of the geomechanical risks for establishment of the 
optimal injection strategies during the CCS to prevent the environmental 
hazards. 

2. Possible geomechanical risks during the CCS project 

When a CCS project is performed, a certain amount of CO2 is injected 
and stored to meet the goal, which causes unavoidable pore pressure 
buildup. The potential geomechanical risks caused by the pore pressure 
buildup are summarized in Fig. 1. Although there is a specific desirable 
injection rate, it depends on the injectivity of the target reservoir. If the 
rate is too high, the pressure at the downhole can exceed the fracture 
pressure and can induce a tensile fracture. The well stimulation methods 
such as the hydraulic fracturing and acidizing can be a solution by 
enhancing the permeability of the near-wellbore region. On the other 
hand, the poroelastic response of the formation is unavoidable once the 
pore pressure of the reservoir changes. If the pore pressure buildup is 
severe, the response can be extended to the top of the target reservoir 
and possibly, to the surface or the seabed. Assuming that the caprock is 
impermeable and the largest pore pressure buildup is expected at the 
caprock-reservoir interface, the shear failure is possible at the interface. 
Once it is propagated to the caprock, its stability can be quite damaged. 
When there is a fault, it is exposed to the potential reactivation during 
the CO2 injection process. The caprock can contain the fault or the 
failure from the fault can propagate to the caprock. In either case, the 
caprock stability is not secured. Once the caprock stability is not 
secured, buoyancy-driven leakage of the injected CO2 is possible, which 
must be prevented for the environmental threat. 

Since the density of injected CO2 is lower than the formation water 
and it is floated upward to the interface of the caprock-reservoir, the 
weakest portion for the potential failure is the caprock-reservoir inter
face. Caprock failure may be the most concerned phenomenon during a 
CCS project, as it creates a pathway for CO2 leakage to the surface or to a 
drinking water layer. 

In addition, the CO2 injection into underground geological structures 
may cause pore pressure buildup, and if severe, it can induce the pre- 
existing fault reactivation. When the faults are reactivated, they can 
be act as a path for CO2 and induce micro-seismicity or even earthquakes 
which can be noticeable by the public. The Mohr-Coulomb failure cri
terion could be confirmed the value that fault may reactivate so we can 
evaluate stability of pre-existing faults. Because of this reason, several 
studies use the Mohr-Coulomb failure criterion to predict fault reac
tivation [13,14]. 

The innate pore volume of the underground geological structures is 
absolute, and the control of the pore pressure is key in determining the 
safe injection scheme of CCS project. When the pore pressure is 
increased, the poroelastic response of the rock may result in the defor
mation of the formation where severe amounts of CO2 are injected. If the 
geomechanical properties of the overlying layers are considered, the 
CO2 injection derived surface uplift can be calculated [15]. The uplift of 
the surface may lead to surface or seabed facility damages and threat the 
injection performance of the CCS projects [8,16]. 

Potential well integrity loss is also a major concern as the injected 
CO2 can leak through the damaged cement or the space between the 
cement sheath and casing. The leaked fluid can contaminate the 

drinking groundwater [17]. One of the primary mechanisms is the cas
ing or cement corrosion by the injected CO2. The integrity of the casings 
and cements, used to protect hydrocarbon production/fluid injection 
wells from the reservoir conditions, can be lost by mechanical or 
chemical mechanisms after a long-term exposure to the CO2 [18,19]. 

In summary, geomechanical risks can occur throughout the entire 
life of CCS projects. When the CO2 is injected into the formation, a sharp 
increase in the pore pressure is expected because of the relatively low 
permeability of CO2 when displacing the high viscous brine in the flow 
paths [20]. This may lead to the caprock instability and cause failure at 
the beginning of the injection. Continuous CO2 injection causes gradual 
pore pressure increases around the near wellbore region. If the injection 
period is extended, the pore pressure may reach the fault reactivation 
pressure and induce the pre-existing fault slip [21]. In addition, the 
poroelastic response of the rock caused by the pore pressure buildup 
may result in the formation deformation such as the surface uplift. 
Meanwhile, the well integrity must be monitored during the entire CCS 
process, as the well is the primary flow path of the injected CO2. The well 
integrity loss is more likely to occur when the casing or cement is 
damaged by the reaction with the injected CO2. As the pore pressure 
increases, the damaged well components might not be able to sustain the 
external stress and to prevent the potential well collapse [22,23]. Each 
of these geomechanical risks can cause the injected CO2 leakage, 
induced seismicity, surface uplift and the contamination of the drinking 
water-bearing-formation. Therefore, the geomechanical risks have to be 
taken into account for the optimal CCS project design. 

3. Rock failure 

Not only does the pressure change due to the injected fluid re
distributes the stress state, but it also deteriorates the rock stability. 
Especially, since a caprock is an impermeable formation that isolates the 
target formation, its stability takes a major role in securing the geolog
ical structure by preventing leakage of the injected CO2. The most 
vulnerable portion for the shear failure during the CO2 injection is the 
interface of the caprock-reservoir where the largest pore pressure 
buildup is expected. If there is an existing fault in the target reservoir, it 
can be reactivated once the friction at the fault plane is reduced by the 
pore pressure. When the failure is occurred, the failure plane can be 
propagated to the caprock, which may induce the CO2 leakage [24]. To 
avoid the undesirable consequence, the geomechanical analysis needs to 
be performed to identify the potential instability of the caprock when 
the CCS project is designed. In this section, the rock effective stress 
principle and possible failure types are addressed with the Mohr- 
Coulomb failure criterion for the caprock failure and fault reactivation 
analysis. Recent research trends on caprock failure and fault reactivation 
during CCS processes are also reviewed. 

3.1. Effective stress principle of the rock 

Rock is a type of porous medium, consisting of a rigid skeleton, 
interconnected pores, and fluids stored in the pores. The pore pressure is 
the pressure transmitted by the fluid in the rock, and the effective stress 
is the stress transferred by the interface between rock-solid particles. 
Upon CO2 injection, inevitable pore pressure buildup decrease the 
effective stress in the affected region, which may destabilize the rock, 
cause failure of the structure and reactivate the neighboring faults [25]. 
The degree of effective stress change depends on the CO2 injection rate 
and on the characteristics of the reservoir such as its permeability, 
porosity, and rock compressibility. Consequently, the pore pressure of 
the reservoir should be monitored during the entire CCS process to avoid 
any geomechanical risks. A number of laboratory experiments have 
presented that the pore pressure P has different effects on the failure of 
fully or partially saturated porous solid [26,27]. Terzaghi [28] proposed 
the effective stress principle to explain the mechanical response of 
porous media. In this study, the stress direction of tensile stress is 
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Fig. 1. Mechanisms of the potential geomechanical risks during CCS process.  
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defined as negative, and the pore pressure of the compressive stress is 
positive, which can be defined as follows [29]: 

