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Abstract 

This is a systematic review that examines the geomechanical aspects that affect the efficiency and 

hazards of Enhanced Oil Recovery (EOR) procedures, particularly with respect to carbon dioxide 

(CO2) injection and other sophisticated stimulation techniques. Fundamental geomechanical 

principles, including effective stress, poro-elasticity, and rock deformation, constitute the essential 

basis for understanding fluid-rock interactions across various methodologies of EOR. Mechanical 

response of reservoir rocks during waterflooding, chemical injection, gas flooding (CO2-N2), and 

thermal recovery are fully considered, and particular attention is paid to the behavior of fractures 

and faults, injection induced seismicity, thermal induced deformation, and stress-permeability 

hysteresis. Experiences of the Enhanced Geothermal Systems have been used to seal the 

significance of dilation thresholds, fracture conductivity changes, moisture cyclic stiffness 

degradation in stress-sensitive organizations. New developments in fully coupled thermo-hydro-

mechanical-chemical (THMC) simulations and field-scale calibrated Mechanical Earth Models 

(MEMs) are also covered. These composite frameworks will lead to the greater predictive power, 

the most favorable injection strategies, structural stability and the minimization of geomechanical 

threats. The results define geomechanical modeling to be a core principle in developing robust and 

high-performance EOR systems, especially in unconventional and complicated reservoirs. 

Keywords: Enhanced Oil Recovery, Geomechanics, Poroelasticity, Fault Reactivation, THM 

Coupling, CO₂ Injection. 
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1. Introduction 

The maximization of hydrocarbon production from mature oil reservoirs is an important task in 

the energy sector. The conventional oil production techniques are not able to recover a significant 

portion of the initially existing hydrocarbons. EOR techniques, including those involving thermal, 

chemical, CO2/gas, and water flooding, are widely applied to increase displacement and sweep 

efficiencies in oil reservoirs [1-3]. Nonetheless, along with the properties of fluid-flow, EOR 

activities inevitably stimulate complex geomechanical relationships among rocks of the reservoir, 

formation fluids and injectants, which are also becoming recognized as key factors that define 

successful operation [4, 5]. 

In this respect, Terzaghi (1943) concept of effective stress continues to be the main foundation for 

understanding the rock behavior in EOR operations, as injection induced variations to the pore 

pressure can redistribute stresses, re-open fault inactivity and modify the porosity and permeability 

of the rock. These concepts have been used to carry out extensive research on the hydro-

mechanical behavior of reservoirs through injection processes [6].  

The impact of changes in the pore pressure and chemical reactions on the rock properties has been 

the subject of extensive experimental studies. As shown by Ross et al. (1982), injection of CO2 

into brine saturated sandstones, enhanced the porosity by dissolving the minerals but grossly 

reduced the mechanical integrity [7].  According to Madland et al. (2006), under the injection of 

CO2 and CO2-saturated water, chalk formations fail, which increases the possibility of mechanical 

failure [8]. A similar study conducted by Luquot and Gouze (2009) quantitatively studied the 

changes in porosity and permeability of carbonate rocks due to the injection of CO2.  The study 

confirmed the simultaneous changes in chemical composition and mechanical integrity [9]. In 

addition, the complexities of the geomechanics are even more compounded in the thermal-based 

EOR techniques. Hojka et al. (1993) have analytically shown the generation of thermoelastic stress 

gradients in the vicinity of boreholes, leading to shear failures, especially in the case of steam 

injection methods [10]. Kocabas (2006) has also investigated the impact of temperature on stress 

and stress-dependent flow behavior in the context of cold water injection methods [11].  

One of the geomechanical hazards of EOR techniques is fault and fracture destabilization. In this 

regard, Chiaramonte et al. (2008) established that the pore pressure build-up in a naturally fractured 

reservoir can negatively affect the stability of already existing faults and the sealing capability of 
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the cap rock, and it can even cause the construction of leakage pathways [12]. Under this aspect, 

Zoback (2010) also noted that the instability of faults and fracture creation is regulated by regional 

stress regimes, and this directly affects the safety and viability of injection-based operations in 

unconventional reservoirs that have stress-sensitive behavior [3]. Cai et al. (2020) introduced a 

model of coupled geomechanical-chemical CO2 foam flooding in the tight dual porosity reservoirs, 

which provided a possibility of a pore pressure buildup that can undermine the fault stability and 

sealing ability of the cap rock [13]. 

The complex nature of interactions among fluid flow, chemical reaction and mechanical 

deformation in EOR processes has stimulated the need to develop fully coupled thermo-hydro-

mechanical (THM) models. These models combine both the impact of pore-pressure changes, 

temperature variations and chemical interactions on stress distribution, fracture propagation, and 

compaction of the reservoir.  Laboratory-scale studies have provided insights into model 

parameterization, including time-dependent material responses to thermal and chemical 

perturbations [14, 15]. 

Hybrid modeling strategies have been developed as necessary solution in order to model such 

coupled processes at the same time so that fracture stability, caprock integrity and flow paths under 

different operating conditions can be predicted through assessment [16]. These models combine 

geomechanical, geochemical, and fluid-flow effects, which can be used to make risk-informed 

decisions, optimize the use of EOR strategies, and reduce the risks of mechanical failure [17]. 

The feasibility of these coupled processes is supported in the field with a lot of evidence. The 

extensive compaction and surface subsidence in chalk reservoirs with long-term producers of pore 

fluids, including Ekofisk field, proved the direct connection between fluid production and 

mechanical deformation [18]. Carbon dioxide injection in Salah project (Algeria) and the Otway 

project (Australia) have been discovered to produce large surface uplifts up to 1522 mm, and also 

injection-induced seismicity [19]. The Filanovsky Field has been using integrated monitoring 

methods, including 4D seismic, geomechanical and reservoir models to monitor the variability of 

the pore pressure and saturation [20].  

In spite of these developments, current studies on EOR reviews have been more so concerned with 

case history classification or isolation of individual geomechanical process without providing an 

integrated comparative system. The current review paper fills this gap by presenting a risk-
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opportunity analysis framework allowing to organically compare EOR techniques based on 

governing geomechanical processes, the risks involved, diagnostic indicators and leverages of 

operational control. To this end, the given review report offers a combined summary of the 

geomechanical interaction governing EOR operations and reservoir integrity during the process of 

water, gas, chemical, and thermal recovery methods. The special focus is on pressure-stress 

coupling, stress-sensitive permeability, fracture and fault stability and coupled thermo-chemo-

mechanical effects. Lastly, the review also notes that full coupled reservoir-geomechanics 

modeling and time-lapse monitoring can be utilized fully to determine safe operational windows 

that can be used to maximize recovery with the least compaction, caprock failure and induced 

seismicity. 

2. Geomechanical Fundamentals Influencing Enhanced Oil Recovery 

The fluid displacement in any EOR operation can be promoted by or hindered by changes in pore 

pressure, stress distribution, temperature and rock fabric. These processes have a direct influence 

upon injectivity, sweep efficiency, reservoir integrity and sustainability of production/injectivity 

in long-term condition. In this section, the basic geomechanical principles, including effective 

stress, poro-elasticity, and deformation/failure mechanisms of reservoir rocks that prevail in such 

interactions are reviewed for effective design of EOR projects with risk management. 

2.1. Effective Stress  

The concept of effective stress, originally proposed by Terzaghi (1925) and subsequently 

generalized by Biot (1941), denotes the way in which the total stress is divided between the solid 

skeleton and pore fluid in porous materials. The effective stress can be calculated using following 

equations: 𝜎′ = 𝜎 − α                                                                                                                                                                                                                                                                          (1)                                                                                                                                ߏߙ = 1 − KdryKs                                                                                                                                  (2)                                                                                                                                           

where σ՛ is the effective stress, σ is the total stress, P is the pore pressure, α is Biot coefficient, ܭௗ௥௬ is the dry bulk modulus of the rock framework and Ks is the bulk modulus of the solid mineral 

grains  [6, 25].  According to Terzaghi’s principles, when a rock is encountered to the stress, 

increasing  pore pressure   leads to effective stress decrease [3]. In primary depletion, the decrease 
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in the pore pressure, increases σ՛, compressing the rock matrix and, in worst case, leading to surface 

subsidence as was eminently witnessed in the Ekofisk chalk field where surface subsidence of over 

10 meters was observed [21]. During the secondary and tertiary recovery processes, the pore 

pressure is raised thus decreasing the effective stress in the direction of the current stress field  [22, 

23], which can lead to reopening of the preexisting faults and impacting the permeability or 

integrity of the caprock as has been observed in CO2 injection and unconventional reservoir 

experiments [24-26]. 

2.2. Poroelasticity: Mechanical and Hydraulic behavior Coupling 

Poro-elasticity offers a powerful tool of examining the relationship between the mechanical 

performance and fluid flow of reservoir rocks [27]. In the case of EOR, in the poro-elastic material, 

the deformations are not only caused by the mechanical stress but also by the change in the pore 

pressure. These two sources of deformation act on the solid framework of the porous medium.  The 

inescapable processes also affect not only the mechanical characteristics of the reservoir rock, 

which may cause compaction and reactivation of faults, but also its hydraulic properties, both due 

to changes in porosity and permeability [2, 3]. The constitutive equation of poro-elastic materials 

can be written assuming that they can be described by linear elastic isotropy as follows: ߝ௜௝ = 1+జா (𝜎௜௝ − (𝜎௜௝݌ߙ − జா ௞௞ߜ) −                                                                                         ௜௝                                                                                (3)ߜ(݌ߙ3

In which, εij is the strain, σij is the stress, E is the modulus of elasticity and ν is the Poisson’s ratio. 

In this equation, the influence of the pore pressure on volumetric strain and alteration of the stress 

in the porous framework can be seen. The effective stress decreases when the pore pressure is 

increased, and it might result in developing such mechanical instabilities as shear failure, 

compaction, or fault slippage  [28, 29]. Poro-elastic effects in EOR processes can significantly 

change the geomechanical and flow characteristics of the reservoir. These interdependence effects 

are critical factors to be considered for predicting the performance of the reservoir enough to make 

sure its permanence throughout the time [30-32]. In this respect, the major outcomes are:     

• Volumetric strain and permeability: 

In EOR operations, such as waterflooding, the increase in pore pressure can lead to a reduction in 

the effective stress, which may alternatively lead to an increase in rock permeability and porosity. 
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The increase in pore pressure in other structures can increase the dilation of the microfractures or 

the openings of the existing channels leading to the increased fluid flow capacity [33-35]. 

• Poro-elastic deformation: 

Due to changes in the pore pressure during the EOR operation, poro-elastic deformation of the 

reservoir can occur, potentially spreading to the overburden and leading to surface level 

alternations. For example, InSAR, a useful remote sensing method, detects such surface 

deformations in relation to the activities of hydrocarbon production and injection. Incorporating 

poro-elastic models into the InSAR observation allows one to correlate the surface pattern of 

displacements with the change in subsurface pressures and redistribution of stress. The coupling 

has been used with success in mature reservoirs e.g. those in the Permian Basin where long-term 

fluid removal or injection has caused large pore pressure changes that cause observable surface 

deformation [36]. 

