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PLEASE NOTE 
 

 

 

COPYRIGHT This document refers to proprietary computer software, which is 

protected by copyright. All rights are reserved. Copying or other 

reproduction of this manual or the related programmes is 

prohibited without prior written consent of DHI A/S (hereinafter 

referred to as ñDHIò). For details please refer to your óDHI 

Software Licence Agreementô. 

 

LIMITED LIABILITY The liability of DHI is limited as specified in your DHI Software Li-

cense Agreement: 

 

In no event shall DHI or its representatives (agents and suppliers) 

be liable for any damages whatsoever including, without 

limitation, special, indirect, incidental or consequential damages 

or damages for loss of business profits or savings, business 

interruption, loss of business information or other pecuniary loss 

arising in connection with the Agreement, e.g. out of Licensee's 

use of or the inability to use the Software, even if DHI has been 

advised of the possibility of such damages.  

 

This limitation shall apply to claims of personal injury to the extent 

permitted by law. Some jurisdictions do not allow the exclusion or 

limitation of liability for consequential, special, indirect, incidental 

damages and, accordingly, some portions of these limitations 

may not apply.  

 

Notwithstanding the above, DHI's total liability (whether in 

contract, tort, including negligence, or otherwise) under or in 

connection with the Agreement shall in aggregate during the term 

not exceed the lesser of EUR 10,000 or the fees paid by Licensee 

under the Agreement during the 12 months' period previous to the 

event giving rise to a claim. 

 

Licensee acknowledge that the liability limitations and exclusions 

set out in the Agreement reflect the allocation of risk negotiated 

and agreed by the parties and that DHI would not enter into the 

Agreement without these limitations and exclusions on its liability. 

These limitations and exclusions will apply notwithstanding any 

failure of essential purpose of any limited remedy. 
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1 Introduction 

This plugin describes the application of a modified Hooke's law to evaluate the hydro-

dispersive parameters hydraulic conductivity, porosity, and storage coefficient, as a 

function of effective stress. 

 

Model functions relating effective stress „ to hydraulic conductivity ἕ, porosity ʃ and 

storage coefficient Ss (see Preisig et al. [2012, 2013]) have been developed from Hookeôs 

law of elasticity and implemented in the FEFLOW software. They look at porous 

(granular) medias and fractured media in a specific manner using appropriate 

conceptualizations of model hydro-parameters. 

 

Effective stress „ „ȟὴ describes the stress state of a saturated rock and results from 

(e.g. Terzaghi [1923, 1936]): 

Å Load of principal stress („) on contacting grains 

Å Fluid pressure (ὴ) in voids 

An increase in „ results from an increase in „ or a decrease in ὴ. Changes in „ induce 

reductions in the intrinsic hydrodynamic parameters (ἕ, Ss, ʃ) [e.g. overexploited basins / 

fracturing]: 

 

„ „ ὴ 

„ ὧ‎Ὠ 

ὴ ‌‎Ὤ 

‎ ”Ὣ 

‎ ”Ὣ 

‌ ρ
Ὁ

Ὁ
 

 

With 

 

„ = Total vertical/lithostatic stress [Pa], [kg/m/s2] 

ὧ = Medium correction factor [ī] 

ὴ = Pore pressure [Pa] 

Ὠ = Depth [m] 

Ὤ = Pressure head [m] 

”ὶ = Rock/soil density [kg/m3] 

”ύ = Water density [kg/m3] 

‎ὶ = Rock specific weight [kg/m2/s2] 

‎ύ = Water specific weight [kg/m2/s2] 

Ὣ = Acceleration due to gravity [m/s2] 

‌ = Biot-Willis constant (close to 1) 

Ὁί = Solid rock elastic modulus (bulk modulus of the rock) [Pa] 

Ὁὴ = Drained bulk modulus of the porous medium [Pa] 
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2 Implementation and usage 

The plugin allows the association of pre-defined elemental selections to the effective-

stress models for fractured and granular media of Preisig et al. [2012, 2013]. Given the 

choice of model and parameterization, elements contained by these selections will be 

assigned the stress-dependent hydro-dispersive parameters. Portions of the mesh with no 

such associations are operating as usual, so the user needs to make sure the proper 

parameterization in FEFLOW exists for such mesh elements. In a similar way, discrete-

feature selections can be used and assigned a stress-dependent fracture model. The 

discrete elements must be assigned the Hagen-Poiseuille law for the stress-dependent 

model to operate. 

