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 A B S T R A C T

Accurate prediction of pore pressure evolution during fluid injection is essential for assessing reservoir 
performance and associated effective stress changes that may promote induced seismicity. Analytical solutions 
for pressure diffusion commonly assume isotropic permeability, whereas long-term numerical simulations often 
require large computational domains to reduce boundary effects. We investigate injection-induced pressure 
evolution over timescales comparable to geothermal project lifespans under hydraulic anisotropy, using 
analytical and numerical methods with finite and infinite elements. We derive a closed-form three-dimensional 
analytical solution for continuous point-source injection in a medium with permeability anisotropy. Our closed-
form analytical solution shows that the permeability component along a given axis governs the temporal 
pressure evolution, while the perpendicular components control the pressure amplitude. To identify limitations 
of numerical modelling for long-term scenarios, we compare analytical and numerical results for isotropic 
permeability. Boundary effects in conventional finite element models manifest earlier in materials with higher 
permeability. For an 8 km cubic Berea sandstone model, deviations increase from below 1.4% after 0.1 years 
to more than 40% after 10 years. Infinite elements reduce the maximum deviation below 0.56% over 10 
years while also lowering computational runtime. Finally, we modelled a geothermal doublet to demonstrate 
how doublet orientation and permeability anisotropy jointly control pore pressure evolution. The combined 
analytical and numerical framework provides rapid pressure estimates and practical guidance for long-term 
modelling of geothermal and other subsurface fluid-injection systems.
1. Introduction

Anthropogenic activities have been shown to be related to in-
duced seismicity,1–4 which became a detrimental factor in the accep-
tance of the use of the subsurface. Such activities include fluid injec-
tion and extraction during hydrocarbon production and gas storage,5,6
mining operations,7 geothermal energy exploitation,8,9 or wastewater 
disposal.3,10 Induced seismicity in fluid injection systems is commonly 
attributed to increases in pore pressure that reduce the effective normal 
stress acting on critically stressed faults.11 Previous studies demon-
strated that even minor stress or pressure perturbations, often well 
below 1 MPa, may be sufficient to induce seismic events.12–14 Thus, 
the accurate characterization of the spatial and temporal evolution 
of pore pressure changes is essential for assessing induced seismicity 
during subsurface fluid injection. Two key challenges arise in this con-
text: first, matrix permeability anisotropy (and hereafter ‘‘permeability 
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anisotropy’’) strongly influences fluid flow pathways and pressure dis-
tribution, making its correct representation critical; second, numerical 
models must be designed to minimize model boundary effects that 
can distort or bias the physical behaviour, especially for long-term 
injection. Addressing these challenges is fundamental for improving 
both analytical and numerical approaches for reliable prediction of the 
evolution of pore pressure. 

The theoretical framework for the evolution of pore pressure in 
porous and permeable media was first developed by Biot.15,16 Biot’s 
theory was the basis for the analytical solutions of fundamental prob-
lems for applications in subsurface fluid flow, derived by Rice and 
Cleary,17 Cleary,18 Rudnicki.19 They typically approximate fluid injec-
tion as either instantaneous or continuous from a point-like or axisym-
metric source within an unbounded medium. The analytical solutions 
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have been extensively used to evaluate the spatio-temporal evolu-
tion of pore pressure during fluid injection and to relate operational 
parameters of subsurface systems to induced seismicity.20–22

Pore pressure changes due to fluid injection are strongly influenced 
by geological properties of the reservoir. Among these properties, 
permeability is one of the key parameters. Permeability can vary signifi-
cantly between different subsurface layers, and it often has a directional 
dependence.23 Permeability anisotropy plays a critical role in govern-
ing subsurface fluid flow, with direct implications for gas migration in 
underground storage applications, including hydrogen (H2), methane 
(CH4), and carbon dioxide (CO2) sequestration in depleted reservoirs 
or aquifers. Field observations, such as those by Heffer and Lean24
who analysed flooding directionality in oil fields, indicate permeability 
anisotropy resulting from preferential opening or closing of microcracks 
as a consequence of differential horizontal stress. Kirkby and Massiot25
use 2D numerical models (80 m  × 80 m) to characterize permeability 
anisotropy of a faulted reservoir. The influence of permeability on fluid 
flow is also reflected in induced seismicity: Shapiro et al.26  assigned 
the migration of the microseismic triggering front to the permeability 
tensor of the seismically active volume. Similarly, the ellipsoidal shape 
of seismicity clouds has been attributed to permeability anisotropy, 
with the largest permeability component aligning with the maximum 
principal stress direction.27,28

Permeability anisotropy is often not included in numerical and ana-
lytical models used to assess pore pressure and stress changes associated 
with fluid injection. Rothert and Shapiro29  proposed an analytical 
point-source solution for pressure diffusion in an anisotropic medium. 
Additionally, they evaluated the critical pressure required to induce 
seismic events based on the estimated permeability tensor derived from 
seismicity clouds. In contrast to the approach presented in this study, 
their pressure magnitudes are normalized by the arithmetic mean of the 
principal components of the permeability tensor. Carcione and Gei30
provided a normalized form for spatio-temporal pressure changes for a 
uniform injection rate. Fokker et al.31  presented analytical models of 
pore pressure evolution for different well and reservoir configurations 
for the harmonic pulse testing of wells, including cases with vertical 
anisotropy. Li et al.32  incorporated permeability anisotropy into a 
two-dimensional axisymmetric analytical model of pressure evolution 
and coupled it with numerical displacement calculations to reproduce 
the elliptical uplift patterns observed in geodetically measured surface 
deformation rates.

While analytical approaches provide computationally fast solutions, 
they are limited to simple geometries. Realistic subsurface systems, 
such as geothermal reservoirs, hydrocarbon formations, or CO2 storage 
sites, typically require numerical models to capture lateral boundaries, 
complex geological settings and well configurations.33 To evaluate 
the performance of a reservoir during all aspects of reservoir lifetime 
and to plan the optimized exploitation scenario, simulation tools for 
pore pressure are widely used.34 However, relatively few numerical 
studies explicitly investigate injection and extraction processes in for-
mations with permeability anisotropy.35–37 Related directional effects 
are sometimes captured indirectly either by modelling stratified media 
as isotropic layers with varying permeabilities, which may upscale to 
an effective anisotropy,38,39 or from structural heterogeneity associated 
with permeable faults.40,41 Panja et al.42  investigated the effects of 
permeability anisotropy and layering on the pressure and temperature 
evolution during cyclic injection for a reservoir with 400 m lateral 
extent by 3D numerical simulations.

Even for isotropic permeability, numerical models are subject to 
inherent limitations due to their finite spatial extent when lateral model 
boundaries are intended to represent far-field or unbounded conditions. 
To minimize model boundary effects, it is common practice to extend 
the computational domain far beyond the region of interest.43,44 The 
influence of the lateral boundaries depends on the injection duration 
and the hydraulic diffusivity of the medium.45 For typical geother-
mal systems with operational lifetimes exceeding 10–20 years, the 
2 
achievement of sufficient model accuracy remains computationally 
demanding.

We provide a systematic comparison of modelling assumptions for 
fluid injection that control pore pressure evolution. These include per-
meability anisotropy, model boundary condition treatment, injection 
interval representation, and numerical discretization. In particular, we 
address two critical challenges in modelling pore pressure evolution 
during fluid injection: (i) the absence of an exact analytical solution 
for point-source continuous injection in a medium with permeability 
anisotropy, and (ii) mitigation of the influence of model boundaries 
in numerical models, which often require computationally expensive 
domain enlargement, especially for long prediction times (>0.5 year). 
To overcome these limitations, we extend the general theoretical ap-
proach by our closed-form solution for pore pressure evolution in 
a three-dimensional anisotropic medium which we validate against 
finite element simulations. Furthermore, we adopt an efficient, but 
so far relatively uncommon, numerical approach based on virtual in-
finite domains46 to minimize model boundary effects. While infinite 
elements are commonly used in other modelling contexts,47,48 their 
application to pore pressure evolution in 3D permeable media in the 
context of subsurface energy applications remains limited.49 The setup 
is benchmarked in the isotropic case against the well-known solution of 
Rudnicki.19 Our results show that they can substantially improve simu-
lations intended to represent fluid injection in an unbounded medium. 
Finally, our simulations of pore pressure diffusion in a geothermal 
doublet system with anisotropic permeability highlight the importance 
of accounting for hydraulic anisotropy when predicting pore pres-
sure evolution and the associated effective stress changes relevant to 
induced seismicity. This study therefore provides both an analytical 
framework for efficient prediction of pressure evolution in the plan-
ning phase of geothermal projects and practical recommendations for 
the development of robust numerical models necessary for long-term 
simulations.

2. Methodology

2.1. Material properties used for analytical and numerical calculations

The spatial and temporal evolution of pore pressure is strongly influ-
enced by the hydraulic properties of the porous medium. In particular, 
permeability and hydraulic diffusivity govern the rate and extent of 
pressure diffusion.19

In this study, we used the material properties listed in Table  1, based 
on Wang.50 The fluid properties are assumed to be a dynamic viscosity 
of 1 mPa⋅s and a bulk modulus of 2.5 GPa. For the analytical approach, 
corresponding undrained moduli were derived using the equations of 
Gassmann51 together with the relations provided in Wang.50, Tab. B.1
The diffusivity values shown in the last row of Table  1 were computed 
according to relations given in Section 2.2.