• Shear failure and fault reactivation: 

The reduction effective stress in EOR operations may result in shear failure or re-activation of the 

preexisting faults [37, 38]. 

2.3. Deformation Processes: Elastici and Inelastic responses 

In all the steps of EOR, it is essential that the operators measure how the rocks within the reservoir 

react to changes in the stress conditions because the rocks can be either elastic or inelastic in 

deformation. These are the key processes to know to be able to maximize recovery, injectivity 

management, and geomechanical integrity [22, 39]. Elastic deformation of the reservoir rocks 

occurs under low to moderate stresses and the resulting strain is totally reversible. The elastic 

response is controlled by Hook law and can be determined by the elastic properties of materials 

i.e. Youngs modulus and Poisson ratio [3, 22, 40, 41].  

3. Geomechanical Impact of various EOR techniques 

3.1. Compaction, Subsidence Development and Fracture Reactivation in Waterflooding 

Waterflooding is one of the most prolific methods used in EOR to maintain pressure in the 

reservoir, forcing oil towards the wellbore. As the pore pressure increases during waterflooding, 

the effective stress in the reservoir becomes less, which may cause rock compaction, layer sinking 
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on top of the reservoir as well as reopening of old cracks or faults [3]. A typical example is the 

Ekofisk chalk reservoir, where ongoing seawater injection has resulted in a maximum rate of 

subsidence of 12 cm per year [42]. 

The analysis of Mohr circles revealed that even after secondary recovery, the reservoir was still 

mechanically stable and had a large failure margin. However, interestingly, the rotation of the 

principal stresses created an imbalance between the variation of sigma1 and sigma3 leading to the 

elliptical movement of the circle of Mohr and increased stress anisotropy under unsteady reservoir 

conditions [43]. The geomechanical evolution of the stress states of the rock in the primary 

depletion followed by waterflooding is depicted in Fig1 The production process on maximum 

principal stress (σ1) instead of on the minimum stress (σ3) augments the effective stress and extends 

the Mohr circle. This leads to more radius increase compared to a lateral movement. In the 

secondary waterflooding, the maximum and minimum effective stresses gradually reduce as the 

pore pressure increases until the Mohr’s circle is crafted, despite the fact that the stress state is 

usually still a long way below the failure envelope. Experimental and numerical measurements 

have shown anisotropic redistribution of the stresses which is expressed through rotation of the 

major stress axes and elliptically shaped Mohr paths [43]. 

These results illustrate the necessity of adding the interaction of anisotropy of stresses and the 

evolution of pore pressure to geomechanical studies and models [44, 45]. All these considerations 

highlight the reality that injection rates and pressures have to be optimized to minimize the chances 

of excessive fault reactivation and long run stability in the waterflooding operation [6, 46, 47]. 

Recent studies show that the injection of smart water in chalk or carbonate formations has the 

potential to enhance the oil sweep efficiency while reducing the rate of mechanical weakening. 

Talebian et al. (2021) demonstrated that the processes of an ion exchange (replacing Ca²⁺ in the 

rock and replacing SO₄²⁻ in the water) change the wettability of the rock, but they also diminish 

the grain-to-grain bonding and allow further compaction. The conceptual flow chart of the chalk 

and carbonate reservoir of water based EOR linking chemical and mechanical pathways is 

revealed. 
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Fig 1 Evolution of stress state in Morrow B during (a) primary depletion and (b) waterflooding, illustrating 
pore pressure effects on effective stress and Mohr circle evolution (adapted from Marcia McMillan [43]. 

Natural depletion leads to compaction and loss of porosity which may progress to formation and 

subsistence damages is summed up in the Fig2 The interaction between smart water and seawater 

injection can be indicated as a combination of mechanisms, where dissolution of minerals, ion 

exchange (Ca2+replacement,  diffusion), and wettability change contribute to a higher displacement 

efficiency but also decrease the grain-to-grain cohesion and increase compaction by chemo-

mechanical processes [48, 49]. The two-fold increase in the latter would represent an operational 

window over which geomechanical threat would offset recovery gains. Therefore, to narrow the 

model parameters and ensure the safety of the water-based EOR in the stress-sensitive carbonate 

fields, strong calibration based on zeta potential, pre- and post-UCS test, and stress-dependent 

permeability analysis is needed to enhance well flooding by decreasing the fluids contacting the 

rock  [16, 50]. Fig2 presents the workflow illustrating the coupled impact of smart water injection 

on wettability alteration, oil displacement, mechanical weakening, and reservoir compaction.  
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Fig 2 Conceptual workflow illustrating the coupled impact of smart water injection on wettability alteration, 
oil displacement, mechanical weakening, and reservoir compaction (adapted from Seyedeh Hosna Talebian 
et al [16]. 

3.2. Chemical Enhanced Oil Recovery (CEOR) 

Chemical enhanced oil recovery (CEOR) methods are routinely employed in the field to change 

fluid–rock interactions and fluid mobility, such as polymer flooding, surfactant flooding, and 

alkaline–surfactant–polymer (ASP) flooding. These processes, however, can also have significant 

geomechanical and geochemical impacts on the reservoir, such as changes of pore pressure, 

effective stress and rock/fluid interactions   [50, 51]. The more viscous the polymer solution, the 

more resistant to flow it will be and the higher the pressure will need to be to achieve a desired 

injection rate. These ones may create high stress changes around the wellbore, especially in weak, 

unconsolidated or naturally fractured formations. These stresses can cause shear failure, sand 

deformation or fracture reactivation, which can affect wellbore and formation integrity [52-54]. 

Also, the fluids in CEOR can have a physical/chemical effect on the reservoir rocks. Low salinity 

water may result in clay swelling, for instance, and reactive water may cause mineral dissolution. 

Clay-rich or carbonate formations have specific effects that can alter pore structure, permeability 

and local stress conditions and are of particular importance. These changes also can cause 

compaction or reactivation of pre-existing fractures [55, 56].  The potential for microfracturing and 

preferential leakage pathways in the caprock may be further enhanced by injection-induced 
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effective stress reduction in the caprock in heterogeneous reservoirs. Thus, integrated hydro-

geomechanical modeling frameworks must take into consideration chemical reactivity, rock 

mechanical properties, and injection conditions all at the same time in order to maximize recovery 

while ensuring geomechanical integrity [53, 57].  

A representative study by Khodaverdian et al. has been conducted to Fig3 show the geomechanical 

effects of polymer flooding in unconsolidated-sand formations. They conducted geomechanical 

simulations, which indicated that by three months after starting the polymer injection, the 

minimum effective stress in the area surrounding the injection fracture was lower than 1.5 MPa 

due to continued injection. As a result, a distinct shear failure zone formed around the fracture and 

slowly advanced towards the production well as the injection increased. These results show that 

by using high-viscosity polymer injection, the effective-stress state of the formation can be altered 

and may adversely affect fracture containment and formation integrity [52]. 

 

Fig 3 Predicted formation failure after (a) 3 months and (b) 16 months of polymer injection, showing the 
development and progression of the shear-failure zone around the injection fracture (adapted from 
Khodaverdian et al [52]. 

3.3. CO2 and N2 Gas Injection 

The use of CO2 and N2 as the gas injected in EOR is a common approach because it raises the 

efficiency of the sweeps, the degree of miscibility, and the pressure of the reservoir. Nonetheless, 
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there are also intricate geo-mechanical reactions (e.g., increase in pore pressure, thermal stresses, 

and interaction of fluids and rocks) brought about by gas injection. The increase in pore pressure 

in the instance of gas injection causes the effective stress to reduce and can possibly reopen any 

pre-existing fractures or faults, especially in those formations that are on the edge of reaching a 

critical stress state. Besides, carbonate minerals including calcite or dolomite can react with CO2. 

The rock substances can be chemically modified and lose their cohesion. Coupled pore-pressure 

increase, thermoelastic stresses and geochemical rock–fluid interaction can cause significant 

geomechanical responses during CO₂ injection. The changes in pore geometry, rock stiffness, and 

changes in the evolution of permeability due to dissolution of carbonate minerals, such as calcite 

and dolomite, affect permeability. For stress-sensitive formations, these coupled properties can 

lead to fracture closure, permeability decrease, fault reactivation, and caprock integrity hazards. 

Additionally, injection of CO₂ can cause thermoelastic stress perturbations that can cause tensile 

microfracturing in regions near the wellbores and critically stressed discontinuities. N₂ is 

chemically inert but it is frequently found that higher pressures are necessary for minimum 

miscibility pressure (MMP), and that this can cause significant stress perturbations around the 

injection zone. Higher injection pressure can lead to tensile fracturing, fault reactivation, casing 

deformation, and injection induced seismic activities, especially in mechanically weak and/or 

heterogeneous formations [6]. Fully coupled THM models should be implemented in order to 

assess and reduce these risks. As an example, Tian et al. (2019) applied a THM model to model 

gas injection in nanopore-constrained tight reservoirs, and found that development of stress-

sensitive porosity and permeability is significant to recovery performance. Equally, Bataee et al. 

(2014) developed a water-Alternating-Gas (WAG) injection model that incorporates stress 

feedback and redistribution of dynamic pressure, which has a great impact on the porosity 

distribution and production outcomes. These papers have shown that inclusion of THM coupling 

in predictive modeling is important especially in tight and geomechanically complex reservoirs 

[17, 58]. As Baig et al. (2025) emphasized, the safe containment of CO2 is controlled by the 

combined action of mechanisms of mechanical and solubility trapping (Fig4). These observations 

highlighted the importance of geomechanical monitoring for caprock integrity assessment and 

injection management [19]. 
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Fig 4 Interaction of CO2, brine, and rock during the CO2 trapping (adapted by Abdul Rehman Baig et al 
[19]. 

3.4. Thermal EOR 

Steam injection, cyclic steam stimulation (CSS), in-situ combustion (ISC), and steam-assisted 

gravity drainage (SAGD) are widely applied thermal enhanced oil recovery (TEOR) methods for 

improving oil mobility, particularly in heavy-oil reservoirs. However, the application of thermal 

recovery processes can induce substantial geomechanical responses because of steep temperature 

gradients, thermoelastic deformation, and coupled thermo-hydro-mechanical (THM) interactions. 

Rapid heating produces non-uniform thermal expansion of the reservoir matrix, particularly in 

formations characterized by mechanical anisotropy or heterogeneous mineralogical composition. 

The resulting differential stresses may exceed the tensile strength of the rock and initiate 

microfracturing [59].  

Thermal expansion, however, is not the only mechanism governing thermally induced 

deformation. Shear dilation can play a significant role in unconsolidated formations  [60].  Shafiei 

and Dusseault reported that steam injection can induce substantial dilation of sand grains, resulting 

in an increase in vertical permeability to more than 10 Darcy. Such deformation not only facilitates 



13 

 

gravity drainage but can also produce significant surface uplift. In some SAGD1 operations, total 

surface uplift has exceeded 310 mm, with only a small fraction attributed to thermal expansion  

[61].  