σ′

ij = σij + αδij
[
χPw + (1 − χ)Pg

]
(1)  

where σ′

ij is the effective stress, σij is the total stress, δij is Kronecker’s 
delta, Pw and Pg are pore pressure of water and gas, respectively. χ is a 
coefficient related to the fluid saturation and surface tension. It is 
assumed that the pore is only filled by water and gas, i.e. Sw + Sg = 1. α 
is the Biot’s coefficient, which is defined as, 

α = 1 −
KV

KS
(2)  

where KV is the volumetric compression modulus of the rock and KS is 
the compression modulus of solid particles. According to the Terzaghi’s 
effective stress law, α is assumed to be 1.0 for the failure analysis. This is 
because the effect of the pore structure of rock is negligible when the 
rock is subject to failure [30]. Then, the effective stress can be expressed 
as, 

σ′

ij = σij + δij[SwPw + (1 − Sw)Pa ] = σij + δijP (3)  

where P is the average pressure of the two fluids. 
Related studies have shown that the CO2 injection leads to an in

crease in the pore pressure, which deteriorates the rock [31–33]. When 
the stress redistributed by the pore pressure buildup meets the stress 
state that can induce the rock failure, the potential CO2 flow through the 
generated failure planes may occur. If it flows further upward, the CO2 
can contaminate the aquifer and leak to the surface or seabed. Therefore, 
the stress distribution and the possibility of the caprock failure should be 
identified for a safe CCS process. 

3.2. Failure criteria 

There are three types of rock failure, compaction, tensile, and shear 
failure, as shown in Fig. 2. 

Compaction failure occurs by pore collapse, and is less common 
during a CCS process because it requires high effective compressive 
stress to crush the pore space. Compaction failure may happen in nature 
due to rock burial, and also in the field of the petroleum engineering 
during reservoir depletion [15]. 

Tensile failure occurs when the effective stress is significantly 
reduced and below the tensile strength of rock. According to the theory 
of the strength of materials, the tensile failure criterion of caprock is 
defined as follows [34]: 

σ′

3⩽σT (4)  

where σ′

3 is the minimum principal effective stress and σT is the tensile 
strength. Comparing to the compressive strength of a rock, the tensile 
strength is relatively unimportant since rocks have low values. And 
when there is a discontinuity in a rock, it is generally assumed to be zero 
[35,36]. 

The most common type of failure is shear failure, which occurs when 
the shear stress acting on a caprock plane exceeds its shear strength at 
the fault plane. The Mohr-Coulomb criterion is the most widely used for 
identifying the shear failure of a rock. This is because it solely considers 
the maximum and minimum principal stresses, underestimate the rock 
strength and is therefore appropriate for the design purposes [37,38]. 
The shear stress τ is the stress component, which acts along the fracture 
plane as shown in Fig. 3. It is written using the principal stress compo
nents as follows: 

|τ| = c+ σ′

ntanϕ (5)  

where τ is shear stress of shear plane, σ′

n is the effective normal stress, c is 
the cohesion of rock, and ϕ is the frictional angle of rock. 

These effective normal stress and shear stress are obtained from the 
Mohr circle, which in equation form is [39]: 

σ′

n =

(
σ′

1 + σ′

3

)

2
+
(σ1 − σ3)

2
cos2ϕ (6)  

τ = −
(σ1 − σ3)

2
sin2ϕ (7)  

where subscript 1 represents the maximum principal stress and subscript 
3 represents the minimum principal stress. Shear failure can be repre
sented graphically as the intersection of the Mohr circle with the 
Coulomb criterion as shown in Fig. 4. 

There are two primary shear failure mechanisms during geological 
CO2 storage are intact rock shear failure and fault reactivation. The pore 

Fig. 2. Various failure types in principal stress space (modified [15]).  Fig. 3. Shear failure diagram.  
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pressure buildup needed to trigger both failure mechanisms is evaluated 
with the Mohr-Coulomb failure criteria (Fig. 4). However, the onset of 
the two failure mechanisms take place at different conditions because 
the cohesion is neglected for the fault slip. If properties of the failure 
plane such as cohesion and friction angle are constant, the failure of a 
intact rock should occur after the reactivation of the fault due to the 
innate pure shear strength of the rock [40]. As shown in Fig. 4, black 
dashed line and blue line represent the failure envelope of a cohesionless 
fault and an intact rock, respectively. There are three stress states rep
resenting stable (black circle), shear failure on cohesionless fault (red 
circle) and shear failure in an intact rock (green circle). As the pore 
pressure buildup is induced during CO2 injection, the Mohr circle moves 
to the left, approaching the failure envelope as the effective stress de
creases. When the Mohr circle reaches the failure envelope of the 
cohesionless fault, the shear failure on the fault plane will occur. When 
there is no existing fault, the shear failure occurs at a higher pore 
pressure. Otherwise, if the Mohr circle constructed by the stress state 
does not meet the failure envelope, the rock is stable. Thus, if the effect 
of the pore pressure buildup is equally drawn in the same Mohr- 
Coulomb failure criteria, the Mohr circle would reach the failure enve
lope of the fault prior to the failure envelope of the intact rock. 

3.3. Caprock failure 

Upon the failure, the failure plane can propagate to the caprock and 
generate a flow path, which leads to unexpected CO2 leakage to surface 
[41–43]. To investigate the possibility of the CO2 leakage due to the 
caprock failure during a CCS project, several authors have conducted the 
numerical analysis for the potential failure of the caprock [44–47]. 
Dempsey et al. [44] analyzed mechanisms of the stress increment on the 
caprock failure. Higher stress increments are more likely to induce a 
fracture, to reactivate the critically stressed fault, and to threaten the 
caprock integrity. Moreover, they carried out the numerical simulation 
with the coupled thermos-hydro-mechanical code called the Finite 
Element for Heat and Mass Transfer (FEHM) to evaluate the caprock and 
fault stability. Therefore, prior to performing CCS, they proposed the 
potential range of the overpressured region should be analyzed through 
numerical modeling. Li et al. [45] performed the thermal-hydro- 
mechanical coupled simulations to investigate caprock failure under 
cooling and pressurization conditions during a CO2 injection process. 
The authors presented the potential caprock failure increased with a 
higher value of the material parameter, R, which is defined as a ratio of 

