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Abstract. The reactivation and opening of geological faults during reservoir injection is a relevant 

aspect in the design of injection pressures for hydrocarbon fields. As the pore pressure increases in the 

reservoir, the effective normal stresses on the fault’s plane decrease, and as a consequence, the fault 

slips and reactivates. Eventually, due to increasing pore pressures, the effective normal stresses 

decrease to zero and the fault opens. Both phenomena are undesirable since the hydrocarbon fluid can 

thus migrate from the reservoir to other porous layers and/or cause surface leakage. This paper 

investigates a simplified analytical approach for the two-dimensional analysis of fault reactivation 

during reservoir injection. The pore pressure increment that causes the fault to reactivate is 

analytically estimated for a given reservoir thickness and depth according to the Mohr-Coulomb 

criterion. A parametric analysis is performed and indicates the influence of geometric parameters such 

as the fault’s dip angle and and the reservoir’s height and depth. Finally, this simplified technique is 

applied to a synthetic case and final results are confronted to two-dimensional finite element 

simulations.  
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1 INTRODUCTION 

Faults are natural geological discontinuities in the upper crust. Natural resource extractions 

such as mining and fluid withdrawal can change the stress state near geological faults, causing 

them to slip and reactivate. In such cases, phenomena such as induced seismicity (Alberti, 

2010), severe ground subsidence (Chan and Zoback, 2007), and fluid leakage may occur 

(Wiprut and Zoback, 2000), among others (Donnelly, 2009). 

In the oil and gas industry, hydrocarbon recovery induces changes in the reservoir pressure 

during depletion and injection periods, modifying the stress state of the whole formation 

including nearby faults. If the stress state of a fault plane is sufficiently disturbed, the fault 

may slip and reactivate. In this situation, the fault’s permeability is increased and its vertical 

seal is breached even if the fault was originally sealed by lateral juxtaposition or deformation 

processes.  

One could cite as possible damages caused by fault reactivation: instability of wellbores, 

sheared-collapsed casings, fluid leakage to the surface, fluid escape to shallower porous 

layers, and aggravated ground subsidence. These problems can be mitigated by taking into 

account the reactivation tendency of mapped faults during the planning phase to better locate 

wells and other infra-structure. During the production and recovery phase, the maximum 

sustainable injection pressure should be estimated to prevent fault reactivation and preserve 

hydrocarbon trap integrity. Recently, special attention has been given to fault reactivation in 

projects for CO2 sequestration in depleted reservoirs (Hawkes et al., 2005, Rutqvist et al., 

2007), where the minimum horizontal stress is reduced and faults may become more prone to 

slip.   

Fault slippage and reactivation was first recognized as a possible cause of fluid flow in 

faulted areas by Sibson (1990) and is fundamentally ruled by the Mohr-Coulomb criterion. 

This phenomenon has been extensively investigated and a detailed review is provided by 

Zoback (2007). Three different approaches can be found in literature: analytical, semi-

analytical, and numerical.  

Analytical approaches usually simplify the problem to homogeneous and regular shaped 

reservoirs submitted to constant pore pressure and make use of closed-form solutions that 

range from simple Mohr-Coulomb failure relations to fundamental solutions of elastic 

inclusions embedded in a halfspace (Geertsma, 1966, 1973; Segall, 1989, 1992; Zoback, 

2007; Soltanzadeh and Hawkes, 2009). Despite simplifying the pore pressure-stress coupling 

to some degree in the reservoir and/or in the fault (Hillis, 2001), the simplest analytical 

procedures seems to be the most popular choices for a first analysis. Some applications can be 

found in Moeck et al. (2009) and Neves et al. (2009). 

Semi-analytical approaches employ the aforementioned fundamental solutions to estimate 

reactivation of faults crossing reservoirs with irregular shapes and spatially variable pore 

pressures (Chanpura and Germanovich, 2001; Zoback, 2007; Soltanzadeh and Hawkes, 2008). 

At the cost of manipulating more complex expressions, the pore pressure-stress coupling is 

better accounted for. A common practice is to obtain the pore pressure distribution and the 

stress evolution from flux and stress analyses, either coupled or uncoupled, to use as an input 

to analytical and semi-analytical relations. 