These thermally induced deformation mechanisms can also increase the risk of mechanical failure 

in the reservoir, caprock, overburden, and wellbore. CSS involves repeated heating and cooling 

cycles, which can produce stress reversals and thermal fatigue, potentially promoting the 

reactivation of pre-existing fractures or the development of new fractures. Similarly, the intense 

pressure and temperature gradients associated with localized combustion in ISC can amplify shear 

stresses and compaction in mechanically weak zones  .These processes may ultimately compromise 

caprock integrity and wellbore stability and increase the potential for leakage or sand production 

in poorly consolidated formations  [61-64]. Among all thermal enhanced oil recovery methods, hot 

water or steam injection processes are the most preferable due to their simplicity, which results in 

mostly predictable outcomes [65].  

The effects of nanopore confinement and stress-dependent rock properties are captured in the 

phase-equilibrium calculation using a coupled thermodynamic–geomechanical framework as 

illustrated in Fig5 The calculation starts with the governing equations and an initial guess of the 

phase composition and phase fraction (using Wilson's equation). The Rachford–Rice equation is 

then solved iteratively along with the Peng–Robinson equation of state (PR EOS) to get the phase-

equilibrium state. Under nanopore confinement the pore radius is considered as a function of the 

effective stress (effective stress) while the porosity and permeability are calculated based on the 

stress. Interfacial tension (IFT) between the liquid and vapor phases is then used in the Young–

Laplace equation to calculate the capillary pressure (Pc). The capillary pressure correction is then 

added to the phase equilibrium calculation, which accounts for the effect of the confinement of the 

pore scale on the phase behavior. Then, the calculated secondary variables are assessed against the 

convergence criterion. If the condition is not met, the variables are reinserted into the governing 

equations for the next iteration, otherwise the solution is considered converged. 

This coupling serves as a convenient model for the study of phase behaviour in low permeability 

and nanoporous media where the capillary pressure, interfacial tension, pore-size variation and 

 
1 Steam-assisted gravity drainage 
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stress dependent porosity and permeability can interact strongly. Therefore, the combination of 

nanopore confinement and stress dependence of rock properties into equation-of-state (EOS) and 

thermo-hydro-mechanical (THM) calculations can yield a more physically realistic description of 

fluid–rock interaction for reservoir conditions under confinement [17]. 

 

 

 

 

 

 

 

 

 

Fig 5 Coupling of nanopore confinement and geomechanics in VLE calculation (adapted from Ye Tian et 
al [17]. 

The geomechanical response of the reservoir during SAGD operations is governed by a series of 

coupled thermo-mechanical and flow processes, as illustrated in Fig. 6. The thermoelastic response 

of the reservoir with steam injection is shown in Fig (a). Thermal expansion caused by the heat 

leads to significant redistribution of stress and to a rise in horizontal compressive stress around the 

heated region, this being limited by the cooler surrounding formation. These stress changes, 

together with the advancement of the thermal front, will lead to the formation of high deviatoric 

stresses in front of the steam chamber [61]. 

The evolution of the SAGD steam chamber and the gravity drainage mechanism are illustrated in 

Fig (b). The steam rises from the ground by gravitational thermal segregation, flows laterally in 

the reservoir and then turns to water and the condensed water and the hot oil travels towards the 

production well. Shear dilation leads to increased vertical permeability and a gravity-driven flow, 

which is strongly affected by this [61]. 
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Fig (c). shows the shearing and dilation ahead of the thermal front, caused by the thermal stress. 

The localized stress change may cause the local shear yield condition to be violated, thus resulting 

in shear deformation and overall volume increase of the sand. This dilation creates more space for 

the pores and makes them more permeable, and may also destroy thin clay layers and bedding 

plane barriers, allowing greater vertical permeability [61]. 

 

Fig 6 Geomechanical mechanisms governing thermal recovery by SAGD: (a) thermoelastic expansion and 
stress redistribution induced by thermal loading, (b) steam-chamber growth and gravity-driven drainage, 
and (c) stress concentration and shear-induced dilation [61]. 

Recent THM analyses undertaken in the scope of cyclic steam injection have demonstrated that 

dilation/compaction thresholds are important parameters. These thresholds are also to be looked at 

in regards to the behavior of the rocks as chunks under the conditions of injection and off-loading 

that include the stiffness of the rocks. Fig7 This is significant with regard to vertical deformation 

and reservoir compaction due to various thermal loading conditions [66]. 
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Fig 7 Conceptual hysteresis model for stress-dependent Young’s modulus during cyclic steam injection, 
based on dilation and compaction pressure thresholds [66]. 

 

Temperature changes induce thermal strains that lead to thermoelastic stresses (e.g., Hojka 

etal.,1993) which can result in rupture or shear (Dusseault etal.,1988), accompanied perhaps by 

dilation (Dusseault andRothenburg,1988). Stresses in the elastic range can be computed by 

incorporating thermoelastic rock volume changes using the equations of fluid-saturated, poro 

elastic solids developed originally by Biot [2, 67, 68]. Dusseault (1993) proposed a simple first-

order approximation based on a uniform, homogeneous, flat-lying, laterally extensive reservoir 

subjected to uniform heating (Fig. 8), where an assumption of zero lateral strain can be justified. 

According to Hooke’s law and Terzaghi’s effective stress principle, the following equation can 

write: 

 

ԑ௜ = ܧ1 [∆𝜎՛௜ − ߭(∆𝜎՛௝ − ∆𝜎՛௞)] + 𝜎՛௜∆       ;ܶ∆ߚ = ∆𝜎௜ −  ݌∆



17 

 

 

Fig 8 Schematic model of stresses in a laterally extensive reservoir (adapted from Dusseault, 1993 [69]. 

4. Fractures and Faults in EOR processes 

The faults and fractures in the formations are important and inseparable components of the 

reservoir systems, which have a high influence on the efficacy of EOR actions.  It is important to 

conduct a quantitative evaluation of their mechanical response, changes in permeability, and 

reactivation possibilities due to dynamic stress situations to ensure long-term reservoir stability 

and fluid retention. Injection-induced changes in pore pressure, coupled with natural fracture 

networks and faults, can frequently control injectivity, as well as the sweeping quality and the 

threat of induced seismicity and/or the failure of the caprock [17, 38].  

4.1. Natural Fractures 

Natural fracture systems are important to the process of subsurface fluid flow, particularly in 

carbonate reservoirs in which the rock is highly low-permeability matrix. The mechanical 

mechanism of the fractures in the presence of various stress regimes can significantly influence 

the conduction properties of the fractures throughout the reservoir life [69, 70]. The fracture 

aperture and connectivity vary with the stresses exerted by the production and  can lead to a 

significant change in flow with time. There is a need to know not only the static characteristics 

such as the geometry, spacing and shape of the fractures but also the responses of the static 

behavior to the dynamic parameters such as stress sensitivity, closure pressure, and reactivation 

potential [71]. The Fig9 is a schematic displaying hierarchy and distribution of fractures in a 



18 

 

naturally fractured reservoir with the major (black), medium (red), and minor (green) fractures, 

and their contribution to the permeability and flow connectivity [71].  The diffuse fracture is 

normally presented in the core information of the rocks that consist of several mineral make-ups. 

They take place in the rocks in which the rate of change is intense as in the top and bottom of the 

reservoirs or in the cemented layers  [69, 72]. Their opposite nature is mostly similar to the major 

stress in the area (e.g., NNE-SSW). Some of the aspects associated with their shape include the 

manner in which they were formed, the openness that the rocks took, the density of the layers, and 

how they changed following the concept. Diffuse fractures, even on a sub-seismic scale, may be 

important fluid conduits or barriers during both thermal and stress cycling in EOR processes [73-

75]. Another case by Shekhar et al. (2019) shows this trend in a carbonate layer in the deep water 

of Abu Dhabi. Diffuse fractures were identified as having a natural fracture hierarchy in high-

intensity fracture corridors, which were shown to have stratigraphic control and structural 

orientation. The consequences of such exhibits were uneven movements of water and premature 

breakthrough of water, which suggests stress-induced reactions and formation of permeability 

routes [76, 77]. The addition of time-varying production data to define fractures enhanced fluid 

migration and pressure transmission simulations through the illustration of the significance of 

stress-induced variations in fracture conductivity [73]. 

 

 

 

 

 

 

 

 

Fig 9 Schematic representation of fracture hierarchy and distribution in a naturally fractured reservoir 
(adapted from Riyaz Kharrat [72]. 

4.2. Fault Reactivation and Induced Seismicity 
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Faults can become active again during EOR process due to various factors that occur one after 

another. These include the build-up of pore pressure, the change in original stress of rocks, the 

location of the fault, and the fault's slipperiness. In the investigate sites of the Sichuan Basin, 

seismic signals revealed that the fault zone may continue to move even during the shutdown of the 

well, which may denote the fault delayed rupture (Zhang et al., 2019). What we find between when 

seismic signals are produced when water is injected into the ground, and when the subsequent 

earthquakes take place when the injection is ceased are consistent with the rate-and-state theory of 

friction on Earth  [78]. This theory is used to explain the change of slip with time as a result of 

injection stress. It is demonstrated by simulations that the total water used is a more accurate 

predictor of a fault slipping or the change of form of a casing than the current amount of water 

used. The fact that the injection has been done matters in regard to the probabilities of a quake 

[79]. The main importance of fault transmissivity and the time-dependent effect of THM coupling 

is also stressed by Wassing et al. (2021), who emphasize the importance of paying attention to the 

transmissivity of faults and the effect of changing this parameter at a certain period of time 

regarding the issue of whether a fault would re-activate and lead to a quake or not. Rather, the 

models demonstrate that stress in the interior of a low-permeability fault may increase even after 

injection is discontinued, which may lead to an earthquake in the future. This implies that, when it 

comes to deciding the geomechanical models, it would not only be the loading of the fault and its 

fluid content, but rather the implications of the fluid pressure to creeping fault zones and the 

sensitivity of the stress path, especially in natural fractured reservoirs. Failure to incorporate such 

effects will result in the risks of quakes from injections being significantly underestimated [80]. 

Building on this point, we can apply our understanding of CO2 storage to gain better insight into 

the movement of faults after prolonged fluid is forced into them  [26, 81]. Rutqvist et al. (2016) 

performed a set of combined THM simulations. These prove that initiation and propagation of fault 

slip depends not only on the alteration of the pressure in the reservoir but also on the measures of 

heterogeneity in the fault zones, the direction of the stress, and rate-weakening in faults [6]. This 

work has demonstrated that despite the fact that the results used in this work do not reflect that any 

seismic signals have taken place, there are cases of slip in the absence of stress, and stresses that 

changes the ease with which fluid flows through the rock. These alterations may reveal the seal 

layer especially in hard rocks or the formations in layers [82]. It is also demonstrated in the work 

that local differences in stacked layers of sand and clay may concentrate the stresses to retard the 
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advancement of faults at the expense of broadening the magnitude of a fault slip[6, 82]. The 

injection zone in relation to the fault is also a key factor in its outcome. When the areas of high 

pressure are near the back wall of the fault, the high-pressure zone has a greater capacity to alter 

the stress of the rocks in the layer of rock  [6] . 