the thermal expansion coefficient and the elastic properties of caprock 
and aquifer. They also presented that the consideration of the Biot’s 
coefficient of the aquifer is essential for evaluating the potential caprock 
failure. Khan et al. [46] carried out the two-phase flow model simulation 
considering the Biyadh reservoir structure in Saudi Arabia to avoid CO2 
leakage due to the caprock failure. They considered both fractured and 
non-fractured caprocks to estimate safe parameter values during the CO2 
injection. For the non-fractured caprock, they concluded that the 
injected CO2 is isolated within the caprock, while the CO2 can leak 
through the fractured caprock, where the pore pressure rose as expected. 
Furthermore, they addressed that the closer the location of the fractured 
zone in the caprock to the injection well, the higher the pore pressure in 
the caprock. Xiao et al. [47] evaluated long-term caprock sealing ca
pacity and effects of caprock hydrological and mineralogy heterogene
ities on its integrity through coupled chemical–mechanical numerical 
simulation with geological model of the Farnsworth Unit (FWU). They 
founded out that Thirteen Fingers Limestone is an effective caprock that 
prevents supercritical CO2 intrusion through capillary forces, and 
analyzed that the sealing efficiency of caprock improved by decreasing 
maximum porosity by up to 25 % due to mineral precipitation at the 
interface between caprock and reservoir. Therefore, they presented that 
the geomechanical response of caprocks due to CO2 injection and min
eral change has a low risk of induced fractures in the FWU. 

In addition, several studies have analyzed the factors affecting the 
caprock failure during fluid injection [9,48]. Raziperchikolaee et al. [9] 
indicated that the variability of the in-situ stress affects the caprock and 
reservoir located in the Appalachian basin during the CO2 injection. 
They also evaluated the fault reactivation, permeability enhancement, 
and CO2 leakage. The authors constructed two coupled fluid flow- 
geomechanical models, i.e. a vertically heterogeneous but laterally ho
mogeneous and a fully heterogeneous model, where a series of coupled 
fluid flow-reservoir geomechanics simulation were performed to inves
tigate the impacts of in-situ stress variability, and evaluated the poten
tial caprock failure with the estimated pressure and stress changes due to 
the CO2 injection. By identifying the zones with potential caprock fail
ure, they concluded that variation of the in-situ minimum horizontal 
stress is the most important factor when evaluating the geomechanical 
behavior during a CO2 injection process in the Appalachian basin. Kar
imnezhad M. et al. [48] developed a three-dimensional (3D) finite 
element model with Abaqus and investigated the potential risk of the 
caprock failure during the CO2 injection process, in terms of the pore 
pressure, vertical displacement of the caprock, and effective stress. It 

Fig. 4. Mohr circles with the Coulomb criteria showing failure envelopes. The blue line and black dashed line represent the failure envelopes of the intact rock and 
the cohesionless fault, respectively. Three stress states are shown, representing the stable state (black circle), shear failure on a cohesionless fault (red circle) and 
shear failure in an intact rock (green circle). If the pore pressure P increases due to the CO2 injection, the circle moves to the left and reaches the failure envelope. 
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was found that the injection rate and initial stress state are the dominant 
factors in caprock failure. They also validated the results of the nu
merical model with analytical solutions. 

3.4. Fault reactivation 

A fault can function as a seal or a conductive channel that needs to be 
taken into account when a CCS process is designed. In a geomechanical 
point of view, faults can be reactivated which consequently leads to 
unexpected CO2 leakage and undesirable seismicity [8]. Since the fault 
reactivation is a shear failure occurred at the fault, the Mohr-Coulomb 
failure criterion is also used for the fault reactivation analysis like 
caprock failure (Eq. (7)). The failure analysis of fault requires additional 
fault characteristics such as the inclination angle and shear strength of 
the fault plane, and the permeability of the fault. Thus, a more detailed 
Mohr-Coulomb failure analysis should be performed on faults compared 
to intact rocks [14]. Before injecting CO2 into the formation, natural 
faults remain inactive under the persistent reservoir pressure. However, 
the unavoidable pore pressure buildup induced by the CO2 injection may 
threaten the stability of faults. Because the effective normal stress acting 
on the fault plane is inversely proportional to the pore pressure, if the 
pore pressure change is significant, the shear stress acting on the fault 
plane may exceed the right-hand side of the Equation (7), and lead to 
fault slip [49]. During the CCS process, the CO2 plume migrates out from 
the place of injection and the region affected by the reservoir pore 
pressure change is enlarged. If the plume reaches the pre-existing dis
continuities such as fault and fracture zone, they experience effective 
normal stress decrease. When the stress drops under a specific level, the 
friction of the fault plane, the fault will destabilize and slip. 

Many studies adopted numerical approaches to predict the fault slip 
during pore pressure buildup. Commercial simulators such as GEM, 
COMSOL, and ECLIPSE are widely used to model the reservoir geometry 
and to characterize the flow behaviors. The geomechanical properties 
are added with simulators like TOUGH, FLAC3D, and the geomechanical 
tools of CMG and PETREL to couple the flow behaviors with the geo
mechanical responses of the formation [25,33,43,50–55]. Zhao and Jha 
[55] developed and demonstrated a flow-geomechanical coupled 
modeling framework to evaluate the stability of the faults during CO2 
storage-enhanced oil recovery in the Farnsworth Unit (FWU) oil field in 
Texas, United States. Through this method, they founded out that the 
pressure buildup caused by water and CO2 injection causes volumetric 
contraction and expansion of the reservoir and changes in the total and 
effective stresses in the overburden-reservoir-underburden structures. 
They also analyzed that these changes lead to alter in shear and effective 
normal stress for the three major faults in the FWU. Song and Wang [50] 
emphasized the risk of reactivating the adjacent faults of an CO2 injec
tion formation. For the purpose of mitigating the risk of reactivating the 
fault, artificial neural network (ANN) method was incorporated to 
determine the relief well location to maintain the pore pressure under 
the maximum allowable pressure. Khan et al. [25] related the effects of 
reservoir size and boundary conditions with fault slip. The simulation 
results showed that the relatively small sized reservoirs with closed 
boundary are opt to pressure buildup compared to bigger reservoirs. 
Thus, the results emphasized the importance of accurately modeling the 
reservoir size and boundary conditions in order to not under-estimate 
the pore pressure and cause fault slip. Rahman et al. [43] resampled 
the geomechanical properties inverted from seismic data to create a 3D 
grid of the reservoir and the overburden. The model could specify the 
overburden rock property with spatial variance and suggest a new fail
ure mechanism for decision making. 

The CO2 injection rate and pore pressure should constantly be 
monitored at all stages of the CCS project especially when there is an 
adjacent fault. Rutqvist et al. [8] described procedures to determine the 
maximum sustainable injection pressure by a shear-slip analysis. A nu
merical analysis was also performed using TOUGH-FLAC, which deter
mined the maximum sustainable CO2 injection pressure. 