 

All stress-dependent formulations rely on the regionalization of the total stress field 

„ὼȟώȟᾀ. This is to be realized in a user nodal reference distribution where total stress is 

assigned in Pa. When not informed, only in the case of 3D layered mesh configurations 

will the plugin proceed with an automatic evaluation of lithostatic stress „ὼȟώȟᾀ

Ὣ᷿ ” όὨό. Techniques for obtaining this information are given in Note Tricks 

and tips: 

 

An optional elemental reference distribution for porosity under no stress conditions can be 

used. When not used, only problem classes with porosity definitions will allow such a 

porosity to be accounted for (first looking at variable saturation porosity, then mass and 

heat). A porosity value is eventually to be defined as a fallback in the absence of its 

definition through either a user distribution or a FEFLOW material entry. 

 

 
Figure 1 The user nodal reference distribution used to store the total stress field „ὼȟώȟᾀ.  
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2.1 Parametric model for fractured media 

The effective-stress model for fractured regions after Preisig et al. [2012] reads 

 

ἕ ɮὭὑ Ὥἓ ἶὭṧἶὭ ἕ  

— ɮὭ— Ὥ —  

Ὓ ὛὭ Ὓ  

ɮὭ ρ ὶὭ ᶰπȡρ ȟ ὶὭ
„

„ Ὥ
ᶰπȡρ 

ὧὭ ‗Ὥὲ Ὥ ὲ Ὥ ὲ Ὥᶰπȡρ 

‗Ὥ
’Ὥ

ρ ’Ὥ
ᶰπȡρ 

ὑ Ὥ
‎

‘

ὪὭὥὭ

ρς
 

— Ὥ ὪὭὥὭ— Ὥ 

ὛὭ
‎

Ὁ
— Ὥ 

 

with 

 

ἕ = Hydraulic conductivity tensor for the matrix-fracture equivalent [m/s] 

ἕ  = Matrix hydraulic conductivity diagonal tensor [m/s] 

—  = Matrix porosity [ī] 

Ὓ  = Matrix storage coefficient [m-1] 

‘ = Fluid dynamic viscosity [kg/m/s] 

Ὁ  = Water elastic modulus [Pa] 

ὔ = Number of fracture families 

ἓ = Identity matrix 

ἶ[Ὥ] = Fracture family plane unit normal vector 

ṧ = Tensor product operator 

ὥὭ = Fracture family aperture [m] 

ὪὭ = Fracture family frequency [m-1] 

ὑ Ὥ = Fracture family hydraulic conductivity [m/s] 

ὛὭ = Fracture family storage coefficient [m-1] 

— Ὥ = Fracture family porosity [ī] 

— Ὥ = Fracture plane fill-in material porosity (default 1.0) [ī] 

„ Ὥ = Critical lithostatic stress or fracture closure limit [Pa] 

‗Ὥ = Fracture family geometric factor [ī] 

’Ὥ = Poisson ratio [ī] (Horizontal to vertical stress ratio, ’ ͯ πȢςυ in crystalline rocks) 

άὭ = Geometric exponent [ī] (related to the statistical distribution of fracture asperities) 

    Large asperities: άᶰρȢπ   σȢρ; Small asperities: άᶰσȢρ ρρȢπ 
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The plugin allows for an association of an arbitrary number of elemental selections to 

fractured medium representations. 

 

Such regions can be created and parameterized by adding new fractured medium 

formations . This results in selecting an available elemental selection to which the 

fracture families are to be defined in the corresponding table. Fracture familyôs orientation 

is given by the definition of their normal unit vectors by means of a two-angles, yaw and 

pitch formalism. 

 

 
Figure 2 Fractured medium input parameter table with elemental selection relationship. Here the 

elemental selection named ñElement Group 1ò has been chosen and 3 families of 
fractures have been parameterized 

 
Table 1 Indicative ranges for fracture closure limit effective stress and vertical elasticity. 