Numerical approaches can better approximate the geometry and the property heterogeneity 

of the field. The fault is represented in the discrete models as either a discontinuous surface 

with relative displacements or a continuous band with weakened properties. Applications 

employ a variety of numerical techniques such as the finite element method (FEM) (Vidal-

Gilbert, 2009; Zhang et al., 2009), the finite difference method (FDM) (Rutqvist et al., 2007; 
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Zhang et al., 2009; Fouladvand et al., 2009) and the discrete element method (DEM) (Zhang 

and Sanderson, 1996; Langhi et al., 2009).  

This work investigates a simplified analytical approach for two-dimensional analysis of 

fault reactivation under normal stress regime according to the Mohr-Coulomb criterion, based 

on the fault’s orientation and the field’s initial stress state. The pore pressure increment that 

causes a given fault to reactivate during injection is estimated by the simplified analytical 

approach for a variety of reservoir thicknesses and depths and is confronted with FEM results 

for a synthetic model. The comparison shows how effectively the simplified analytical 

approach estimates fault reactivation. 

2 FAULT REACTIVATION AND OPENING 

Faults can be classified according to Anderson’s scheme (Zoback, 2007) as normal (or 

extensional), strike-slip and reverse (or thrust) as a function of the vertical stress (σv) and the 

minimum and maximum horizontal stresses (σh and σH), as depicted in Figure 1.  

 

   

σv > σH > σh 

(a) 

σH > σV > σh 

(b) 

σH > σh > σV 

(c) 

Figure 1: Anderson’s classification: a) normal fault; b) strike-slip fault; c) reverse fault. 

Fault reactivation is controlled by the shear and normal stress components on the fault 

plane, which can be expressed for a normal faulting regime in the two-dimensional case as 
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where θ is the fault’s dip angle. It is assumed that the fault’s strength behaves according 

to the Mohr-Coulomb criterion  

 )( n pcslip ασµτ −+=  (3) 

where p is the pore pressure, α is Biot’s coefficient, c is the fault’s cohesion and µ = tanφ is 

the fault’s friction coefficient for a given fault’s friction angle φ. In the above expression        

σn – αp = σ'n is the effective normal stress on the fault plane. The likelihood of reactivation 

for a given fault can be measured by the modified slip tendency parameter  
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ranging within 0 ≤ ST ≤ 1. The higher the slip tendency parameter is, the more susceptible to 
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reactivation the fault becomes. 

Field observations suggest that faults become hydraulically conductive when the shear 

stress τ violates the Mohr-Coulomb envelop. Byerlee (1978) found that hydraulically active 

faults have friction coefficients within 0.6 ≤ µ ≤ 1.0 (31º ≤ φ ≤ 45º), although faults containing 

clay minerals may have lower values. The fault’s cohesion is usually lower than 1 MPa and 

commonly taken as null. Applying Eq. (4) for cohesionless faults with friction coefficient 

µ ∼ 0.6, one obtains that normal faults with dip angle θ ~ 60º are more prone to reactivate. 

Besides the knowledge of the fault’s properties, a proper estimation of the sustainable pore 

pressure to prevent fault reactivation depends on the stress and fluid paths of the reservoir 

(Hillis, 2001; Streit, 2002). Since the vertical stress σV is strongly related to the weight of the 

overburden and the crust is not vertically restrained, this stress component is little affected by 

the pore pressure changes in the reservoir. On the other hand, the reservoir is constrained in 

the horizontal direction and the horizontal stress σh can be largely affected by pore pressure 

changes. According to Hillis (2001), the change in the horizontal stress σh can be inferred 

from production data or estimated from analytical expressions from idealized elastic 

reservoirs.  

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 2: Mohr-Coulomb diagram for: a) a reactivated fault during depletion; b) a reactivated fault during 

injection; c) an open fault during injection. 

During depletion, the horizontal stress σh decreases and thus increases the difference σV – 

σh. As a consequence, the fault can reactivate despite the increase in the effective stresses, as 
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shown in Figure 2(a). On the other hand, during injection, the horizontal stress σh increases 

and thus reduces the difference σV – σh, as depicted in Figure 2(b)–(c). In this case, the fault 

can reactivate if the shear stress reaches the failure envelope and/or open if the effective 

normal stress is reduced to zero, as shown in Figures 2(b) and 2(c), respectively. Note that, 

depending on the fault’s properties and orientation, it is possible for a fault to open before 

reactivating and thus admit fluid flow.  