There are studies focusing on the fluid transport properties of faults. 
The fault zone is divided into two structures, fault core and damaged 
zone, which have distinct permeability values. Cappa et al. [14] focused 
on the fault zone creation and its corresponding permeability hetero
geneity. The authors were able to describe the mechanical deformation 
and fluid flow during the injection of CO2 by analytically coupling the 
CO2 flow rate and the permeability heterogeneity. In addition, Victor 
et al. [56] modeled a normal fault to simulate the pressure buildup near 
the low permeable faults during the CO2 injection. They concluded that 
the permeability of the fault core is crucial for the fault stability because 
excessive overpressure can be induced by the impermeable interface. 
The fault plane heterogeneity was also studied by François et al. [31], 
who conducted lab-scale experiments to identify the effects of fluid in
jection rate on the pore pressure distribution over the fault planes. The 
results indicated that an updated nonlocal rupture initiation criterion 
should be appropriate for the higher injection rate as spatial pore 
pressure heterogeneity along the fault plane is expected. As shown in 
Fig. 5, the friction coefficient of the artificial fault is approximately 0.6, 
which was measured by the constant pore pressure along the fault plane 
(red stars in Fig. 5). It was found that the higher fluid injection rate 
generates significant pore pressure heterogeneity along the fault plane. 
As a result, the friction coefficient of the fault is larger at the moment of 
the fault slip (rectangles and circles in Fig. 5). Since the fault slip 
strongly depends on the injection rate of CO2, it should be properly 
designed and constantly monitored during the CCS process. 

In the prospective CO2 storage site, Smeaheia, offshore Norway, 
Rahman et al. [57] investigated the hydromechanical effect on fault 
instability due to the injection-induced stress and pore pressure changes. 
Orlic [33] proceeded comparisons of the two main CO2 injection sites, 
depleted Dutch gas fields and saline aquifers. Through numerical 
modeling and geomechanical analysis, it was concluded that more un
certainties remain in the characterizing of the aquifer whereas the 
depleted Dutch gas reservoir has more access to seismic data, logging 
data, and is proven with tight seal. Mustafa et al. [52] developed a two- 
way fully-coupled reservoir dynamic geomechanics model for the field 
M located at the north of Central Luconia Province in Sarawak Basin, 
Malaysia. CO2 leakage from the reservoir due to fault reactivation and 
caprock integrity breach by the injection operation was evaluated. In 
North Sea, the numerical simulation of fracture generation and propa
gation caused by multiphase-flow was addressed by the cohesion zone 

Fig. 5. Experimental results of static fault reactivation with different injection 
speeds [31]. (Square: onset of fault slip while the initial stress is 60% of the 
peak. Circle: onset of fault slip while the initial stress is 90% of the peak.) 
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modeling (CZM) [53]. 

4. Induced seismicity 

Seismic activity is expected when the formation is failed with a 
newly created failure plane or with an existing fault reactivation. When 
the excessive pore pressure buildup is induced during a CCS process, the 
rock failure or the fault reactivation can occur with the subsequent 
seismic activity. If severe, the magnitude of the induced seismicity can 
be significant and may be perceivable by human sense. Noticeable 
induced seismicity not only threats the environment, but it also harms 
the public acceptance of the CCS project. Therefore, it is crucial to 
manage and to avoid it to achieve a successful implementation of CCS 
projects [58,59]. One of the most renowned examples of the induced 
seismicity by fluid injection into the ground occurred in Oklahoma in 
2011 and 2012. The seismic activities with the magnitude of 5.6 were 
induced by the injection process at disposal wells in Oklahoma, which 
destroyed 14 buildings and injured two people [54]. Keranen et al. [60] 
analyzed the relationship between the wastewater injection and the 
induced earthquake events in Oklahoma in 2011 and 2012. It was found 
that a large time gap between the start of the injection and the actual 
earthquake occurrence is possible. Moreover, they pointed out that the 
volume injected into the underground should be adjusted to avoid 
reaching the critical reservoir pressure that might trigger slip of the 
adjacent faults. Weingarten et al. [61] examined the relationship be
tween the induced seismicity and injection well types in the central and 
eastern United States (CEUS). They identified the tendency of the 
induced seismicity in wells injecting fluids for the enhanced oil recovery 
(EOR) method and salt water disposal (SWD) method. It was found that 
the number of the induced seismicity activities was higher in the SWD 
wells than in the EOR wells. Analyzing the SWD operations over states, 
they concluded that the higher the maximum injection rate, the higher 
the induced seismicity activities. However, in order to fully understand 
the potential of the induced seismicity, they suggested that a range of 
geologic, hydrogeologic, and operational conditions in the injection 
wells, which are potentially associated with the induced seismicity, 
should be analyzed. 

In an attempt to create a model that distinguishes the seismic event 
source and the propagation methodology, Verdon et al. [62] developed a 
geomechanical model based on the micro-seismic activities of the 
Weyburn CO2 storage site. The developed model allows to depict 
changes of the pore pressure and fracture potential of the target reser
voir to determine the possibility of the injection-induced seismicity. 

Since the subsequent induced seismicity is caused when the reservoir 
pore pressure exceeds the maximum allowable pressure, it is essential to 
manage the pressure by controlling the injection rate during the design 
stage of the CCS process. Zoback [63] emphasized that the induced 
seismicity due to fluid injection is a public concern and presented ways 
to effectively reduce the potential risks. The author proposed that 
minimizing the pore pressure buildup is clearly a good idea to reduce the 
potential of the injection-induced seismicity. The author also suggested 
that the operators and regulators should jointly establish operating 
protocols in areas where the potential injection-induced seismicity is a 
concern. These protocols are commonly referred as the traffic-light 
system. The traffic-light system restricts the injection rate upon a spe
cific level of the induced seismicity. If the activity is severe, the system 
further terminates the injection process. Sites in Basel, Switzerland and 
Ohio, United States have adopted the traffic-light system to reduce the 
induced seismicity occurrences [64,65]. Yeo et al. [66] emphasized 
necessity of developing a casual mechanism for injection-induced 
earthquakes. They investigated the 2017 Pohang Mw 5.5 earthquake 
to link the effect of pore pressure change to the occurrence of the seismic 
events. During a CCS project, both the CO2 injection rate and pressure 
should be monitored and managed under a certain level of pressure to 
avoid potential seismic events. Alghannam and Juanes [67] reported a 
management strategy during underground injection processes. It was 

found the injection-induced earthquakes are more affected by the in
jection rate than the injection volume. The observation was analyzed 
with a poroelastic model based on the rate-and-state friction theory. It 
was concluded that the risk of the induced earthquake is higher trig
gering when the injection period is shorter with the predetermined total 
injection volume. 