4.3. Injection Parameters considering Fractures 

The fracture behavior subsequent to the injection of fluids is highly dependent on the timing and 

the sites at which the important parameters of injection rate, pressure, temperature, and fluid 

composition are considered. According to experimental investigation and coupled THM studies on 

the EOR and EGS, high injection rates have been known to cause rapid fracture propagation. On 

the other hand, more complex fractures are formed through progressive shear and opening 

mechanisms in slower or cyclic rate injection [6, 83]. 

In cases where injection is done in a cycle, like CSS or CO2 huff-and-puff, the use and removal of 

the weight of the load changes the size of the fracture by thermoelastic contraction and expansion, 

and may cause the permeability to be different or the stress to be ‘remembered’. These cyclic ways 

of stressing will create either a loss of open space or, instead, the fracture may open steadily when 

the stress is less than the amount needed for slip [79, 84]. The form of the fracture surfaces and the 

ruggedness of their contacts do not just happen to be the reaction to injection pressure alterations. 

At a low level of stress that causes slip, the asperities would tend to obstruct the slip and increase 

the difficulty of slip; whereas at a high level of stress where slip may occur, small fractures would 

rapidly form and could cause a sudden alteration in the flow of the fluid. Also, high-pressure 

injection can form additional fractures that can by-pass the areas of interest or create difficulties 

to the wellbore in case they are not observed  [79, 85, 86].  

The permeability variation with stress models, cyclic THM tests, and consideration of the observed 

fractures in the field have to be incorporated in the design of the injection plan in the EOR projects 

to make sure that these factors are taken into consideration. The follow-up of developing fractures 

and the modification of the injection regulations to enhance better sweep and circumvent 

geomechanical-related risks can be achieved via the use of real-time monitoring technique, 

including micro seismic imaging or tiltmeter arrays, in low-permeability zones (where the fractures 

can be induced through heating) [26, 79, 87, 88]. 
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4.4. Thermally Induced Fractures 

Thermal fractures, as they are often referred to, or near-wellbore thermal fractures are human made 

features that develop as a result of thermal gradients that are created within the rock around the 

injection wells. When a cold liquid like water or steam condense is conjectured into warmer rock, 

the cooling effects result in the rock contracting. The tension thus imposed on the rock by this 

contraction may be greater than the tensile strength of the rock, particularly in brittle rocks such 

as compact limestones. Consequently, radial or axial thermal fractures may form near to a 

wellbore[61, 89]. The fractures are widely found in the borehole wall rocks and their incidences 

are usually higher than the core samples [90]. Special attention is paid to thermally induced 

fractures in a low-permeability zone since this problem can significantly alter near-wellbore 

permeability and lead to uncontrolled fluid flow [91]. Where there is some lack of seismically 

imaged faults, early breakthroughs can be ascribed to act of thermal fracturing [73].  Moreover, 

thermally induced cracks may grow and connect to the pre-existing natural fracture systems 

forming intricate fracture networks which are hard to characterize. These interactions being highly 

complicated, they usually punch through in abnormal production or injection patterns, since these 

would not be usually captured in image logs. An insight into the phenomenon and growth of such 

fractures is important to construct fluid flow models correctly and to evaluate the geomechanical 

risks of thermally stimulated, cavernous reservoirs [92-94]. 

4.5. Fractured Reservoir Stress-Permeability Coupling: EGS System Insights 

Although it is not used to achieve the same objectives, both EOR and EGS have one important 

geomechanical process that determines the fluid movement and stress alterations occurring in 

fractures in the earth. Experience with EGS tests and field work can provide an insight into stress-

sensitive fracture behavior useful in EOR particularly with respect to the joint effects of heat, 

pressure, and rock mechanics [95-97].One of the most important lessons of EGS research is the 

non-linear correlation between the permeability and the effective stress. Closure of fractures under 

increasing confining pressure is commonly observed in crystalline low-porosity rocks, and also in 

tight carbonate and sandstone oil and gas reservoirs applied to EOR. This observation dictates that 

we consider permeability as a stress-dependent characteristic especially on cyclic injection, which 

varies the fracture [83, 97, 98].  The data also show that cyclic stress causes variation in the 

roughness and contact area on the fracture surface, leading to an irreversible change in the 
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permeability of a hysteretic nature. Such things happen in polymer and thermal EOR, and injection 

results in dilation, followed by partial closure, which modifies the transmissivity of a fracture. It 

should then be noted that fracture conductivity must be regarded as a variable of stress level and 

path, so it needs to be calibrated in field in nearly real time [99, 100]. Tests in step-rate injection 

and pressure fall-off have played a major role in EGS in identifying the stress-path-dependent 

nature of fractures. A very important finding is that there are dilation thresholds: once crossed, the 

fracture demonstrates a different, irreversible, apertural increase similar in mechanism to what 

occurs in steam and gas injection in EOR [84, 101, 102].  The other important observation made 

by EGS tests is that the stiffness of rocks is never repeatable that is demonstrated by the decline in 

Youngs modulus which never fully recovers once the load is withdrawn. This approach to changing 

the properties of a given material can have a substantial effect on thermal EOR, in which the rock 

is heated and cooled in cycles. This effect is also illustrated in Fig10 which shows testing on hot 

fractured granite. The plot was drawn over time as the pressure was added and the rock slowly 

gained a strain over a given period and this resulted in rock failure. The crack propagation was 

observed as the strain gauges measured the crack propagation during the loading, thus, the crack 

propagation could also be confirmed using the field tests, where hot water is being injected and 

cumulative creep in shearing and incremental strain softening during the cyclic load event during 

the repetitive load cycling, which agrees with the rate  and  state concept of friction and pressure 

diffusion[103]. This implies that fault slip may be delayed even when an injection is stopped. The 

control measures, which have been proposed, are the limitation on the magnitude of ramps, 

diagnostic step-rate tests, the real-time observation of geodetic/micro seismic to make sure that the 

stress paths are not greater than the critical dilation/slip paths [83, 97]. 
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Fig10 Cyclic injection-induced extensional strain in fractured granite under high confining stress, 

demonstrating shear stimulation and stiffness degradation (adapted from Villaquiran Vargas et al [98]. 

5. Geomechanical EOR Modeling and Simulation 

Geomechanical modeling is no longer an auxiliary diagnostic instrument but is a part and parcel 

of EOR planning-mostly in CO2 EOR operations [104]. These models are finding more 

applications in optimization of injection strategies, better assessment of reservoir stability, and 

better risk management in the variable stress conditions [105]. Geomechanical simulations also 

give insight into the critical interactions involving THMC processes and permit much more 

predictive and adaptive reservoir management regimes because these processes are coupled 

between subsurface mechanical behavior and flow and thermal [106-108]. 

5.1. Semi-Coupled and Fully Coupled 

Permanent perturbations in the stress field would occur in the course of the injection process due 

to the build-up of pore pressure during CO2-EOR operations, which requires that fully coupled 

THMC simulations be used  [6, 109]. To illustrate that such a model is to be integrated into the 

probabilistic risk-assessment models, such as NRAP-Open-IAM, and new monitoring instruments, 

such as the use of InSAR-based surface deformations maps and 4D seismic surveys (Baig et al., 

2025), thorough assessments are obligatory [110, 111]. This jointness enables the predetermination 

of injection pressures, reacts swiftly to any caprock integrity issues and is able to make the long-
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term movement of the CO2 plumes in the atmosphere, through the use of traditional processes  [19, 

112]. Classical approaches frequently make use of semi-coupled approaches, with reservoir 

simulators generating pore pressure and saturation fields, and feeding them to geomechanical ones. 

Elyasi et al. (2016) applied it to ECLIPSE and ABAQUS and proved that it was able to simulate 

the development of stress during the CO2-EOR process. However, they noticed some flaws in the 

feedback effect and more integrated models are required. Fully coupled THMC simulators, 

including TOUGH-FLAC and COMSOL are interactive and find the flow, heat, and mechanical 

equilibrium together and give superior predictions of the changes in permeability and 

redistribution of stress even in cyclic injection [113-116]. 

Mechanical deformation of the reservoir and surrounding rock considerably affects the behaviour 

of fluids and has a significant role throughout the primary, secondary and tertiary oil recovery 

processes. The fluid flow and geomechanics governing equations need to be solved in a coupled 

manner to correctly capture these coupled processes, which is often done through either fully 

coupled or partially coupled numerical approaches. Partially (staggered) coupled approaches solve 

the fluid flow and geomechanical system separately, and exchange relevant state variables 

iteratively at specified time steps. The use of this strategy is general because the fluid flow 

processes normally include higher temporal resolution (days) while the geomechanical response 

evolves over a much longer time scale (months) [117, 118].  In addition to the time step flexibility, 

partial coupling is convenient to implement differentcomputational grid size and grid spacing. The 

flow ssimulator includes onl the reservoir whereas the geomechanics model may extend further in 

the lateral and vertical directions. Hence, the flow spatial domain is typically a subset of the 

geomechanics domain. In linear-elacticity models, below equations can be used to update 

permeability and porosity once the total volumetric strain, ߝ௩, is updated. 

∅௡+1 = 1 − (1−∅0)ఌೡ                                                                                                                                          (4) 

݇௡+1 = ஻ఌೡ݁ܣ                                                                                                                                                (5) 

Where ∅0is the initial porossity, ∅௡ and ݇௡ are the porosity and permeability values at time -clevel 

n, and ∅௡+1 and ݇௡+1 are porosity and permeability values at time -level                                                                              

, n+1,. A and B are coefficients specific to the formation of interests, and can be determined by 

experiments [15, 117, 119]. 
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5.2. Fractured Reservoirs 

Fractured and faulted reservoir modeling is important in EOR projects [120, 121]. There are 

discrete fracture models and interface elements, which can be explicitly modeled to explicitly 

model the changes in fault-slip during dilation and permeability [109, 122, 123]. Schmitt and 

Minderhoud (2022) showed that the measurement of localized pore pressure increases can also 

reopen faults before the formation of hydraulic fracturing pressures, which causes measurable 

uplift. Their study highlights the significance of fault mechanics of EOR risk analysis [124]. 

5.3. Chemo Mechanical Coupling and Reactive Transport 

Considering the coupling of THMC processes is crucial for understanding the integrity and long-

term behavior of reservoirs throughout CO₂-based EOR and geologic storage. Several 

geomechanical responses such as pore-pressure increase, thermoelastic stresses, and geochemical 

rock–fluid interactions lead to significant changes under CO₂ injection conditions. Dissolution of 

carbonate minerals like the dissolution of calcite and dolomite can change pore geometry and rock 

stiffness, and influence that evolvement of permeabilit. The dissolution and precipitation of these 

minerals can alter the pore structure, porosity and permeability of the soil, creating a significant 

relationship between geochemical reactions and geomechanical behaviour. Experimental studies 

also have shown that geochemical reactions can be triggered by CO₂ that alter the mechanical 

properties of carbonate rocks. Evaluation of these effects has been done by the use of uniaxial and 

triaxial compression tests and ultrasonic P- and S- wave velocity measurements. Typically, the 

interaction between CO₂ and brine causes a decrease in rock strength, elastic modulus and 

velocities of ultrasonic waves, but the degree of decrease varies based on the duration of CO₂ – 

brine interaction and the mineral dissolution and microstructural changes associated with it. 