3 MAXIMUM SUSTAINABLE INJECTION PRESSURE TO PREVENT FAULT 

REACTIVATION 

3.1 Simplified analytical approach 

During injection, a simplified estimative of the required pore pressure to induce fault 

reactivation can be obtained by disregarding changes in the vertical and horizontal stresses. 

Then, an explicit expression for pore pressure can be found by solving Eq. (4) for p when ST = 

1. In this case, the Mohr’s circle moves towards the origin without changes in size, as shown 

in Figure 3. 

 

 
 

 

Figure 3: Mohr-Coulomb diagram for a reactivated fault during injection considering the simplified analytical 

approach.  

3.2 Finite element modeling approach 

A two-dimensional discrete FE model comprised by the stratigraphic horizons and the 

geological faults can simulate the changes in the stress state during injection more precisely, 

in particular in the horizontal stresses. In this work, the finite element simulations were 

carried out by using the program AEEPECD® (Costa, 1984), developed in Petrobras for two-

dimensional analyses in terms of effective stresses under drained conditions. 

Rocks were modeled by quadratic quadrilateral 8-node serendipity finite elements. Non-

reservoir and reservoir rocks were assumed to behave according to the elastoplastic and poro-

elastoplastic Mohr-Coulomb constitutive model, respectively, with associated flow rule and 

zero tensile cut-off. 

Faults were modeled by quadratic interface (or joint) 8-node elements (Goodman, 1968). 

The shear and normal stresses are related to their corresponding relative displacements by the 

tangential and normal stiffness of the fault’s core, which are taken as 

 
t

E
Kn =  and 

t
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where E and ν are the Young’s elasticity modulus and the Poison’s ratio of the adjacent 

geological layer, respectively, and t is the thickness of the fault core. A poro-elastoplastic 

Mohr-Coulomb constitutive model, with associated flow rule and zero tensile cut-off, 

simulated the behavior of the effective normal and shear stresses (σ'n and τ) along the fault. 

Fault extensions intersecting the reservoir are considered initially non-sealed and the 

extensions outside the reservoir are considered horizontally sealed during the whole analysis. 

Pore pressure simulates the effect of internal fluid pressure acting on the fault extensions that 

are hydraulically connected to the pressurized reservoir, i.e., the fault extensions that either are 

initially non-sealed or have already been reactivated. Only the effective normal stress 

components are directly affected by the pore pressure increments. 

In-situ vertical and horizontal stresses were modeled as initial geostatic stresses varying 

with depth.  

4 RESULTS AND DISCUSSION 

The two-dimensional case of a normal fault was investigated, as depicted in Figure 4. For 

convenience, a reference model is defined, with dip angle θ = 45° intersecting a reservoir with 

thickness of tr = 100 m at the depth H = 1200 m. Rock properties are provided in Table 1, in 

which E is the Young’s elasticity modulus, ν is the Poisson’s ratio, c is the cohesion, φ is the 

friction angle and α is Biot’s coefficient. Values of cohesion c = 0.5 MPa and friction angle 

φ = 20° are adopted for the fault, whose normal and tangential stiffness are obtained by 

applying Eq. (5) for a thickness of 0.5 m. 
 

 

                                       (a)                                                                           (b) 

Figure 4: Two-dimensional case of a normal fault investigated by the simplified analytical approach and the FE 

modeling approach: (a) geometrical model; b) detail of the FE mesh.  

Layer E (GPa) ν c (MPa) 

Overburden 17.0 0.30 1.5 

Reservoir 15.0 0.25 2.0 

Underburden 17.0 0.30 1.5 

Table 1: Rock property values for the two-dimensional reference model of a normal fault. 

The initial stress state can be obtained as 

 HV  γσ =  and Vh K ' 0 σσ =  (6) 

where γ is the unit weight and K0 is the lateral earth pressure coefficient, which assume the 

values 22.5 kN/m
2
 and 0.5, respectively, for the reference model. The initial pressure 
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distribution in the reservoir is considered constant and hydrostatic; pore pressure was 

incremented in steps of 100 kPa. 