5. Reservoir deformation 

When CO2 is injected into underground geologic storage target such 
as depleted hydrocarbon reservoirs, saline aquifers, and underground 
caverns, inevitable pore pressure buildup, effective stress alteration and 
subsequent reservoir deformation are expected [2,3]. In addition, the 
deformation at the top of the reservoir may be transmitted to the surface 
or seabed. For a safe and secure CCS process, the expected surface uplift 
due to the injection of CO2 must be taken into consideration because it 
may induce damage to the surface facilities and stir public concerns. The 
surface deformation can be directly measured by the widely used surface 
measurement methods, such as the interferometric synthetic aperture 
radar (InSAR) and tiltmeters. For an offshore reservoir, however, direct 
measurements of the seabed deformation are not applicable. Therefore, 
the surface uplift caused by the CO2 injection should be evaluated when 
a CCS process is designed. 

The reservoir deformation can analytically be quantified with a few 
geomechanical variables. Fjaer et al. [15] presented a solution esti
mating the reservoir deformation caused by the pore pressure change. 
The equation requires the Young’s modulus (E), Poisson’s ratio (ν), and 
Biot’s poroelastic constant (a) as inputs to depict the elastic changes of 
the reservoir thickness (Δh) as follows [13], 

Δh =
h
E
(1 + ν)(1 − 2ν)

1 − ν aΔPf (8) 

Jun et al. [68] analytically quantified the surface uplift by the pore 
pressure change during CCS processes using Eq. (8). The authors 
incorporated the Gaussian pressure transient (GPT) method to deter
mine the pore pressure distribution change by CO2 injection, and the 
subsequent uplift was quantified. The results were validated with the 
InSAR measured uplift at the In Salah CO2 storage project. Further 
application of the developed model was performed to estimate the 
seabed deformation and to evaluate the effect of the relief well on the 
mitigation of the uplift at the CCS candidate sites of South Korea, the 
Pohang basin and the depleted Donghae gas reservoir. The results in 
Fig. 6 show that up to 32 mm of uplift by the CCS process is expected at 
the seabed if CO2 is injected into the reservoir for a year. However, the 
uplift can be mitigated by 17 mm if a water production well is operated 
nearby. The concept of the study emphasizes the importance of surface 
uplift calculation and suggests possible mitigation of the surface uplift. 

On the other hand, there are many studies adopting numerical ap
proaches to estimate the reservoir deformation with combining the 
reservoir flow simulator and the geomechanical models [27,46,69,70]. 
Examples of frequently used coupled simulators are TOUGH2-FLAC3D 
and COMSOL-GEM. [71], while ECLISPE-VISAGE and GEM- 
Geomechanical module are particularly powerful in modeling the geo
mechanical responses by CO2 injection. Although the general governing 
equations of most simulators are based on the mass balance equation, 
the pressure responses brought by the CO2 injection can show dissimilar 
results. ECLIPSE focuses on the reservoir management and monitoring 
throughout the entire project period. The constitutive relationship such 
as the Kozeny-Carman equation calculates the porosity, permeability 
and fluid saturations of the reservoir grid block and integrates a finite 
element model. The geomechanical module of GEM features the two- 
way coupling which enables the sequential calculation between the 
reservoir porosity and the time-dependent parameters such as the pore 
pressure and the principal stresses [72]. The capabilities and applica
tions of different coupled simulators are presented in Table 1, which 
should be contemplated to model the geomechanical responses of CO2 
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injection accordingly. 
A representative example of the surface uplift derived by a CCS 

project was observed in the In Salah CO2 injection field of Algeria. Based 
on the satellite observed InSAR data, 15 to 22 mm of the surface has 
been uplifted by the injected CO2 since 2004 [73]. Although the 
magnitude is only a few centimeters, the uplifted area has laterally 
extended up to 10 km. In addition, since it is accumulated with time, the 
effect should not be neglected if a long-term injection is planned. 

To perform a coupling of fluid flow and geomechanical simulation, 
Rinaldi et al. [69] created a coupled model using TOUGH-FLAC. Fig. 7 
shows the comparison between the InSAR observed line of sight (LOS) 
displacement for the KB-502 horizontal CO2 injection well and the 

simulated LOS displacement of the same route. As the results indicate, 
the double-lobe uplift plum was matched with the observation and the 
surface uplift rates were simulated within 2 mm of deviation from the 
real data. The coupled modeling presented in Fig. 7 incorporates the 
well bottom hole pressure history, operation scheme, reservoir discon
tinuity characteristics, and the scaled spatial well locations of the CO2 
injection site. The development of the field-based model should be 
performed to preliminarily describe the surface uplift rates in the design 
phase of the project. 

Another relevant study evaluated the effect of the CO2 injection on 
the mitigation of the expected seabed subsidence by utilizing CO2 
enhanced gas recovery (EGR). The kinetic-reaction module of STARS 

Fig. 6. Uplift calculated by the GPT-method in the Donghae gas reservoir: (a-c) 3, 6, and 12 months after injection without a relief well; (d-f) injection with a relief 
well, after 3, 6, and 12 months. Black and red dots represent the locations of the injection well and the relief well, respectively [68]. 

Table 1 
Capabilities and applications of coupled simulators modeling geological CO2 storage.  

Simulator Capacity Application Reference 

GEM- 
COMSOL 

• Multidimensional equation of state (EOS) simulator 
• Operation performed through custom script files 
• Single porosity and natural fracture modeling 
• Dual permeability modeling incorporating both matrix and 
fracture 
• Simultaneous modeling of production and injection processes 
• Geomechanical response after the production and injection  

- CO2 leakage 
Post-injection pore pressure 

distribution 
Surface uplift 

Khan et al. [25,46] 

Eclipse- 
VISAGE 

• Two-way coupling of field-scale rock stress and strain response 
• Seismic resampling function distribute properties within the 
model grid 
• Sideburden, underburden and overburden plates populated 
into the grid 
• Calibration with lab measurement and wireline logs performed 
• Elastic and plastic deformation behavior governed by 
constitutive laws 
• Efficient pore pressure modeling with selected time-steps  

- Ground deformation 
Vertical displacement at interface 
Rock failure 

Rahman et al. [43], Mustafa et al. [52], Benisch 
et al. [72] 

TOUGH-FLAC • Coupled thermal–hydraulic–mechanical (THM) process 
modeling 
• Incorporates both continuum analysis and discrete fault 
analysis 
• Spatial evolution of stress field including site-specific geometry 
• Interfaces utilized to model the mechanical behavior of fault 
• Faults discretized considering mechanical and hydrologic 
properties  

- Shear slip analysis 
Maximum sustainable CO2 injection 

pressure 
Crustal deformation 

Rutqvist et al. [8], Rinaldi et al, [69], Rutqvist  
[71] 

ABAQUS • Model transient and steady-state distribution of pore pressure 
• Consolidation modeling of fluid flow and deformation at low 
depth 
• Eight-node hexahedral displacement mesh modeling  

- Injection induced pore pressure buildup 
Effective stress change 

Karimnezhad et al. [48] 

GEM-FLAC • Explicit finite difference code 
• Initial stress change modeling due to injection induced pressure 
buildup  

- Tensile and shear failure of caprock Khazaei et al. [51]  
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was adopted to model the depressurization and subsequent formation 
subsidence during the natural gas production. CO2 injection into the 
corresponding formation was simulated and it was shown that the 
subsidence was significantly mitigated [74]. 