Rock type ╔○  [Pa] 
Vertical 
elasticity 

Ɫ   [1/m
2
] 

Number of asperities 
per area 

▼   [m
2
] 

Asperity section 
„π
ᴂ –Ὁὺί   [MPa] 

Limit effective stress for 
fracture closure 

Fractured granite / gneiss ρπ ρπ ρπππςπππ πȢππρ“ ρππρπππ 
Fractured limestone ρπ ρπππςπππ πȢππρ“ υπ υππ 
Fractured schist / marl ρπ ρπ ρπππςπππ πȢππρ“ υπ υππ 
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2.2 Parametric model for single fractures 

The effective-stress model for fractured regions after Preisig et al. [2012] applied to sets 

of discrete feature elements reads 

 

ὑ ɮ
‎

‘

ὥ

ρς
 

— ɮὥ—  

Ὓ
‎

Ὁ
— 

ɮ ρ
„

„
ᶰπȡρ 

ὧ
’

ρ ’
ὲ ὲ ὲ 

with 

 
ὑ = Fracture hydraulic conductivity [m/s] 

— = Fracture porosity [ī] 

—  = Fracture plane fill-in material porosity (default 1.0) [ī] 

Ὓ = Fracture storage coefficient [m-1] 

 

The plugin allows for an association of an arbitrary number of fracture selections to 

fractured medium representations, using the button . The Hagen-Poiseuille law must 

have been selected for these discrete feature elements for the plugin to apply the 

effective stress model. The components of the fracture normal unit vector are evaluated at 

the fracture element plane level given its orientation.  
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Figure 3 Assigning the effective stress fracture model to discrete feature elements selections. 
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2.3 Parametric model for granular media 

The granular medium model with ὧ ρ after Preisig et al. [2013] reads 

 

ἕ
‎

‘
ἠ

Ὧ π π
π ὶὯ π

π π ὶὯ
ἠ  

Ὧ
ὦὅ—

ωὛ
 

— ρ Ὓ 

Ὓ ‎
ρ

Ὁ

—

Ὁ
 

Ὓ ρ —  

ὶ
„

„
ᶰπȡρ 

„ Ὁ ÌÏÇρ —  

 

with 

 

Ὧ = Geometric permeability [m2] 

ὑ = Hydraulic conductivity [m/s], ὑ Ὧ ἕ  

— = Porosity under no stress conditions [ī] 

„ = Critical lithostatic stress / void space closure pressure [Pa] 

Ὁ = Vertical elasticity coefficient at full saturation [Pa] 

Ὁ = Elastic modulus of the aquifer [Pa] 

Ὁ  = Water elastic modulus [Pa] 

ὅ = Coefficient depending on the distribution of grains size [1/m] 

ὦ = Cementation-tortuosity factor (10 < ὦ < 30) [ī] 

ὶ  = Anisotropy ratio in the XY-plane [ī], ὶ ἕ ἕϳ  

ὶ  = Anisotropy ratio in the XZ-plane [ī], ὶ ἕ ἕϳ  

ἠ  = Rotation matrix ἠ ἠ ἠ‰ȟ—ȟ‪  (see Note 8 in section Notes) 

‰ = Euler 1st sequential rotation angle around the Z-axis 

— = Euler 2nd sequential rotation angle around the X-axis 

‪ = Euler 3rd sequential rotation angle around the Z-axis 

 

The plugin allows for an association of an arbitrary number of elemental selections to 

granular medium representations. Such regions can be created and parameterized by 

adding new granular medium formations . This results in selecting an available 

elemental selection to which the granular medium parameters are to be defined in the 

corresponding table. 
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Figure 4 Granular medium input parameter table with elemental selection relationship. Here the 

elemental selection named ñElement Group 1ò has been chosen and the granular 
model has been parameterized. 

 
 

Table 2 Indicative ranges for porosity closure limit effective stress and vertical elasticity. 

Soil type Ὁ  [Pa] 
Vertical elasticity 

‰    [-] 
Porosity 

„   [Pa] 
Limit effective stress for pore closure 

Peat ρπ ρπ πȢρ πȢς ρπ ρπ 
Silty clay ρπ ρπ πȢρ πȢς ρπ ρπ 
Sand - gravel ρπ ρπ πȢς πȢσ ρπ υ ρπ 

 

Table 3 Indicative ranges for the grain size distribution coefficient ὅ. 