We used Berea sandstone in each model configuration. In addi-
tion, for the isotropic point-source model, we also used the material 
properties of Ohio, Ruhr and Weber sandstones, to assess the differ-
ence between numerical and analytical solutions for various material 
property combinations. Nelson and Kibler52  compiled data from oil 
and gas wells in different sandstone reservoirs. They obtained an av-
erage porosity of 24±7.8%. For Berea sandstone, we have chosen a 
permeability of 190 mD and a porosity of 19% as those values are 
in the typical range for many applications. In comparison, porosity in 
carbonate reservoirs ranges from 1%–35% and for limestones average 
values of 12% are reported.53 According to Lucia,54, Fig. 1.7 carbonate 
permeability ranges from 0.1 to 1000 mD. The data used in this study 
are typical for conventional reservoirs and not for tight gas reservoirs 
or enhanced geothermal systems (EGS), where lower permeability and 
smaller porosity are common.
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Table 1
Material properties.
 Variable Berea Ohio Ruhr Weber 
 Material parameters of sandstones adopted from Wang,50, Tab. C.1
 Shear modulus (GPa) 𝐺 5.6 6.8 13 12  
 Poisson’s ratio 𝜈 0.17 0.18 0.12 0.15  
 Biot-Willis coefficient 𝛼 0.77 0.74 0.65 0.64  
 Porosity 𝜖 0.19 0.19 0.02 0.06  
 Permeability (mD) 𝑘 190 5.6 0.2 1  
 Fluid properties
 Dynamic viscosity (mPa s) 𝛾 1  
 Bulk modulus (GPa) 𝐾𝑓 2.5  
 Derived material parameters
 Young’s modulus (GPa) 𝐸 13.10 16.05 29.12 27.60  
 Lamé modulus for drained response (GPa) 𝜆 2.88 3.83 4.11 5.14  
 Lamé modulus for undrained response (GPa) 𝜆𝑢 9.05 9.71 20.83 15.41  
 Specific storage (GPa−1) 𝑆 0.38 0.12 0.04 0.05  
 Diffusivity (m2/s) 𝑐 1.357 0.044 0.005 0.018  

2.2. Analytical approach

Fluid injection into a porous elastic medium produces bidirection-
ally coupled excessive pore pressure and poroelastic stress fields. The 
governing equations (A.1), (A.2), (A.4), (A.5), (A.6) of poroelasticity 
are generally challenging to solve, but can be simplified analytically 
by making assumptions regarding the characteristics of the source and 
the medium. Wang50  provided a comprehensive overview of these 
equations and identified specific conditions that facilitate such simplifi-
cations. Among these, point-like fluid injection into an infinite medium 
generates an irrotational displacement field (∇⃗ × 𝑢 = 0), leading to 
decoupling of pore pressure from the mechanical term.

Here, we consider point-source continuous injection with an injec-
tion rate 𝑞𝑣 and assume the medium to be an infinite, homogeneous, 
elastic and fully saturated porous material, with a permeability matrix 
given by: 

𝐤 =
⎛

⎜

⎜

⎝

𝑘𝑥𝑥 0 0
0 𝑘𝑦𝑦 0
0 0 𝑘𝑧𝑧

⎞

⎟

⎟

⎠

(1)

The corresponding uncoupled diffusion equation, in the absence of 
a body force and a medium with directional permeability, is given by: 
𝜕𝑝
𝜕𝑡

= 1
𝛾𝑆

(

𝑘𝑥𝑥
𝜕2

𝜕𝑥2
+ 𝑘𝑦𝑦

𝜕2

𝜕𝑦2
+ 𝑘𝑧𝑧

𝜕2

𝜕𝑧2

)

𝑝 +
𝑄(𝑥, 𝑦, 𝑧, 𝑡)

𝑆
(2)

where 𝑝 is an excessive pore pressure and 𝑄(𝑥, 𝑦, 𝑧, 𝑡) represents the 
volumetric source term at point 𝑟 = (𝑥, 𝑦, 𝑧) and time 𝑡. The ori-
gin of the coordinate system coincides with the injection point. The 
poroelastic material parameters and corresponding nomenclature are 
given in Table  1. 𝑆 is the specific storage coefficient obtained after 
eliminating volumetric strain from the coupled poroelastic equations. 
Its relationship to the constant strain poroelastic storage coefficient, 𝑆𝑝, 
is given in Appendix  A. It is related to other parameters by: 

𝑆 =
𝛼2(𝜆𝑢 + 2𝜇)

(𝜆𝑢 − 𝜆)(𝜆 + 2𝜇)
(3)

For hydraulically isotropic material, the solution for the pore pres-
sure is well-known.19,50,55 The pressure increase resulting from the 
instantaneous injection of a fluid volume 𝑉𝑓  at the origin of the 
coordinate system, represented by 𝑄(𝑥, 𝑦, 𝑧, 𝑡) = 𝑉𝑓 𝛿(𝑥, 𝑦, 𝑧)𝛿(𝑡), is given 
by 

𝑝(𝑟, 𝑡) =
𝑉𝑓

𝑆(4𝜋𝑐𝑡)3∕2
exp

(

− 𝑟2

4𝑐𝑡

)

(4)

where 𝑐 = 𝑘  is the hydraulic diffusivity.

𝛾𝑆
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For continuous injection at a constant volumetric rate 𝑞𝑣 beginning 
at 𝑡 = 0, the source term is 𝑄(𝑥, 𝑦, 𝑧, 𝑡) = 𝑞𝑣𝛿(𝑥, 𝑦, 𝑧)𝐻(𝑡). The correspond-
ing solution is obtained by integrating the instantaneous point-source 
response Eq.  (4) over the injection history55: 

𝑝(𝑟, 𝑡) =
𝑞𝑣𝛾
𝑘

1
4𝜋𝑟

𝑒𝑟𝑓𝑐
(

𝑟
2
√

𝑐𝑡

)

(5)

The diffusion equation in a hydraulically anisotropic medium with a 
directional permeability (Eq.  (2)) can be transformed into an equivalent 
isotropic form by introducing new spatial coordinates, each scaled by 
√

𝑘∕𝑘𝑖𝑖56: 

𝑋 = 𝑥
√

𝑘
𝑘𝑥𝑥

, 𝑌 = 𝑦

√

𝑘
𝑘𝑦𝑦

, 𝑍 = 𝑧
√

𝑘
𝑘𝑧𝑧

(6)

The corresponding spatial derivatives satisfy 

𝑘𝑥𝑥
𝜕2𝑝
𝜕𝑥2

= 𝑘
𝜕2𝑝
𝜕𝑋2

, 𝑘𝑦𝑦
𝜕2𝑝
𝜕𝑦2

= 𝑘
𝜕2𝑝
𝜕𝑌 2

, 𝑘𝑧𝑧
𝜕2𝑝
𝜕𝑧2

= 𝑘
𝜕2𝑝
𝜕𝑍2

(7)

Using the scaling property of the Dirac delta function 𝛿(𝑎𝑥) =
𝛿(𝑥)∕|𝑎|, the Dirac distributions transform as 

𝛿(𝑥)𝛿(𝑦)𝛿(𝑧) =
√

𝑘
𝑘𝑥𝑥

√

𝑘
𝑘𝑦𝑦

√

𝑘
𝑘𝑧𝑧

𝛿(𝑋)𝛿(𝑌 )𝛿(𝑍)

= 𝐽𝛿(𝑋)𝛿(𝑌 )𝛿(𝑍)

(8)

where 

𝐽 =
|

|

|

|

𝜕(𝑋, 𝑌 ,𝑍)
𝜕(𝑥, 𝑦, 𝑧)

|

|

|

|

=

√

𝑘3
𝑘𝑥𝑥𝑘𝑦𝑦𝑘𝑧𝑧

(9)

is the Jacobian determinant of the coordinate transformation. There-
fore, the transformed source coefficients for instantaneous and contin-
uous injection are related to their corresponding values in the original 
coordinates by: 
𝑉𝑓
𝑉𝑓

=
𝑞𝑣
𝑞𝑣

= 𝐽 =

√

𝑘3
𝑘𝑥𝑥𝑘𝑦𝑦𝑘𝑧𝑧

(10)

In the new coordinates of Eq.  (6) and transformed source terms 
of Eq.  (10), the solution is analogous to the solution for the isotropic 
medium: Eqs. (4) and (5). 

𝑝(𝑋, 𝑌 ,𝑍, 𝑡) =
𝑉𝑓

𝑆(4𝜋𝑐𝑡)3∕2
exp

(

−𝑋2 + 𝑌 2 +𝑍2

4𝑐𝑡

)

(11)

Substituting the transformed coordinates and 𝑉𝑓 = 𝐽𝑉𝑓  in Eq.  (11) 
gives the pore pressure solution for instantaneous fluid injection in the 
original coordinate system as: 

𝑝(𝑥, 𝑦, 𝑧, 𝑡) =
𝑉𝑓

𝑆(4𝜋𝑡∕(𝑆𝛾))3∕2
√

𝑘𝑥𝑥𝑘𝑦𝑦𝑘𝑧𝑧
exp

(

−
𝑆𝛾
4𝑡

(

𝑥2

𝑘𝑥𝑥
+

𝑦2

𝑘𝑦𝑦
+ 𝑧2

𝑘𝑧𝑧

))

(12)

Eq.  (12) is similar to the solution for heat conduction in media with 
anisotropic thermal conductivity presented by Carslaw and Jaeger.55

The corresponding solution for continuous injection at a constant 
volumetric rate 𝑞𝑣 into an anisotropic medium is then given by: 
𝑝(𝑥, 𝑦, 𝑧, 𝑡) =

𝑞𝑣𝛾

4𝜋
√

𝑘𝑥𝑥𝑘𝑦𝑦𝑘𝑧𝑧

√

𝑥2

𝑘𝑥𝑥
+

𝑦2

𝑘𝑦𝑦
+ 𝑧2

𝑘𝑧𝑧

×

𝑒𝑟𝑓𝑐

(

1
2
√

𝑡∕(𝑆𝛾)

√

𝑥2

𝑘𝑥𝑥
+

𝑦2

𝑘𝑦𝑦
+ 𝑧2

𝑘𝑧𝑧

)

(13)

In the isotropic limit, 𝑘𝑥𝑥 = 𝑘𝑦𝑦 = 𝑘𝑧𝑧 = 𝑘, the denominator and the 
argument of the complementary error function in Eq.  (13) simplify as 
√

𝑘𝑥𝑥𝑘𝑦𝑦𝑘𝑧𝑧

√

𝑥2
𝑘𝑥𝑥

+
𝑦2

𝑘𝑦𝑦
+ 𝑧2

𝑘𝑧𝑧
=
√

𝑘3
√

𝑟2
𝑘

= 𝑘𝑟,

1
√

√

𝑥2 +
𝑦2

+ 𝑧2 = 𝑟
√

= 𝑟
√

(14)
2 𝑡∕(𝑆𝛾) 𝑘𝑥𝑥 𝑘𝑦𝑦 𝑘𝑧𝑧 2 𝑘𝑡∕(𝑆𝛾) 2 𝑐𝑡
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Hence, Eq.  (13) reduces exactly to the isotropic continuous point-
source solution given by Eq.  (5).