The relationship between the poroelastic response of the caprock and 
the surface uplift has been studied by Raziperchikolaee et al. [75]. They 
built a site-scale model of the depleted Michigan basin, calculated the 
stress changes, and determined the surface displacement. The outcomes 
were compared with the InSAR measurement. It was found that the 
presence of a low permeable caprock on top of the reservoirs helps 
diminish the uplift rates during the CCS project. 

Injection well positioning is normally optimized by the maximum 
cumulative injection volume of CO2, but it should further be corrected to 
minimize the geomechanical risks such as surface uplift, fault reac
tivation, and rock mechanical failure [50,70]. Khan et al. [76] examined 
the possibility of decreasing the pore pressure buildup by adopting a 
producing well next to the CO2 injection well. The depleted Ghawar field 
was introduced as the CO2 injection target and the CMG-GEM software 
was used for the reservoir flow simulation. It was concluded that the 
existence of the relief well aids the decrement of the pore pressure but 
the pressure depletion around the production well is still unavoidable. 

6. Well integrity loss 

Well integrity is defined as the application of technical, operational 
and organizational solutions to reduce the risk of uncontrolled release of 
formation fluids through the well components during the entire life 
cycle of the well [77]. When the well integrity is achieved for a well, the 
formation fluid will not be flowing through any component of the well 
except what was designed to be used as the flowing path. Therefore, loss 
of the well integrity implies that there would be formation fluid ex
change between layers and potential upward fluid flow. 

An injection well typically consists of at least two casings, which 
includes the surface casing cemented to the surface and the string casing 
that extends all the way to the injection zone. A tubing is located inside 
the long string casing from the ground surface to the injection zone [17]. 
During CCS process, CO2 will pass the tubing and the perforations of the 
string casing, and flow into the target formation. 

When CO2 is injected and stored in a geologically secured structure, 
the injected CO2 is completely isolated by the geological trap, such as a 
caprock and impermeable seals. Therefore, a well with penetrating the 
structure is the most vulnerable component that deteriorates the safe 
CO2 storage. In other words, ensuring the well integrity is a key for 
successful CO2 storage preventing potential CO2 leakage to the surface 
or an adjacent permeable layer. For a depleted oil/gas reservoir, both 
the injection and abandoned wells are candidates for the CO2 leakage 
[18]. In addition, when an old production well is repurposed for an 
injection well, ensuring the well integrity is an important process during 
the CCS design, as it will hold higher pressure than the outside of the 

well. 
In the oil industry, poor well integrity causes various problems, 

including the formation fluid leakage to the surface, fluid migration 
between layers, and contamination of an aquifer. From a well integrity 
point of view, CO2 is corrosive and chemically reacts with the casing and 
cement [78]. Mechanical degradation is also an important factor. As the 
pore pressure increases, the stress distribution near the wellbore alters. 
Combining with the mechanical degradations, the casing deformation 
and microcrack growth in the cement sheath may occur [79]. Since a 
well with damaged casing and cement is a highly conductive path for the 
potential CO2 leakage, to secure the well integrity is essential during the 
CCS process [80]. The potential leakage pathways are shown in Fig. 8 
[81]. 

This section introduced the fundamental mechanisms of the well 
integrity with casing and cementing. 

6.1. Casing 

Casing is used to isolate the wellbore from the formation and to 
support the wellbore from external stresses. In a long-term injection, 
wellbore components are constantly exposed to CO2, and this may lead 
to corrosion. Especially for a depleted hydrocarbon reservoir, the 
existing well might not have been designed for the repurposed CO2 in
jection and can be vulnerable to corrosion. Therefore, wells designed for 
CCS should consider the effect of the reaction between the casing and 
CO2, as casing corrosion eventually results in well integrity loss. And the 

Fig. 7. (a) The observed line of sight (LOS) displacement for the KB-502 horizontal well. (b) The simulated LOS displacement of the identical region [69].  

Fig. 8. Possible leakage pathways around the well [81].  
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casing can be deformed and its strength can be degraded. The reaction is 
an electrochemical corrosion, and the processes is as followed. First, the 
injected CO2 reacts with the connate brine in the reservoir, making a 
carbonic acid. 

CO2(aq)+H2O(l)→H2CO3(aq) (9) 

And the reactions with the iron of the casing occur as the following 
steps, 

Fe→Fe2+ + 2e (10)  

Fe2+ +CO3
2− →FeCO3 (11)  

Fe+ 2HCO3
− →Fe(HCO3)2 (12)  

Fe(HCO3)2→FeCO3 +CO2 +H2O (13) 

Which makes a corrosion product (FeCO3) as a result shown in 
Equation (13). The rate of corrosion is decided by the temperature, 
pressure, salt concentration, pH, flow rate, and CO2 partial pressure 
[82]. 

There are many studies related to casing corrosion caused by CO2 
[82–86]. Rida et al. [83] showed that the impact of salt concentration on 
the corrosion rate when exposed to both CO2 and brine strongly depends 
on the CO2 partial pressure. However, the results indicate that the 
temperature effect is negligible. At the low CO2 partial pressure (PCO2), 
the corrosion rate increases with the temperature up to 43 ◦C and de
clines above this temperature. Elgaddafi et al. [84] also conducted an 
experiment with 2 types of the API carbon steels, Q125 and T95, and 
concluded that the CO2 corrosion rate of the API steels is sensitive to the 
fluid rate regardless of the temperature. In addition, it was found that 
the corrosion rate of the Q125 steel is more affected by the fluid flow 
than that of T95. Hoa et al. [85] used the carbon steel X70/1.8977, and 
suggested that care should be taken in choosing the cement type com
bined with high alloyed steel to avoid crevice corrosion and pitting in 
wellbore. Cul et al. [82] demonstrated that high NaCl concentrations 
increases the CO2-NaCL corrosion at high temperature. In addition, the 
scanning electron microscope (SEM) results showed that the area of CO2 
corrosion became denser and uniform at high temperature. Lin et al. 
[86] developed a solution for the pipe based on the Von Mises yield 
criterion and the Lame thick-walled solution for the pipe. Combined 
with the experimental results, a modified casing design was proposed 
considering the effects of wear and corrosion on casing strength 
degradation. 