Reductions in P- and S-wave velocity were also observed as a function of time in the injection of 

CO₂-rich water into carbonate samples, believed to be due to dissolution of carbonate and effects 

on the rock microstructure. The general trend of both P- and S-wave velocity decreasing with 

increasing injected pore volume is shown for all of the tested samples and experimental conditions, 

though the amount of velocity decrease is different for each case, as illustrated in Fig 11 [125]. 
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Fig 11 Evolution of normalized P- and S-wave velocities with injected pore volumes of fluid in carbonate 
rocks under different experimental conditions. Adapted from John Wiley and Sons  [125]. 

These coupled chemo-mechanical effects could cause fracture closure, permeability changes, 

activation of faults and risks to caprock in stress-sensitive formations. Further, microfracturing can 

cause tensile stress perturbations due to cold CO₂ injection, which can be near wellbores and near 

the discontinuities. Minerals dissolution and precipitation processes, which are shown to have 

significant effects on the evolution of permeability, redistribution of stress and fault stability in 

long-term field scale CO₂ storage, were recently simulated. The results indicate the need for 

incorporating geochemical alteration and reservoir geomechanic modelling in the predictive EOR 

simulation as well as in the carbon-storage simulation. Typical parameterizations of coupled 

THMC processes involve a dissolution–precipitation kinetic, stress-dependent porosity, 

permeability and strength degradation laws for minerals and mineral volume fractions. For thermal 

and pressure driven deformation analyses, THM coupling is usually enough, but popular with 

THMC approaches are needed for analyses that include reactive transport, alteration of minerals, 

and long term geochemical weakening of the reservoir that significantly impact reservoir integrity 

and hydromechanical behavior [13, 126]. 
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Fig 12 Schematic representation of pressure-induced fault reactivation and associated CO₂ migration 
under different boundary conditions. Adapted from Wang et al [127]. 

 

5.4. Incorporation with Mechanical Earth Models  

MEMs are scaled up three-dimensional models of the mechanical properties of the reservoir, 

constructed as the combination of well logs, seismic interpretations, and on-site measurements of 

stress[128]. It has been demonstrated that high-resolution MEMs, especially those being calibrated 

by borehole imaging and microfracture diagnostics, can strongly help to predict fracture 

propagation and determine caprock integrity in CO2 storage and injection programs [129]. The 

integration of digital twin structures and predictive MEM simulations of reservoir geomechanics 

has become a paradigm shift based on the current developments in the field of reservoir 

geomechanics. These digital twins in combination with real-time Internet-of-Things (IoT)-based 

monitoring allow constant model refinement, automatic calibration, and adaptive decision-making, 

and thus, enhance more efficient control of reservoirs and reduce geomechanical risks[130-132]. 

5.5. Computational Problems and Future Prospect 

Although there has been incredible advancements related to the coupled geomechanical modeling, 

there are still a few computational and conceptual issues [133]. The computational resource 
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requirements of fully coupled thermo-hydro-mechanical-chemical (THMC) simulations are 

computational intense in nature, especially when trying to capture the multiscale heterogeneity of 

the subsurface formations  [106, 134-136]. Currently, no effective modeling structure exists that 

would allow to connect the simulations at the reservoir-scale to those at the basin-scale while 

preserving the physical consistency and computational viability  [137-139]. In order to address 

these drawbacks, surrogate modelling and machine-learning tools are being considered as practical 

methods of quick prediction, data integration, and decision support during EOR-related 

geomechanical analyses  [134, 140]. Surrogate modelling and machine-learning tools can be used 

to update model parameters and stress-pressure coupling during the near-real-time monitoring of 

the reservoir, and hence improve predictive accuracy under changing and complex conditions  [138, 

141]. Besides, uncertainty quantification (UQ) and real-time control strategies are the future trends 

of adaptive and self-corrective geomechanical simulation systems. With the incorporation of 

probabilistic modelling, data-driven optimisation and automated calibration; it is hoped that future 

geomechanical models will be able to provide more accurate forecasts of deformation, fault 

reactivation, and reservoir performance [142, 143]. 

6. Discussion and Conclusions 

The review indicates that geomechanics cannot be regarded only as a supporting aspect but one of 

the most important determinants of the performance of EOR and the sustainability of the reservoir 

in the long term. Through first-principles reasoning on effective stress and poroelasticity to the 

sophisticated THM and chemo-mechanical theories, it is always observed that such important 

mechanisms are met: compaction, fault reactivation, caprock deformation, and fracture 

conductivity hysteresis. Pore pressure changes induced by injections in conjunction with 

redistribution of stress determine evolution of permeability and could cause instability of already 

existing fractures or faults on several spatial and temporal levels. This is further enhanced by 

thermal and chemical injections, which result in rapid thermoelastic deformation, cyclic hardening, 

mineral dissolution, and change in wettability, which emphasizes the importance of coupled 

modelling frameworks.  One of the rare contributions of the work is the comparative diagnostic 

framework using normalized risk opportunity indices, which made it possible to evaluate all the 

thermal, chemical, and gas-based strategies of EOR systematically. This strategy explains trade-

offs: despite the fact that thermal EOR has the largest recovery improvement, it is also 
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characterized by the largest geomechanical risks; on the contrary, the Smart Water injection 

strategy is a one-step safer choice and is focused on the reduction of the risk, which is not aiming 

to achieve the maximum recovery. It is this type of synthesis that is able to bridge the gap between 

mechanistic knowledge and operational decision-making and offer a tool that can be used by 

researchers and practitioners alike. Based on the case studies reviewed, it appears that the twin 

benefit of improved recovery and safe carbon storage is impossible without a combination of 

deterministic geomechanical models and probabilistic risk-assessment systems as well as 

continuous monitoring of the field. It can be seen that experience with both In Salah and Otway 

demonstrates that long-term injectivity and containment are significantly dependent on the stability 

of the caprock in regards to alterations in pore-pressure and temperature. This type of combined 

approach must also be used in subsequent EOR plans to minimize the geomechanical risks and 

maximize operational resiliency. Nevertheless, a number of gaps exist in the present body of 

knowledge: field-scale models have a tendency to underestimate stress anisotropy and dynamic 

interactions between fluid pressure, temperature and fracture conductivity; upscaling between 

local case studies to basin-scale prediction models is still hampered by the subsurface 

heterogeneity and computational complexity; and geomechanics remains largely used as a 

diagnostic tool and not as a design driver. 

In an operational standpoint, geomechanical risk mitigation should be accomplished through 

ramping up and down injection rates, implementing pressure management below the critical fault-

reactivation thresholds, optimizing injection cycles, and monitoring for deformation and seismicity 

indicators continuously during the EOR project. Using real-time observations for monitoring 

coupled geomechanical simulations, the strategy of the injection should be dynamically adjusted 

to minimize the failure of the caprock, fault slip, and losses of injectivity, with a focus on 

maximizing recovery performance and long-term storage security. 

CRediT authorship contribution statement 

Asena Golmoradi: Writing – original draft, Methodology, Investigation.  

Seyyed Shahab Tabatabaee Moradi: Writing – review & editing, Supervision, Project 

administration, Methodology, Conceptualization. 

Declaration of competing interest 



30 

 

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper. 

Funding declaration 

This research was conducted without any external funding. 

Data availability 

Data will be made available on request. 

References 

1. Terzaghi, K., Theoretical soil mechanics. 1943. 
2. Biot, M.A., General theory of three‐dimensional consolidation. Journal of applied physics, 

1941. 12(2): p. 155-164. https://doi.org/10.1121/1.1908239 

3. Zoback, M.D., Reservoir geomechanics. 2010: Cambridge university press. 
4. Zaman, M.M., A. Abdulraheem, and J.-C. Roegiers, Reservoir compaction and surface 

subsidence in the North Sea Ekofisk field, in Developments in petroleum science. 1995, 
Elsevier. p. 373-423. https://doi.org/10.1016/S0376-7361(06)80055-5 

5. Sulak, A. and J. Danielsen. Reservoir aspects of Ekofisk subsidence. in Offshore 
Technology Conference. 1988. OTC. https://doi.org/10.4043/5618-MS 

6. Rutqvist, J., et al., Fault activation and induced seismicity in geological carbon storage–
Lessons learned from recent modeling studies. Journal of Rock Mechanics and 
Geotechnical Engineering, 2016. 8(6): p. 789-804. 
https://doi.org/10.1016/j.jrmge.2016.09.001 

7. Ross, G.D., et al. The dissolution effects of CO2-brine systems on the permeability of UK 
and North Sea calcareous sandstones. in SPE Improved Oil Recovery Conference? 1982. 
SPE. 10.2118/9781613994269 

8. Madland, M.V., et al., The influence of CO2 gas and carbonate water on the mechanical 
stability of chalk. Journal of Petroleum Science and Engineering, 2006. 51(3-4): p. 149-
168. https://doi.org/10.1016/j.petrol.2006.01.002 

9. Luquot, L. and P. Gouze, Experimental determination of porosity and permeability changes 
induced by injection of CO2 into carbonate rocks. Chemical geology, 2009. 265(1-2): p. 
148-159. https://doi.org/10.1016/j.chemgeo.2009.03.028 

10. Hojka, K., M. Dusseault, and A. Bogobowicz, Analytical solutions for transient 
thermoelastic stress fields around a borehole during fluid injection into permeable media. 
Journal of Canadian Petroleum Technology, 1993. 32(04). https://doi.org/10.2118/93-04-03 

11. Kocabas, I., An analytical model of temperature and stress fields during cold-water 
injection into an oil reservoir. SPE Production & Operations, 2006. 21(02): p. 282-292. 
https://doi.org/10.2118/88762-PA 

12. Chiaramonte, L., et al., Seal integrity and feasibility of CO2 sequestration in the Teapot 
Dome EOR pilot: geomechanical site characterization. Environmental Geology, 2008. 
54(8): p. 1667-1675. 10.1007/s00254-007-0948-7 

13. Cai, M., et al. A new coupled geomechanical-chemical model for CO2 foam flooding and 
storage in tight reservoir. in Unconventional Resources Technology Conference, 20–22 



31 

 

July 2020. 2020. Unconventional Resources Technology Conference (URTeC). 
https://doi.org/10.15530/urtec-2020-3329 

14. Teklu, T.W., et al. Geomechanics considerations in enhanced oil recovery. in SPE Canada 
Unconventional Resources Conference. 2012. SPE. https://doi.org/10.2118/162701-MS 

15. Yale, D.P., T. Mayer, and J. Wang. Geomechanics of oil sands under injection. in ARMA 
US Rock Mechanics/Geomechanics Symposium. 2010. ARMA. 