After a sufficiently long time of continuous fluid injection, the 
steady-state limit of the pore pressure in the anisotropic medium is: 

𝑝
(

𝑥, 𝑦, 𝑧, 𝑡 ≫

[

𝑥2

𝑘𝑥𝑥
+

𝑦2

𝑘𝑦𝑦
+ 𝑧2

𝑘𝑧𝑧

]

(𝑆𝛾)
)

→

𝑝̄(𝑥, 𝑦, 𝑧) =
𝑞𝑣𝛾

4𝜋
√

𝑘𝑥𝑥𝑘𝑦𝑦𝑘𝑧𝑧

√

𝑥2

𝑘𝑥𝑥
+

𝑦2

𝑘𝑦𝑦
+ 𝑧2

𝑘𝑧𝑧

(15)

The steady-state pore pressure with magnitude 𝑝0 forms an ellip-
soidal surface with the principal semiaxes: 

𝐴 =
𝑞𝑣𝛾
𝑝04𝜋

1
√

𝑘𝑦𝑦𝑘𝑧𝑧
,

𝐵 =
𝑞𝑣𝛾
𝑝04𝜋

1
√

𝑘𝑥𝑥𝑘𝑧𝑧
,

𝐶 =
𝑞𝑣𝛾
𝑝04𝜋

1
√

𝑘𝑥𝑥𝑘𝑦𝑦

(16)

where 𝐴, 𝐵 and 𝐶 are semiaxes corresponding to the principal axes 𝑥, 
𝑦 and 𝑧, respectively. The semiaxes along each direction are inversely 
proportional to the permeabilities in the two other perpendicular direc-
tions.

2.3. Numerical approach

Numerical solutions are obtained using the finite element method 
(FEM) in the COMSOL Multiphysics® software. The poroelasticity cou-
pling interface was used to achieve a fully coupled fluid flow and elastic 
response of the porous material. A complete set of governing equations 
is given in Appendix  A.

A fixed volume of 120 liters of water per second is continuously 
injected for 10 years into a saturated porous medium. The injection 
interval varies between 4 m and 250 m across different models and 
is centred at the origin of the coordinate system aligned with the 𝑧-
axis to represent a vertical borehole section. The poroelastic moduli of 
the materials are given in Table  1. A zero initial pressure condition is 
assumed throughout the domain of each model.c

We evaluate the temporal and spatial evolution of the pore pres-
sure within a volume of 4 km × 4 km × 4 km considering various 
boundary conditions (Fig.  1) and material parameters. The numerical 
models are benchmarked against the given analytical solutions, and 
the sources of deviations between them are identified across different 
model configurations. In addition, we compare the computational times 
required for each model setup, providing insight into the efficiency of 
the numerical approach. For all models, a relative tolerance of 10−7
was used as convergence criterion for the nonlinear solver in COMSOL 
Multiphysics.

We distinguish three main classes of models: isotropic models with 
finite domains (class A), isotropic models with infinite elements (class 
B), and anisotropic models with infinite elements (class C). Each model 
contains (i) an injection interval and (ii) a physical volume of porous 
material where we investigate the results. The models of classes B 
and C are additionally surrounded by infinite elements. Those are 
virtual domain elements that are effectively stretched to infinity46,57 to 
simulate unbounded domains. The outermost boundaries of each model 
have fixed zero pore pressure and roller boundary conditions. The latter 
prohibits displacement along the normal vector of the surface. Table 
2 summarizes the models used in this study, specifying permeability, 

c The terms pore pressure and pressure increment (or other equivalent 
terms) are used interchangeably in this paper since the initial conditions are 
set to zero in all models.
4 
Fig. 1. Schematic x-y cross section of the model configurations used in 
this study. The solid lines indicate the boundaries of the conventional finite 
domains (4 km × 4 km × 4 km and 8 km × 8 km × 8 km models), whereas the 
dashed line marks the interface between the finite domain and the surrounding 
infinite element region (hatched). 𝐿𝑋 and 𝐿𝑌  denote observation points where 
the temporal evolution of pore pressure is shown in Section 3.

model dimensions, and length of the injection interval. Fig.  1 provides 
a schematic representation of the x-y cross sections of the models, 
illustrating configurations both with and without infinite elements. 
All COMSOL Multiphysics® model files (.mph) corresponding to each 
simulation setup are made available as the supplementary material in 
Appendix G.

Models of class A are designed to investigate boundary effects by 
varying the distance from the injection interval to the outer boundaries 
and the permeability of the porous medium. In particular, models A-iso-
4x4x4 and A-iso-8x8x8 share identical parameter setups representing 
an isotropic porous medium of Berea sandstone with a continuous 
fluid injection from a 20 m long injection interval in the centre of the 
models. These models differ only in their spatial dimensions: 4 km ×
4 km× 4 km and 8 km× 8 km× 8 km, respectively. Model A-iso-8x8x8-k
maintains the same 8 km × 8 km × 8 km dimensions but is solved for 
two additional permeability values: four times lower (47.5 mD) and 
four times higher (760 mD) than the permeability of Berea sandstone, 
allowing evaluation of boundary effects under varying permeability.

Class B models simulate fluid flow in an isotropic medium while 
mitigating unwanted model boundary effects. Model B-iso-inf  repli-
cates the setup of model A-iso-4x4x4, but with the addition of infinite 
elements surrounding the finite domain, approximating point-source 
injection in an unbounded, isotropic, homogeneous medium. Models
B-iso-inf-ohio, B-iso-inf-ruhr and B-iso-inf-weber share the same configu-
rations as B-iso-inf, but use the material properties of Ohio, Ruhr, and 
Weber sandstones, respectively (Table  1).

Model B-iso-inf-half-space is a generic half-space model. It has a 
single boundary with zero pressure at finite distance of 2 km above 
the injection point. All other boundaries are stretched out with infinite 
elements. We used the model to show the perturbations in the pore 
pressure field due to the half-space boundary conditions. Model B-iso-
ext-inf  corresponds to model B-iso-inf  but with an extended 250 m long 
injection interval, enabling an analysis of deviations arising from the 
influence of an elongated source.

Class C models are designed to simulate pressure diffusion in 
anisotropic media. They are modifications of the model B-iso-inf  by 
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Table 2
Description of numerical models categorized into three classes based on their 
structural and material properties: Class A includes models A-iso-4x4x4 and
A-iso-8x8x8 which represent isotropic media with finite volumes of different 
dimensions, while A-iso-8x8x8-k is a variation of the latter with modified 
permeability values. Class B consists of B-iso-inf, an isotropic medium sur-
rounded by infinite elements, along with B-iso-inf-ohio, B-iso-inf-ruhr, and
B-iso-inf-weber, which represent variations of model B-iso-inf  with different 
material properties. Additionally, B-iso-inf-half-space represents an isotropic 
medium with infinite elements on all sides except the top, whereas B-iso-ext-
inf  includes an extended injection interval with infinite elements surrounding 
the physical domain. Class C introduces anisotropic effects, where C-anis-inf
is an anisotropic medium enclosed by infinite elements, and C-anis-inf-mesh1
and C-anis-inf-mesh2 incorporate different mesh refinements. All models share 
a continuous injection rate of 120 l/s. 𝐿𝑖𝑛𝑗 denotes the length of the injection 
interval.
 Model Permeability (mD) Model dimension 𝐿𝑖𝑛𝑗 (m) 
 Class A - isotropic models with finite domain
 A-iso-4x4x4 190 4 km × 4 km × 4 km 20  
 A-iso-8x8x8 190 8 km × 8 km × 8 km 20  
 A-iso-8x8x8-k 47.5; 760 8 km × 8 km × 8 km 20  
 Class B - isotropic models with infinite elements
 B-iso-inf 190 Full space 20  
 (B-iso-inf-) ohio/ 190 Full space 20  
 /ruhr/weber  
 B-iso-inf-half-space 190 Half space 20  
 B-iso-ext-inf 190 Full space 250  
 Class C - anisotropic models with infinite elements
 C-anis-inf [190, 190 × 𝑛, 190] Full space 4  
 𝑛 = 0.1; 1; 2; 10  
 C-anis-inf-mesh1 [190, 190 × 𝑛, 190] Full space 4  
 𝑛 = 0.1; 1; 2; 10  
 C-anis-inf-mesh2 [190, 1900, 190] Full space 4  

varying the principal permeability component in the direction of the 𝑦-
axis to investigate point-like fluid injection in an unbounded medium 
with permeability anisotropy. To avoid the superposition of hydraulic 
anisotropy effects with deviations from an extended source, we reduced 
the length of the injection interval to 4 m. Model C-anis-inf  has a 
mesh structure similar to the isotropic model B-iso-inf, but incorporates 
permeability anisotropy characterized by scaling factors 𝑛 = 0.1; 2; 10
of principal components of permeability, defined as 𝑛 = 𝑘𝑦𝑦∕𝑘𝑥𝑥,𝑧𝑧. 
Models C-anis-inf-mesh1 and C-anis-inf-mesh2 were set to test different 
mesh structures.

Selecting an appropriate spatial discretization strategy is essential 
for achieving accurate results while maintaining efficient computation 
times. The high pore pressure gradients near the injection interval 
require fine discretization in the vicinity of the well. To accommodate 
this, the well is surrounded by a cylindrical domain reflecting source 
symmetry, with minimum element sizes ranging from 14 m to 25 m 
across the different models.

For models with higher degrees of anisotropy, we tested a refined 
version of the previously generated spherically symmetric mesh (model
C-anis-inf-mesh1) and an alternative mesh with fewer elements but finer 
discretization along the fastest fluid flow direction (model C-anis-inf-
mesh2) for the permeability of 𝐤 = [190, 1900, 190] mD. Figs.  F.11(a), 
(b) and (c) depict the mesh element sizes in the x-y plane that crosses 
the centre of the injection interval for the models C-anis-inf, C-anis-inf-
mesh1 and C-anis-inf-mesh2, respectively. Detailed information on the 
mesh generation and the number of elements for each model is given 
in Appendix  B.

The finite domains of the class B and C models were surrounded by 
a geometrically 100-m-thick infinite element domain, discretized using 
five swept mesh elements across its thickness. COMSOL Multiphysics®’s 
default rational coordinate stretching function was used46: 

𝑓 (𝜉) =
𝛥𝑝𝜉 , 𝛤 =

𝛥𝑠 + 𝛥𝑝 , (17)

𝛤 − 𝜉 𝛥𝑠

5 
where 𝜉 ∈ [0, 1] is the dimensionless coordinate across the infinite 
element domain, 𝛥𝑠 is the scaled thickness of infinite element domain, 
and 𝛥𝑝 is the pole distance. The default values 𝛥𝑠 = 103𝑑GeomChar and 
𝛥𝑝 = 𝑑GeomChar were retained, where 𝑑GeomChar is characteristic geometry 
dimension.