On the other hand, Zeng et al. [87] demonstrated water-based 
annulus protection liquid for CO2 injection wells. The corrosion inhibi
tion rate of the water-based annulus protection liquid was higher than 
98 % in the aqueous phase, and the corrosion rate of steel reached the 
corrosion control index of oil field (0.076 mm/s) in the gas-aqueous 
phase. 

6.2. Cementing 

Casings are cemented upon completion with the formation. In the oil 
industry, cement is mainly used for two purposes. Cement forms a 
sheath between the casing and the formation, to support and protect the 
casing by filling the space between the formation and the casing, and 
between the casings. Cement is also used for well abandonment, as 
cement plugs are placed inside the casing to isolate the reservoir to 
prevent liquid migration to other areas. In CCS, cement can be chemi
cally reacted with the injected CO2, resulting in the cement degradation 
and undesirable leakage. 

First, the reaction of CO2 and water, either co-injected or reservoir 
based, forms carbonic acid. 

CO2(aq)+H2O(l)→H2CO3(aq) (14) 

The acid contacts the cement in the well, causing carbonations. 

Ca(OH)2(s)+H2CO3(aq)→CaCO3(s)+ 2H2O(l) (15) 

And finally, the leaching out and precipitation of calcium carbonates 
occurs. 

CaCO3(s)+ 2H2O(l)− →Ca(OH)2(s)+H2CO3(aq) (16)  

Ca(HCO3)2(s)
− →2CaCO3(s)+H2O(l) (17) 

The carbonation product (Ca(OH)2) initially decreases the perme
ability and porosity. However, continuous exposure of CO2 will increase 
the degree of carbonation. However, if Ca(OH)2 becomes the dominant 
phase of the cement, strength degradation occurs, increasing the risk of 
potential fractures and cracks of the well cement [88]. Also, the 
degradation of cement will constantly weaken the casing, which would 
result in undesired leakage of CO2. The rate of carbonation is affected by 
the pressure, temperature, and the gas concentration and the rate of 
degradation mainly depends on the cement quality and the cementing 
job quality [18]. 

There are several experimental studies of well integrity in CO2 rich 
conditions [79,89–93]. Kutchko et al. [89] demonstrated that higher 
degree of hydration decreased the permeability, leading to increase of 
the cement’s resistance to attack. Condor et al. [90] resulted in a 
decrease of permeability and an increase of compressive strength during 
the initial exposure of CO2 in their experiment. The hydraulic and shear 
bonding also reduced after two months. The loss of strength was 
observed up to 65 % when CO2 dissolved water was used in the exper
iment of Barlet-Gouedard et al. [91]. They also found that Portland 
cement is less affected in CO2 exposure in brine. Omosebi et al. and 
Hwang et al. [92,93] concluded that temperature had a significant 
impact on the degree of carbonation than pressure and CO2 composition. 
At constant temperatures, pressure was the main facture of the degra
dation of cement [88]. There are also different results, as Adeoye et al. 
[79] found that carbonation of Engineered Cementitious Composite 
(ECC) could lead to an increase in its compressive strength, and the 
damage was limited to microcracks in weeks of CO2 disposure. Experi
ments held for cement degradation have various conditions, but they all 
conclude the degradation of cement must be considered in planning a 
CCS project. 

Besides chemical reaction of casing and cement, mechanical issues 
are also known to affect well integrity. As pore pressure increases, there 
is a possibility of stress distribution alteration around the well, and this 
would lead to casing deformation or crack generation in the cementing 
[94]. Beside the increase of pore pressure, the cooling effect caused by 
the injected CO2 can decrease the radial, axial and tangential stresses of 
the composite system, and these compressive stresses may turn to tensile 
stresses [95]. Possible failures caused by stress changes are shown in 
Fig. 9 [96]. Because of these reasons, considering chemical–mechanical 
combined effects is crucial for precise well integrity assessment [97]. 
Susan et al. [80] presented that chemical–mechanical effects have the 
potential to hinder the well integrity when a leakage path is already 
present due to cement shrinkage or fracturing, gaps along interfaces, or 
casing failures. Jung et al. [98] conducted an experiment in which CO2- 
saturated groundwater and wet supercritical CO2 reacted on fractures in 
cement/basalt samples to analyze the chemical–mechanical effects. 
They observed that carbonate precipitated from the fractures, causing 
the pressure changes, and isolating other cement fractures. They pre
sented that the chemical effects have the potential to alter local stress in 
cement. 

7. Discussion 

During the geological CO2 storage, the subsequent pore pressure 
increase may cause the geomechanical risks by the formation defor
mation and failure. The former is primarily caused by the poroelastic 
response of the rock, which result in the surface uplift. Although the 
surface uplift occurs with a low rate and is imperceptible, assessment of 
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its timely cumulative effect should be monitored and managed as it 
occurs over a wide area. In addition, when an offshore field is targeted 
for the CO2 storage, the uplift that may have a negative influence on the 
seabed ecosystem is difficult to monitor. Therefore, the potential surface 
or seabed uplift needs to be assessed and managed when the geological 
CO2 storage is designed. If the stress magnitudes changed during the CO2 
injection exceeds the rock strength, the rock fails. In the same manner, 
when the pore pressure in the existing fault exceeds the maximum sus
tainable pressure, the fault slip may occur as the friction at the fault 
plane is insufficient to maintain the fault stability. Since the formation 
failure or the fault slip can generate new flow paths to outside of the 
secured geological structure, the phenomena need to be closely inves
tigated to prevent the potential CO2 leakage, which can lead to severe 
environmental hazards. Moreover, the induced seismicity needs to be 
avoided as it negatively affects the public acceptance on a CCS project. 
On the other hand, a loss of the well integrity can be aggravated by the 
CCS project with both chemical and mechanical mechanisms. The risk is 
more important when the CCS project is planned for a depleted hydro
carbon reservoir where a lot of wells exist. 

Therefore, the potential geomechanical risks are closely related to 
the pore pressure buildup during the CO2 injection. To prevent the 
formation failure and the fault slip, the pore pressure increment needs to 
be restricted not to damage the safe and secure the geological CO2 
storage site. For a hydrocarbon production, the high reservoir pressure is 
favorable as the fluid production can be facilitated with the lowering the 
bottomhole pressure (Fig. 10). When the bottomhole pressure is zero, it 
is called ‘absolute open flow (AOF)’, which means that the maximum 
fluid flow is made by the natural power of the reservoir. For a geological 
CO2 storage, the injection pressure is restricted by the maximum 
allowable pressure of the reservoir, which is the maximum fluid pressure 
that does not induce the formation failure and fault reactivation. 
Therefore, determination of the safe injection pressure by the geo
mechanical analysis is closely related to the CO2 storage capacity. 

