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ABSTRACT 

Large amounts of carbon dioxide (CO2) (of the order of several Gt/yr) will be injected 

in deep geological formations to reduce the emissions of greenhouse gases to the 

atmosphere, which will induce large overpressures that may put at risk the caprock 

mechanical stability. This overpressure may induce microseismic events if the rock 

yields. Yielding of the caprock could open up a leakage path for CO2. Furthermore, if 

induced seismicity were felt by the local population, the public perception of geologic 

carbon storage projects could be damaged. Rock mechanical stability is strongly related 

to fluid pressure evolution, which is significantly different for vertical and horizontal 

wells. While CO2 pressure builds up sharply at the beginning of injection but afterwards 

drops when injecting a constant CO2 mass flow rate through a vertical well, a horizontal 

well leads to a continuous CO2 pressure increase. Thus, for a vertical well, the less 

stable situation in the saline aquifer occurs at the beginning of injection. However, the 

changes induced in the effective stress field are small, so unstable conditions are 

unlikely both in a normal faulting and a reverse faulting stress regimes in extensive 

saline aquifers like the one considered in this study. By contrast, fluid pressure becomes 

larger than that of a vertical well for a common length of horizontal wells (around 2 

km), which causes a significant increase in horizontal total stresses that improves the 

reservoir and caprock mechanical stability in a NF stress regime, but worsens it in a RF 

stress regime. Though in general the caprock mechanical stability is unlikely to be 

compromised, fluid pressure evolution should be always monitored and mitigation 

measures should be carried out if it deviates from its expected evolution. 

 

Keywords: Geologic carbon storage, pressure buildup, hydro-mechanical coupling, 

induced microseismicity, Noordbergum effect. 
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1. INTRODUCTION 

Geologic carbon storage (GCS) is a potential mitigation solution for reducing 

greenhouse gas emissions to the atmosphere. The large amounts of carbon dioxide 

(CO2) (of the order of 8 Gt/yr by 2050 [1]) that will be injected in deep saline 

formations are likely to generate large overpressures that may jeopardize the caprock 

mechanical stability [2]. This overpressure may trigger induced microseismicity [3, 4, 

5], which could lead to the open up of a leakage path for CO2. Furthermore, induced 

seismic events could, according to numerical simulation [6, 7, 8], be felt by local 

population. If this occurred, the public perception of GCS would be damaged and CO2 

storage projects could eventually be stopped. In fact, public opposition has already led 

to the closure of the geothermal project Basel Deep Heat Mining Project in Switzerland 

[9]. Even though no felt seismic event related to CO2 injection has been recorded to date 

[2], induced microseismic events have been measured by geophones placed at depth 

[10, 11]. As a result, coupled hydro-mechanical processes related to GCS are gaining 

importance and an increasing number of studies focus on this topic [12, 13, 14, 15, 16]. 

The hydro-mechanical response of the reservoir and caprock is strongly related to fluid 

pressure evolution, which is controlled by the orientation of the CO2 injection well, i.e. 

vertical or horizontal well (Figure 1). CO2 pressure evolution in a vertical well has been 

studied analytically in laterally extensive saline aquifers [17, 18] and in closed saline 

aquifers, i.e. surrounded by a low-permeability boundary [19, 20, 21]. The effect of a 

low-permeability boundary is an increase of overpressure in the whole saline aquifer, 

which may cause caprock mechanical instability. This increase in overpressure starts 

once the fluid pressure perturbation front reaches the low-permeability boundary. When 

injecting CO2 at a constant mass flow rate through a vertical well, injection pressure 
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increases sharply at the beginning of injection both because the viscosity of the 

displaced brine is high and because the relative permeability to CO2 is low before CO2 

establishes connected flow paths within the pore network and is able to flow readily. 

However, injection pressure slowly decreases once CO2 fills the pores in the vicinity of 

the injection well and the capillary fringe is displaced away from the injection well 

because (i) the relative permeability to CO2 increases around the well, (ii) the pressure 

drop across the capillary fringe is reduced (it is inversely proportional to the radius of 

the capillary fringe [14]) and (iii) the viscosity of CO2 is much lower than that of the 

brine (around one order of magnitude). As a result, mechanical stability tends to 

improve with time. This fluid pressure evolution has been observed in the field in the 

Ketsin pilot test site, Germany [22], in a semianalytical solution [23] and in numerical 

simulations [14, 24, 25, 26]. By contrast, the injection of a constant CO2 mass flow rate 

through a horizontal well induces a continuous increase of fluid pressure with time [25, 

27]. This is mainly because relative permeability to CO2 remains low between the 

injection well, which is usually placed at the bottom of the saline aquifer, and the top of 

the saline aquifer, where CO2 accumulates and spreads laterally. Therefore, CO2 cannot 

flow easily through well-connected paths, inducing a progressive buildup of injection 

pressure. This continuous increase in fluid pressure may yield failure conditions after 

several years of injection. 