16. Talebian, S.H., A. Fahimifar, and A. Heidari, Review of enhanced oil recovery decision 
making in complex carbonate reservoirs: Fluid flow and geomechanics mechanisms. 
Journal of Computational Applied Mechanics, 2021. 52(2): p. 350-365. 
https://doi.org/10.22059/jcamech.2021.318511.596 

17. Tian, Y., et al., A compositional model for gas injection IOR/EOR in tight oil reservoirs 
under coupled nanopore confinement and geomechanics effects. Journal of Natural Gas 
Science and Engineering, 2019. 71: p. 102973. https://doi.org/10.1016/j.jngse.2019.102973 

18. Gauer, P., J. Sylte, and N. Nagel. Ekofisk field well log decompaction. in SPE/ISRM Rock 
Mechanics Conference. 2002. SPE. https://doi.org/10.2118/78177-MS 

19. Baig, A.R., et al., Comprehensive Insights into Carbon Capture and Storage: 
Geomechanical and Geochemical Aspects, Modeling, Risk Assessment, Monitoring, and 
Cost Analysis in Geological Storage. Sustainability, 2025. 17(19): p. 8619. 
https://doi.org/10.3390/su17198619 

20. Aristarkhov, A. 4D Seismic for the Filanovsky Field Reservoir Monitoring-
Interdisciplinary Earth Models Integration Technique. in SPE Russian Petroleum 
Technology Conference. 2015. SPE. https://doi.org/10.2118/176734-MS 

21. Bredal, T.V., How Diagenetic Rock Composition and Mineralogical Changes Associated 
With Water Injection Affect Geomechanics and Fluid Behaviour in Chalk ie Producibility 
(IOR). 2024, University of Stavanger (Norway). 

22. Li, H., et al., Geomechanics and Engineering Evaluation of Fractured Oil and Gas 
Reservoirs: Progress and Perspectives. Energies, 2025. 18(10): p. 2623. 
https://doi.org/10.3390/en18102623 

23. Frank, M. and W. Mark, Water Issues Related to Transitioning from Conventional to 
Unconventional Oil Production in the Permian Basin. 2017. 
https://doi.org/10.1021/acs.est.7b02185 

24. Shukla, R., et al., A review of studies on CO2 sequestration and caprock integrity. Fuel, 
2010. 89(10): p. 2651-2664. https://doi.org/10.1016/j.fuel.2010.05.012 

25. Zappone, A., et al., Fault sealing and caprock integrity for CO2 storage: an in situ injection 
experiment. Solid Earth, 2021. 12(2): p. 319-343.  https://doi.org/10.5194/se-12-319-2021 

26. Cappa, F. and J. Rutqvist, Modeling of coupled deformation and permeability evolution 
during fault reactivation induced by deep underground injection of CO2. International 
Journal of Greenhouse Gas Control, 2011. 5(2): p. 336-346. 
https://doi.org/10.1016/j.ijggc.2010.08.005 

27. Shabudin, A., et al., Multiscale modeling analysis of poroelastic properties of brain tissue 
with capillary networks. Archive of Applied Mechanics, 2025. 95(10): p. 245. 
https://doi.org/10.1007/s00419-024-02685-6 

28. Kasani, H.A. and A. Selvadurai, A review of techniques for measuring the Biot coefficient 
and other effective stress parameters for fluid-saturated rocks. Applied Mechanics 
Reviews, 2023. 75(2): p. 020801. https://doi.org/10.1115/1.4062402 



32 

 

29. Artamonova, N., et al., Calculating components of the effective tensors of elastic moduli 
and Biot’s parameter of porous geocomposites. Mechanics of Composite Materials, 2020. 
55(6): p. 715-726. 10.1007/s11029-020-09846-w 

30. Ghassemi, A., Q. Tao, and A. Diek, Influence of coupled chemo-poro-thermoelastic 
processes on pore pressure and stress distributions around a wellbore in swelling shale. 
Journal of petroleum science and Engineering, 2009. 67(1-2): p. 57-64. 
https://doi.org/10.1016/j.petrol.2009.02.015 

31. Wang, H., M. Marongiu-Porcu, and M.J. Economides, Poroelastic and poroplastic 
modeling of hydraulic fracturing in brittle and ductile formations. SPE Production & 
Operations, 2016. 31(01): p. 47-59. 

32. Cheng, A.H.-D., Poroelasticity. Vol. 27. 2016: Springer. 10.2118/168600-PA 

33. Zhao, Y., et al., Hydromechanical coupling tests for mechanical and permeability 
characteristics of fractured limestone in complete stress–strain process. Environmental 
Earth Sciences, 2017. 76(1): p. 24. https://doi.org/10.1007/s12665-016-6322-x 

34. Nolte, S., et al., Simultaneous determination of the effective stress coefficients for 
permeability and volumetric strain on a tight sandstone. Journal of Natural Gas Science 
and Engineering, 2021. 95: p. 104186. https://doi.org/10.1016/j.jngse.2021.104186 

35. Harpalani, S. and G. Chen, Influence of gas production induced volumetric strain on 
permeability of coal. Geotechnical & Geological Engineering, 1997. 15(4): p. 303-325. 
10.1007/BF00880711. 

36. Karanam, V. and Z. Lu, Hydrocarbon production induced land deformation over Permian 
Basin; analysis using persistent scatterer interferometry and numerical modeling. 
International journal of applied earth observation and geoinformation, 2023. 122: p. 
103424. https://doi.org/10.1016/j.jag.2023.103424 

37. Cappa, F. and J. Rutqvist, Impact of CO2 geological sequestration on the nucleation of 
earthquakes. Geophysical research letters, 2011. 38(17). 10.1029/2011GL048487. 

38. Zoback, M.D. and S.M. Gorelick, Earthquake triggering and large-scale geologic storage 
of carbon dioxide. Proceedings of the National Academy of Sciences, 2012. 109(26): p. 
10164-10168. https://doi.org/10.1073/pnas.1202473109 

39. Rutqvist, J. and O. Stephansson, The role of hydromechanical coupling in fractured rock 
engineering. Hydrogeology Journal, 2003. 11(1): p. 7-40. https://doi.org/10.1007/s10040-
002-0241-5 

40. Yang, Z., et al. Assessment and Analysis of Mechanical Parameter Variations in Longmaxi 
Shale Formation Under the Influence of Slickwater Action. in International Conference on 
Computational & Experimental Engineering and Sciences. 2024. Springer. 
https://link.springer.com/chapter/10.1007/978-3-031-68775-4_33 

41. Jaeger, J.C., N.G. Cook, and R. Zimmerman, Fundamentals of rock mechanics. 2009: John 
Wiley & Sons. 10.1111/j.1468-8123.2009.00251.x 

42. Hermansen, H., et al., Experiences after 10 years of waterflooding the Ekofisk Field, 
Norway. Journal of Petroleum Science and Engineering, 2000. 26(1-4): p. 11-18. 
https://doi.org/10.1016/S0920-4105(00)00016-4 

43. McMillan, M., et al. Coupled geomechanical modeling to assess cap rock integrity and 
mechanical fault stability: Application to Farnsworth field unit project. in SPE Western 
Regional Meeting. 2019. SPE. https://doi.org/10.2118/195377-MS 



33 

 

44. Nguyen, S.T., Geomechanical Study for the Potential CO2 Storage Into Deep Aquifer 
Siluro-Devonian Carbonate Formations. 2023: New Mexico Institute of Mining and 
Technology. 

45. Zhang, S. and J.J. Sheng, Effect of water imbibition on fracture generation in Mancos shale 
under isotropic and anisotropic stress conditions. Journal of Geotechnical and 
Geoenvironmental Engineering, 2018. 144(2): p. 04017113. 
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001832 

46. Gambolati, G. and P. Teatini, Geomechanics of subsurface water withdrawal and injection. 
Water Resources Research, 2015. 51(6): p. 3922-3955. 
https://doi.org/10.1002/2014WR016841 

47. Lynch, T., et al., Investigating stress path hysteresis in a CO2 injection scenario using 
coupled geomechanical-fluid flow modelling. Energy Procedia, 2013. 37: p. 3833-3841. 
https://doi.org/10.1016/j.egypro.2013.06.280 

48. Keihanikamal, M., E. Khamehchi, and J.M. Kalatehno, Integrated Geochemical Simulation 
and Optimization of Smart Water Injection for Enhanced Oil Recovery and Sand 
Production Control in Unconsolidated Sandstone Reservoirs. Results in Engineering, 2025: 
p. 107199. https://doi.org/10.1016/j.rineng.2025.107199 

49. Sarma, H.K., et al., Injectivity, Potential Wettability Alteration, and Mineral Dissolution in 
Low-Salinity Waterflood Applications: The Role of Salinity, Surfactants, Polymers, 
Nanomaterials, and Mineral Dissolution. Processes, 2025. 13(8): p. 2636. 
https://doi.org/10.3390/pr13082636 

50. Nourani, M. and S. Sadeghnejad, Alkaline-surfactant polymer (ASP), in Chemical 
Methods. 2022, Elsevier. p. 221-247. https://doi.org/10.1016/B978-0-12-821931-7.00011-0 

51. Chowdhury, S., et al., Comprehensive review on the role of surfactants in the chemical 
enhanced oil recovery process. Industrial & Engineering Chemistry Research, 2022. 61(1): 
p. 21-64. 

52. Khodaverdian, M., et al., Polymer Flooding in Unconsolidated-Sand Formations: 
Fracturing and Geomechanical Considerations. SPE Production & Operations, 2010. 
25(02): p. 211-222. https://doi.org/10.1016/j.geoen.2025.213746 

53. Kazidenov, D., et al., Experimental and numerical study of the effect of polymer flooding 
on sand production in poorly consolidated porous media. Geoenergy Science and 
Engineering, 2025. 249: p. 213746. https://doi.org/10.1016/j.geoen.2025.213746 

54. Du, Z., W. Jiang, and Z. Chen. A new integrated model to simulate the disturbed zone in 
CHOPS: spread and erosion. in SPE Oklahoma City Oil and Gas Symposium/Production 
and Operations Symposium. 2009. SPE. https://doi.org/10.2118/119587-MS 

55. Barnaji, M.J., P. Pourafshary, and M.R. Rasaie, Visual investigation of the effects of clay 
minerals on enhancement of oil recovery by low salinity water flooding. Fuel, 2016. 184: 
p. 826-835. https://doi.org/10.1016/j.fuel.2016.07.076 

56. Dongmei, W., S. Namie, and R. Seright, Pressure Modification or Barrier Issues during 
Polymer Flooding Enhanced Oil Recovery. Geofluids, 2022. 2022(1): p. 6740531. 
https://doi.org/10.1155/2022/6740531 

57. Khaksar Manshad, A., et al., Application of a novel green nano polymer for chemical EOR 
purposes in sandstone reservoirs: Synergetic effects of different fluid/fluid and rock/fluid 
interacting mechanisms. ACS omega, 2023. 8(46): p. 43930-43954. 
https://doi.org/10.1021/acsomega.3c05921 



34 

 

58. Bataee, M., S. Irawan, and S. Majidaie. The effects of geomechanics on the WAG injection 
model. in Offshore Technology Conference Asia. 2014. OTC. https://doi.org/10.4043/24706-
MS 

59. Wang, Z., M. Yang, and Y. Chen, Numerical modeling and analysis of induced thermal 
stress for a non-isothermal wellbore strengthening process. Journal of Petroleum Science 
and Engineering, 2019. 175: p. 173-183. https://doi.org/10.1016/j.petrol.2018.12.019 

60. Xu, J., et al. Numerical modeling of wellbore stability and sand production of heavy oil 
reservoir with cyclic steam stimulation. in ARMA US Rock Mechanics/Geomechanics 
Symposium. 2019. ARMA. 