To maximize the storage capacity of the reservoir, there are several 
solutions. For example, controlling the operating conditions by moni
toring the pore pressure buildup due to the CO2 injection is an obviously 
effective option to improve the storage capacity. There is the permanent 
downhole gauge (PDG) method to monitor the pore pressure at the CO2 

injection site. PDG is a pressure (and/or temperature) gauge perma
nently installed in an oil/gas or injection well and can measure the 
tubing pressure and the annulus pressure [99–101]. PDG allows the well 
to be efficiently managed and optimized for operating conditions over 
the lifetime of the well. It is ideal to install multiple PDGs at different 
depths and as close to the target reservoir as possible. In addition, a well 
stimulation method can be applicable to enhance the permeability of the 
near-wellbore region and to improve the well injectivity. Moreover, 
operating a relief well can be another solution. Although drilling a new 
well or re-purposing an existing well requires additional cost, reducing 
the reservoir pressure can increase the CO2 storage capacity. There are 
many studies focusing on operating the relief wells in terms of the 
operating condition, its locations and economic analysis [50,102–107]. 
The method would improve the storage capacity of aquifers by removing 
the formation fluid. Therefore, it can be a great solution for countries 
that do not have enough geological alternatives. However, it also should 
be noted that optimizing its location and operation conditions is crucial, 
as breakthrough of the injected CO2 can occur and the operation would 
be stopped unexpectedly otherwise. 

Furthermore, several studies have been carried out for the CO2 in
jection through a horizontal well to improve the storage capacity with 
the lower pressure buildup [108–110]. This is because the increment of 
the pore pressure can be relieved if a horizontal well is used for the 
maximized injection intervals [109]. In addition, there are studies 
showing that injecting CO2 through a vertical well causes a sharp pore 
pressure increase at the early stage of the process, because the relative 
permeability of CO2 is quite restricted before the injected CO2 estab
lishes flow paths through the porous media as the viscosity of the dis
placed brine is much higher. After the pores in the vicinity of the 
injection well start to be filled with the injected CO2, the relative 
permeability of CO2 increases and the pore pressure slowly stabilizes. 
This phenomenon is defined as the pore pressure evolution, which has 
been observed in a field scale in the Ketsin pilot test site in Germany, in a 
semianalytical approach, and in numerical simulations [111–116]. 
Consequently, the geomechanical stability is more likely to improve 
with time when the vertical well injection is adopted. In contrast, the 
CO2 injection at a constant mass flow rate through a horizontal well 
would result in the continuous pore pressure buildup and should be 

Fig. 9. Debonding of interfaces between casing-cement or cement sheath-rock, shear damage, radial cracking, and disking [96].  

Fig. 10. The relationship between the bottomhole pressure and the flow rate. (a) For a hydrocarbon production field, the production flow rate increases as the 
bottomhole pressure reduces. (b) For a CCS project, the maximum injection pressure is restricted by the maximum allowable reservoir pressure. 
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avoided because the relative permeability of CO2 is maintained low. 
There are studies that show that the continuous pore pressure buildup 
may cause rock failure after several years of injection from a horizontal 
well [21,115]. Moreover, Vilarrasa [20] indicated that the CO2 injection 
through a vertical well is geomechanically more favorable than that of a 
horizontal well for several decades of the injection period. However, it 
was concluded that the stress field alteration due to the pore pressure 
changes should be taken into account to achieve more reliable results for 
each type of an injection well. 

Recently, a lot of research activities about the CO2 injection in an 
unconventional reservoir have been conducted to improve shale oil re
covery accompanied with the CO2 emission reduction [117–120]. CO2 is 
an effective gas for enhanced oil recovery for unconventional reservoirs, 
as it is relatively easily miscible with oil, induces the oil swelling, and 
reduces the oil viscosity [121]. In addition, the CO2 storage in uncon
ventional reservoirs has a great potential due to the nanoporous struc
ture that significantly increases the adsorption capacity. Thus, utilizing 
CO2 to enhance the recovery of shale reservoirs and coalbed methane 
reservoirs recently gains researchers’ interests [122]. Relevant re
searches have been conducted through molecular simulations, reservoir 
simulations, laboratory experiments, and field tests to demonstrate the 
potential of CO2 utilization for CCS and enhanced oil/gas recovery in 
shale reservoirs [123–126]. For the CO2 injection into the unconven
tional reservoir, geomechanical risks, such as rock failure, deformation, 
and well integrity loss presented in this study need to be integrated and 
investigated with effects of the adsorption, which will be performed in 
future studies. 

8. Conclusion 

In this paper, we reviewed mechanisms and related research activ
ities of the potential geomechanical risks, i.e. CO2 leakage, induced 
seismicity, surface uplift, and loss of the well integrity during the CCS. 
The major findings are as follows,  

1. The formation can fail when the stress magnitudes exceed the 
strength of the rock. If the pore pressure at the existing fault exceeds 
the maximum sustainable pressure, the fault reactivation can occur. 
Since the formation failure and the fault reactivation can generate 
the new flow paths extended to outside of the secured geological 
structure, the injected CO2 leakage may occur and the environmental 
hazard can be caused. In addition, these phenomena may cause the 
induced seismicity. When the magnitude of the induced seismicity is 
significant, it could threats the environments and distracts the public 
acceptance of the CCS project.  

2. The CO2 injection process induces unavoidable pore pressure 
buildup and effective stress alteration. These are causes of the sub
sequent reservoir deformation, and it can cause the deformation at 
the top of the reservoir transmitted to the surface or seabed. Due to 
this, reservoir deformation due to the CO2 injection should be taken 
into consideration as it can damage the surface facilities and stir 
public concerns. For an offshore reservoir, direct measurements of 
the seabed deformation are not possible while there is a direct 
measurement method for onshore reservoir, such as the interfero
metric synthetic aperture radar (InSAR) and tiltmeters. Thus, the 
reservoir deformation due to the injection of CO2 have to be evalu
ated, especially, when a CCS process is designed in offshore 
reservoir.  

3. When the well integrity is lost, the formation fluid can leak through 
the elements of the well components and if severe, the injected CO2 
can be leaked to the surface and drinking water. These phenomena 
pose an environmental threat as they result in leakage to the atmo
sphere and contamination of the drinking water. Thus, the well 
integrity must be evaluated to prevent potential environmental 
threats. In particular, when an old production well is repurposed for 
an injection well, ensuring the well integrity should be taken into 

consideration during the CCS process design, as it will hold higher 
pressure than the outside of the well. 

Therefore, the geomechanical analysis during the CCS process is of a 
critical importance for the environment and should be performed. 
Especially, concerns about the potential leakage of the injected CO2, 
induced seismicity, surface uplift, and the contamination of the drinking 
water, are key geomechanical challenges that must be addressed when 
large-scale CCS processes are established. 
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