Given this significant difference between the fluid pressure evolution of vertical and 

horizontal wells, one may conjecture that CO2 injection through vertical wells may be 

mechanically more favorable than through horizontal wells, at least for injection 

timescales of several decades. However, the stress field is usually modified as a result of 

fluid pressure changes [28]. Therefore, we perform fully coupled hydro-mechanical 
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simulations to analyze the suitability of CO2 injection through horizontal and vertical 

wells and to determine whether the caprock mechanical stability could be damaged. 

 

2. METHODS 

2.1. Geometry 

We consider an idealized horizontal saline aquifer overlaid and underlain by a low-

permeability and high entry pressure formation (Figure 2). The aquifer has a thickness 

of 50 m and the thickness of the caprocks on top and below of the saline aquifer is 100 

m. The top of the saline aquifer is placed at a depth of 1500 m. The model is completed 

by an upper aquifer that extends up to 500 m depth and by a basal aquifer that reaches a 

depth of 2500 m. We assume that the upper 500 m thick overburden has such a low 

shear stiffness that it does not need to be included in the model. The model extends 

laterally 100 km, so the outer boundary does not affect the hydro-mechanical behavior 

of the model. To represent the vertical and the horizontal wells, which have a radius of 

the casing of 0.15 m, we change the symmetry of the model. It is axisymmetric for the 

vertical well, while it is half of a 2D cross-section perpendicular to the horizontal well. 

The vertical well uniformly injects CO2 along the whole thickness of the saline aquifer, 

while the horizontal well is placed at the bottom of the saline aquifer. 

 

2.2. Rock properties 

The hydro-mechanical properties of the rocks that form the model are listed in Table 1. 

The saline aquifer corresponds to a permeable sandstone and the caprocks to a shale 

[29]. The relative permeability curves follow a power law of saturation for both phases. 

This power law is cubic in the aquifers, while the power is 6 in the low-permeability 

rocks. The power is higher for the low-permeability formations (more concave curves) 
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because low-permability formations usually present higher multiphase interference 

effects than high-permeability rocks [30]. Retention curves follow the van Genuchten 

[31] model. The upper and basal aquifers have the same hydraulic properties, but the 

basal aquifer is stiffer because of its higher confining pressure. Apart from the base case 

scenario defined in Table 1, we analyze the effect of changing the caprock permeability 

and the stiffness of the saline aquifer.  

 

2.3. Initial and boundary conditions 

The initial conditions are hydrostatic pressure and constant temperature of 60 ºC (the 

mean temperature of the saline aquifer). We assume isothermal conditions during CO2 

injection. The initial stress field displays a relationship between horizontal and vertical 

effective stresses of either 
00

5.0 vh    or 
00

0.2 vh   , where 
0h  is the initial 

horizontal effective stress, which is isotropic, zv 013.0
0
  MPa is the initial vertical 

effective stress and z is depth. The former case represents a normal faulting (NF) stress 

regime (the maximum principal stress is the vertical), which can be found in regions 

undergoing or that have undergone extension. The latter case represents a reverse 

faulting (RF) stress regime (the minimum principal stress is the vertical), which takes 

place in compressional regimes with constrained lateral deformation in the direction 

perpendicular to compression.  

The hydraulic boundary conditions are constant hydrostatic pressure in the outer 

boundary and no flow in the other boundaries. The mechanical boundary conditions are 

a constant lithostatic stress on the upper boundary and no displacement perpendicular to 

the other boundaries (Figure 2). 
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The CO2 is injected at a mass flow rate of 1 Mt/yr for 20 yr. The length of the horizontal 

well has been chosen to be equal to 2 km, which we deem is a common length of 

horizontal wells [2]. We also analyze the effect of varying the length of the horizontal 

well, or equivalently of changing the mass flow rate.  