Soil type ὅ  [1/m] 

Pebble gravel stream channel ρͯπππ 
Sandy gravel σͯυππ 
Fine sand χͯπππ 
Alluvial sandy gravel ρͯσυππ 
Sandy-silty gravel moraine σͯφᴂπππ 
Silty sand σͯφυππ 
Lacustrine clayey silt ςͯπυυππ 
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2.4 Validation for granular media 

The granular medium model implementation is validated against an analytical solution at 

steady-state. A vertical sand column of 100 meters and of section 1 m2 is considered. It is 

subject to the constant heads Ὄὤ ρππ ρππ and Ὄὤ π π, generating a 

uniform flow from top to bottom. The formation has the following characteristics: 

 

— πȢςυ  
” ρψππ ËÇȾÍ  

Ὁ ςπ -0Á 
„ Ὁ ÌÏÇρ — ρρȢυ -0Á 
ὅ ρπππ ρȾÍ  
ὦ ςπ  

 

Hydraulic conductivity and discharge rate at no stress conditions read: 

 

ὑ ὑ„ π πȢππρστφρσ ÍȾÓ 

ή ή„ π ὑ
ὨὌ

Ὠᾀ
πȢπππχψψφςχωφφ ÍȾÓ 

 

 
Figure 5 Solution vertical profiles with head compared to an analytical solution. 
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2.5 Validation for fractured media 

This 3D validation considers a block of fractured rock mass of 2000 m x 1000 m x 1000 

m. Permeability is generated by a single family of horizontally fractures with aperture 0.1 

mm and frequency 100 (1/m).  

 

The rock density is ” ςυππ kg/ m3, closure stress is „ συπ -0Á, and Poisson ratio 

is taken as ’ πȢυȢ Fractures being horizontal, only vertical closure is occurring. Without 

stress, the equivalent hydraulic conductivity tensor is 

 

ἕ
ὑ π π
π ὑ π
π π π

ȟ ὑ χȢςχρπÍȾÓ 

 

One border of the rock is at a constant hydraulic head Ὄ ρπππ m while the opposite 

border is at constant atmospheric pressure. Initial head conditions hydrostatic conditions. 

The simulation is running until equilibrium is met. Rock consolidation becomes 

consequence of the change from hydrostatic to hydrodynamic conditions. 

 

Analytical solutions for the steady flow rate and for the pressure head field can be derived 

only for the case of a model exponent ά  ρ (Preisig, 2014). The steady-state 

groundwater flow rate through the fractured rock mass and pressure head distributions 

read: 

 

ὗ ὡ ήὼȟᾀὨᾀ 

ήὼȟᾀ ὑ ρ
‌Ὀ Ὤὼȟᾀ

ί
ὨὌ 

Ὤὼȟώȟᾀ ‌Ὀ Ὤ ί
ὼὬ

ὰ
ς‌Ὀ Ὤ ςί

Ὤὼ

ὰ
ς‌Ὀ Ὤ ςί ‌Ὀ ί ί ‌Ὀ 

 

where ὡ is width (1000 m), Ὀ is depth, ὒ is the length of fractures in the X-direction, ὰ is 

length along the X-axis, Ὤ ρπππᾀȟ and with ‌  and ί .  

 

Figure 6 shows the numerical results at equilibrium. The computed steady-state discharge 

(16.223 m3/s) matches the analytical value (16.222 m3/s). 
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Figure 6 3D benchmark for the fractured medium case, with displayed heads, stresses, 

consolidation, and hydraulic conductivity at equilibrium. 
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2.6 Including surface overburden effects 

Neuzilôs 1D approach for surface load effects 
Surface overburden effects are included following Neuzil's 1D vertical loading efficiency 

(2003) by formulating the following fluid source/sink function: 

Ὓ ὸ ‒
Ὓ

”Ὣ

Ὠ„ ὸ

Ὠὸ
ȟ ‒

ὄρ ’

σρ ’ ςὄ‌ρ ς’
ȟ ὄ

ρ
Ὁ

ρ
Ὁ

ρ
Ὁ

ρ
Ὁ —

ρ
Ὁ

ρ
Ὁ

 

with 

 
Ὓ = Volumetric fluid source term [T-1] 

‒ = 1D vertical loading efficiency [ī] 

„ = Overburden vertical stress from material generating surface overload [Pa] 

ὄ = Skempton's coefficient [ī] 

 

The user needs to create an elemental reference distribution whose values point to the 

IDs of existing power functions. These power functions are used to represent in a discrete 

manner the arbitrary, time-varying surface load function(s) „ ὸ expressed in Pa. 

Elements having such a description defined in the elemental reference distribution are 
then receiving the Neuzil source/term Ὓ. 

Validation 
The 1-D vertical saturated sand column analytical benchmark case of Lemieux et al. 