3. Results

We present numerical results for pore pressure in hydraulically
isotropic and anisotropic media with varying material properties,
meshes, boundary conditions, model sizes, and injection interval
lengths, and compare them to the analytical solution of Rudnicki19
(Eq.  (5)) and Eq.  (13) derived in Section 2.2. Deviations from the 
analytical solution are defined as (𝑃𝑛𝑢𝑚 − 𝑃𝑎𝑛)∕𝑃𝑎𝑛, where 𝑃𝑛𝑢𝑚 and 𝑃𝑎𝑛
are the pore pressure values of the numerical and analytical solutions, 
respectively. We evaluate the spatial distributions at distances greater 
than 50 m from the centre of the injection interval, and report temporal 
evolution ranging from 0.01 to 10 years. Computation times and 
number of degrees of freedom for the models of this study are provided 
in Appendix  C.

3.1. Pressure evolution for varying model boundaries and isotropic material 
properties

Fig.  2 compares the pressure calculations from finite and infinite nu-
merical models with the analytical solution for point-source injection in 
unbounded media (Eq.  (5)). Fig.  2(a) shows the temporal evolution of 
the pore pressure at 500 m from the injection well (location 𝐿𝑋) in the 
finite volume models (A-iso-4x4x4 and A-iso-8x8x8) and in the model 
with infinite elements (B-iso-inf ). Fig.  2(b) shows the corresponding 
relative deviations of numerical to analytical pressure calculations. The 
spatial distribution of the relative deviations is illustrated in Fig.  2(c). 
Overall, the numerical results of the models with finite volumes show 
good agreement with analytical solutions near the injection point and 
during the early stages of injection. However, discrepancies increase as 
the observation location approaches the model boundaries and as the 
system evolves towards steady-state conditions.

The pore pressure at location 𝐿𝑋 in model A-iso-4x4x4 diverges 
from the analytical solution after ∼ 0.04 years (nearly half a month) and 
reaches a steady state after ∼ 0.1 years (∼ 1.2 months). The solution of 
the model A-iso-8x8x8, which has an eightfold larger volume, diverges 
and reaches the steady state after about half a year. After 10 years of 
continuous injection, the pore pressure level at location 𝐿𝑋 is underes-
timated by about 20% in the model with volume of 4 km×4 km×4 km, 
and about 10% in the model with volume of 8 km × 8 km × 8 km (Fig. 
2(b)).

The relative deviations of the pore pressure along the 𝑥-axis after 
0.1, 0.2 and 10 years of continuous injection are shown in Fig.  2(c). 
At 0.1 years, the model with 8 km of side length shows no signature of 
boundary effects along the principal 𝑥-axis within a 2 km distance from 
the injection point, with deviations remaining under 1.4%. By 0.2 years 
(∼2.4 months), the same model yields a relative deviation of −1.69% 
at 0.5 km, −3.95% at 1 km, and −11.96% at 2 km. In 10 years, the 
deviation at 2 km reaches −40.8%. In the smaller model A-iso-4x4x4, 
at 1 km distance, the relative deviations at times 0.1, 0.2 and 10 years 
are −23.5%, −30.76% and −42.42%, respectively.

The influence of permeability is illustrated on Fig.  3. The relative 
deviations from the analytical solution are shown at location 𝐿𝑋 for the 
models with identical geometry and model parameters as the model A-
iso-8x8x8 (green). The figure contains additional curves for four times 
smaller (blue) and larger (red) permeabilities (model A-iso-8x8x8-k). As 
permeability increases, the underestimation of pore pressure relative 
to the analytical solution occurs at earlier times: the model with a 
permeability of 760 mD passes the −1% limit after about 0.04 years, 
while the model with 47.5 mD after about 0.7 years.
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Fig. 2. The results illustrate (a) the temporal evolution of pore pressure at location 𝐿𝑋 . The dashed line represents the analytical solution for a point source in 
an unbounded medium (Eq.  (5)). The inset illustrates the injection point, observation point 𝐿𝑋 , model boundaries for the finite volume domains (solid) and for 
the domain with infinite elements (dashed, hatched); (b) Corresponding relative deviations between numerical and analytical solutions; (c) Spatial distribution 
of relative deviations after 0.1, 0.2 and 10 years of continuous fluid injection. Each sub-figure contains solutions from three separate numerical models, which 
have identical model parameters except the distance to the boundaries of zero pore pressure constraint from the injection interval: (1) closest boundary at 2 km 
(blue); (2) closest boundary at 4 km (purple); and (3) stretched by infinite elements encompassing a 4 km × 4 km × 4 km physical volume (red).
Fig. 3. Relative deviations of numerical results of pore pressure from the 
corresponding analytical solution at 500 m distance from the injection interval 
(location 𝐿𝑋) in the volume of 8 km×8 km×8 km with different permeabilities 
(model A-iso-8x8x8-k). The inset illustrates the x-y cross section of the model 
with positions of the injection point and the observation point 𝐿𝑋 .

The isotropic model with infinite elements and Berea sandstone 
material parameters (B-iso-inf ) shows no indication of boundary in-
fluence. Fig.  2(a) and (b) illustrate a close alignment between the 
numerical pore pressure values and the analytical solution of Eq.  (5) at 
the location 𝐿𝑋 , with the magnitudes of relative deviations remaining 
under 0.11% for simulation periods up to 10 years. Furthermore, the 
magnitudes of the deviations along the 𝑥-axis from 50 m to 2000 m 
remain below 0.56% at 0.1, 0.2 and 10 years (Fig.  2(c)). Additionally, 
benchmark simulations were performed to assess the robustness of the 
isotropic model setup B-iso-inf  using three additional sets of material 
parameters listed in Table  1. In all cases, the numerical solution agrees 
well with the analytical solution, with relative deviations below 1.8% 
(Fig.  D.7, see the details in Appendix  D).

Realistic reservoir models require a half-space geometry and finite 
injection intervals. Model B-iso-inf-half-space represents point-source 
injection in a half-space, with the source located 2 km below a surface 
boundary maintained at zero pore pressure. Relative to the unbounded 
full-space solution Eq.  (5), deviations increase with time and converge 
to steady-state values that depend on the proximity to the surface 
boundary (Fig.  E.8, see the details in Appendix  E). Real injection 
intervals commonly extend tens to hundreds of meters. The extended 
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source configuration of the model B-iso-ext-inf  perturbs the spherical 
symmetry of the point-source response, with stronger effects along 
the extended source axis (z) than perpendicular to it (x) (Fig.  E.9). 
Overall, the point-source approximation overestimates pore pressure in 
the 𝑥-direction up to approximately twice the source length, whereas 
it underestimates pore pressure in the 𝑧-direction up to approximately 
three times the source length (Fig.  E.9, see Appendix  E for the details).

3.2. Modelling hydraulically anisotropic media

A spatially uniform anisotropic permeability tensor was assigned 
throughout the model domain. The corresponding diffusion equation 
was analytically solved in Section 2.2, where we obtained the pore 
pressure solution for the continuous fluid injection given in Eq.  (13).

Fig.  4 shows 0.1 MPa isolines of the pore pressure calculated by 
Eq.  (13) with an injection rate of 120 l/s for the cross sections 𝑥 − 𝑦
(a) and 𝑥 − 𝑧 (b). The permeability matrix (Eq.  (1)) has two equal 
principal components 𝑘𝑥𝑥 = 𝑘𝑧𝑧 = 𝑘, and varied three different values 
of 𝑘𝑦𝑦: (i) 𝑘 (isotropy), (ii) 2𝑘, (iii) 10𝑘. The corresponding solutions are 
shown at 0.01 years and 10 years after the beginning of the injection 
in the first and second columns of Fig.  4, respectively. Fig.  4(a) shows 
that pore pressure diffusion along the principal direction of the highest 
permeability (y-axis) is faster. However, the steady-state extent of the 
pressure contour along the 𝑦-axis is independent of 𝑘𝑦𝑦 and in each 
given case of anisotropic permeability matrix, converges to an isotropic 
value: 
𝐵 =

𝑞𝑣𝛾
𝑝04𝜋

1
√

𝑘𝑥𝑥𝑘𝑧𝑧
=

𝑞𝑣𝛾
𝑝04𝜋

1
𝑘

(18)

Conversely, along the principal directions where the corresponding 
permeability component is the same in all 3 cases, pore pressure 
isolines are constrained by the distance that is inversely proportional 
to the anisotropy scaling factor applied to the 𝑘𝑦𝑦 component (𝑛 =
[1, 2, 10], where 𝑛 = 𝑘𝑦𝑦∕𝑘) 

𝐴 = 𝐶 =
𝑞𝑣𝛾
𝑝04𝜋

1
√

𝑘𝑦𝑦𝑘𝑥𝑥,𝑧𝑧
=

𝑞𝑣𝛾
𝑝04𝜋

1
𝑘
√

𝑛
(19)

The volume encompassed by the isosurface, where steady-state pore 
pressure values exceed 𝑝0, is proportional to (𝑘𝑥𝑥𝑘𝑦𝑦𝑘𝑧𝑧)−1 and, in the 
aforementioned 3 specific cases, decreases as 𝑛−1.

These relationships describe the spatial extent of the steady-state 
pressure field. The rate of the pressure diffusion along each princi-
pal directions is instead determined by the permeability component 
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Fig. 4. (a) x-y and (b) x-z cross sections of 0.1 MPa isosurfaces of the pore 
pressure (Eq.  (13)) at different times (0.01 and 10 years) from the beginning 
of the injection and with different factors of anisotropy: 𝑘𝑦𝑦 = 𝑛𝑘𝑥𝑥 = 𝑛𝑘𝑧𝑧, 
𝑛 = 1 (isotropy, black), 𝑛 = 2 (blue), 𝑛 = 10 (red). The steady-state solutions 
(Eq.  (15)) are displayed in dashed lines, with the colour of the corresponding 
permeability anisotropy factors. Material parameters (including permeability 
components 𝑘𝑥𝑥 and 𝑘𝑧𝑧) correspond to Berea sandstone from Table  1.

corresponding to that same direction. For instance, the pore pressure 
evolution in the direction of the 𝑦-axis is given by: 

𝑝(0, 𝑦, 0, 𝑡) =
𝑞𝑣𝛾

4𝜋
√

𝑘𝑥𝑥𝑘𝑧𝑧|𝑦|
× 𝑒𝑟𝑓𝑐

(

1
2
√

𝑡𝑘𝑦𝑦∕(𝑆𝛾)
|𝑦|

)

(20)

where the temporal evolution is influenced by the 𝑘𝑦𝑦 component and 
the amplitude is proportional to (𝑘𝑥𝑥𝑘𝑧𝑧)−1∕2.