 

2.4. Rock stability analysis 

Shear failure along pre-existing fractures is more likely than hydrofracturing of intact 

rock [2, 12, 29]. We assume that at any point there is a pre-existing fracture critically 

oriented for shear failure. To determine whether a pre-existing fracture is stable or not, 

we need to define a failure criterion. If the stress state falls below the failure envelope, 

the medium is stable and behaves elastically. However, if failure conditions are reached, 

the rock yields and a microseismic event is triggered. We adopt a Drucker-Prager failure 

criterion, which is defined in terms of the stress invariants as [32] 

cMq m   , (1) 

where q  is the deviatoric stress, m   is the mean effective stress, c  is cohesion and M  

and   are parameters that can be related to the friction angle,  . For a NF stress 

regime, these parameters are defined as 










sin3

sin6
M  , (2a) 











sin3

cos6
, (2b) 

and for a RF stress regime, they are 










sin3

sin6
M  , (3a) 











sin3

cos6
. (3b) 
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The deviatoric stress is defined as 

       222222

2 6
2

1
3 zxyzxyxxzzzzyyyyxxJq    (4) 

where 
2J  is the second invariant of the deviatoric stress tensor [33], 

ij  are the 

components of the stress tensor and zyxji ,,,  . 

 

2.5. Numerical solution 

 The hydro-mechanical response of the rocks to CO2 injection in a deep saline aquifer is 

simulated using the finite element numerical code CODE_BRIGHT [34, 35]. The mesh 

is made of structured quadrilateral elements. The mesh is finer close to the injection 

well in the saline aquifer and caprocks and becomes coarser further away. As a first 

step, a steady-state calculation is carried out to ensure consistent initial conditions in 

equilibrium for the pressure and stress fields. 

 

3. RESULTS 

Since fluid pressure evolution is significantly different when injecting CO2 through a 

vertical well than through a horizontal well, the induced changes in the effective stress 

field differ as well. This is reflected in a plot that shows the deviatoric stress versus the 

mean effective stress ( mq  ) trajectories (Figures 3 and 4). When injecting a constant 

mass flow rate of CO2 through a vertical well, the sharp increase in fluid pressure at the 

beginning of injection produces, in the saline aquifer, a rapid decrease in the mean 

effective stress, while the deviatoric stress remains nearly constant (Figure 3a and 4a). 

Thus, the stress state approaches failure conditions at the beginning of injection. 

However, once CO2 pressure drops, the mean effective stress increases, leading to a 

safer situation. Additionally, horizontal total stresses increase as a response to fluid 
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pressure buildup [2, 14, 28, 36]. This causes the deviatoric stress to decrease in a NF 

stress regime (because the horizontal stress is the minimum and since it increases, the 

Mohr circle becomes smaller) and to increase in a RF stress regime (because the 

horizontal stress is the maximum and since it increases, the Mohr circle becomes 

bigger). Fluid pressure evolution in the caprock is somewhat different because of 

mechanical effects that lead to a pressure drop at the beginning of injection rather than 

an increase, which is known as the Noordbergum effect [29, 37]. This leads to an 

improvement of the caprock mechanical stability at the beginning of injection that is 

followed by a small decrease in stability once overpressure propagates across the low-

permeability caprock, which can last several days or weeks (Figure 3b and 4b). This 

decrease in caprock stability is more pronounced in a RF stress regime than in a NF 

stress regime because in a RF stress regime the deviatoric stress increases as the 

horizontal total stresses increase. 

On the other hand, CO2 pressure builds up progressively when injecting CO2 through a 

horizontal well. This results in a simultaneous reduction in the mean effective stress and 

deviatoric stress that yields a mq   trajectory that is almost parallel to the failure 

envelope in a NF stress regime (Figure 3a). Similarly, the trajectory in the caprock is 

quite parallel to the failure envelope (except for some abrupt changes in the trajectory 

direction that are due to CO2 breaking through into the caprock and will be explained in 

detail later). So despite the continuous CO2 pressure buildup, failure conditions are 

unlikely to occur in this particular scenario (Figure 3b). However, in a RF stress regime 

the deviatoric stress in the saline aquifer increases rather than decreases as fluid 

pressure builds up (Figure 4a). This trend also occurs in the caprock (Figure 4b), which 

presents some abrupt changes in the trajectory direction that are due to CO2 breaking 

through into the caprock. 
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These results may be surprising because, while it is clear that the mean effective stress 

decreases when fluid pressure increases, it may not be obvious why the deviatoric stress 

should change. Figures 5 and 6, which display the overpressure, the deviatoric and the 

mean effective stress evolution in the reservoir, show that the mean effective stress 

decreases as CO2 pressure increases, but the magnitude of the mean effective stress 

decrease is smaller than that of overpressure. This is because horizontal total stresses 

increase when injecting a fluid due to lateral confinement [14, 36] and the magnitude of 

the increase in the horizontal total stresses is proportional to overpressure [2, 38]. 