The fault reactivation was analyzed for the reference model by applying the simplified 

analytical approach and the FE modeling approach, briefly described in the previous section. 

According to the analytical approach, a pore pressure increment of 2.32 MPa induces fault 

reactivation, opposed to an increment of 2.60 MPa obtained from the numerical simulation. 

The discrepancy of about 12% can be visualized in the Mohr’s diagram, shown in Figure 5. It 

becomes evident how disregarding the changes in the minimum horizontal stress due to 

deformation affects the results. 

 

 

Figure 5: Mohr’s diagram during injection for the reference model of a normal fault with dip angle θ = 45°. 

4.1 Parametric analysis 

A parametric analysis was carried out on the geometry configuration of the reference 

model. The reservoir’s depth and thickness as well as the fault’s dip angle were varied 

according to Table 2, leading to a total of 27 analyses. 

 

θ (º) H (m) hr (m) 

30 400 20 

45 1200 100 

60 2000 180 

Table 2: Values of the fault’s dip angle and the reservoir’s depth and thickness varied in the parametric analyses. 

The FE incremental analyses were carried out until the fault opened (σ’n=0) and results are 

presented in Table 4. Fault reactivation occurred before opening in all of the cases. It was 

found that, in the cases where similar pore pressure values for reactivating and opening the 

fault were obtained, only short lengths of the fault had experienced reactivation by the time 

opening took place, as shown in Figure 6(a) for case 1. Conversely, when this difference was 

pronounced, long lengths of the fault had been reactivated by the time the fault opened, as 

shown in Figure 6(b) for case 22. Ultimately, the whole length of the fault reactivated without 

opening in situations such as cases 18, 26 and 27.  
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Parameters ∆p (kPa) 
Case θ (º) 

H (m) hr (m) Reactivation Opening 

1 20 2400 2400 

2 100 2400 2400 

3 

400 

 
180 2300 2400 

4 20 5100 7000 

5 100 5000 7100 

6 

1200 

 
180 4800 6900 

7 20 7600 11700 

8 100 7400 11400 

9 

30 

2000 

180 7200 10900 

10 20 1900 2300 

11 100 1800 2300 

12 

400 

180 1700 2200 

13 20 2600 6100 

14 100 2600 5600 

15 

1200 

180 2500 5800 

16 20 3300 9200 

17 100 3200 9200 

18 

45 

2000 

180 3100 - 

19 20 1800 2100 

20 100 1700 2100 

21 

400 

180 1600 2000 

22 20 2100 6000 

23 100 2200 5100 

24 

1200 

180 2100 5100 

25 20 2400 7600 

26 100 2500 - 

27 

60 

 

2000 

180 2400 - 

Table 4: Pore pressure increment that reactivates and opens the fault obtained from the FEM analyses 

 

 
(a) Case 1 (b) Case 22 

Figure 6: Fault reactivation by the time the opening occurs (reactivation in red, opening in blue): a) case 1; 

b) case 22. 
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Figures 7 and 8 show the pore pressures that reactivate the fault for variations of the fault’s 

dip angle and the reservoir’s depth, respectively. Note the small influence of the reservoir’s 

thickness in comparison to other parameters. 

 

Figure 7: Pore pressure increment that reactivates the fault of the reference model for different values of dip 

angle. 

 

Figure 8: Pore pressure increment that reactivates the fault of the reference model for different values of depth. 

5 CONCLUDING REMARKS 

This work investigated reactivation and opening of faults under normal stress regime by 

applying a simplified analytical approach and the FE modeling approach. A parametric 

analysis studied the influence of the fault’s dip angle and the reservoir’s thickness and depth 

on the required pore pressure increment to induce fault reactivation.  

The difference in results obtained by the analytical and the FE approach shows that 

deformation caused by pore pressure-stress coupling can be substantial for some situations 

and should not be disregarded. A better prediction could be obtained by enriching the 
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analytical relations with other terms that take into account the reservoir deformation.  

Nevertheless, the simplified analytical approach can be a powerful tool for a first analysis 

and can be used together with a flux simulator to identify the most critically stressed faults in 

a field. The results can assist the selection of areas for which a more detailed and time-

consuming numerical analysis should be carried out. 
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