Fig.  5 illustrates these directional dependencies by comparing the 
analytical solution with the results of the numerical model C-anis-inf-
mesh1 for different degrees of anisotropy 𝑛 = [0.1, 2, 10] (𝑘𝑦𝑦 = 𝑛𝑘𝑥𝑥,𝑧𝑧) 
and 𝑛 = 1 (𝑘𝑥𝑥 = 𝑘𝑦𝑦 = 𝑘𝑧𝑧) as a reference of the isotropic case. The 
uniformly refined mesh of this model provides a consistent discretiza-
tion across all investigated anisotropy ratios. In the left panel of Fig.  5, 
the steady-state limit of the pore pressure values at location 𝐿𝑋 differ 
for the different scaling factors. They are inversely proportional to the 
square root of the scaling factor of permeability along the 𝑦-axis, as can 
be deduced from Eq.  (15). The right panel shows that the steady-state 
pore pressure limits at location 𝐿𝑌  are identical for all scaling factors. 
Additionally, the temporal evolution along the 𝑦-axis is the fastest for 
𝑛 = 10 and the slowest for 𝑛 = 0.1.

A detailed assessment of the precision of the numerical results of 
pore pressure evolution in anisotropic media is described in Appendix 
F. For strong permeability anisotropy (𝑛 = 0.1 and 𝑛 = 10), the largest 
deviations occurred along the direction of the highest permeability, 
where the numerical solution underestimated the analytical solution 
Fig.  F.10. Furthermore, for the 𝑛 = 10 case, two mesh refinement 
strategies were investigated. Uniform mesh refinement in all directions 
(C-anis-inf-mesh1) reduced the maximum relative deviation along the 
7 
Fig. 5. Pore pressure over time at 500 m distance to the injection well 
along the 𝑥-axis (Location 𝐿𝑋) and along the 𝑦-axis (Location 𝐿𝑌 ) in the 
model C-anis-inf-mesh1. Colours denote the degree of hydraulic anisotropy in 
the direction of the 𝑦-axis; asterisk data points represent numerical results, 
while dashed lines are values from the analytical expression (Eq.  (13)). Green 
colour denotes the isotropic reference case; red corresponds to a permeability 
component 𝑘𝑦𝑦 that is twice as large as 𝑘𝑥𝑥,𝑧𝑧 (𝑘𝑦𝑦 = 380 mD); blue and cyan 
correspond to permeability values 10 times smaller (𝑘𝑦𝑦 = 19 mD) and 10 times 
larger (𝑘𝑦𝑦 = 1900 mD), respectively. The inset illustrates the injection interval, 
the location of observation points, the coordinate axes, and the boundaries of 
the model.

𝑦-axis from 2.54% to 1.56%. Refining the mesh preferentially along 
the high-permeability direction (C-anis-inf-mesh2) further reduced the 
maximum deviation to 0.73%, while requiring approximately 40% 
fewer mesh elements and reducing the computation time by a factor 
of about three compared with C-anis-inf-mesh1.

4. Discussion

The scope of this study was to examine how key modelling assump-
tions influence the modelled evolution of pore pressure during fluid 
injection. Numerical models are particularly important in regions with 
sparse observations for estimating the spatial and temporal evolution 
of changes in pore pressure and stress. Although there are already 
significant uncertainties in estimated in-situ stress magnitudes, precise 
pressure calculations are essential, as pore pressure is a first-order con-
trol of the effective stress. Additionally, pore pressure changes induce 
total stress changes through poroelastic coupling.58,59 The importance 
of accurately predicting pressure evolution is underscored by the fact 
that even minor pressure variations may promote fault reactivation. 
Pore pressure perturbations of less than 1 MPa,12 and in some cases 
as small as 1 kPa,29 are sufficient to induce seismicity. This high 
sensitivity can be understood in terms of a crustal stress state close 
to frictional failure, consistent with the frictional limit concept60 and 
the critically stressed fault hypothesis.61 We restrict our analysis to 
pressure variations. The pressure perturbations obtained in this study 
are in the order of 10 s of kPa (e.g. Fig.  2).

We extend the analysis of pore pressure diffusion in media with per-
meability anisotropy by deriving a closed-form solution for continuous 
point-source injection. In the numerical framework, particular attention 
is given to the role of outer model boundaries representing geological 
or modelling constraints, as these significantly influence the reliability 
of the results. Additionally, the study considers the impact of extended 
injection intervals within boreholes, and for anisotropic flow, provides 
suggestions for the improvement in the numerical discretization. These 
refinements are expected to enhance the robustness and applicability of 
poroelastic modelling for complex reservoir systems, thereby contribut-
ing to more accurate characterization of coupled hydro-mechanical 
processes in subsurface environments. Finally, the benchmarked model 
setup is applied to a geothermal doublet to isolate the effects of doublet 
alignment and permeability anisotropy on pore pressure evolution and 
to demonstrate their combined influence.
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4.1. Study limitations

Despite the insights provided by this study, it is important to 
outline the framework and limitations of the analytical and numerical 
formulations. Although the numerical model solves the fully coupled 
poroelastic problem, the assumptions adopted here allow the fluid dif-
fusion equation to be treated independently of stress changes (Appendix 
A, Section 2.2). This enables our analysis to be focused on pore pressure 
evolution within generic model configurations. Consequently, we do 
not discuss poroelastic or thermoelastic stresses, which may be relevant 
for induced seismicity.59,62,63 Thermal effects on pore pressure are also 
not included. For example, cooling during cold fluid injection may 
produce a pore pressure decrease near the wellbore during the early 
stage of injection, partly counteracting the injection induced pressure 
increase.64 Furthermore, our models do not incorporate gravitational 
effects. These limitations could be addressed in future research.

The analytical closed-form solution is exact for a homogeneous, 
three-dimensional, unbounded medium with permeability anisotropy 
and a point-source representation of fluid injection. These assumptions 
enable an analytically tractable governing diffusion equation, but they 
do not account for heterogeneity, layering, internal hydraulic barriers 
such as low-permeability fault sections, stress-dependent permeability, 
or finite wellbore dimensions that may be relevant in field applications. 
In natural reservoirs, faults may act as internal hydraulic boundaries 
and substantially modify the pore pressure distribution. For example, a 
sealing fault may confine the pressure increase, whereas a hydraulically 
conductive fault may promote pressure migration along the fault.62
Such fault-specific hydraulic structures are not represented by the 
uniform effective permeability tensor considered here.

Similarly, the numerical models employing virtual infinite domains 
are evaluated for simple geometries under the same homogeneous 
conditions, such as idealized permeability structures. The use of un-
bounded domains should be understood as an idealized far-field rep-
resentation, in which pressure perturbations are assumed to vanish 
at infinity, rather than as a representation of site-specific geological 
boundaries. The performance of infinite elements in more complex geo-
logical settings remains to be explored. Because the analysis is based on 
idealized scenarios, the reported pressure differences should be inter-
preted primarily as sensitivities to modelling assumptions rather than 
as universally applicable quantitative predictions. Although adding 
further complexity, such as stress-dependent permeability or hetero-
geneous material properties, could improve the physical realism of 
the models, it would also require additional assumptions and poorly 
constrained parameters. This would potentially increase model uncer-
tainty and obscure the isolated effects examined here. The following 
discussion examines the agreement between analytical and numerical 
solutions and evaluates the influence of anisotropy and model boundary 
treatments on the spatio-temporal evolution of pore pressure.

Within these limitations, the analytical solution provides general 
directional trends and scaling relationships for pore pressure diffusion 
in anisotropic media. It also provides a computationally efficient means 
of obtaining first-order estimates of long-term pore pressure evolution 
and its direct contribution to effective stress over large spatial and tem-
poral scales. Its low computational cost also enables rapid sensitivity 
analyses of the influence of hydraulic and poroelastic material proper-
ties, helping to identify influential parameters and relevant parameter 
ranges before more complex numerical models are developed. Such 
estimates may support preliminary screening of regions potentially 
affected by pressure diffusion, but they do not constitute a complete 
assessment of fault stability or induced seismicity hazard. The idealized 
formulation also enables to construct closely comparable analytical and 
numerical models. The analytical unbounded domain solution therefore 
provides an exact reference for quantifying sensitivity to outer bound-
ary placement, evaluating infinite element performance, and assessing 
mesh discretization. In this sense, the model serves both as a tool for 
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developing process understanding and as a benchmark for numerical 
approaches to long-term diffusion problems.

The model can provide meaningful physical insight where fluid 
flow remains approximately diffusive, deformation is sufficiently small 
for linear poroelasticity to apply, hydraulic properties remain approxi-
mately constant, and reservoir-scale fracture effects can be represented 
by an effective permeability tensor. It is most applicable at distances 
sufficiently larger than the injection interval. For strongly heteroge-
neous reservoirs or where permeability evolves substantially during 
operation, the solution should instead be regarded as a baseline against 
which additional geological and nonlinear effects can be evaluated.

4.2. Impact of model boundaries and material parameters on pressure 
predictions

Long injection periods, common in subsurface operations, amplify 
model boundary artefacts in the evolution of pressure. Numerical mod-
els of subsurface fluid flow typically impose fixed-pressure or no-flow 
boundaries at finite distances, which can affect the computed pore 
pressure field. The magnitude of this influence depends on injection du-
ration, distance to the model boundaries, and material properties such 
as permeability. To minimize these artefacts, domain-size independence 
checks are commonly performed by progressively enlarging the com-
putational domain until the solution within the target region becomes 
insensitive to further increases.44 However, this approach is both case-
dependent and computationally costly, since the required model size 
scales with both permeability and injection time. For example, Chang 
and Segall45  simulated a 30-day injection using a 2D domain scaled to 
the characteristic diffusive length 

√

4𝑐𝛥𝑡, resulting in a 15 km lateral 
extent and a 2 km basement thickness. Extending such scaling to typical 
operational periods of several years in subsurface energy systems would 
require large computational domains.

To isolate model boundary-related effects, we used generic full-
space models rather than geometry-specific reservoir configurations. 
The model with infinite elements reproduced the analytical solution 
with near-perfect accuracy across the studied temporal (0.01–10 years) 
(Fig.  2(a), (b)) and spatial (up to 2 km) ranges (Fig.  2(c)). In contrast, 
finite domain models exhibited clear boundary signatures that became 
more pronounced with time and proximity to the boundaries (Fig.  2(a), 
(b), (c)). Notably, finite domain models indicate that a steady-state 
pore pressure is reached already for earlier injection time intervals in 
comparison to the analytical full-space solution (Fig.  2(a)). Further-
more, the largest finite domain model tested in this study with the 
volume of 8 km × 8 km × 8 km was computationally more expensive 
as the infinite element model (factor 1.22, see Appendix  C) and was 
unaffected by boundary artefacts only during the first 0.1 years of 
injection (Fig.  2(c)). These results highlight that infinite elements are 
advantageous for subsurface numerical simulation as they provide a 
robust and efficient means of approximating unbounded domains for 
time-scales of reservoir lifetime.