Figures 5 and 6 also show the mobilized friction angle, m ob , calculated assuming 

cohesionless fractures and using the relationship between the friction angle and the ratio 

of deviatoric to mean effective stress given by Eq. (2a) and (3a) for a NF and a RF 

stress regime, respectively. The most critical situation in the saline aquifer occurs at the 

beginning of CO2 injection when it is performed through a vertical well (Figures 5a and 

6a). The mobilized friction angle decreases after the initial peak in a NF stress regime 

because the deviatoric stress decreases, while it remains nearly constant in a RF stress 

regime because the deviatoric stress increases slightly. Similarly, CO2 injection through 

a horizontal well induces a decrease of the mobilized friction angle in a NF stress 

regime, but without the initial peak that occurs in a vertical well (Figure 5b). This is 

because both the mean effective stress and the deviatoric stress are reduced since the 

beginning of injection. Note that the overpressure induced by this horizontal well, of 2 

km in length, is much higher than that induced by the vertical well. Therefore, the 

increase in horizontal total stresses is larger, which is reflected in the RF stress regime 

considered in this study, which mobilizes a friction angle of almost 35º after 20 yr of 

injection (Figure 6b).  
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Figures 7 and 8 show the overpressure, the deviatoric and the mean effective stress 

evolution in a point of the caprock that is placed next to the well casing and 5 m above 

the saline aquifer. This point is representative of the lower region of the caprock, which 

is the most critical because of its proximity to the saline aquifer. When injecting through 

a vertical well (Figures 7a and 8a), fluid pressure drops at the beginning of injection (for 

a few days) because of the deformation induced by injection, which produces an 

expansion of the pore volume within the caprock. This leads to an improvement of the 

caprock mechanical stability at the beginning of injection, which is followed by a 

worsening as fluid pressure perturbation propagates through the low-permeability 

caprock. Nevertheless, the changes are small in the scenarios considered in this study, 

so the caprock mechanical stability is unlikely to be compromised unless the rock is 

critically stressed. For a horizontal well (Figure 7b and 8b), the caprock mechanical 

stability presents some abrupt changes in stability, which are related to CO2 breaking 

through into the caprock. CO2 penetrates into the caprock in this particular case because 

of the high overpressure, which leads to a capillary pressure higher than the caprock 

entry pressure. Initially, the induced overpressure in the saline aquifer propagates into 

the lower part of the caprock, but with a lower magnitude. Therefore, horizontal stresses 

increase in the caprock, causing an improvement in caprock stability in a NF stress 

regime (because the deviatoric stress decreases) and a worsening in a RF stress regime 

(because the deviatoric stress increases). When CO2 first penetrates into the caprock 

(after 6 yr of injection), it causes an increase of the horizontal total stresses, which 

tightens the lower part of the caprock, where CO2 has not arrived yet. This specially 

affects a caprock in a NF stress regime, improving the caprock mechanical stability 

(Figure 7b). However, this effect is much smaller in a RF stress regime, because the 

confining stress is already large (Figure 8b). But once CO2 reaches the observation 
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point (after 12 yr), fluid pressure increases sharply, which produces a decrease of 

effective stresses. Thus, stability is worsened significantly, which could contribute to an 

enhancement of CO2 flux through the caprock if it were to yield. 

Figure 9 illustrates the mobilized friction angle as a function of depth at the beginning 

of injection (1 day) and after a long time of injection (20 years) for a vertical and a 

horizontal well in a NF and a RF stress regimes. The mobilized friction angle increases 

in the whole reservoir at the beginning of injection when CO2 is injected through a 

vertical well for both a NF and a RF stress regimes. However, it decreases in a NF stress 

regime for long injection times due to the CO2 pressure drop and the increase of 

horizontal total stresses, which reduces the deviatoric stress (Figure 9a). The most 

critical point coincides with the top of the saline aquifer, because it is the point with the 

lowest confining pressure affected by the high overpressure that occurs in the saline 

aquifer (overpressure dissipates rapidly in the caprock because of its low-permeability). 

In a RF stress regime (Figure 9b) the mobilized friction angle remains nearly constant in 

the saline aquifer and increases gradually in the caprock, but always presenting lower 

values than in the reservoir. On the other hand, the mechanical stability of the saline 

aquifer and caprock is almost unaffected at the beginning of injection when injecting 

through a horizontal well. However, the progressive pressure buildup and the 

subsequent increase in horizontal total stresses produce a decrease of the mobilized 

friction angle within the saline aquifer in a NF stress regime, and an increase in a RF 

stress regime. The region of the caprock in which CO2 has penetrated (the lower 25 m 

of the caprock) can be distinguished because of the change in the mobilized friction 

angle. In a NF stress regime (Figure 9a) the changes are more pronounced because of 

the lower confinement. The CO2 front coincides with the maximum mobilized friction 

angle caused by the sudden decrease in effective stresses that the arrival of CO2 
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produces. There is a local minimum of the mobilized friction angle above the CO2 

desaturation front because the horizontal total stresses increase above the CO2 front. 