61. Shafiei, A. and M.B. Dusseault, Geomechanics of thermal viscous oil production in 
sandstones. Journal of Petroleum Science and Engineering, 2013. 103: p. 121-139. 
https://doi.org/10.1016/j.petrol.2013.02.001 

62. Pooladi-Darvish, M. and A. Firoozabadi, Solution-gas drive in heavy oil reservoirs. Journal 
of Canadian Petroleum Technology, 1999. 38(04). https://doi.org/10.2118/99-04-06 

63. Sarathi, P.S., In-situ combustion handbook--principles and practices. 1999, National 
Energy Technology Lab.(NETL), Tulsa, OK (United States). National …. DOE/PC/91008-
0374 

64. Fazlyeva, R., et al. Experimental Investigation of Air Flux Impact On Reactions Occurring 
During In-Situ Combustion in Dolomite Reservoirs-Implications for Air Injection 
Strategies. in SPE Improved Oil Recovery Conference? 2024. SPE. 
https://doi.org/10.2118/218175-MS 

65. Mukhametshina, A., et al. Evaluation of four thermal recovery methods for bitumen 
extraction. in SPE Western Regional Meeting. 2014. SPE. https://doi.org/10.2118/169543-MS 

66. Agarwal, A. and A.R. Kovscek. Solar-generated steam for heavy-oil recovery: a coupled 
geomechanical and reservoir modeling analysis. in SPE Western Regional Meeting. 2013. 
SPE. https://doi.org/10.2118/165329-MS 

67. Biot, M.A., Theory of elasticity and consolidation for a porous anisotropic solid. Journal 
of applied physics, 1955. 26(2): p. 182-185. https://dx.doi.org/10.1063/1.1721956 

68. Biot, M.A., General solutions of the equations of elasticity and consolidation for a porous 
material. 1956. 

69. Igbokwe, O.A., et al., Impact of stress regime change on the permeability of a naturally 
fractured carbonate buildup (Latemar, the Dolomites, northern Italy). Solid Earth, 2024. 
15(7): p. 763-787. https://doi.org/10.1115/1.4011213 

70. Shafiei, A., et al., Natural fractures characterization and in situ stresses inference in a 
carbonate reservoir—an integrated approach. Energies, 2018. 11(2): p. 312. 
https://doi.org/10.3390/en11020312 

71. Kharrat, R. and H. Ott, A comprehensive review of fracture characterization and its impact 
on oil production in naturally fractured reservoirs. Energies, 2023. 16(8): p. 3437. 
https://doi.org/10.3390/en16083437 

72. Elkhoury, J.E., P. Ameli, and R.L. Detwiler, Dissolution and deformation in fractured 
carbonates caused by flow of CO2-rich brine under reservoir conditions. International 
Journal of Greenhouse Gas Control, 2013. 16: p. S203-S215. 
https://doi.org/10.1016/j.ijggc.2013.02.023 

73. Shekhar, R., E. Edwards, and C. Obeta. Review of identification, characterization and 
modeling of different types of fault & fracture systems in a giant offshore carbonate 
reservoir, UAE. in Abu Dhabi International Petroleum Exhibition and Conference. 2019. 
SPE. https://doi.org/10.2118/197547-MS 



35 

 

74. Nelson, R.A., Geologic analysis of naturally fractured reservoirs. Vol. 1. 1985: Gulf 
Professional Publishing. 

75. Gale, J.F., et al., Natural fractures in shale: A review and new observations. AAPG bulletin, 
2014. 98(11): p. 2165-2216. . https://doi.org/10.1111/j.1365-2478.2009.00810.x 

76. Questiaux, J.M., G.D. Couples, and N. Ruby, Fractured reservoirs with fracture corridors. 
Geophysical Prospecting, 2010. 58(2): p. 279-295. 

77. Guo, Y. and A. Wojtanowicz, Well Testing of Fracture Corridors in Naturally Fractured 
Reservoirs for an Improved Recovery Strategy. Energies, 2025. 18(14): p. 3827. 

78. McClure, M.W. and R.N. Horne, Investigation of injection-induced seismicity using a 
coupled fluid flow and rate/state friction model. Geophysics, 2011. 76(6): p. WC181-
WC198. https://doi.org/10.3390/en18143827 

79. Zhang, F., et al., Fault reactivation and induced seismicity during multistage hydraulic 
fracturing: Microseismic analysis and geomechanical modeling. SPE Journal, 2020. 
25(02): p. 692-711. https://doi.org/10.1190/geo2011-0064.1 

80. Wassing, B., et al., Effects of fault transmissivity on the potential of fault reactivation and 
induced seismicity: Implications for understanding induced seismicity at Pohang EGS. 
Geothermics, 2021. 91: p. 101976. https://doi.org/10.2118/199883-PA 

81. Rinaldi, A.P. and J. Rutqvist, Joint opening or hydroshearing? Analyzing a fracture zone 
stimulation at Fenton Hill. Geothermics, 2019. 77: p. 83-98. 
https://doi.org/10.1016/j.geothermics.2020.101976 

82. Wibberley, C.A., G. Yielding, and G. Di Toro, Recent advances in the understanding of 
fault zone internal structure: a review. 2008. https://doi.org/10.1016/j.geothermics.2018.08.006 

83. Frash, L.P., Laboratory-scale study of hydraulic fracturing in heterogeneous media for 
enhanced geothermal systems and general well stimulation. 2014: Colorado School of 
Mines. 

84. McClure, M.W. and R.N. Horne, An investigation of stimulation mechanisms in Enhanced 
Geothermal Systems. International Journal of Rock Mechanics and Mining Sciences, 2014. 
72: p. 242-260. https://doi.org/10.1016/j.ijrmms.2014.07.011 

85. Ji, Y., et al., Fracture permeability enhancement during fluid injection modulated by 
pressurization rate and surface asperities. Geophysical Research Letters, 2023. 50(18): p. 
e2023GL104662. https://doi.org/10.1029/2023GL104662 

86. Wang, C., et al., Influence of fracture roughness on shear strength, slip stability and 
permeability: A mechanistic analysis by three-dimensional digital rock modeling. Journal 
of Rock Mechanics and Geotechnical Engineering, 2020. 12(4): p. 720-731. 
https://doi.org/10.1016/j.jrmge.2019.12.010 

87. Schuite, J., et al., Combining periodic hydraulic tests and surface tilt measurements to 
explore in situ fracture hydromechanics. Journal of Geophysical Research: Solid Earth, 
2017. 122(8): p. 6046-6066. https://doi.org/10.1002/2017JB014045 

88. Blöcher, G., et al., Permeability of matrix-fracture systems under mechanical loading–
constraints from laboratory experiments and 3-D numerical modelling. Advances in 
Geosciences, 2019. 49: p. 95-104. https://doi.org/10.5194/adgeo-49-95-2019 

89. Salimzadeh, S., et al., A three-dimensional coupled thermo-hydro-mechanical model for 
deformable fractured geothermal systems. Geothermics, 2018. 71: p. 212-224. 
https://doi.org/10.1016/j.geothermics.2017.09.012 



36 

 

90. Fernandez-Ibanez, F., J. DeGraff, and F. Ibrayev, Integrating borehole image logs with 
core: A method to enhance subsurface fracture characterization. AAPG Bulletin, 2018. 
102(6): p. 1067-1090. https://doi.org/10.1306/0726171609317002 

91. Wu, B., et al., Bore and well induced inter-aquifer connectivity: A review of literature on 
failure mechanisms and conceptualisation of hydrocarbon reservoir-aquifer failure 
pathways. Canberra, Australian Capital Territory: CSIRO, 2016. 10(08). 

92. Taleghani, A.D., M. Gonzalez, and A. Shojaei, Overview of numerical models for 
interactions between hydraulic fractures and natural fractures: Challenges and limitations. 
Computers and Geotechnics, 2016. 71: p. 361-368. 

93. Kolawole, O. and I. Ispas, Interaction between hydraulic fractures and natural fractures: 
current status and prospective directions. Journal of Petroleum Exploration and Production 
Technology, 2020. 10: p. 1613-1634. https://doi.org/10.1016/j.compgeo.2015.09.009 

94. Chang, C., et al., Hydro-mechanical behavior of heated bentonite buffer for geologic 
disposal of high-level radioactive waste: A bench-scale X-ray computed tomography 
investigation. Applied Clay Science, 2023. 232: p. 106792. 
https://doi.org/10.1016/j.clay.2022.106792 

95. Li, S., S. Wang, and H. Tang, Stimulation mechanism and design of enhanced geothermal 
systems: A comprehensive review. Renewable and Sustainable Energy Reviews, 2022. 155: 
p. 111914. https://doi.org/10.1016/j.rser.2021.111914 

96. Kneafsey, T.J., et al. EGS Collab project: Status and progress. in Proceedings 44th 
Workshop on Geothermal Reservoir Engineering, Stanford University. 2019. 