Our results show that permeability significantly affects the temporal 
evolution of boundary effects on pore pressure. Higher permeability 
leads to an underestimation of numerical results in comparison to the 
analytical solution already for shorter injection times (Fig.  3). However, 
the asymptotic behaviour of the relative deviations for the different 
permeability values indicates a tendency to converge towards the same 
long-term value. Our example for the position at a distance of 500 m 
to the injection shows a long-term underestimation of pore pressure of 
about 10%.

The material benchmark of a point injection into full space with in-
finite element boundaries was performed for sandstones (Ruhr, Berea) 
which are frequently used in geothermal circulation, hydrocarbon ex-
traction and gas storage projects. The analytical and numerical solu-
tions demonstrated satisfactory alignment for all sandstones Fig.  D.7. 
This line of inquiry merits further investigation, particularly when 
applied to other rock types, such as those relevant to EGS.
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Common boundary conditions in 3D numerical models of subsurface 
fluid injection, such as half-space geometries and extended injection 
intervals, are evaluated in this study by comparison with full-space 
point-source analytical solutions. In the numerical half-space models 
(see inset in Fig.  E.8), boundary effects are minimal during the early 
stages of injection. The presence of the top boundary in the half-
space configuration causes the pore pressure to reach a steady state 
for shorter injection times than in the full-space configuration (Fig. 
E.8). Furthermore, the use of half-spaces introduces an asymmetry 
in the pressure evolution: the pore pressure reaches larger values at 
an observation point located horizontally from the injection source 
in comparison to an observation point located at the same distance 
vertically, towards the surface of the half-space (Fig.  E.8).

An extended vertical injection interval (inset in Fig.  E.9) leads to a 
reduction in pressure in the horizontal direction compared to a point 
injection. Furthermore, our numerical solution demonstrates that the 
pressure evolution in the direction parallel to the injection interval is 
significantly higher than the pressure evolution in horizontal planes 
near the injection zone. The most significant deviations (>5%) from the 
point-source solution were observed at distances less than 1.5 times the 
length of the injection interval (Fig.  E.9).

4.3. Impact of permeability anisotropy on the modelling of pressure diffu-
sion

In reservoir fluid flow permeability characteristics are essential, 
e.g. for optimizing the design of injection and production well arrays.65
As drilling is an expensive activity in field development, reducing the 
uncertainty in subsurface pore pressure distribution can lead to savings 
and optimization of the design of production and injection wells e.g. in 
fractured carbonates. Furthermore, pore pressure is required to select 
appropriate mud weights and depths for casings.34 The preferential 
flow paths and thus the permeability anisotropy also influence thermal 
breakthrough in geothermal energy systems and must be carefully 
considered in nuclear waste disposal, where permeability anisotropy 
within the containment zone can impact long-term isolation and safety. 
Thus, permeability anisotropy of reservoir rocks has significant practi-
cal impact and has been considered in earlier studies. In their numerical 
2D model, Vabishchevich and Grigoriev66 focus on fracture porosity 
and permeability of carbonates. Cao et al.67  studied the flow in a unit 
cube domain with permeability anisotropy and concluded that ignoring 
the anisotropy might result in significant errors in flux determination. 
Cao et al.68  modelled near-well flow in anisotropic reservoirs. Our 
study investigated the effect of anisotropy in analytical as well as in 
numerical models.

4.3.1. Analytical approach for pressure diffusion in media with permeability 
anisotropy

We present a closed-form 3D solution for the pore pressure diffusion 
for a medium with varying principal components of permeability (Eq. 
(13)) and validate it against FEM results. The pore pressure evolution 
for media with permeability anisotropy exhibits elliptical isosurfaces 
in the steady state (Eq.  (16)). The length of the semi-axis of the 
ellipsoid depends on the product of the permeability components in the 
perpendicular direction. Previous studies by Rothert and Shapiro29  and 
Shapiro56  derived solutions for pore pressure resulting from continuous 
fluid injection into a medium with a diagonal permeability tensor. Their 
pore pressure expression follows the similar temporal evolution to that 
of Eq.  (13), but the amplitude differs. In these studies, the pore pres-
sure is inversely proportional to the arithmetic mean of the principal 
components of the permeability tensor instead of the square root of 
the product of the three permeability components (𝑘𝑥𝑥𝑘𝑦𝑦𝑘𝑧𝑧)−1∕2 of the 
solution derived in this paper (Eq.  (13)). The corresponding solution of 
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these earlier formulations for the semi-axes of long-term pore pressure 
𝑝0 isosurfaces can be derived as following: 
𝐴′ =

𝑞𝑣𝛾

𝑝04𝜋
(𝑘𝑥𝑥 + 𝑘𝑦𝑦 + 𝑘𝑧𝑧

3

)3∕2

√

𝑘𝑥𝑥,

𝐵′ =
𝑞𝑣𝛾

𝑝04𝜋
(𝑘𝑥𝑥 + 𝑘𝑦𝑦 + 𝑘𝑧𝑧

3

)3∕2

√

𝑘𝑦𝑦,

𝐶 ′ =
𝑞𝑣𝛾

𝑝04𝜋
(𝑘𝑥𝑥 + 𝑘𝑦𝑦 + 𝑘𝑧𝑧

3

)3∕2

√

𝑘𝑧𝑧

(21)

Consequently, the semi-axes of the isosurfaces representing the long-
term limits of pore pressure depend on all three principal components 
of the permeability tensor according to Rothert and Shapiro’s solution. 
In contrast, in the solution presented here, the long-term limit of the 
pore pressure in a principal direction depends only on the permeability 
components of the perpendicular axes (Eq.  (16)). The ratios of the semi-
axis in both solutions correspond to 𝐴 ∶ 𝐵 ∶ 𝐶 = 𝐴′ ∶ 𝐵′ ∶ 𝐶 ′ =

√

𝑘𝑥𝑥 ∶
√

𝑘𝑦𝑦 ∶
√

𝑘𝑧𝑧.
Our solution satisfies the given diffusion equation exactly under the 

prescribed boundary conditions at the source. The results of absolute 
(non-normalized) analytical and numerical approaches fit in the spatio-
temporal evolution (Figs.  5, F.10, F.11(d), (e), (f)). This highlights the 
strength of our analytical approach in comparison to earlier studies, 
where matches are provided for normalized values of pore pressure.

4.3.2. Numerical modelling using permeability anisotropy
For models with permeability anisotropy, we observed that the 

results using a mesh configuration validated under isotropic conditions 
were less accurate along the directions of highest permeability. For 
𝑛 = 10, the largest deviation occurred along the high-permeability 
𝑦-axis, whereas for 𝑛 = 0.1 the largest deviations occurred in the high-
permeability x- and 𝑧-directions, as illustrated in Fig.  F.10. To improve 
numerical precision, we tested different mesh-refinement strategies: 
uniform refinement in all directions and refinement aligned with the 
direction of higher permeability. The most efficient strategy was using 
the mesh structure adapted to the permeability tensor, which not 
only improved agreement with the analytical solution (Fig.  F.11) but 
also significantly reduced computational cost Appendix  C. However, 
because the directionally refined mesh was tested specifically for 𝑛 =
10, its performance for other anisotropy ratios and orientations would 
require corresponding adaptation of the refinement direction.

We have used values of permeability anisotropy of one order of 
magnitude in this study and obtained good agreement of the numerical 
and analytical pore pressure changes with time. We compared our val-
ues with earlier investigations. Numerous studies23,69–73 show that the 
sandstone permeability depends on the orientation relative to bedding, 
with a higher permeability parallel to the bedding. Goupil et al.74
summarize the permeability anisotropy ratios between 0.23 and 0.75 
for various sandstones. Faulting and fracturing may introduce further 
directional contrasts. A worldwide compilation by Scibek75  demon-
strates the broad range of fault-zone permeabilities and the strong 
contrasts that may occur between fault zones and their surrounding 
host rocks.76 Within faulted porous sandstones, Farrell et al.77  mea-
sured permeability parallel to fault dip that was up to ten times higher 
than permeability along fault strike. Natural fractures can strongly 
influence reservoir-scale permeability and fluid flow by providing pref-
erential flow pathways.78 Permeability anisotropy of approximately 
one order of magnitude has also been inferred from hydraulic tests in 
fractured aquifers.79 More broadly, Liu et al.80  report horizontal-to-
vertical reservoir permeability ratios ranging from approximately 1 to 
100. Reported examples include the Krechba caprock,81 saline aquifers 
in the Bécancour region82 and the Matulla Sandstones83. Therefore, 
the anisotropy factor of 10 selected for our study is considered rep-
resentative of experimentally measured and field-inferred permeability 
contrasts, rather than as a site-specific estimate.
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Fig. 6. Distribution of pressure changes after 10 years of continuous fluid circulation at a rate of 60 l∕s in a geothermal doublet with a well spacing of 500 m. (a) 
Isotropic case. (b) Anisotropic case with the doublet aligned with the plane of high permeability. (c) Anisotropic case with the doublet aligned in the direction 30◦
clockwise from the high-permeability plane. The streamlines indicate Darcy’s velocity field in each case. The crosses in cyan and red colours illustrate injection 
and production wells, respectively.
4.3.3. Influence of permeability anisotropy on geothermal doublet-induced 
pressure evolution

Geothermal wells are commonly drilled into or near major faults 
and fault zones to take advantage of naturally enhanced permeabil-
ity. In this study, we do not resolve localized permeability variations 
associated with individual fault cores or damage zones. Instead, the ho-
mogeneous permeability tensor is interpreted as an effective represen-
tation of the directional hydraulic properties of a fractured reservoir. 
To simulate the influence of permeability anisotropy for geothermal 
applications, we extend the setup of model C-anis-inf-mesh1 to a generic 
geothermal doublet configuration. The aim is to demonstrate how the 
permeability tensor influences the spatial distribution of induced pore 
pressure for different orientations of the pressure source–sink system. 
Fig.  6 presents the pressure distribution after 10 years of continu-
ous doublet operation for isotropic and anisotropic media, where the 
anisotropic permeability is given by 𝐤 = (19, 190, 190) mD. This tensor 
retains an anisotropy factor of 10 but represents a high-permeability 𝑦𝑧-
plane with lower permeability in the normal, 𝑥, direction. Because the 
doublet is located in the horizontal 𝑥𝑦-plane, its orientation is described 
relative to the high-permeability 𝑦-direction.