This is the same sequence as the one shown in Figure 7b, but here in space rather than 

in time. In a RF stress regime (Figure 9a) the region of the caprock that contains CO2 

presents a higher mobilized friction angle because of the reduction in the mean effective 

stress. 

We also analyze if changing some parameters of the model alter the hydro-mechanical 

response of the system to CO2 injection. First, we consider the effect of the caprock 

being two orders of magnitude more permeable. A more permeable caprock permits a 

more rapid propagation of fluid pressure perturbation, thus reducing the effective 

stresses in the caprock, which could bring the stress state closer to failure conditions. 

Second, we reduce the stiffness of the aquifer to obtain an aquifer that is softer than the 

caprock (by a factor of 2). In this situation, more stress can be transferred from the 

aquifer to the caprock [11]. Finally, we study the effect of varying the mass flow rate 

and the length of the horizontal well, which has a direct effect on the induced 

overpressure.  

Table 2 collects the maximum mobilized friction angle for the base case (recall Table 

1), for a model with a more permeable caprock (two orders of magnitude), for a model 

with an aquifer that is softer than the caprock (by a factor of 2), for a higher mass flow 

rate (double) and a longer horizontal well that induces an overpressure similar to that of 

the vertical well (for a mass flow rate of 1 Mt/yr). The maximum mobilized friction 

angle in the saline aquifer occurs at the beginning of injection when injecting through a 

vertical well both in a NF and in a RF stress regimes. However, for a horizontal well it 

occurs at the end of injection (20 years in our simulations), except when a high 

overpressure is induced in a NF stress regime. In the latter case, the horizontal total 
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stresses increase significantly and cause such a decrease in the deviatoric stress that the 

rock mechanical stability improves with time. The change of these parameters has a 

similar effect on the reservoir for both types of well. A higher mass flow rate induces a 

larger overpressure, which causes a higher reduction in the mean effective stress that 

leads to a higher maximum mobilized friction angle. A softer aquifer has little effect on 

the reservoir stability. Furthermore, the overpressure is smaller in the presence of a 

caprock with a higher permeability because a larger amount of brine can flow through 

it, resulting in a lower mobilized friction angle in the saline aquifer. The later is not true 

for a horizontal well in a NF stress regime, because for this case the decrease is the 

deviatoric stress due to the increase in the horizontal total stresses is smaller than the 

decrease in the mean effective stress due to the progressive pressure buildup. This leads 

to a slight increase of the mobilized friction angle with time, but at such a small rate that 

it seems unlikely that the aquifer mechanical stability would be jeopardized, even 

though injection last for several decades. By contrast, the reservoir may yield for 

horizontal wells in a RF stress regime when overpressure builds up significantly 

because the increase in the horizontal total stresses leads to a continuous increase of the 

deviatoric stress.  

In the caprock, the injection mass flow rate has little effect on the caprock mechanical 

stability in a NF stress regime, but in a RF stress regime the caprock stability decreases 

as overpressure in the caprock increases. A higher permeability of the caprock increases 

its maximum mobilized friction angle in a NF stress regime because overpressure can 

propagate more easily inside the caprock, reducing the effective stresses. But, in a RF 

stress regime the mobilized friction angle becomes smaller because the lower 

overpressure that is induced in the reservoir leads to smaller changes in the stress field. 

A softer aquifer leads to a higher mobilized friction angle in the caprock in a NF stress 
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regime, but a lower one in a RF stress regime because the changes in horizontal total 

stresses are smaller in a softer aquifer [2, 38] and therefore the changes in the caprock 

are also smaller. Finally, a horizontal well which length is such that the induced 

overpressure is similar to that induced by a vertical well (for a mass flow rate of 1 

Mt/yr), mobilizes friction angles that are in the same order of magnitude than the ones 

that mobilizes a vertical well. However, such a length is 8 km, which is significantly 

longer than conventional horizontal wells. 