97. Villaquiran Vargas, A., et al. Experimental Evaluation of Flow Heterogeneity in Enhanced 
Geothermal Systems (EGS). in ARMA US Rock Mechanics/Geomechanics Symposium. 
2023. ARMA. https://doi.org/10.56952/ARMA-2023-0515 

98. Fan, L., et al., Effects of angle patterns at fracture intersections on fluid flow nonlinearity 
and outlet flow rate distribution at high Reynolds numbers. International Journal of Rock 
Mechanics and Mining Sciences, 2019. 124: p. 104136. 
https://doi.org/10.1016/j.ijrmms.2019.104136 

99. Pathegama, R.G. and B. Indraratna, Hydromechanical aspects and unsaturated flow in 
jointed rock. 2001: AA Balkema. 

100. Yang, H., et al., Mechanical and Elastic Wave Responses of Rocks Subjected to Cyclic 
Tensile Stresses. Rock Mechanics and Rock Engineering, 2025: p. 1-19. 
https://doi.org/10.1007/s00603-025-04702-6 

101. Kwiatek, G., et al., Months-long seismicity transients preceding the 2023 MW 7.8 
Kahramanmaraş earthquake, Türkiye. Nature Communications, 2023. 14(1): p. 7534. 
https://doi.org/10.1038/s41467-023-42419-8 

102. Kwon, S., et al., Characterization of 4.2-km-deep fractured granodiorite cores from Pohang 
Geothermal Reservoir, Korea. Rock Mechanics and Rock Engineering, 2019. 52(3): p. 771-
782. https://doi.org/10.1007/s00603-018-1639-2 

103. Rutqvist, J., et al., Journal of Rock Mechanics and Geotechnical Engineering. Journal of 
Rock Mechanics and Geotechnical Engineering, 2016. 8: p. 789e804. 
https://doi.org/10.1016/j.engeos.2024.100368 

104. Vilarrasa, V., et al., Induced seismicity in geologic carbon storage. Solid Earth, 2019. 10(3): 
p. 871-892. . https://doi.org/10.5194/se-10-871-2019 

105. Zoback, M.D. and A.H. Kohli, Unconventional reservoir geomechanics. 2019: Cambridge 
University Press. 



37 

 

106. Wang, J., et al., Physical and Mechanical Properties and Constitutive Model of Rock Mass 
Under THMC Coupling: A Comprehensive Review. Applied Sciences, 2025. 15(4): p. 
2230. https://doi.org/10.3390/app15042230 

107. Taron, J. and D. Elsworth, Thermal–hydrologic–mechanical–chemical processes in the 
evolution of engineered geothermal reservoirs. International Journal of Rock Mechanics 
and Mining Sciences, 2009. 46(5): p. 855-864. https://doi.org/10.1016/j.ijrmms.2009.01.007 

108. YAN, B.-q., et al., A review of the research on physical and mechanical properties and 
constitutive model of rock under THMC multi-field coupling. Chinese Journal of 
Engineering, 2020. 42(11): p. 1389-1399. doi: 10.20944/preprints202605.0540.v1 

109. McClure, M.W. and R.N. Horne, Discrete fracture network modeling of hydraulic 
stimulation: coupling flow and geomechanics. 2013: Springer Science & Business Media. 

110. Vasylkivska, V.S., NRAP-Open-IAM: Open-Source Integrated Assessment Model. 2022, 
National Energy Technology Laboratory (NETL), Pittsburgh, PA, Morgantown, WV …. 

111. Vasco, D.W., et al., Monitoring and modeling caprock integrity at the In Salah carbon 
dioxide storage site, Algeria. Geological carbon storage: Subsurface seals and caprock 
integrity, 2018: p. 243-269. https://doi.org/10.1002/9781119118657.ch12 

112. Lumley, D., 4D seismic monitoring of CO2 sequestration. The Leading Edge, 2010. 29(2): 
p. 150-155. https://doi.org/10.1190/1.3304817 

113. Elyasi, A., et al., Coupled solid and fluid mechanics simulation for estimating optimum 
injection pressure during reservoir CO2-EOR. Struct. Eng. Mech, 2016. 59(1): p. 37-57. 
http://dx.doi.org/10.12989/sem.2016.59.1.037 

114. Rutqvist, J., Status of the TOUGH-FLAC simulator and recent applications related to 
coupled fluid flow and crustal deformations. Computers & geosciences, 2011. 37(6): p. 
739-750. https://doi.org/10.1016/j.cageo.2010.08.006 

115. Yang, L., et al., Investigation of conglomerate softening effect induced by supercritical 
CO₂-water-rock interaction via micro-scratch test. Advances in Geo-Energy Research, 
2025. 18(1): p. 21-37. https://doi.org/10.46690/ager.2025.10.03 

116. Vafaei, M.T., Reactive transport modelling of hydrate phase transition dynamics in porous 
media. 2015. 

117. Dean, R.H., et al., A comparison of techniques for coupling porous flow and geomechanics. 
Spe Journal, 2006. 11(01): p. 132-140. https://doi.org/10.2118/79709-PA 

118. Settari, A. and D.A. Walters, Advances in coupled geomechanical and reservoir modeling 
with applications to reservoir compaction. Spe Journal, 2001. 6(03): p. 334-342. 
https://doi.org/10.2118/74142-PA 

119. Dusseault, M. Stress changes in thermal operations. in SPE International Thermal 
Operations and Heavy Oil Symposium. 1993. SPE. 

120. Bourbiaux, B., Fractured reservoir simulation: a challenging and rewarding issue. Oil & 
Gas Science and Technology–Revue de l’Institut Français du Pétrole, 2010. 65(2): p. 227-
238. https://doi.org/10.2118/74142-PA 

121. Van Dijk, J. Analysis and modeling of fractured reservoirs. in SPE Europec featured at 
EAGE Conference and Exhibition? 1998. SPE. https://doi.org/10.2118/50570-MS 

122. Garipov, T., M. Karimi-Fard, and H. Tchelepi, Discrete fracture model for coupled flow 
and geomechanics. Computational Geosciences, 2016. 20(1): p. 149-160. 
https://doi.org/10.1007/s10596-015-9554-z 

123. Eyinla, D.S., et al., Numerical investigation of the influence of discontinuity orientations 
on fault permeability evolution and slip displacement. Geomechanics and Geophysics for 



38 

 

Geo-Energy and Geo-Resources, 2021. 7(2): p. 36. https://doi.org/10.1007/s40948-021-
00236-7 

124. Schmitt, R.J.P. and P.S.J. Minderhoud, This paper was submitted for review to One Earth 
19. https://doi.org/10.3390/en17122928 

125. Shi, Z., et al., A Review of Coupled Geochemical–Geomechanical Impacts in Subsurface 
CO2, H2, and Air Storage Systems. Energies, 2024. 17(12): p. 2928. 
https://doi.org/10.3390/en18164338 

126. Wang, S., et al., Mechanism, Modeling and Challenges of Geological Storage of 
Supercritical Carbon Dioxide. Energies, 2025. 18(16): p. 4338. 
https://doi.org/10.3390/en18164338 

127. Wei, Z., K. Gao, and S. Li, Integrated thermo-hydro-mechanical workflow for modeling 
CO2 storage with fault activation risk. SPE Journal, 2025. 30(05): p. 2975-2995. 

128. Tan, C., et al. Geomechanical Risks Mitigation for Safe Long Term CO2 Geological 
Storage. in ARMA US Rock Mechanics/Geomechanics Symposium. 2022. ARMA. 
https://doi.org/10.56952/ARMA-2022-0246 

129. Abdulaziz, A.M., et al., 3D mechanical earth model for optimized wellbore stability, a case 
study from South of Iraq. Journal of Petroleum Exploration and Production Technology, 
2021. 11(9): p. 3409-3420. https://doi.org/10.1007/s13202-021-01255-6 

130. Kabir, M.R., D. Halder, and S. Ray, Digital twins for iot-driven energy systems: A survey. 
IEEE Access, 2024. https://doi.org/10.1109/ACCESS.2024.3506660 

131. Bigdeli, A., The Rise of Digital Twin: A New Era for Reservoir Simulation and Modeling. 
Available at SSRN 4989370. 

132. Kumar, A., et al. A novel integration of advanced acoustic geomechanics and reservoir 
micro fracturing techniques for refined stress characterization in carbon capture and storage 
formations. in SPE Asia Pacific Unconventional Resources Conference and Exhibition. 
2023. SPE. https://doi.org/10.2118/217292-MS 

133. Rutqvist, J., An overview of TOUGH-based geomechanics models. Computers & 
Geosciences, 2017. 108: p. 56-63. https://doi.org/10.1016/j.cageo.2016.09.007. 

134. Tang, M., Y. Liu, and L.J. Durlofsky, A deep-learning-based surrogate model for data 
assimilation in dynamic subsurface flow problems. Journal of Computational Physics, 
2020. 413: p. 109456. https://doi.org/10.1016/j.jcp.2020.109456 

135. Diaa-Eldeen, T., C.F. Berg, and M. Hovd, Data-Driven Spectral Methods for Stochastic 
Surrogate Modeling and Efficient Data Assimilation in Subsurface Flows. Mathematical 
Geosciences, 2025: p. 1-25. https://doi.org/10.1007/s11004-025-10186-5 

136. Zhang, N., et al., Thermal–hydraulic–mechanical–chemical coupled processes and their 
numerical simulation: a comprehensive review. Acta Geotechnica, 2023. 18(12): p. 6253-
6274. https://doi.org/10.1007/s11440-023-01976-4 

137. Wang, C., et al., Recent advances in surrogate modeling methods for uncertainty 
quantification and propagation. Symmetry, 2022. 14(6): p. 1219. 
https://doi.org/10.3390/sym14061219 

138. Center, G.M.W., Flow and Transport: Characterization and Modeling from Pore to 
Reservoir Scales. 2004. https://doi.org/10.3390/sym14061219 

139. Nilsen, H.M., K.-A. Lie, and O. Andersen, Fully-implicit simulation of vertical-
equilibrium models with hysteresis and capillary fringe. Computational Geosciences, 2016. 
20(1): p. 49-67. https://doi.org/10.1007/s10596-015-9547-y 



39 

 

140. Xu, R. and D. Zhang, Forward prediction and surrogate modeling for subsurface 
hydrology: A review of theory-guided machine-learning approaches. Computers & 
Geosciences, 2024. 188: p. 105611. https://doi.org/10.1016/j.cageo.2024.105611 

141. Meng, J. and H. Li, Uncertainty quantification for subsurface flow and transport: Coping 
with nonlinearity/irregularity via polynomial chaos surrogate and machine learning. Water 
Resources Research, 2018. 54(10): p. 7733-7751. 

142. Arnold, D., et al., Uncertainty quantification in reservoir prediction: Part 1—Model realism 
in history matching using geological prior definitions. Mathematical Geosciences, 2019. 
51(2): p. 209-240. https://doi.org/10.1007/s11004-018-9774-6 

143. Bao, T. and J. Burghardt, A Bayesian approach for in-situ stress prediction and uncertainty 
quantification for subsurface engineering. Rock Mechanics and Rock Engineering, 2022. 
55(8): p. 4531-4548. https://doi.org/10.1007/s00603-022-02857-0 

 

 

 

 

 



    𝜎 ′ = 𝜎 − 𝛼 𝛲


   ∅  n


    k  n


   ∅  n + 1


    k  n + 1


  α = 1 −    K dry   K s


    K  d r y  


    𝜀  i j =   1 + 𝜐  E   ( 𝜎  i j − 𝛼 p   𝜎  i j ) −   𝜐  E   ( 𝛿  k k − 3 𝛼   p ) 𝛿  i j


   ԑ  i =  1  E  [   ∆ 𝜎 ՛  i − 𝜐  (   ∆ 𝜎 ՛  j −   ∆ 𝜎 ՛  k ) ] + 𝛽 ∆ T ;                 ∆ 𝜎 ՛  i =   ∆ 𝜎  i − ∆ p


    𝜀  v


   ∅  n + 1 = 1 −    ( 1 −  ∅ 0 )    𝜀  v              


    k  n + 1 = A   e  B   𝜀  v  


   ∅ 0