Fig.  6.a shows the pressure distribution for the isotropic case. Posi-
tive and negative pore pressure changes superpose each other and ex-
hibit nearly circular patterns around the injection and production wells, 
respectively. For the same circulation rate in an anisotropic medium, 
when the doublet is aligned with the plane of high permeability (Fig. 
6.b), larger pressure changes develop along the high-permeability di-
rection, extending over a larger distance in the same direction. In the 
case, when the doublet and the high-permeability plane are misaligned 
by 30◦, the pressure distribution reflects the combined influence of 
the doublet geometry and the permeability tensor (Fig.  6.c). Resulting 
positive pressure changes extend to a larger area compared to the 
isotropic case and the case where the doublet was aligned in the 
direction of the preferential flow.

This has important implications for induced seismicity as it con-
cerns effective stresses. Permeability anisotropy primarily controls the 
magnitude and spatial extent of these pressure perturbations, whereas 
the orientation of the geothermal doublet determines how the injection 
and production induced pressure fields overlap. As a result, pressure 
perturbations extend furthest along the high-permeability direction, 
reorients and occupies a larger area when the doublet is misaligned 
with the principal permeability axis than when it is aligned with the 
high-permeability direction (Fig.  6). This highlights the importance 
of accounting for permeability anisotropy when assessing the spatial 
pattern and likelihood of induced seismicity.
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5. Conclusion and outlook

This study provides a comparison of key modelling assumptions 
influencing predictions of pore pressure evolution. It presents a closed-
form three-dimensional analytical solution for pore pressure evolution 
in media with permeability anisotropy. The solution is validated against 
high-resolution finite element simulations using infinite elements. The 
systematic assessment of pore pressure evolution with both numerical 
and analytical methods led to practical insights and recommendations 
for future 3D simulations of geothermal, wastewater, and CO2 injection 
scenarios:

(a) Directional flow behaviour in porous media strongly controls 
the temporal and spatial evolution of reservoir response. Application 
of the benchmarked framework to a generic geothermal doublet fur-
ther demonstrates that the permeability anisotropy influences both the 
magnitude and the spatial distribution of effective stress changes, po-
tentially enlarging and reorienting the zone in which critically stressed 
faults may be reactivated. Although a complete assessment of fault 
stability requires consideration of the coupled stress changes, fault 
hydraulic properties, and other site-specific conditions.

(b) The obtained analytical solution of the anisotropic diffusion 
equation provides a theoretical foundation and physical insight into 
the role of permeability anisotropy for pressure evolution. Its low 
computational cost also makes it suitable for rapid first-order estimates 
and initial sensitivity analyses in the early phases of geothermal project 
design before more complex numerical models are developed.

(c) Our findings demonstrate that with increasing factor of per-
meability anisotropy, numerical models tend to underestimate pore 
pressure, especially along the axis of highest permeability if the mesh 
is not adapted.

(d) High resolution poroelastic FEM simulations show excellent 
agreement with the analytical results, confirming the analytical model’s 
suitability for preliminary assessments and for calibrating numerical 
models in anisotropic geological settings.

(e) Infinite elements at model boundaries significantly improve 
numerical stability, accuracy and computational efficiency, particu-
larly for simulations covering injection periods from several months 
to multiple years, compared with conventional approaches where the 
model size and number of elements are increased with respect to the 
region of interest and are sensitive to model input parameters like 
permeability. We therefore recommend the use of infinite elements to 
simulate unbounded media for reservoir scale models. Alternatively, 
finite-domain models should be applied with careful consideration of 



T. Sharia et al. Geomechanics for Energy and the Environment 48 (2026) 100913 
their range of validity, and with the modeller’s awareness of the asso-
ciated limitations, particularly in long-term fluid-injection simulations 
where model effects may substantially affect the evolution of pore 
pressure.

The present results are the base for future work considering cou-
pling of pore pressure evolution to total stress to quantify result-
ing changes in effective normal and shear stresses in hydraulically 
anisotropic media, particularly under long-term operational conditions. 
Accurate modelling of long-term fluid flow is also essential for simu-
lating advection-driven heat transport processes. Incorporating stress-
dependent and time-varying permeability as well as geological com-
plexities such as fault zones and heterogeneous rock properties will 
further enhance predictive capability. The approach developed here 
can be applied to assess reservoir performance and injection-induced 
stress changes that might cause induced seismicity in anisotropic geo-
logical settings. Thus, it has direct relevance to geothermal energy and 
underground gas storage applications in fractured formations.
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Appendix A. Governing equations for the poroelastic numerical 
model

Here we present the governing equations of coupled poroelastic 
simulations solved using COMSOL Multiphysics®.85 The formulation is 
based on Biot16 ’s theory of poroelasticity.

The stress–strain relation contains an additional contribution from 
pore pressure: 
𝜎 = 𝐶 ∶ 𝜀 − 𝛼𝑝𝐼 (A.1)

Here, 𝜎 denotes the total stress tensor, 𝜀 is the strain tensor, 𝛼 is the 
Biot-Willis coefficient, 𝑝 is the pore fluid pressure, and 𝐼 is the identity 
tensor. 𝐶 corresponds to the elasticity tensor evaluated under drained 
conditions.

The change in fluid content, 𝜁 , is related to the pore pressure and 
volumetric strain, 𝜀𝑣𝑜𝑙, as 
𝜁 = 𝛼𝜀𝑣𝑜𝑙 + 𝑆𝑝𝑝 (A.2)

where the Biot-Willis coefficient relates the volumetric deformation of 
a porous material to changes in fluid content under constant pore pres-
sure conditions. The poroelastic storage coefficient, 𝑆𝑝, characterizes 
the change of the fluid content with the change of the pressure under 
constant volumetric strain.

The poroelastic storage coefficient is given by 

𝑆𝑝 =
𝜖
𝐾𝑓

+ (𝛼 − 𝜖) 1 − 𝛼
𝐾

(A.3)

where 𝜖 denotes porosity, 𝐾𝑓  is the fluid bulk modulus, and 𝐾 is the 
bulk modulus of drained porous material.

The momentum balance equation is 
∇ ⋅ 𝜎 + 𝐟𝐯 = 0 (A.4)

where 𝐟𝐯 is the body force.
Fluid flow and pore pressure field in porous medium are governed 

by mass conservation equation: 
𝜕
𝜕𝑡
(𝜌𝑓 𝜖) + ∇ ⋅ (𝜌𝑓 𝐯𝐝) = 𝑄𝑚 (A.5)

where 𝑄𝑚 is the mass sink or source and 𝜌𝑓  is density of the fluid. 
Darcy’s velocity 𝐯𝐝 is given by 

𝐯𝐝 = −𝐤
𝛾
(∇𝑝 − 𝜌𝑓 𝐠) (A.6)

where 𝐤 is the permeability tensor.
Combining Eq.  (A.2), Eq.  (A.5) and Eq.  (A.6) yields the governing 

pressure equation: 

𝜌𝑓𝑆𝑝
𝜕𝑝
𝜕𝑡

+ ∇ ⋅ (𝜌𝑓 𝐯𝐝) = −𝜌𝑓𝛼
𝜕𝜀𝑣𝑜𝑙
𝜕𝑡

+𝑄𝑚 (A.7)

In the present model, gravitational effects are neglected. Conse-
quently, the corresponding terms in Eq.  (A.4) and Eq.  (A.6) vanish. 
In addition, permeability and dynamic viscosity are assumed constant. 
For point-source injection into a homogeneous unbounded poroelas-
tic medium, the displacement field can be treated as irrotational.50
Mechanical equilibrium then gives 
𝜕𝜀vol
𝜕𝑡

= 𝛼
𝐾 + 4𝐺∕3

𝜕𝑝
𝜕𝑡

(A.8)

Substitution of Eq.  (A.8) into Eq.  (A.7) eliminates the volumetric 
strain variable and gives 

𝜌𝑓𝑆
𝜕𝑝
𝜕𝑡

+ ∇ ⋅ (𝜌𝑓 𝐯𝐝) = 𝑄𝑚 (A.9)

where 
𝑆 = 𝑆𝑝 +

𝛼2

𝐾 + 4𝐺∕3
(A.10)

Thus, 𝑆𝑝 is the poroelastic storage coefficient at constant volumetric 
strain, whereas 𝑆 is the effective storage coefficient governing pressure 
diffusion after accounting for poroelastic deformation. The latter is 
equivalent to Eq.  (3) and is used in the uncoupled pressure diffusion 
equation Eq.  (2).

http://www.gauss-centre.eu
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Appendix B. Additional information on mesh generation

For the isotropic models, the general procedure for mesh generation 
involved: firstly, creating a surface mesh of the cylinder using triangu-
lar elements; secondly, sweeping the surface mesh along the vertical 
direction inside the cylinder; thirdly, filling the remaining physical 
volume with tetrahedral mesh elements; and finally, extruding the 
outermost surface mesh of the physical volume throughout the virtual 
domain of infinite elements.

In isotropic point-source models (B-iso-inf  and B-iso-inf-half-space), 
the cylinder surrounding the injection well has a radius of 100 m and 
a height of 60 m. Inside the cylinder, the mesh element sizes range 
from 14 m to 27 m. In model B-iso-ext-inf, which features a 250 m long 
injection well, the cylinder’s radius and height are increased to 250 m 
and 500 m, respectively. Inside this larger cylinder, the mesh element 
sizes vary from 25 m to 52 m. In the remaining regions of the models, 
the mesh element sizes increase up to 550 m.

The resulting number of mesh elements is 78796 in model B-iso-inf, 
71250 in model B-iso-inf-half-space, and 114950 in model B-iso-ext-inf.

For the case of permeability anisotropy, we examined 3 variations of 
mesh structures: (1) a mesh generated similarly to model B-iso-inf  with 
78809 mesh elements (Fig.  F.11(a), model C-anis-inf ); (2) a refined 
version of the original mesh by splitting the longest sides. This resulted 
in a total of 235723 elements, with element sizes ranging from 7 m 
to 400 m, increasing uniformly in all directions (Fig.  F.11(b), model
C-anis-inf-mesh1); (3) a mesh in which element sizes increase with the 
square of the distance from the 𝑦-axis. This mesh contains 135,511 
elements, with side lengths along the principal 𝑦-axis mostly under 
50 m, ranging from 8 m (minimum) to 130 m (maximum). In the x- and 
z- axes, element sizes increase with distance up to 700 m (Fig.  F.11(c), 
model C-anis-inf-mesh2).