The sensitivity analysis also includes the quantification of CO2 flux through the 

caprock. Figure 10 displays the vertical CO2 flux across a horizontal section of the 

caprock that is placed 5 m above the saline aquifer after 20 yr of injection. The highest 

vertical CO2 flux in the lower part of the caprock corresponds to a horizontal well of 2 

km in length, which induces a large overpressure. The flux close to the injection well is 

very similar regardless of the caprock permeability. However, far away from the 

injection well, the CO2 flux decreases for a caprock permeability of 10
-18

 m
2
, but 

remains nearly constant within the whole area of the CO2 plume for a more permeable 

caprock (by two orders of magnitude). Thus, what prevents CO2 from entering into the 

caprock is the capillary entry pressure rather than the caprock permeability. However, 

once CO2 enters into the caprock, a more permeable caprock will allow a higher CO2 

flux through it, especially far away from the injection well, where pressure gradients are 

smaller. The average vertical CO2 flux for the more permeable caprock is around 10
-11

 

m/s and occurs for an area of 2·2000·4000 m
2
, which yields a flow rate of 1.6·10

-4
 m

3
/s. 

For the pressure and temperature conditions of this injection scenario, CO2 density is 

around 660 kg/m
3
. Therefore, the mass flow rate that flows through the lower part of the 

caprock, and therefore is escaping from the saline aquifer, is of 0.1 kg/s, which is a 0.3 

% of the injected CO2 mass flow rate. By contrast, the vertical CO2 flux is almost 
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negligible for the vertical well, which induces a lower overpressure. We show for 

comparison the vertical CO2 flux that corresponds to a horizontal well of 8 km in 

length, which induces an overpressure similar to that of the vertical well. The vertical 

CO2 flux is larger than for the vertical well, but still can be considered as negligible.  

 

4. DISCUSSION 

The conjecture that the rock mechanical stability would be more favorable for CO2 

injection through vertical than horizontal wells for long injection times (decades) is not 

necessarily valid. This is because even though fluid pressure increases continuously 

when injecting through a horizontal well, horizontal total stresses also increase, leading 

to a reduction of the deviatoric stress for a NF stress regime. However, this increase in 

the horizontal total stresses enlarges the deviatoric stress in a RF stress regime, leading 

to unstable conditions both in the saline aquifer and the caprock. Therefore, 

microseismic events are likely to occur, which could open up leakage paths. On the 

other hand, the most critical situation in the saline aquifer occurs at the beginning of 

injection through a vertical well, coinciding with the peak in overpressure. To minimize 

the risk of inducing microseismicity, CO2 injection rate can be progressively increased 

at the beginning, so that fluid pressure builds up more gradually. However, induced 

microseismic events are not necessarily negative if they are triggered within the saline 

aquifer because microseismicity is related to shear slip, which increases permeability of 

rough fractures, especially in the direction perpendicular to shear [39, 40, 41]. 

Therefore, injectivity would be enhanced and a lower overpressure would be necessary 

for injecting the same amount of CO2. 

From the sensitivity analysis, induced microseismicity in the caprock is more likely to 

occur in the presence of caprocks with a relatively high permeability, because fluid 



17 

 

pressure can propagate more easily through them. In fact, Vilarrasa et al. [14] modeled a 

case in which a caprock with a relatively high permeability yielded as a result of CO2 

injection at a high mass flow rate (3.6 Mt/yr). Caprocks with a relatively high 

permeability are not rare in nature, because even though the matrix permeability can be 

very low, the presence of fractures can contribute to an increase of permeability of two 

to three orders of magnitude at the kilometric scale [42], which is the scale of interest in 

geologic carbon storage.  

The length of the horizontal well considered in this study is 2 km, which is within the 

range of most horizontal wells. The induced overpressure is higher (by a factor of 4 in 

this scenario) than that of a vertical well. Thus, a higher overpressure than for the 

vertical well will be necessary to inject the same amount of CO2.  This leads to a higher 

compression cost for horizontal wells. Therefore, the length of a horizontal well should 

be decided according to a drilling cost to efficiency trade-off. For instance, to obtain an 

overpressure in the range of that induced by the vertical well, the length of the 

horizontal well should be of 8 km for this particular case. Though such a well is 

relatively long, it is shorter than the longest horizontal well, which is almost 11 km long 

[43], so its drilling is technically feasible. In the presence of thick aquifers, vertical 

wells seem to be more effective because a few million tonnes of CO2 can be injected 

while maintaining an overpressure below the maximum sustainable injection pressure. 