[2008] is used to illustrate the effect of ice loading on hydraulic head distribution. A 

surface load function „ ὸ representing an ice sheet forming above an aquifer, is added 

at the inlet at constant intervals such that  is a constant, i.e. the surface „ load 

function is linear. Surface load „ can further be converted to an equivalent water height 

using the freshwater density ” , yielding to the surface function ‫ὸ . 

 

The governing equation describing flow along the column with mechanical loading is 

Ὀ ‒‫ὸ, where Ὀ ὑὛϳ  is hydraulic diffusivity and Ὄ is hydraulic head. For a 

column of semi-infinite length, initial and boundary conditions can be specified as follows: 

Ὄᾀȟπ π, Ὄπȟὸ π, ὨὌᾀ Њȟὸ Ὠᾀϳ π. 
 

 
Figure 7 Schematic representation of the 1D vertical ice-loading model. 
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Using Laplace transforms, and using the fact that ‫ὸ is constant, one can derive an 

analytical solution to this boundary-value problem: 

Ὄᾀȟὸ  ‒‫ὸ ὸ
ᾀ

ςὈ
ÅÒÆÃ

ᾀ

ςЍὈὸ
ᾀ
ὸ

“Ὀ
ÅØÐ

ᾀ

τὈὸ
 

ήᾀȟὸ ὑ
ὨὌᾀȟὸ

Ὠᾀ
 ςὑ‒‫

ᾀ

Ὀ
ÅÒÆÃ

ᾀ

ςЍὈὸ

ὸ

“Ὀ
ÅØÐ

ᾀ

τὈὸ
 

From the flux ήᾀȟὸ, the inlet flowrate is obtained at ᾀ πȡ 

ὗὸ ςὑ‒‫ὸ“Ὀϳ  
 

 
Figure 8 FEFLOW time-series editor displaying the surface ice load temporal function „ ὸ in Pa, 

and the elemental reference distribution used to point at the function ID (here 2). 

 

In order to compare the numerical solutions with the analytical solutions, we make use of 

a 10ô000 m length domain to which an ice sheet is taken to grow in thickness at a rate of 

0.326 meters of ice per year, which is equivalent to 0.3 meters of water equivalent loading 

per year for 10ô000 years (i.e. ‫ πȢσm/y) with an ice density of ”  920kg/m3. 

 
The surface overburden load function is the linear „ ὸ ” ὫὨ ὸ ψȢπυς ὸ [Pa], 

where time ὸ is in days (Figure 8). The top of the column is drained and as such a 

specified head of 0.0m is assigned. The column bottom is a no-flow boundary. 

 
The hydraulic and mechanical properties of the rock are ὑ ρπm/y, Ὓ ρπ1/m, Ὁ

ρȢχ ρπkg/s2/m, Ὁ σȢφ ρπkg/s2/m, Ὁ ςȢσ ρπkg/s2/m, ’ ρȾσ. Skemptonôs 
coefficient is ὄ πȢψφψ and the resulting loading efficiency is ‒ πȢφψσ. 
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Figure 9 Left: FEFLOW (colored lines) vs analytical (black lines) hydraulic head results Ὄᾀȟὸ at 

depths 10m (P1), 20m (P2), 50m (P3), 100m (P4), and 500m (P5). Right: FEFLOW 

(blue line) vs analytical (black line) inlet parabolic discharge ὗὸ ήπȟὸ
ςὑ‒‫ὸ“Ὀϳ  
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2.7 Local deformation 

Local deformation at post-timestep is optionally written in the indicated elemental reference distribution. It is 
the change in porosity on the element over the last period about the maximum porosity —: 
 

Ў— —„ —„

ừ
Ử
Ử
Ử
Ừ

Ử
Ử
Ử
ứ
—ȟ

„

„

„

„
ȿὲȿ                                             3ÉÎÇÌÅ ÆÒÁÃÔÕÒÅ

—ȟὭ
„Ὥ

„ Ὥ

„ Ὥ

„ Ὥ
ȿὲ Ὥȿ       &ÒÁÃÔÕÒÅÄ ÍÅÄÉÕÍ

ρ — ρ —                                           'ÒÁÎÕÌÁÒ ÍÅÄÉÕÍ

 

 
with „ being the effective stress previous state. Ў— is positive in consolidation and negative in expansion. 

 

 
Figure 10 Providing an elemental reference distribution for dumping local deformation. 

  