Appendix C. Model sizes and computation times

We present an overview of the computation times and degrees 
of freedom for the different models used in this study. Detailed de-
scriptions of model setups and mesh configurations can be found in 
Section 2.3 and Appendix  B. Table  C.3 summarizes the results. The 
first column lists the runtime (in seconds) for each model executed 
on 24 cores, the second shows the number of degrees of freedom 
(DoF), while the last two columns display the computation time and 
DoF ratios relative to the isotropic model with infinite elements (B-
iso-inf ), which serves as the reference. The largest model with finite 
volume A-iso-8x8x8 we have tested requires approximately 1.22 times 
more computation time than the reference isotropic model with infinite 
elements. The computation times of the models with similar setup but 
different material parameters (B-iso-inf-weber, B-iso-inf-ruhr, B-iso-inf-
ohio B-iso-inf ) are nearly similar. The model with an extended injection 
interval (B-iso-ext-inf ) has 35% more degrees of freedom than the refer-
ence model but requires nearly twice longer computation time. Among 
the three anisotropic models with permeability increased tenfold along 
the 𝑦-axis, the initial model C-anis-inf  and the model with mesh refine-
ment along the 𝑦-axis C-anis-inf-mesh2 exhibit similar runtimes, whereas 
the uniformly refined anisotropic model C-anis-inf-mesh1 requires about 
three times longer computational time.

In addition, the sensitivity of the numerical solution to the infinite 
element configuration was assessed using the setup of the model B-
iso-inf. The geometrical thickness of the infinite element domain was 
varied between 50, 100, and 200 m using five swept mesh elements. 
The discretization was also varied between three, five, and seven swept 
elements while maintaining a geometrical thickness of 100 m. None 
of the tested configurations showed a systematic increase in relative 
pore pressure error with distance that would indicate the influence of 
the outer boundary within the investigated range of 50 m to 2 km 
after 10 years. However, the configurations differed in their numbers 
of degrees of freedom and computation times. The 100-m-thick infinite 
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Table C.3
Computation times (𝑇  in seconds) and degrees of freedom (DoF) of the 
numerical models. The point-source injection model with infinite elements 
(model B-iso-inf ) is taken as a reference, and the last two columns show 
the ratios of computation times and degrees of freedom of the other models 
compared to the corresponding values of the reference model.
 Model T (s) DoF 𝑇 ∕𝑇0 𝐷𝑜𝐹∕𝐷𝑜𝐹0 
 B-iso-inf 9245 698922 1.00 1.00  
 A-iso-4x4x4 1835 208884 0.20 0.30  
 A-iso-8x8x8 11318 859012 1.22 1.23  
 B-iso-inf-weber 9064 698922 0.98 1.00  
 B-iso-inf-ruhr 9550 698922 1.03 1.00  
 B-iso-inf-ohio 9314 698922 1.01 1.01  
 B-iso-inf-half-space 7702 596659 0.83 0.85  
 B-iso-ext-inf 17598 941872 1.90 1.35  
 C-anis-inf 8573 698982 0.93 1.00  
 C-anis-inf-mesh1 25778 1640980 2.79 2.35  
 C-anis-inf-mesh2 8137 806046 0.88 1.15  

Fig. D.7. (a) Comparison of numerical and analytical results for the spatial 
distribution of pore pressure after 10 years of continuous injection for four 
different materials (see Table  1) and (b) the corresponding relative deviations 
of numerical results from the analytical solution.

element domain discretized using five swept elements was retained for 
the simulations presented in this study. A detailed description of these 
sensitivity tests, including the relative errors of pore pressure solution 
and results of the numerical performance, is provided as supplementary 
material in Appendix G.

Appendix D. Benchmarking infinite domain models on different 
material parameters

Fig.  D.7 illustrates the spatial distribution of pore pressure over the 
distance from the injection well after 10 years and the corresponding 
relative deviations from the analytical solution (Eq.  (5)). The offset 
on the logarithmic 𝑦-axis reflects the scaling factor in permeability 
among different materials. The magnitudes of the relative deviations 
are highest in the case of the lowest permeability. However, deviations 
remain below 1.8% for all materials after 10 years and distances 
between 50 m and 2000 m from the injection interval.

Appendix E. Infinite domain models with different boundary con-
ditions

The model B-iso-inf-half-space simulates the point-source injection 
into a half space, with the source located 2 km beneath the surface 
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Fig. E.8. Temporal evolution of pore pressure at observation points 𝐿𝑋 and 
𝐿𝑍 , each located 500 m from the centre of the injection interval in the half-
space (HS) model. The model has a zero pore pressure boundary condition 
at the surface situated 2 km above the injection interval. For comparison, 
the dashed line represents the analytical solution (an) for the full space (FS). 
Blue and red asterisk data points are numerical results (num) of half-space 
model in × and z directions accordingly. The blue and red solid lines represent 
the full-space analytical solutions combined with a mirror-image source to 
reproduce the half-space geometry. The inset illustrates the injection interval, 
the locations of the observation points, and the boundaries of the models at 
finite distance, as well as those extended by infinite elements.

boundary prescribed with a zero pore pressure condition. This bound-
ary condition can be satisfied analytically by introducing an additional 
mirror-image point source located 2 km above the ground. Fig.  E.8 
shows the temporal evolution of the pore pressure at observation points 
𝐿𝑋 and 𝐿𝑍 , positioned 500 m from the injection point in the horizontal 
and vertical directions, respectively. The observation point along the 
vertical axis, which is closest to the surface, deviates from the analytical 
solution earliest and in 10 years produces approximately 13% less 
pore pressure level, while the one along the horizontal axis results in 
approximately 11% less pore pressure than the full-space solution.

Fig.  E.9 shows the pore pressure values of the model with 250 m 
long injection interval (model B-iso-ext-inf ) compared to the point-
source solution. The insets of the figure show the relative devia-
tions from the point-source solution after 10 years of injection and 
a schematic illustration of the injection interval, coordinate axes and 
model boundaries. These deviations are less pronounced in the perpen-
dicular (x) direction than in the parallel (z) direction. For example at 
150 m from the centre of the injection interval, the relative deviation 
is approximately −9% in the 𝑥-direction and +44% in the 𝑧-direction. 
The deviation reaches ±5% at distances of 213 m (x) and 337 m (z), 
and falls below ±1% at 520 m (x) and 710 m (z), respectively.

Appendix F. Numerical results with different mesh structures

The results of the model C-anis-inf  with a mesh structure similar to 
the isotropic model B-iso-inf, show the highest deviations along the y- 
and 𝑧-axis with different factors of anisotropy (Fig.  F.10). For a scaling 
factor of 2, the numerical model performs similarly to the isotropic 
one with the magnitudes of deviations below 0.37% in both y- and 𝑧-
directions. However, with larger degrees of anisotropy, the magnitudes 
of deviations increase and vary depending on the axes. For 𝑛 = 0.1, 
pore pressure diffusion is fastest in x- and 𝑧-directions, resulting in 
iso-surfaces elongated along the same axes, with numerical solution 
underestimating analytical solution by up to 3.5% along the 𝑧-axis. 
Similarly, for 𝑛 = 10, larger deviation magnitudes (up to 2.54%) are 
observed along the 𝑦-axis, where pore pressure diffusion is fastest and 
iso-surfaces are also elongated along the 𝑦-axis compared to x- and z- 
axes. In both cases (scaling factors of 0.1 and 10), a higher degree of 
13 
Fig. E.9. Comparison of pore pressure evolution for point injection (analytical 
results) and extended source injection (numerical results of model B-iso-ext-
inf ). For the extendend source the pore pressure evolution is shown along the 
𝑧-axis, parallel to the injection interval and along the 𝑥-axis, perpendicular 
to it. The insets show the relative deviations of the numerical results of the 
extended source model from the analytical solution of the point source (Eq. 
(5)) in both x- and 𝑧-directions, as well as a schematic illustration of the model.

Fig. F.10. Relative deviation of numerically solved pore pressure (model
C-anis-inf ) with respect to the analytical solution Eq.  (13) along the y- 
(left figure) and the 𝑧-axis (right figure) for different cases of permeability 
anisotropy. The colours denote the scaling factors of permeability components 
𝑘𝑦𝑦∕𝑘𝑥𝑥,𝑧𝑧 = 𝑛.

anisotropy led to a greater underestimation of the analytical solution 
along the direction of faster fluid flow.

Since the results of the model C-anis-inf  showed elevated deviations 
against the analytical solution along the axis of the higher permeability 
component, we investigated the effect of mesh refinement on model 
accuracy. Specifically, we applied different meshing strategies for the 
case where 𝑛 = 𝑘𝑦𝑦∕𝑘𝑥𝑥,𝑧𝑧 = 10. In the first approach (model C-anis-
inf-mesh1), the mesh was uniformly refined in all directions, resulting 
in total of 235723 mesh elements. In the second approach (model
C-anis-inf-mesh2), the mesh was refined along the principal axis of 
higher permeability, yielding 135511 mesh elements, approximately 
40% less elements than in the first approach. Nevertheless, results of 
the second approach (Fig.  F.11) demonstrated better agreement with 
the analytical solution along the 𝑦 axis, with the maximum relative 
deviation magnitudes of 0.73% compared to 1.56% for the first ap-
proach. Along the × and z directions, the performance of the both 
models was similar, with relative deviations ranging between −0.65%
and 0.15%. In addition, the model C-anis-inf-mesh2 was about 3 times 
more computationally efficient than the model C-anis-inf-mesh1 (see 
Appendix  C).

Appendix G. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.gete.2026.100913.

https://doi.org/10.1016/j.gete.2026.100913
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Fig. F.11. Comparison of results for different model discretizations: the top row shows mesh sizes on the x-y cross section at 𝑧 = 0; the colour scale denotes 
the length of the longest edge of a mesh element. The bottom row presents the corresponding relative deviations between numerical and analytical results for a 
permeability anisotropy of 𝑘𝑦𝑦∕𝑘𝑥𝑥,𝑧𝑧 = 10, plotted as a function of distance from the injection point along the x-, y-, z- axes. (a) and (d) correspond to the initial 
model, (b) and (e) - to the model with uniformly refined mesh structure, (c) and (f) - to the model with a mesh refinement along the 𝑦-axis.
Data availability

No data was used for the research described in the article.
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