Furthermore, vertical wells provide higher storage efficiency than horizontal wells when 

the aquifer permeability is strongly anisotropic [44]. Nevertheless, to maximize the use 

of pore space, it should be ensured that CO2 enters the saline aquifer along the whole 

thickness of the aquifer. Under some circumstances that result in gravity forces 

dominating viscous forces around the injection well (generally in high permeability 

aquifers), CO2 may be only injected through the top portion of the saline aquifer [23]. In 
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these cases, a horizontal well placed at the bottom of the aquifer would lead to a higher 

spreading of the CO2 plume, increasing dissolution and capillary trapping. Therefore, 

horizontal wells may be more effective in thin saline aquifers, like in the case of In 

Salah, Algeria [2] or placed at the bottom of aquifers in which gravity forces dominate, 

like in the case of Sleipner, Norway [45]. 

The overpressure induced by the horizontal well considered in this study is similar to 

that of In Salah, Algeria [46], i.e. 10 MPa. Though the mechanisms are different in each 

case, such overpressure is high enough for CO2 to penetrate into the caprock. In this 

study CO2 penetrates into the caprock because the capillary pressure exceeds the 

caprock entry pressure, while in In Salah the overpressure opens up a existing set of 

fractures that permit the upwards flow of CO2 [47]. However, in both cases CO2 

remains in the lower part of the caprock, so CO2 does not leak to upper formations 

which could potentially contain freshwater. 

Thermal effects also affect the rock mechanical stability [38, 48, 49], but they have not 

been studied here. CO2 will usually reach the saline aquifer at a lower temperature than 

that of the reservoir because it does not equilibrate with the geothermal gradient on its 

way down to the reservoir [50]. Therefore, effective stresses will be reduced in the 

saline aquifer due to thermal contraction of the rock, potentially causing the stress state 

to approach failure conditions. However, the caprock mechanical stability improves for 

a NF stress regime because the stress drop in the reservoir causes the horizontal total 

stresses to increase in the caprock [38]. But in a RF stress regime the caprock stability  

remains similar to that of an isothermal injection [38]. Therefore, horizontal wells that 

would induce large overpressures in a RF stress regime are not recommended because 

the caprock integrity is likely to be jeopardized, which could trigger induced 

microseismic events and CO2 may leak through the caprock. 
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Here, we have considered a saline aquifer of extensive lateral dimensions. However, 

heterogeneity, such as faults, may exist relatively close to the injection well. If a fault 

behaves as a flow barrier, overpressure will increase [14, 19, 20], which eventually 

could trigger induced seismicity [8]. Undetected flow barriers can pose a risk to rock 

mechanical stability if fluid pressure increases significantly. Therefore, monitoring 

injection pressure evolution is crucial to guarantee that induced seismicity that could be 

felt by local population will not be triggered and that no leakage path is created. 

Deviations from the expected fluid pressure evolution should be analyzed and 

mitigation measures should be carried out if overpressure increases unexpectedly.  

 

5. CONCLUSIONS 

CO2 pressure evolution is significantly different when injecting a constant CO2 mass 

flow rate through a vertical or a horizontal well. Fluid pressure near the injection well 

increases sharply at the beginning of injection (for a few days) through a vertical well, 

but afterwards it drops slightly. Therefore, the rock mechanical stability is reduced in 

the saline aquifer at the beginning of injection, but it improves after the initial peak in 

fluid pressure. Nevertheless, the induced changes are small in the cases considered in 

this study. By contrast, fluid pressure continuously builds up when injecting through a 

horizontal well and for a common length of horizontal wells (around 2 km) the induced 

overpressure is larger than that of a vertical well. Not only does overpressure produce a 

gradual reduction in the mean effective stress, but also an increase of the horizontal total 

stresses because of the lateral confinement. When overpressure is significantly high (of 

the order of 10 MPa), the increase of horizontal total stresses leads to a more stable 

situation in the NF stress regime considered in this study (the deviatoric stress 

decreases), but could lead to unstable conditions in a RF stress regime (the deviatoric 
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stress increases). This high overpressure gives rise to a capillary pressure that exceeds 

the caprock entry pressure, so CO2 penetrates through the lower portion of the caprock. 

However, overpressure becomes comparable of that induced by a vertical well in the 

presence of a caprock with a relatively high permeability or a longer injection well. In 

these cases, neither the reservoir nor the caprock mechanical stability is likely to be 

compromised because the effective stress changes induce relatively small changes in the 

mobilized friction angle. Thus, CO2 injection at a constant mass flow rate through a 

vertical well is unlikely to yield unstable conditions both in NF and RF stress regimes in 

extensive saline aquifers like the one considered in this study. However, when injecting 

through a horizontal well the increase in horizontal total stresses improves the reservoir 

and caprock mechanical stability in a NF stress regime, but worsens it in a RF stress 

regime when a high overpressure is induced. These changes in the stress field highlight 

the importance of solving coupled hydro-mechanical simulations to assess the rock 

mechanical stability of geologic carbon storage projects. 
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TABLES 

Table 1. Properties of the rocks considered in the model 

Property Saline 

aquifer 

Caprock Upper aquifer Basal aquifer 

Young’s modulus, E  (GPa) 10 5 2.5 20 

Poisson ratio,   (-) 0.3 0.3 0.3 0.3 

Porosity,   (-) 0.1 0.01 0.1 0.1 

Intrinsic permeability, k  (m
2
) 10

-13
 10

-18
 10

-14
 10

-14 

Relative liquid permeability, rlk  (-)  3

lS  6

lS  3

lS  3

lS  

Relative gas permeability, rgk  (-) 3

gS  6

gS  3

gS  3

gS  

Gas entry pressure, 0P  (MPa) 0.02 1.0 0.02 0.02 

Van Genuchten shape parameter, 

m  (-) 

0.8 0.3 0.8 0.8 
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Table 2. Maximum mobilized friction angle for a CO2 injection of 20 years. The value 

on the left of the slash is for a NF stress regime and the one on the right of the slash 

corresponds to a RF stress regime.   

 Vertical well Horizontal well 

 Saline aquifer 
a 

Caprock 
b 

Saline aquifer 
a 

Caprock 
b 

Base case 22.2/21.7 19.9/21.1 19.8/34.6 19.8/32.9 

Higher capk  21.5/21.2 20.5/21.0 20.8/22.2 20.3/22.3 

Lower aqE  21.9/21.3 20.2/20.9 19.8/32.5 19.8/29.6 

Higher mQ  24.3/23.8 19.9/22.5 19.9/59.6 19.8/58.5 

Longer L    21.2/22.9 19.8/21.5 

a
 The mobilized friction angle is measured at the top of the saline aquifer next to the 

injection well casing. 

b
 The mobilized friction angle is measured at a point placed 5 m above the saline aquifer 

next to the injection well casing. 
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Figure 1. Overpressure evolution at the top of the aquifer next to the injection well 

casing when injecting CO2 through a vertical and a horizontal well at a constant mass 

flow rate. 
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Figure 2. Schematic description of the hydro-mechanical model and boundary 

conditions. CO2 is uniformly injected along the whole thickness of the saline aquifer in 

the vertical well (using an axisymmetric model), while it is injected at the bottom of the 

saline aquifer in the horizontal well (modeling half of a vertical cross section 

perpendicular to the horizontal well).  
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Figure 3. mq   trajectories for a vertical and a horizontal well in a normal faulting 

stress regime (a) at the top of the saline aquifer next to the injection well casing and (b) 

at a point of the caprock placed 5 m above the saline aquifer next to the injection well 

casing. 
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Figure 4. mq   trajectories for a vertical and a horizontal well in a reverse faulting 

stress regime (a) at the top of the saline aquifer next to the injection well casing and (b) 

at a point of the caprock placed 5 m above the saline aquifer next to the injection well 

casing. 
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Figure 5. Stress, overpressure and mobilized friction angle evolution in a normal 

faulting stress regime at the top of the saline aquifer next to the injection well casing (a) 

for a vertical well (VW) and (b) for a horizontal well (HW). 
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Figure 6. Stress, overpressure and mobilized friction angle evolution in a reverse 

faulting stress regime at the top of the saline aquifer next to the injection well casing (a) 

for a vertical well (VW) and (b) for a horizontal well (HW). 
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Figure 7. Stress, overpressure and mobilized friction angle evolution in a normal 

faulting stress regime at a point of the caprock placed 5 m above the saline aquifer next 

to the injection well casing (a) for a vertical well (VW) and (b) for a horizontal well 

(HW). 
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Figure 8. Stress, overpressure and mobilized friction angle evolution in a reverse 

faulting stress regime at a point of the caprock placed 5 m above the saline aquifer next 

to the injection well casing (a) for a vertical well (VW) and (b) for a horizontal well 

(HW). 
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Figure 9. Mobilized friction angle for a vertical and a horizontal well in a vertical cross 

section that is tangent to the well casing after 1 day and 20 years of injecting 1 Mt/yr of 

CO2 in (a) a normal faulting stress regime and (b) a reverse faulting stress regime. 
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Figure 10. Vertical CO2 across a horizontal section of the caprock placed 5 m above the 

saline aquifer after 20 years of injecting 1 Mt/yr for several scenarios. 
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